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Foreword

That you can read the title of this book “Molecular Photoswitches” and do not
get lost during a fascinating journey through it is due to the billions of tiny
molecular switches working frantically in your eyes. Arguably vision is one of
the most magnificent results of biological evolution, and it is intriguing that the
fundamental process behind it is in fact a Z-E photoisomerization of an alkene
unit in the cis-retinal photoswitch triggered by visible light. But it is more than this
as the photoswitch does not operate on its own. To exert its function, the switch
is integrated within a dynamic multicomponent system that interfaces it with the
complex machinery of life. This duality is reflected in several of current research
objectives in the field of artificial molecular photoswitches.

Unsurprisingly, beyond tuning the well-known classes of switches for specific
functions, the design of novel molecular photoswitches, and elucidating the fun-
damental mechanisms of the photochemical event itself, major future challenges
are associated with the exploration of these trigger elements in complex dynamic
systems ranging from responsive materials all the way to the control of biological
function in cells. Drawing inspiration from Nature, numerous chemists have
contributed over the last decades to the blooming field of artificial molecular
photoswitches, which is testimony to its prominent role in the transition from
molecules to dynamic molecular systems in contemporary chemical sciences.

In this timely volume the “Molecular Photoswitch Community” has joined forces
to provide an in-depth and balanced account of the progress as well as challenges
and perspectives in this flourishing and highly dynamic field under the editorship
of Zbigniew Pianowski.

The study of the interplay of light and matter, i.e. photoresponsive molecules,
continues to offer remarkable new insights not in the least due to the advances in
transient spectroscopies and computational methods. These developments guide
the design of novel photoswitches toward specific applications. It is amazing how
“revisiting” more classical photochromic compounds, such as azobenzenes,
stilbenes, and spiropyrans, is stimulated by the quest for visible light switching,
enhanced bistability or compatibility with the molecular systems or materials in
which they are to exert their function. It has initiated many unforeseen opportu-
nities. The introduction of new classes of switches such as overcrowded alkenes,
arylhydrazones, diazocines, indigoids, and Stenhouse adducts has significantly

xvii
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Foreword

enlarged our playground for instance toward multistate or multicomponent
orthogonal switching systems.

The discussion of adaptive materials based on molecular photoswitches in Section
IT again illustrates a vibrant research field. Introducing switching functions in liquid
crystal polymers, a variety of soft materials, and supramolecular systems enables
the amplification of the molecular triggering event along the length scales to
macroscopic function, ranging from responsive surfaces to mechanical muscle-type
movement. In addition, the confinement of photoswitches on nanoparticles or in 2D
and 3D assemblies, including porous frameworks, addresses issues of functioning at
interfaces and cooperative action, and brings entirely new dimensions to the field.

Among the most spectacular developments over the past decade is the use of
molecular switches for the photomodulation of biological systems. It is evident that
the rapidly emerging area of photopharmacology has its roots in the field of photo-
switches, in particular azobenzenes which were reported by Mitscherlich as early as
1834. The control of the activity of a drug by light with high spatiotemporal precision
holds promise for precision therapy, smart pharmaceuticals, and imaging tech-
niques. In addition, Section III illustrates how photochromic systems can be applied
in a much broader perspective, including control of peptides, oligonucleotides,
saccharides, and ion channels. Photoregulation of specific pathways in complex
biochemical networks, cellular communication, transcription, or membrane trans-
port are fascinating examples of the opportunities that emerge. It is also evident that
the photoswitch community has to tackle many challenges entering the realm of
biology - not least in how to make these molecular switches biocompatible, operate
in the aqueous environment of the cells, be compatible with multi-chromophore
functional systems, and switchable with visible or NIR light. Answering these
questions will ultimately allow the application of molecular photoswitches in vivo.

Arguably the question as to how to use molecular switches and achieve controlled
movement at the nanoscale has been essential in the discoveries leading toward
molecular machines. With the expected key role of chemistry in future complex
systems, molecular information science, and soft robotics, taking advantage of
the solid basis in molecular photoswitches as presented here will likely become
increasingly important. Indeed, this book showcases many novel approaches and
opportunities in this vibrant field and without doubt will guide molecular explorers
in their odyssey in the world of responsive molecular systems.

Ben L. Feringa



Preface

Light is a traceless reagent, which can be dosed with high spatiotemporal pre-
cision. It has been consciously used for almost 200 years to perform chemical
reactions, since the report of light-induced rearrangement followed by dimeriza-
tion of a-santonin by Trommsdorff in 1834. A few decades later, light-induced
processes resulting in reversible color changes have been described: photooxidation
of tetracene by Fritzche (1867), photoisomerization of benzylidenehydrazines
(Wislicenus 1893), osazones (Blitz 1899), or the reversible color change of
2,3,4,4-tetrachloronaphthalen-1(4H)-one in the solid state by Markwald (1899).
The latest author introduced the German term “Phototropie,” which evolved into
what we now call “photochromism” - the reversible transformation of a chemical
species between two forms with distinct absorption spectra, by the absorption of
electromagnetic radiation. Photochromism often manifests itself as a reversible
change of color upon exposure to light.

In 43 chapters of this book, authors describe photochromic organic com-
pounds — molecular photoswitches — which undergo reversible photoisomerization
and change their molecular properties, such as geometry, polarity, or rigidity.
Properly designed systems containing molecular photoswitches can transform the
energy of light into a wide range of functions. Very often, fascinating macroscopic
effects can be achieved, which go far beyond the simple color change.

After introductory chapters on the photophysics of the switches and relevant com-
putational methods, the first volume of the book demonstrates the broad variety of
classes of photochromic chemical compounds. The photochromic scaffolds estab-
lished for decades, such as spiropyrans, diarylethenes, or azobenzenes, are followed
by compounds whose photochromism was just recently exploited - such as indigoids
or donor-acceptor Stenhouse adducts. Some classes have a distinctive functional
bias, such as molecular motors for chirooptical switches, conversion of the solar
energy by norbornadienes, or molecular electronic systems relying on dihydroazu-
lenes. This section is complemented with a report on photochromic coordination
compounds and on systems used for photomodulation of catalytic processes.

The second volume of this book is dedicated to the variety of materials based
on molecular photoswitches. Its scope spans from light-induced phase transi-
tions, through photochromic porous materials, liquid crystals, or nanoparticles,
to light-responsive molecular machines and logic devices. The last section in
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the same volume pertains to the applications of molecular photoswitches in
the biological context. There, properties and applications of photoswitchable
biopolymers - oligonucleotides, peptides, or saccharides - are described. Other
contributions are focused on photochromic bioactive small molecules and their
applications - such as light-modulated antibiotics, cytotoxins, or ion channel
inhibitors. This section is concluded with light-propelled artificial muscles and
implementation of molecular photoswitches into computational design of proteins.

The aim of this book is to provide a balanced overview - to specialists and
non-experts — on the rapidly growing field of molecular photoswitches, with a
particular focus on the achievements and discoveries from the last decade. We
hope that this book may inspire younger colleagues to enter into the fascinating
realm of photochromic compounds and materials. We also hope that it will support
lecturers worldwide in preparing courses related to this subject. In the name of
all the readers, the editor wants to appreciate the effort of contributing authors
in providing clear and balanced chapters, rich in carefully selected information
and complemented with sources for the further advanced reading. The editor also
sincerely apologizes for the omissions and mistakes that might appear in the book
despite the careful planning and revision process.

Germany Dr. Zbigniew L. Pianowski
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1 Physicochemical Aspects of Photoswitching
Petr Klan and Jakob Wirz

Characteristic Features

This chapter offers a short prologue to the basics of photophysics and photochemistry and
introduces fundamental concepts such as quantum yield and photostationary state. On
two examples of common photoswitches, the reader is acquainted with steady-state and
time-resolved spectroscopic methods commonly used to study photochromic systems.
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Physicochemical Aspects of Photoswitching
Petr Kldn® and Jakob Wirz?

Department of Chemistry and RECETOX, Faculty of Science, Masaryk University, Kamenice 5, 62500, Brno,
Czech Republic

2Department of Chemistry, Institute of Physical Chemistry, University of Basel, Klingelbergstrasse 80,
CH-4056, Basel, Switzerland

1.1 Introduction

The expression photochromism is used for reversible structural rearrangements that
are triggered by light in one or both directions, which connect two related species
(isomers) with different absorption spectra [1]. Such molecules are also called
photoswitches. Photoactivation can give access to a thermodynamically less stable
isomer. Several types of photoreactions can be involved, such as light-triggered elec-
trocyclization, cycloaddition, E,Z-isomerization, intramolecular hydrogen, group
or electron transfer, or dissociation. Each of them requires specific reaction and
illumination conditions and, in particular, detailed knowledge of the mechanism
when sufficient control over the scope of photoswitching is needed. Photoswitches
have attracted attention in many fields, spanning from applications of optical filters,
photography, protection from sunlight, actinometry, imaging, holography, solar
energy conversion, energy storage, and molecular electronics to drug delivery and
photopharmacology [2-9].

Azobenzene derivatives, spiropyrans, fulgides, and diarylethenes (Scheme 1.1) are
probably the most common classes of organic photochromic compounds. The E- and
Z-forms of azobenzene possess similar and strongly overlapping absorption spec-
tra, whereas the two forms of the latter photoswitches are distinctively different
thanks to a considerable change of electron distribution during the electrocycliza-
tion reaction.

When designing a chromophore as a photoswitch, the number of cycles that a
molecule can repeat without degradation is of utmost importance; the loss of any of
the photochromic component during irradiation, for example, by oxidative degra-
dation, is termed “fatigue” [1]. Thus, one needs to consider the following properties
depending on the application aimed at:

o A reliable, simple synthesis and variability for tailor-made compounds
o Photoswitching efficiency (quantum yield)
Molecular Photoswitches: Chemistry, Properties, and Applications,

First Edition. Edited by Zbigniew L. Pianowski.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 1.1 Major families of photochromic compounds.

o Sufficiently different absorption spectra of both isomers
Excitation wavelength

Reversibility and bidirectional switching
Photodegradation, fatigue

The desired lifetime of switch setting:

o T-type: rapid thermal reversion

o P-type: thermally irreversible or slow

o Fluorescence

1.2 Essentials of Photophysics

Some knowledge of photochemistry is required to design and study a photoswitch.
Here, we give a short introduction to the basics of photophysics and photochemistry.

We start with a short introduction defining photophysical processes, which are
usually depicted in a Jablonski diagram [10] (Figure 1.1). Molecular electronic
states are represented by thick horizontal lines (—) that are arranged in a vertical
order to indicate relative energies and are labeled consecutively by increasing
energy, beginning with the singlet ground state S, followed by excited singlet

Figure 1.1 Jabtonski
diagram.
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states S, S,, etc. Vibrational states, represented here by thin lines (—), are usually
not shown explicitly. States of a given multiplicity (singlet, triplet) are collected in
separate columns. Horizontal displacement does not indicate a change in structure.
The energy levels represent minima on the potential energy surfaces of a given
electronic state. The corresponding structures will be somewhat different for each
state. For molecules with a singlet ground state, the left-hand column collects the
electronic singlet states and that to the right the triplet states. The lowest triplet
state is labeled T,, followed by T,, etc.

Photophysical processes are radiative or radiationless transitions by which
molecules are promoted from one electronic state to another. No chemical change
takes place, although the bond lengths and angles generally differ somewhat in
different electronic states. Radiative transitions are associated with the absorption
or emission of a photon and are represented as straight arrows (1 or |), while
radiationless transitions, including vibrational relaxation (v.r.), are not associated
with absorption or emission and are shown as wavy arrows (\nnnnn-s).

The major transitions depicted in Figure 1.1 involve: (D) Absorption of a photon
generating an electronically excited state (S, to S; and S, to S, shown); @) internal
conversion (IC) as a radiationless transition between two electronic states of the same
multiplicity (S, to S; and S; to S, shown); ® intersystem crossing (ISC) as a radiation-
less transition between two electronic states of different multiplicity (S, to T, and T,
to S, shown); @ fluorescence — emission of a photon associated with the generation
of a lower-energy state of the same multiplicity (S, to S, shown); and &) phospho-
rescence — emission of a photon associated with the generation of a lower-energy
state of different multiplicity (T, to S, shown). IC @ and ISC ® are isoenergetic
processes of energy redistribution within the excited molecule by which electronic
energy is distributed over many vibrational modes of the lower excited state. IC and
ISC are essentially irreversible processes because they are associated with an entropy
increase (high density of states in the lower-energy electronic state) and because the
following vibrational relaxation is very fast (picosecond timescale) in solution. The
lowest S, and T, states are typically not only associated with emission but also with
primary chemical processes (depicted as “chemistry”).

1.2.1 Quantum Yield

The term quantum yield ®@,(4) is equal to the amount n, of photochemical or pho-
tophysical events x that have occurred, divided by the amount n,, of photons at the
irradiation wavelength A that were absorbed by the reactant, Eq. (1.1) [10].

D,.(4) = nx/np (1.1)

Both n, and n, are measured in moles or einstein (1 einstein = 1 mol of photons)
and the dimension of @, is unity. The photochemical or photophysical process x
must be defined explicitly. In general, quantum yields lie in the range 0<®, <1
and represent the probability that a molecule undergoes the defined process x after
absorption of a photon.

According to Kasha’s rule, polyatomic molecules generally luminesce only from
the lowest excited state of a given multiplicity [10]. By extension of Kasha’s rule,
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quantum yields are often independent of the excitation wavelength. The same rule
can be applied to photochemical processes as depicted in Figure 1.1. There are many
exceptions, however.

1.2.2 Photostationary State

In a reversible photoreaction between two photoswitch isomers A and B that are
stable in the dark, the ratio of their amounts, n, and ng, formed by exhaustive irra-
diation at a given wavelength 4., is given by Eq. (1.2) [10],

r?

hv

A B
'
n D, _pep(h
_B(Airr) _ _A-B A( 1rr) (1.2)
(ON Dy_ pe5(Airy)

where €,(4;,) and e5(4;,) are the molar absorption coefficients of A and B at
the wavelength of irradiation, and @,_; and @, are the quantum yields of
photoisomerization of A to B and of B to A, respectively. The ratio ng/n, is called
the photostationary state (PSS); it defines how well the position of a photoswitch

can be controlled by monochromatic irradiation at a given wavelength 4,

1.2.3 Photoactivation

Photoswitching processes are typically activated by one-photon excitation, by UV
light at least in one direction, and the interconversion itself can originate from either
the singlet or triplet excited state. The nature of the excited state, its lifetime, and
susceptibility to undergo unwanted competing side reactions, such as oxidation in
the presence of oxygen, is one of the main factors in the design and application of
photoswitches. When a visible- or near-infrared-light phototrigger is needed, specific
modifications of the chromophore, such as the extension of a n-system or designing
a push-pull system, can be utilized [11]. In another approach, a high-energy excited
state can also be accessed via two-photon excitation [12].

In biological or medical applications, the wavelengths of photoactivation are
restricted by the adverse effects of UV light, by tissue absorption due to endoge-
nous chromophores, and by optical scattering, which restrict the depth of tissue
penetration. Thus, photolysis by light within the so-called tissue-transparent or
phototherapeutic window, limited by the absorption of hemoglobin below 600 nm
and by the absorption of water above 900 nm [13], is important for biological and
medical applications, and there is a demand for photoswitches that can be activated
in this wavelength range.

1.3 Spectroscopy of Photoswitching

Steady-state absorption and emission spectroscopies provide invaluable information
about the electronic properties and structures of individual photoswitch forms, and
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they can also be used for the determination of the composition of reaction mixtures
and the identification of reaction (unwanted) side products, especially in combi-
nation with other analytical techniques, such as HPLC. The time evolution of the
absorbance spectra is particularly important for the evaluation of the photokinet-
ics of slow transformations. Global analysis of spectral data is a very useful tool to
validate a proposed model of photoswitch transformation [10].

NMR spectroscopy became one of the essential tools in the structural identifica-
tion of long-lived intermediates and photoproducts formed during a photochromic
process, in conformational analyses, and it can be used for monitoring the extent of
photoswitching [14]. NMR can also provide valuable quantitative information about
the mixtures without the need to perform other analytical determination methods.
Detailed examination of the chemical shifts and spin-spin couplings in the spectra
gives additional information about intermolecular interactions, aggregations, etc.

The primary reactions of photoswitches are commonly very fast, taking place
on a picosecond timescale and faster. Such reactions can be studied using modern
spectroscopy of short-lived reaction intermediates. Following excitation of the
photoswitch by an intense, short laser pulse, the resulting transient intermediates
are commonly observed by their absorption (transient absorbance difference
spectroscopy). More informative spectroscopic techniques for the detection and
identification of reactive intermediates have been developed, in particular EPR, IR
and Raman spectroscopy, NMR, mass spectrometry, electron microscopy, and X-ray
diffraction.

Most optical flash photolysis apparatuses with excitation pulses of nanosecond
and longer duration operate in the kinetic mode, that is, the transient absorption is
monitored with a photomultiplier at a single wavelength as a function of time, pro-
viding accurate reaction rate constants up to about 108 s~! [10]. For faster reactions,
excitation by laser pulses of shorter duration is required. The pump-probe method
provides transient absorption spectra at a given time delay with respect to the excita-
tion pulse. The laser pulse is split into two portions. The major part of the laser pulse
(the pump pulse) is used to excite the sample and trigger the process under investiga-
tion; the rest (the probe pulse) is focused onto some material to produce a supercon-
tinuum pulse with a strongly broadened spectrum, which is then sent to the sample
over an optical delay line. As the speed of light is ¢ = 3x108ms™! = 0.3mns™}, a
delay line of 30 cm length delays the probe pulse by 1 ns with respect to the pump
pulse. The probe signal is typically averaged over many pulses. A fast detector is
not required. The temporal resolution is fundamentally limited only by the duration
of the pump and probe pulses. By varying the time delay between the pump and
probe pulses, it is possible to assemble absorption spectra as a function of time after
the excitation pulse. Basically, both the kinetic and the pump-probe spectrographic
setup measure one-dimensional slices of the same physical information that consists
of a two-dimensional array A of absorbances A (4,t) as a function of wavelength A
and time ¢ after excitation of the sample.

Time-resolved IR and Raman spectroscopies have also been recognized as excel-
lent methods for the characterization of transient chemical species [10]. Both IR and
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Raman spectra provide fingerprints that allow for unambiguous identification of
simple molecules or their mixtures. The dynamics of fast chemical transformations
of photoswitches are successfully evaluated with sensitive Fourier-transform
instruments. In picosecond and femtosecond time-resolved Raman spectroscopy,
the sample is pumped and probed by well-defined laser pulses, producing a full
vibrational spectrum in the 1000-2000 cm™! range with up to <100 fs temporal and
< 35cm™! spectral resolution.

1.4 Two Case Examples

This chapter provides two examples of spectroscopic approaches used to study the
transformations of photoswitches and highlights some difficulties that can occur in
interpreting data. The provided information is not comprehensive; it should only
introduce the reader to the spectroscopic methods, which are used to study photo-
chemistry of photoswitches.

1.4.1 Diarylethenes

Photochemically induced 6mn-electrocyclic cyclization and cycloreversion of
diarylethenes (Scheme 1.2) are very fast processes, and their reaction dynamics
can be studied by ultrafast time-resolved spectroscopic methods [15-17]. The
photocyclization of the simplest example of diarylethenes, (Z)-stilbene, occurs
from the singlet 'x,n* state [10]. The orbital symmetry allowed conrotatory closure
results in the formation of trans-dihydrophenanthrene, which can be oxidized to
phenanthrene in nearly quantitative yield [18, 19] (Scheme 1.2). Many derivatives
of 1,2-bis(hetero)arylethenes, in which the phenyl groups of stilbene are replaced
with five-membered heterocyclic (e.g. thiophene or furan) rings, have received
special attention as photoswitches [16, 17].

’/© hv l | hv
d e

Scheme 1.2 Stilbene photochemistry.

For example, the photochromic pair of compounds 1a and 1b (Scheme 1.3) is a
fatigue-resistant [20] photoswitch showing distinct absorption spectra of the open-
and closed-ring forms (Figure 1.2) [21, 22]. The n-conjugated system of 1a is localized
on the UV-absorbing thiophene rings, whereas the visible-light-absorbing n-system
of 1b is delocalized throughout the molecule. The lack of absorption of 1a above
400 nm allows for a complete cycloreversion of 1b upon irradiation by visible light.

9
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Scheme 1.3 Photochemical cyclization and cycloreversion of dithienylethenes.

Figure 1.2 Absorption spectra of
1a (solid line) and 1b (dashed
line) (R = Ph) in hexane. Source:
Adapted from Ward et al. [21].
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The 1b—1a conversion (x/%) in dilute solutions is calculated under photo-

stationary-state conditions according to Eq. (1.3) [22]. When the ratio of
Db 1261/ P1a 114 18 high, the conversion is large.

Dy 1af1b

X = X 100

= (1.3)
Pry12é1b T Pra~1vfia
The quantum yields and the efficiencies of any side-reactions may vary with

temperature, the nature of substituents, solvent, conformational behavior, etc.

[16]. For example, the ring-opening quantum yields decrease by introducing an

electron-donating substituent to the p-position of the phenyl R? groups in 2a

(Scheme 1.3) [22]. 1,2-Bis(hetero)arylethenes attain two conformations with the

two rings in a parallel or antiparallel arrangement, but the photocyclization can

occur only from the latter conformation (Scheme 1.4) [22, 23]. In the case that

Parallel

Anti-parallel

Scheme 1.4 Antiparallel and parallel arrangements of 1,2-bis(hetero)arylethenes.
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Figure 1.3 The reaction dynamics for
one- and two-photon excitation of 1b. N .
Source: Reproduced by permission of L

Ward and Elles [26].

AN | 9ps
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the population ratio of the two conformers is 1:1, the cyclization quantum yield
cannot exceed 0.5. This ratio, and thus the magnitude of the quantum yield, can be
controlled by structural changes and confined environment [16, 17].

Ultrafast kinetics of the cyclization and cycloreversion reactions have been inves-
tigated by pico- and femtosecond time-resolved absorption spectroscopy [15, 24].
Polarization-selective nonlinear transient-absorption spectroscopy with a 90-110fs
time resolution was used to study the ring-closing reaction of 3a (Scheme 1.3) in
cyclohexane by Duppen and coworkers [25]. The population and orientational
dynamics supported by theoretical calculations revealed that, upon excitation,
three events follow: pre-switching due to excited state mixing (50fs), the ring
closure (0.9 ps), and post-switching related to vibrational cooling (100 ps). The fs
pump-probe one- [26] and two-color [21] pump-repump-probe spectroscopies
were used to study the cycloreversion of 1b (Scheme 1.3). The excited molecule '1b*
has to cross an activation barrier in ~3 ps, before reaching the access to a conical
intersection with the ground state (Figure 1.3). When a secondary excitation with
a delay of ~5ps between the primary and secondary excitation events is used, the
highest cycloreversion efficiency to give 1a is observed [26]. It was suggested that
the method can be used to selectively control the extent of photoswitching.

A different approach was utilized with picosecond time-resolved Stokes and anti-
Stokes Raman spectroscopies to study the cyclization and cycloreversion reactions
of 4a, 4b (Scheme 1.3) photochemical interconversion [27]. The cyclization, mon-
itored by the time evolution of specific Raman bands attributed to the ring-closed
form 4b, was found to occur in 4 ps followed by vibrational cooling within 10 ps.

Femtosecond transient absorption spectroscopy and ultrafast electron diffraction
crystallography [28-30] were also utilized in the study of the cyclization reaction
of 1a in a single crystal. While there is a coexistence of two conformations of 1a in
solution (Figure 1.4), the conformation in the crystal is confined in an antiparallel
arrangement, allowing for the cyclization. Femtosecond time-resolved diffraction
experiments showed that an initial motion occurring upon excitation brings the
central carbon atoms involved in the bond formation into close proximity [30].

N

1b 1a

11
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Q.

Closed-ring

Open-ring

(a)

(b)

Figure 1.4 (a) The primary motions involved in the photocyclization of 1a in a single
crystal studied by femtosecond time-resolved diffraction and a simplified reaction
coordinate. (b) Motions determined by fs electron diffraction studies. Source: Reproduced by
permission of Miller [30].

1.4.2 Azobenzene and Its Derivatives

Azobenzene and its derivatives are the most commonly used photoswitches, which
undergo a reversible E-Z photoisomerization (Scheme 1.1) [31-36]. Both isomers
possess weak (n,n*; S, — S;) and strong (w,n*; S, —S,) absorption bands. These
transitions can be very close in energy in azobenzenes bearing electron-donating
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substituents, and the x,7* state becomes the S, — S, transition in push-pull systems.
Differences in the absorption properties of (E)- and (Z)-azobenzene allow us to
select the irradiation wavelength to obtain the (Z)-isomer preferentially, and the
photostationary ratio (Eq. (1.2)) of the isomers can be affected by competing thermal
Z — E processes. The forward and back isomerization quantum yields depend on
the irradiation wavelength, the solvent, and the excited-state multiplicity [37].

Precise knowledge of the absorption spectra of both photoisomers is essential to
choose the optimum wavelength for switching in either direction and to determine
the quantum yields. A recent study [38] revealed that in all previous work, the
reported spectrum of E-azobenzene had been contaminated by small amounts of
the Z-isomer. For azobenzene in methanol solution the ratio £;/¢, is the highest at
347 nm reaching 91, and the inverse ratio €,/¢ is the highest at 413 nm reaching
3.3 (Figure 1.5) [39]. These wavelengths of irradiation provide the highest purity of
the desired isomer. For complete photoswitching, these numbers should be co and
0, respectively.

The rate constant for the thermal Z — E isomerization is 1.2 x 107> s~! at 45 °C, so
that essentially pure E-azobenzene is obtained by keeping a methanol solution in the
dark at 45 °C for five days. At 25 °C, the rate constant amounts to 1.1 x 107 s~ [39],
which is sufficiently slow for many applications. The reaction enthalpy of Z — E iso-
merization in n-heptane was reported to be AH = ~48.9kJ mol~! [40]. Clearly, the
properties of azobenzene fulfill many requirements for a P-type photoswitch. Several
structure-property relationship studies helped to design azobenzene photoswitches
that possess high Z-isomer stability, as complete photoswitching as possible, and
bathochromically shifted spectra [31, 32]. For example, para-electron-donating sub-
stituents of azobenzene can accelerate this thermal back isomerization [41], whereas
ortho-chloro [42], fluoro [43, 44], or methoxy [45] substituents slow it down.
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Figure 1.5 The ratio of molar absorption coefficients ¢,/¢, (solid line) and e;/e, (dashed
line) of azobenzene in methanol. Source: Adapted from Vetrakova et al. [38].
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Figure 1.6 Potential energy surface and relaxation/isomerization pathways of azobenzene
[46]. Filled squares mark wavepacket positions upon n,t* (S,) or m,n* (S,) excitation, while
open and filled circles show stationary points and conical intersections (/), respectively.
Dotted arrows marked with yields indicate relaxation/isomerization via the intersections.
Source: Reproduced by permission of Quick et al. [46].

The quantum yields of isomerization are less than unity and depend on the
excitation wavelength, thus violating Kasha rule [37]; in methanol solution, they
amount to @ _, ,(280 nm, ©,n*) = 0.16, @, _, (280 nm, ©,n*) = 0.36; @ _, ,(313nm,
7,7*) =0.14, @, _ (313 nm, 7,7*) = 0.33; @ _, ,(405nm, n,7*) =0.29, @, _, ,(405nm,
n,m*) = 0.45 [39].

The excited-state evolution of azobenzene is summarized in the potential energy
scheme (Figure 1.6). The photoisomerization was studied by broadband transient
absorption spectroscopy [46]. Following n,n*-excitation at 444 nm in acetonitrile, the
E—Z reaction takes place with a lifetime of 16 ps, and the reverse reaction rate is
bi-exponential with lifetimes of 0.1 and 1 ps. The 16-ps time constant of the former is
attributed to the isomerization process that encounters a barrier of 12 k] mol™!, and
not to vibrational cooling. Upon =,m*-excitation, 50% of the population relaxes to an
S, region, which is not accessible under n,t*-excitation. The fast decay of the excited
states prevents any side reactions, so that the switch can be operated indefinitely
without noticeable fatigue.

Time-resolved Raman spectroscopy also provides valuable information about the
dynamics of singlet excited states of azobenzene [31, 47]. With the probe wavelength
at 410 nm in resonance with a transient absorption appearing after the S,—S, (n,7*)
photoexcitation, transient Raman bands assigned to the S, state are found. Its life-
time is solvent-dependent; the values of ~2.5 ps in ethylene glycol and ~1 ps in hex-
ane were determined [48].

Nitrogen atoms of the N=N bond of azobenzene possess an in-plane lone elec-
tron pair in an n orbital involved in two limiting mechanisms of photoisomerization
(rotation akin to that of simple alkenes or in-plane inversion) [10, 31]. A femtosecond
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Figure 1.7 Azobenzene derivatives 5 and 6.

time-resolved fluorescence up-conversion spectroscopy of rotation-restricted 5 and
rotation-free 6 E-azobenzene derivatives (Figure 1.7) revealed very similar fluores-
cence lifetimes [49]. Because 5 cannot isomerize by rotation about the central N=N
bond, it was suggested that the interconversion occurs via the inversion mechanism.
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2.1 Introduction

In the field of photochemistry, photochromism represents an increasing area of
research because of its actual and potential applications [1-3]. It can be defined
as a reversible phototransformation of a molecule between two forms having
different spectral properties. Photochromic compounds thus convert photonic
energy into chemical energy on an ultrafast timescale. The change in electronic and
molecular structures following light irradiation results in a modification of physical
properties, which forms the basis of many applications in biology [4], nano, and
material sciences [5-13].

The vast majority of reported photochromic compounds relies on organic
molecules undergoing photoinduced electrocyclic reactions, cycloadditions,
cis-trans (E/Z) isomerizations, intramolecular hydrogen or group transfers, dis-
sociation processes, or electron transfers (redox) [1]. Moreover, transition metal
complexes have also been designed to display photochromic properties. These
systems are often based on linkage isomerizations between the metal center and
ambidentate ligands (e.g. nitrosyls [14, 15] and sulfoxides [16, 17]).

Given the importance and many possible applications of photoswitches to which
photochromic compounds belong, a large number of computational studies have
been carried out to (i) rationalize experimental observations, (ii) unravel the key
steps of the underlying reaction mechanism at the origin of the photochromism,
(iii) predict the properties and help in the design of new photochromic systems to
be synthesized.

Computational photochemistry [18-20] is an essential tool for rationalizing
the photochemical behavior of such compounds. While early interpretations of
photochemical processes were based on vertical excitations at the Franck-Condon
(FC) geometry, advances in electronic structures methods and in computational
tools have allowed the exploration of other regions of the complex multidimen-
sional potential energy surfaces (PESs) and the characterization of electronically
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excited-state reaction paths. The general strategy often relies on a combination of
quantum chemistry calculations and nonadiabatic dynamics simulations in order to
characterize the main photochemical pathways connecting the initial excited-state
reactants to the final ground-state photoproducts and to simulate the photodynam-
ics of the system. This synergy between accurate and global static calculations and
either quantum or semiclassical nonadiabatic dynamics simulations has allowed
major breakthroughs in the understanding of photochemical and photophysical
processes, in particular in the field of photochromism. The purpose of this chapter
is to provide a general introduction to the computational methods and strategies
used in the theoretical studies of such compounds and to give some illustrations
with notable examples in which computations were used to explain nonintuitive
experimental observations.

2.2 Basics of Computational Photochemistry

2.2.1 Electronic Structure Methods

To describe the ground and excited electronic states involved in the photodynamics
of a system, a quantum mechanical method that provides a balanced description of
all these states is required. The method needs to describe the electronic states con-
sistently along the entire photochemical pathway (e.g. along the photoisomerization
pathway in the context of electrocyclic reactions as illustrated below), meaning
that the important electronic rearrangements taking place in all the states consid-
ered must be accounted for along the reaction path. In addition, a method with
analytical energy gradients available is also required to explore any photochemical
process, whether statically through geometry optimizations and minimum energy
path (MEP) calculations or dynamically through ab initio nonadiabatic molecular
dynamics (NAMD) simulations. Because of the important nonadiabatic effects often
involved in the excited-state dynamics, particularly around conical intersections
(Colns) [21], it is also desirable to use a method that allows a proper description of
the electronic state couplings in the corresponding regions of the PESs.

For all these reasons, multiconfigurational wavefunction-based methods, such
as the popular complete active space self-consistent field (CASSCF) method, have
often been used to compute excited-state PESs or to investigate ab initio NAMD
on-the-fly of photochromic compounds. Within the CASSCF framework, one
chooses a set of active orbitals over which the active electrons can be distributed
to generate all the electronic configurations, as in a configuration interaction (CI)
calculation. Both CI coefficients and orbitals are optimized for a given (set of)
state(s). The most critical feature of this kind of calculations is the choice of the
active electrons and orbitals, known as the active space. A judicious choice of active
space has to be selected [22] in order to describe all the electronic rearrangements
that will occur during the photoisomerization of the photochromic compound
under investigation. It allows a reliable description of the static (or non-dynamical)
electron correlation. However, to obtain accurate PESs, post-CASSCF treatments
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are usually necessary to recover the dynamic electron correlation missing at
the CASSCF level. This is the case in the complete active space second-order
perturbation theory (CASPT2), which has become the post-CASSCF method of
reference widely employed in photochemistry today [23, 24], including for the
studies of photochromic compounds. To obtain useful mechanistic information in
photochemical studies, the CASSCF approximation is often sufficient. However, if
quantitative agreement with experiment is sought or if CASSCF does not provide a
balanced description of the excited states involved because of the lack of dynamic
electron correlation, then CASPT2 becomes necessary.

However, both CASSCF and CASPT2 approaches rapidly become prohibitively
expensive with the system and active space sizes. Although promising approaches
to reduce the scaling of such methods have been developed recently based most
notably on the density matrix renormalization group (DMRG) [25], these methods
are not widely applicable yet to investigate photochemical mechanisms because of
the lack of analytical energy gradients. Thus, alternative approaches capable of com-
puting excited-state energies and their associated gradients need to be used when
the system size forbids the use of CASSCF and CASPT2. This is the case of several
efficient single-reference methods [26] such as time-dependent density functional
theory (TD-DFT), approximate second-order coupled-cluster (CC2), and algebraic
diagrammatic construction (ADC) scheme. Among these, TD-DFT is one of the most
popular approaches to study excited states of medium to large-size systems, includ-
ing in the context of the photoisomerization of photochromic compounds. Unlike
the CASSCF and CASPT2 approaches, it is simple and straightforward to use once
an appropriate functional has been chosen for the considered system. It can be effi-
ciently used to study NAMD on the fly [27]. However, it suffers from deficiencies
of the underlying mono-configurational description of the ground state in regions
of bond breaking and bond formation, and it is known to encounter severe prob-
lems in describing valence states of molecules exhibiting extended = systems, doubly
excited states, charge-transfer excited states [26], and Colns between ground and
excited states [28, 29]. Triplet state instabilities [30] are also a serious issue when
such states are involved in the photochemical process. For all these reasons, TD-DFT
may only give qualitative information on the photoisomerization mechanisms of
photochromic compounds. Note that developments in TD-DFT are ongoing to solve
these issues and to make TD-DFT truly reliable in the context of computational pho-
tochemistry [31, 32].

In addition, approaches based on semiempirical configuration interaction
methods (e.g. FOMO/CI [33], GUGA [34], OM2/MRCI [35], MMVB [36-38]) have
also been developed specifically for excited-state calculations and for simulating
photochemical processes taking place through Colns. Such methods neglect many
of the two-electron integrals computed in ab initio calculations and use parameters
for most of the one- and two-electron integrals that cannot be neglected. These
low-cost methods can be considered as an alternative to the ab initio methods
described above for studies of photochemical processes in large-size molecules or
when a large number of trajectories are necessary to simulate the dynamics of the
system. However, these methods require transferable, large-scale parameterization
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over many elements to obtain a single-molecule-independent set of parameters.
Moreover, it is often necessary to re-optimize these parameters to generate a
molecule-specific set of parameters allowing description of the excited-state
critical structures (stationary points and Colns) on the PESs to make them truly
reliable for modeling photochemical processes. In such cases, the method becomes
cumbersome in practice and unsatisfactory from a conceptual point of view.

For more details about the various electronic structure methods available in com-
putational photochemistry and their capabilities, the interested reader can consult a
number of excellent review articles and books dedicated to this topic [20, 28, 39-41].

2.2.2 Photochemical Pathway and Conical Intersections

To understand the fate of photoexcited molecules such as in the case of pho-
tochromic compounds, it is not only necessary to understand their excited-state
properties but also to determine how the system will evolve chemically in terms of
bond making and bond breaking in these excited states. Thus, it is crucial to under-
stand the reaction pathway describing the passage from the excited-state reactants
to the final photoproducts evolving along the PESs of the photochemically relevant
electronic states (see Figure 2.1 for an illustration involving one excited state). This
reaction path is called photochemical reaction path or photochemical pathway. It is
determined by following the detailed relaxation and reaction paths of the molecule
along the relevant PESs from the Franck-Condon (FC) point (i.e. vertically excited
geometry) to the ground state. Static calculations are performed to investigate the
topology of the PESs. It requires finding all the relevant critical structures (minima,
saddle points, barriers, surface crossings) involved along the reaction path and

. MEP
n.~ Trajectory

Excited state Static (local)

Geometry optimizations
Frequency analysis
MEP

Geometry
optimizations of Coln

Energy
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Figure 2.1 Illustration of the photoreaction path modeling with static and dynamic
approaches for a two-state photochemical reaction. FC, Franck-Condon point; M3
excited-state minimum; TS, transition state; Coln, conical intersection; IC, internal
conversion; MEP, minimum energy path.
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understanding how all these critical points are interconnected on the PESs. This
interconnection is often determined by MEP calculations or sometimes by exploring
potential energy profiles using linearly interpolated geometries between optimized
structures. Once the potential energy landscape for all the relevant electronic
states is understood, very detailed mechanistic information can be derived on the
photochemistry of the system such as the identification of the transient species
involved, the radiative and nonradiative deactivation pathways, the barrierless
or activated nature of the photochemical reaction, and its feasibility in terms of
forming new photoproducts (photochemical paths) against the regeneration of the
initial ground-state species (photophysical paths).

It is important to state at this stage that the photochemical reaction path requires
computing relaxation pathways in the excited states up to the eventual PES crossings
before exploring what are the different relaxation paths arising from such crossings
down to the ground state. One of the common pitfalls is to try to deduce photoin-
duced reaction mechanisms based solely on the excited-state potential energy pro-
files computed along the ground-state (thermal) reaction paths. While these profiles
can be interesting as an initial exploration of the excited-state PESs and may some-
times provide indications of possible PES crossings, they do not describe the correct
reaction path in the excited states, as the nuclei feel an excited-state potential after
the system is photoexcited. It is therefore crucial to follow the excited-state path
along which the system is evolving, otherwise important mechanistic features of the
photochemical reaction may be completely overlooked.

The information obtained from this static approach is mainly structural, i.e. the
computed photochemical path describes the motion of a vibrationally cold molecule
moving with infinitesimal momenta. While this path does not represent any real
trajectory, it allows for a qualitative understanding of different experimental data
such as excited-state lifetimes, nature of the photoproducts formed, and quantum
yields. Beyond the static approach, detailed information about the time-evolution of
amolecule after photoexcitation can be obtained from nonadiabatic dynamics simu-
lations. Dynamics studies become all the more important when the system does not
follow MEPs. In such cases, regions of the PESs far from the computed static photo-
chemical pathway may become important, and mechanistic pictures deduced solely
from the topological investigation of the PESs may be erroneous. Moreover, dynam-
ics simulations can bring semiquantitative information on important experimental
data such as excited-state lifetimes and quantum yields provided that a sufficient
sampling of the system can be achieved. Thus, calculations of PESs and characteriza-
tion of the static photochemical pathway are often complemented by dynamics sim-
ulations to gain a more complete understanding of the molecular photochemistry.

These simulations can be performed using two distinct strategies. The first and
most conventional method is to simulate the direct dynamics of the system using
semiclassical approaches such as ab initio NAMD by computing the potential
energies and couplings on the fly along trajectories. This method is largely used in
photochromic compounds due to the large number of internal degrees of freedom
that needs to be handled. The second approach resorts to more accurate and
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computationally demanding grid-based quantum wavepacket dynamics [42] such
as in the multi-configuration time-dependent Hartree method [43] (MCTDH),
which requires that the PESs and couplings are modeled along the most relevant
(photochemically active) internal degrees of freedom using a vibronic-coupling
Hamiltonian. This approach is much more challenging to use in the context of
photochromic compounds, but the MCTDH dynamics study of benzopyran taken
as a model compound for photochromic spiropyrans is a beautiful example [44].

Over the last three decades, it has become more and more evident that photo-
chemical pathways were evolving through Colns, which correspond to PES cross-
ings responsible for efficient nonradiative decay of excited-state species. While first
thought as an exception, it is now very well established that Colns are central mecha-
nistic features in organic photochemistry [45-47]. This is particularly the case in the
photoswitching mechanisms of photochromic systems, as Colns have been identi-
fied along the photoisomerization paths of azobenzenes [48], spiropyrans [49], aro-
matic Schiff bases [50], dihydroazulenes [51], dithienylethenes [52], chromenes [53],
oxazines [54], dihydropyrenes [55], dihydronaphthalene [56], and fulgides [57], to
cite a few examples.

Thus, Colns need to be located as they act as funnels for electronic radiationless
transitions between electronic states. In an analogy to transition states, which are
bottleneck structures separating the reactant from the product in a ground-state
reaction, Colns form a bottleneck for electronic relaxation in a photochemical
reaction. The main difference is that Colns act as bifurcations leading possibly to
different products, and they are not isolated crossing points on the PESs but are
part of extended crossing seams [58-60]. Colns are characterized by the two vectors
(nuclear vibrations) that lift the degeneracy at first order: the gradient difference
(x;) and the interstate coupling (x,) vectors, which form the so-called branching
space. As a consequence, the two crossing PESs intersect as a double cone if they
are plotted in the two dimensions of the branching space vectors. For a molecule
with N internal degrees of freedom, it is possible to find N'™ —2 coordinates
orthogonal to the branching space, which preserve the degeneracy at first order.
This (N —2)-dimensional space is a hyperline of degeneracy and is also called
intersection space or intersection seam. This seam will then appear as a crossing line
if the two intersecting PESs are plotted along one branching space coordinate and
one intersection space coordinate.

A first consequence of this intrinsic multidimensional nature of a Coln is that it
makes the state crossings all the more accessible during the course of the photo-
chemical reaction. Moreover, this high dimensionality can be crucially important,
as different regions of the associated extended crossing seam can be sampled by the
system during excited-state vibrational relaxations, and these regions can potentially
lead to different products. Thus, the search for the most relevant photochemical fun-
nels aims at finding minimum energy crossing points (also called minimum energy
Colns) within the crossing seams. But one has to keep in mind that energetically
accessible crossing segments away from such minima can also play a major role in
the outcome of a photochemical reaction.
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2.3 Applications: Photoswitching Mechanisms
of Photochromic Compounds

In this section, we will illustrate the insightful potential of computational
photochemistry with two notable examples of photochromic systems for which
computations were used to explain nonintuitive experimental observations. For each
system, the main experimental observations will be summarized, the computational
method succinctly presented, and the main results deduced from the calculations
allowing for a detailed interpretation of their photoswitching mechanism will be
described.

2.3.1 Dihydroazulene Photochromism

The dihydroazulene (DHA)/vinylheptafulvene (VHF) photochromic couple
(Scheme 2.1) has attracted a lot of interest because of its applications as photo-
switch and thermoswitch. The photoinduced ring-opening reaction has a very
high quantum yield (close to unity) in solution at room temperature, and the
VHF photoproduct is formed on an ultrafast picosecond timescale, suggesting the
presence of a Coln [61]. Surprisingly, whereas DHA and VHF absorb in different
spectral regions with no spectral overlap, irradiation of VHF in its first excited state
does not produce DHA. The cyclization reaction can be achieved thermally or by
two-photon excitation [62]. Moreover, no fluorescence is observed from VHF even
at low temperature in contrast to DHA [63]. We will show in the following that
most of these experimental observations can be explained by a Coln between the S,
and S, electronic states [49].
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Scheme 2.1 The dihydroazulene (DHA)/vinylheptafulvene (VHF) photochromic system.

The reference theoretical study of the photoswitching mechanism of this system
was performed two decades ago [51]. It relied on the static and dynamical investi-
gations of various model systems at the CASSCF level of theory. To account for the
electronic reorganization taking place along the photoisomerization, it is necessary
to include all the valence = orbitals of DHA plus the pair of ¢, 6* orbitals describing
the o-bond that breaks during the ring-opening reaction. This active space naturally
correlates with the full valence = system of VHF. It is important to note that CASPT2
calculations on such systems were not feasible at that time but would be required
for accurate energetics of the PESs. However, the CASSCF method is sufficient to



2.3 Applications: Photoswitching Mechanisms of Photochromic Compounds

MDHA

My

Figure 2.2 Schematic S, and S, potential energy profiles for a model DHA/VHF system.
Gray vertical arrows indicate absorption and emission processes. The black and green
curves show the nonadiabatic DHA—VHF and VHF—VHF reaction pathways, respectively.
Source: Adapted from Boggio-Pasqua et al. [51].

provide the correct topology of the PESs and thus the central mechanistic features
for this system.

Based on this computational methodology, the S, and S, potential energy profiles
obtained along the photochemical reaction path are shown in Figure 2.2 along with
the main relaxation pathways. Upon photoexcitation to the S, state of DHA, the sys-
tem relaxes to a local S; DHA biradicaloid minimum (Mg,,,) following a complete
inversion of single and double bonds within the n-system. Then, upon stretching the
o-bond that breaks to produce VHF, the system reaches a transition state TS* (about
10kcal mol~! above Mf,,, but more than 20 kcal mol~! below the S, Franck-Condon
energy) characterized by a transition vector dominated by an adiabatic 6-bond break-
ing. Beyond the transition structure, the system proceeds downhill to a conical inter-
section, S,/S; CoIn. The associated minimum energy Coln corresponds to the lowest
energy point on the S; PES (over 50 kcal mol~" below M, ). This crossing presents a
VHF-like structure, i.e. the 5-membered ring is opened, and at this funnel, efficient
radiationless decay to S, will take place producing the VHF isomer (My ). This pic-
ture is consistent with the observation of fluorescence following photoexcitation of
DHA, as there is a local DHA S; minimum (Mf,,,). The DHA—VHF isomerization
quantum yield increases, at the expense of the emission efficiency, when the temper-
ature is increased. This is consistent with the activated process to reach the funnel
for photoisomerization.

In fact, the MEP calculated from TS* in the VHF direction does not actually reach
the minimum energy S,/S,; Coln itself, the lowest-energy point optimized on the
intersection. Instead, the MEP terminates at a higher energy point on the intersec-
tion seam, denoted as S,/S; Coln*, which is over 30 kcal mol~! above the minimum
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Figure 2.3 S, and S, potential energy landscapes along the reaction path (Rx)
corresponding to the DHA—VHF photoisomerization. The MEP computed at TS* is indicated
by the white line and shows how it is intercepted by the intersection seam at the structure
So/S; Coln} lying much higher in energy than the minimum energy conical intersection,
So/S; Coln. The relevant coordinates for mechanistic photochemistry are shown on the left
for a DHA/VHF model system: the reaction coordinate Rx is orthogonal to the branching
space.

energy Coln (Figure 2.3). This is made possible because the ring-opening reaction
coordinate involves mainly a C—C o-bond breaking, while the branching space coor-
dinates {X,, X,} at the minimum energy S, /S, Coln are dominated by rearrangements
of the seven-membered ring. Thus, the crossing seam appears as a line of degener-
acy along the DHA —VHF reaction path, as illustrated in Figure 2.3. In addition to its
higher energy, S,/S, Coln* is characterized by a shorter C—C bond distance for the
broken c-bond of 2.45 A compared with the 3.45 A C—C bond distance at the mini-
mum energy S,/S; Coln. This confirms that the MEP is intercepted by the crossing
seam well before reaching the minimum energy Coln. Analysis of the decay routes at
So/S; Coln* shows that the system may return to Mp, or form My but, for inertial
reasons, product formation will be highly favored over reactant regeneration.

Upon photoexcitation to the S, state of VHF, the system relaxes directly toward the
minimum energy S,/S; Coln (green arrows in Figure 2.2). The relaxation coordinate
corresponds to the gradient difference x, vector characterizing this crossing. Conse-
quently, the MEP on S, is naturally driven to the minimum energy S,/S; Coln. The
topological feature on S, around this CoIn only allows the system to reform VHF.
After nonradiative decay to S, at the minimum energy Coln, the system encounters
a steep rise in the ground-state energy (Figure 2.2), and molecules approaching the
minimum energy S,/S; Coln from the VHF side will therefore be reflected on this
barrier back toward Myy. These particular topological features around the Coln
account for the high photostability of VHF. Moreover, the presence of the minimum
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energy S,/S; Coln as the lowest critical point on the S; PES in the VHF region also
explains the lack of fluorescence upon excitation of VHF.

Both the highly efficient DHA—VHF photoisomerization and high VHF photosta-
bility were confirmed by on-the-fly CASSCF [51] and MMVB [37] molecular dynam-
ics. All the trajectories performed from TS* ended up producing VHF, while none of
the trajectories started from VHF produced DHA. In addition, these dynamics sim-
ulations also illustrated the access of the higher energy part of the crossing seam in
the region of Sy/S; Coln* during the DHA—VHF photoisomerization.

2.3.2 Dihydropyrene Photochromism

Dihydropyrenes (DHPs) belong to a well-known class of photochromic compounds:
the diarylethene family, whose most famous representative is the dithienylethene
(DTE) photochrome [8]. However, in contrast to DTEs, DHPs have the particular-
ity to be negative photochromes, which makes them highly interesting because the
thermally stable isomer is the more colored one, while positive photochromes such
as DTEs have the more stable form colorless. The colored form, associated with
the highly conjugated closed-ring DHP isomer, bleaches upon exposure to visible
light corresponding to the formation of the less aromatic open-ring cyclophanediene
(CPD) isomer and returns to the DHP isomer upon exposure to UV light or ther-
mally (Scheme 2.2) [64, 65]. However, the low DHP to CPD isomerization quantum
yields combined with a fast rate of thermal back reaction in these compounds were
representing an obstacle for their use as efficient photochromic systems.

Visible light
uv light or heat

DHP

Scheme 2.2 The dimethyldihydropyrene (DHP)/cyclophanediene (CPD) photochromic
system.

The reasons behind this lack of efficiency were first rationalized based on a
CASSCF/CASPT2 ab initio study of the reference compound shown in Scheme 2.2
back in 2007 [55]. Unlike the DHA/VHF system presented above, which can be
approximated as a two-electronic-state problem, the DHP/CPD is much more chal-
lenging because several coupled excited states of different nature (covalent/ionic,
singly-/doubly-excited) are involved in the photoswitching mechanism. In addition,
the natural active space to describe this electrocyclic reaction requires to include the
valence = orbitals of the annulene ring at the periphery of DHP plus the pair of o,
o* orbitals describing the o-transannular bond that breaks during the ring-opening
reaction. This amounts to distributing 16 electrons in 16 orbitals for this unsub-
stituted DHP, representing a formidable task for computing CASSCF and CASPT2
PESs. An additional challenge arises from the difficulty to describe simultaneously
covalent and zwitterionic excited states for which the dynamic electron correlation
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is very different. In such a particular case, the CASSCF method fails to provide
accurate relative energies between these states, and the CASPT2 level is necessary
to obtain the right order of the states [66]. Thus, this system falls in the case where
both static and dynamic electron correlations need to be described accurately
between the various electronic states. The CASSCF is then only useful to optimize
structures and to provide approximate adiabatic relaxation pathways assuming that
these are correctly described without accurate description of the dynamic electron
correlation. These relaxation pathways cannot be computed with standard MEP
calculations because of their prohibitive computational cost at the CASSCF(16,16)
level. More approximate paths based on linearly interpolated geometries in internal
coordinates between optimized structures had to be used instead.

Following such a computational strategy, the photoisomerization path was
derived from the static exploration of the PESs as represented in Figure 2.4. On
this figure, only the most relevant excited states are shown. These states are (i) the
S;(L;,) covalent state described as a combination of the HOMO-1-LUMO and
HOMO—LUMO+1 excitations, (ii) the S,(L,) zwitterionic state dominated by the
HOMO—LUMO transition, and (iii) the S4(-+) biradicaloid state described by a mix-
ture of singly and doubly excited configurations and dominated upon vibrational
relaxation by the ground-state configuration and the HOMO?—LUMO? excitation.
Irradiation of the unsubstituted DHP (Scheme 2.2) in its first singlet excited state
S;(Ly,) does not lead to CPD formation, whereas photoisomerization is observed
from the S,(L,) state upon irradiation at 480nm in aerated cyclohexane with a
ring-opening quantum yield of only 0.006 [65]. This very low ring-opening quantum
yield was rationalized theoretically by the efficient depopulation of the initially
excited S,(L,) photoactive state (i.e. state that leads to photoisomerization) to the
lower S,(L,) unreactive state (i.e. state that does not lead to photoisomerization).
This is illustrated by the yellow path in Figure 2.4 showing the nonradiative decay
from S,(L,) to S,(L;) via a S,/S, CoIn. While vibrational relaxation on the S,
state leads to a CPD precursor (CPD*; Figure 2.4) characterized by an elongated
transannular C—C bond and a loss of planarity of the DHP core relative to the
ground-state structure, the S; state relaxes to an excited-state minimum (DHP*;
Figure 2.4) with a similar structure as ground-state DHP. From DHP*, the system
deactivates back to the initial ground-state DHP either radiatively or nonradiatively.
To undergo the DHP to CPD ring-opening reaction, the system needs to reach
a biradical intermediate via the population of CPD* on S, followed by internal
conversion at a Coln between the zwitterionic and biradicaloid states. Upon
population of the biradical intermediate, the system can then decay to the ground
state at a nearby S,/S; Coln leading to product formation. This is illustrated by the
purple path in Figure 2.4. Note that this path is an activated process as it needs
to reach two Colns higher in energy than CPD*. The S;/S; Coln is the expected
photochemical funnel for CPD formation. This Coln belongs to a well-known class
of conical intersections involving three weakly coupled =-electrons. This type of
Coln has also been encountered in the photoswitching mechanism of DTEs [52].

Since this seminal theoretical study, more efficient DHP derivatives such as benzo
[e]-fused-DHPs and pyridinium-appended-DHPs were studied computationally
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Figure 2.4 Schematic potential energy profiles of the relevant electronic states involved
in the DHP/CPD photochromism based on CASPT2 energies along CASSCF adiabatic
relaxation pathways. IC: internal conversion, Coln: conical intersection. Relevant structures
for which hydrogen atoms have been omitted for clarity are shown. Yellow curved arrow:
photophysical pathway; purple curved arrow: photoisomerization (photochemical) pathway.

[67, 68]. Because of the size of these derivatives, the CASSCF/CASPT2 approach
employed to study the reference compound (Scheme 2.1) becomes impractical.
Instead, TD-DFT can be used efficiently. While the biradicaloid excited state cannot
be described with TD-DFT because of the doubly excited nature of this electronic
state, TD-DFT is expected to describe the S,—S, deactivation pathway, as both
states result from single excitations as described above. This was first verified for
the reference compound [67]. After validation of the description of the S,—S; pho-
tophysical path at the TD-DFT level, the pathway leading to CPD* and to the S, /S,
Coln was investigated for these improved DHP derivatives. Figure 2.5 illustrates
this relaxation pathway for a simple benzo[e]-fused-DHP. For this system, the more
efficient ring-opening reaction is made possible by the inversion of states occurring
between S; and S,, S; becoming the L, state and S, the L, state. Thus, CPD*
formation takes place directly on the lowest S; PES, and no internal conversion with
another excited state is involved. This study showed that in these systems, the CPD*
minimum is the lowest excited-state minimum in contrast to the reference system
for which it is DHP*. As CPD* is the transient species required to photoisomerize,
more efficient formation of this intermediate is associated here to an improved
ring-opening efficiency. More recently, it was explained theoretically why the
ring-opening efficiency is dependent on the number of electron-withdrawing
pyridinium groups appended to the DHP core [69].

Note that the photochemical funnels (S,/S; Coln) have yet to be identified in these
substituted DHP derivatives. As TD-DFT is not suitable to describe such crossings
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Figure 2.5 TD-DFT potential energy profiles for the first three electronic states of a simple
benzo[e]-fused DHP along the S, relaxation coordinate leading to CPD* Purple curved
arrow: S, relaxation pathway.

(biradical character of S, at the S;/S; Coln and wrong S,-S, coupling at this level
of theory), other variants of TD-DFT (e.g. spin-flip TD-DFT and multiconfigura-
tional DFT) [31, 32, 70], which allow both the multiconfigurational description of the
ground state and its correct electronic coupling with excited states, will be required
to investigate the complete photoisomerization pathway of these systems.

2.4 Conclusions and Perspectives

In this chapter, we have given an outlook of the potential of computational photo-
chemistry applied in the context of photochromic systems. Computational photo-
chemistry is the branch of computational chemistry devoted to the study of chemical
reactions induced by light. We have reviewed succinctly the various important
aspects of such studies. It includes a short description of the most popular electronic
structure methods allowing the reliable simultaneous description of ground and
excited electronic states. We have presented the general strategy to determine a
photochemical reaction mechanism with both static and dynamic exploration of the
PESs allowing description of the sequence of molecular structures (traveling points
on the PESs) through which the photoreaction proceeds on its way from reactant to
photoproducts. We have recalled the central role of Colns in ultrafast photochem-
istry in general but also in the context of the photoswitching of photochromic sys-
tems. Colns provide the critical funnels through which the system is nonradiatively
decaying between electronic states. Eventually, Colns provide the reactive channels
(photochemical funnels) for the photoproducts formation in the ground state.

Two illustrative examples of computational studies of photochromic systems
have been given. The first one is the unidirectional photoswitching of DHA to
VHF, which can be explained by the particular topological features of the S;/S,;
Coln seam. The second example is the low-efficient photoinduced ring opening
of DHP into CPD, which can be accounted for by the presence of an unreactive
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deactivation pathway via an easily accessible S,/S, Coln. The improved efficiency
of some DHP derivatives can be rationalized theoretically by the effective removal
of this unreactive deactivation pathway.

The developments of efficient and accurate quantum chemistry methods capable
of describing excited-state reaction paths, Colns, and photodynamics are needed to
deal with complex and large photoactive systems. Recent advances in the field [32,
71] hold great promises in the future exploration of photochromic compounds, not
only at the molecular level but also at the nanoscale [72], which is of high relevance
to understand the efficiencies of photochromic materials for various optoelectronic
applications. We can thus anticipate that computational photochemistry will carry
on playing a major role in the understanding of photochromic compounds, and its
predictive power will prove valuable in the design of novel photochromic materials
in the future.
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This chapter aims to summarize the synthetic approaches (including Mills reactions), the
design concepts of different kinds of azobenzene photoswitches reversibly switchable
with visible light, regarding their applications (especially in biological systems) as well
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3.1 Introduction

The discovery of azo compounds goes back to the mid-1800s when Eilhard
Mitscherlich found that the distillation of nitrobenzene over burnt lime gave a
so far unknown red solid compound that he called azobenzene (AB) due to its
elemental analysis, which is ambiguous for a molecule with one or two nitrogen
atoms. Its structure was determined over 30 years later by August Kekulé, but the
configuration of the N=N double bond remained unsolved till G.S. Hartley discov-
ered the photoisomerization of ABs in 1937 [1]. During his studies of the solubility
properties of ABs, he observed a lack of reproducibility in the measurement of
absorbance spectra and the color change of the solution when being exposed to
sunlight. By a tremendous purification process, he was able to isolate the product
that was responsible for the color change and determined its physical and chemical
properties. As it thermally reverts to the trans-AB, G. S. Hartley concluded that
he discovered the cis-form of AB and therefore also the photoisomerization of
trans-ABs to cis-ABs by sunlight. In the following years, many AB derivatives were
synthesized and their photophysical properties were studied.

The present book chapter aims to summarize the synthetic approaches, the design
concepts of different kinds of AB photoswitches regarding their applications (espe-
cially in biological systems) as well as their physical properties. In the end, selected
applications were given to show the overall potential of ABs. Thereby, the cited liter-
ature and reviews serve as sources to be consulted for deeper understanding [2-5].
Aliphatic derivatives are not covered, while heteroaromatic azoarenes (six- [6-10]
or five-membered ones [11-14]) are compared with classical ones — a more detailed
discussion is found in this book (Chapter 5 by Matthew Fuchter) [15]. Multiple [16]
and cyclic [17] azobenzenes are only discussed very briefly.

Molecular Photoswitches: Chemistry, Properties, and Applications,
First Edition. Edited by Zbigniew L. Pianowski.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.



3.1 Introduction

3.1.1 Azobenzene and Its Physical Characteristics

ABs have two geometric isomers (Z/E or cis/trans) from which the E-isomer is circa
12 kcal mol~! more stable than the Z-isomer. As the energy barrier of the photoex-
cited state is about 23 kcal mol~!, the trans-isomer is predominant in the dark at
room temperature with 99.99%. When irradiated with a wavelength between 320
and 350 nm, the trans-AB isomerizes to the cis-form on a picosecond timescale, thus
being substantially faster than most biological processes, qualifying ABs for bio-
logical investigations. The reaction is reversible either by irradiation with light of
awavelength between 400 and 450 nm, heating, or thermal relaxation (milliseconds
to days) the trans-isomer back. The reversibility of the process and the changes in
physical properties, such as molecular geometry, their absorption spectra, or dipole
moment, identify ABs as valuable photoswitches. The change of the geometry leads
to a decrease in the end-to-end distance of trans-located carbons from 9.0 to 5.5 A.
This goes along with a change of the dipole moment p as the cis-isomer is bent and
one of the aryl rings twists 50° out of the plane to avoid electronical repulsion result-
ing in p = 3.0 D while the trans-AB is almost flat. This effect can be also observed in
the 'H NMR (nuclear magnetic resonance) spectrum. Due to the anisotropic effect
of the = cloud of the aromatic, the aromatic signals of the cis-AB are shifted toward
a higher field compared with those of the trans-AB (Figure 3.1).

The UV-vis absorption spectra of both isomers of the AB show two characteristic
absorption bands, which are distinct but overlap each other. trans-AB shows a very
intense n—n* transition band near 320 nm and a weak n—x* transition band near
440 nm - as this transition is not allowed by symmetry rules. In comparison, the
cis-AB has a stronger n—n* transition band at a similar wavelength (as it is allowed)
and two absorption bands at shorter wavelengths of 280 and 240 nm. It is worth
noting that photoisomerization takes place with high quantum yields, and only neg-
ligible photobleaching is observed.

The photophysics of heterocyclic azobenzenes has been discussed in detail
elsewhere [15]. Recently, azobenzenes have been used for the self-assembly of
nanoparticles [18] and the design of visible-light switchable or orthogonally
switchable systems [19-21].

1 I =
trans-Azobenzene cis-Azobenzene 300 400 500
Wavelength (nm)

Figure 3.1 Photoisomerization of azobenzene (Source: Reprinted from Ref. [5]) and the
absorption spectrum of the two isomers. Source: Reprinted with permission from Beharry
and Woolley [2].
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3.2 Synthesis of Azobenzenes

Since ABs are broadly used both in the industry and in academia, a variety of syn-
thetic methods have been developed since their discovery in the mid-1800s. Some
of these will be presented in the following chapter, for more detailed information,
several reviews can be found in the literature [22, 23]. Even though many new meth-
ods have been developed, most syntheses of ABs are still based on classical methods
such as the azo coupling or the Mills reaction.

3.2.1 Synthesis of Symmetrical Azobenzenes by Oxidation of Anilines

The synthesis of symmetrical AB derivatives has been accomplished via the oxida-
tion of anilines - either by electrolytic oxidation or oxidizing reagents comprising
metallic and nonmetallic ones. Among the huge variety of oxidants presented in
the literature reaching over MnO,, KMnO,, Ag,CO, Pb(OAc),, and hypervalent
iodides such as PhI(OAc), to aerial oxidants such as O,/tBuOK, O,/CuCl,/pyridine
or peroxidase/H,0,, MnO,, and NaOCl are most commonly used in practice. The
oxidation of anilines bearing electron-withdrawing groups (EWGs) in meta- and/or
para-position was realized in refluxing toluene with MnO, affording the ABs in
mostly excellent yields (Scheme 3.1, top). Apart from classical methods, greener
alternatives by solvent-free permanganate oxidation were provided to access ABs
carrying, for example, para-chloro substituents, but also di-ortho-para-methyl
residues (Scheme 3.1, bottom).

R
_ ,_ . %
R:©/NH2 MnOy, PhiMe R,@,N RoRG a0
- N R R=CLR=H: 88%
o 110°C Q R=H,R'=F : 79%
R
R
R R
NH, KMnO4, Al,Og, R N R=R'=H 1 75%
CuSO,5H,0 N R RZHRRS B
) ) . ~R'=Me :70%

Scheme 3.1 Oxidation of anilines with MnO, and KMnO,.

The oxidation of anilines sometimes suffers from poor yields in dependency
on the substitution pattern. For example, the oxidation of 2,4,6-trichloroaniline
using NaOCl as oxidant afforded the tetra-ortho-chloro AB (Cl4) only in 19% yield
(Scheme 3.2, left). Hence, the development of new and alternative methods is still
under investigation and provides new solutions for specific synthetic problems. An
approach to access different tetra-ortho-chloro ABs of the type Cl4 was recently
introduced by the Trauner group using a palladium-catalyzed late-stage C-H
chlorination (Scheme 3.2, right) [24].
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Scheme 3.2 Oxidation of anilines and late-stage C-H chlorination for the synthesis of
tetra-ortho-chloro azobenzene.

3.2.2 Azo Coupling

The most widespread and classical (1860, Griefy) method to access unsymmetri-
cal ABs is still the azo coupling, based on the initial diazotization of an aniline
derivative, which is then supposed to react with an electron-rich aromatic nucle-
ophile carrying typical electron-donating groups (EDGs) such as ethers or amines
(Scheme 3.3). The reaction proceeds usually in a short time and good yields; nev-
ertheless, the temperature of the reaction has to be controlled and the stability of
the diazonium salt has to be carefully considered as some of these are explosive.
For example, diazonium chlorides are unstable - decomposing explosively when
they are stored at a temperature above 5 °C, whereby tetrafluoroborates or hexaflu-
orophosphates show higher stability in the solid state and can even be stored for
longer periods.

EWG
O, =
7
Scheme 3.3 Azo coupling of diazonium salts and electron-rich aromatics.

Due to the electron-donating character of the nucleophile, the azo coupling
occurs in para-position to the donor group. When this position is already occupied
by another functional group, ortho-substitution is favored instead. An alternative is
the reaction of diazonium salts with organometallics such as Grignard, lithium, or
zinc reagents (see also Scheme 3.7).

3.2.3 Mills Reaction

Another classical method for the synthesis of unsymmetrical AB derivatives was
developed by Mills and includes the reaction between an aromatic nitroso deriva-
tive and anilines under acetic conditions (Scheme 3.4). The nitroso compound
was first synthesized by the oxidation of an aromatic methylhydroxyl amine,
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EWG

Oxone,
CH,Clo/H,0

EDG
HoN

EWG Me  Oxidant EWG
OH 0

Scheme 3.4 Mills reaction starting of the aromatic nitroso compound with anilines. The
nitroso compound can be prepared by oxidation of aromatic methylhydroxyl amines or
anilines.

EWG
7

AcOH

whereby many oxidants are described in the literature, e.g. tert-butyl hypochlorite,
FeCl;, m-CPBA, or H,0O, in the presence of rhenium, tungsten, or molybdenum
catalysts (Scheme 3.4, left). Nevertheless, the nitrosoarene is often only obtained
in low yields, because competing side reactions such as the decomposition of
the hydroxylamine, the overoxidation of the nitroso to nitro compound, or the
condensation of the hydroxylamine and the nitro compound are difficult to control.
To overcome these drawbacks, heterogeneous two-phase systems such as Oxone" in
a mixture of CH,Cl, and H,O were developed. These separate the less water-soluble
nitrosoarene from the N-hydroxylamine intermediates and the aniline derivate and
prevent therefore the condensation reaction (Scheme 3.4, top).

Variants of the Mills reaction include the deoxygenation of aromatic nitro com-
pounds under basic reaction conditions to form the nitroso derivative, which reacts
then with N-acylamines, or the reaction of nitroso derivatives with triphenylarsine
phenylamine as a nucleophile. The latter reacts upon heating with the nitroso
compound in a Wittig-type mechanism giving the corresponding azo compound
(Scheme 3.5).

NHA
@ ¢ AsPhg

NaOH, KzCOs N ®'N Q
O -0
130°C A

Scheme 3.5 Modified reaction conditions of the Mills Reaction.

3.2.4 Modern Methods

A plethora of new methods arises in the current literature accessing azobenzenes
including the usage of metal-organic reagents, late-stage C-H activation reactions,
metal catalysts as well as electrocatalytic approaches from which only selected
examples will be presented in the following. A particular focus relies on the
synthesis of tetra-ortho-substituted ABs, as the yields are often unsatisfying when
classical methods are applied (Scheme 3.6).
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Scheme 3.6 Classical synthetic methods toward tetra-ortho-substituted azobenzenes.

In addition to the ortho-chlorination of ABs to access tetra-ortho-chloroazo-
benzenes (Scheme 3.2) [24], Feringa and coworkers proposed to use a directed
ortho-lithiation of the aromatic precursor and its subsequent reaction with aryldia-
zonium salts (Scheme 3.7). This approach accesses symmetric and unsymmetrical
ABs in improved yields ranging from 77% to 92% but lacks a broad functional group
tolerance as they have to be compatible with lithium organyls [25].

N ©gF,
N®

R R .
Li @ R
R R  nBuli R R N
N
THF, 0°C >, @ —78°C—1t,1h @ R
R

30 min 77-92% overall yield

Scheme 3.7 Novel synthetic methods toward tetra-ortho-substituted azobenzenes based
on the addition of lithium organyls to diazonium compounds.

Lin et al. showed that symmetrical ABs can be easily synthesized by an oxidative
homocoupling in a one-step procedure starting from aniline derivatives using the
stable and inexpensive reagents N-chlorosuccinimide (NCS) and 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) (Scheme 3.8). The protocol includes the synthesis of sev-
eral tetra-ortho-fluoroazobenzenes in good yields of c. 60% [26].

Mellah and coworker reported on an electrocatalytic approach based on the
reduction of nitroarenes toward ABs using electrogenerated samarium diiodide

NH NCS (2 equiv),
DBU (2 equiv) N‘\N
@ CH,Clp, ~78°C - t, 10 min

56-93%

Scheme 3.8 Oxidative coupling of aniline derivatives for the synthesis of symmetric
azobenzenes.
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NO, NO, (1) Sm anode, nBuygNI (20 mol%)
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Scheme 3.9 Novel synthetic methods for azobenzenes.

as a reducing reagent (Scheme 3.9). This method allows accessing a variety of
symmetrical ABs bearing different kinds of functional groups in all positions,
but also unsymmetrical ABs by using different molar ratios (1,3 of Ar!-NO,/
Ar2-NO,). This includes di-ortho-substituted ABs in general as well as the
tetra-ortho-methylazobenzenes [27].

3.3 Visible Light-Activated Azobenzenes
as Photoswitches

Since UV light is highly energetic and hence, detrimental to the surroundings and
sometimes even to the photoswitch itself, several strategies have been developed
to avoid the irradiation with UV light and replace it with visible light or even
near-infrared (NIR) light.

In principle, three different strategies divided by their mechanism were devel-
oped so far. The first strategy is based on the combination of a photoswitch with a
photosensitizer such as a two-photon fluorophore, a triplet sensitizer, or an upcon-
verting nanoparticle that can absorb the irradiated light and transfer the energy to
the molecular switch. The latter can happen through different modes of action, e.g.
Forster resonance energy transfer, triplet-triplet transfer, or simple emission and
reabsorption.

The second strategy involves redox reactions where a sensitizer is excited either
by irradiation or electrochemically and initiates the catalytic chain through pho-
toinduced electron transfer.

The third and most direct approach tries to engineer the direct photoexcitation by
influencing the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest occupied molecular orbital (LUMO) by the molecular design. This
can be achieved by the extension of the = system resulting in a redshift of the z—x*
band. Since the n—=* band is only slightly affected, the absorption bands of the two
isomers overlap, and thus, the isomers cannot be addressed selectively [4]. Hence,
the incorporation of EWGs or EDGs to influence the energy of the orbitals represents
the preferred approach (Figure 3.2). Besides, so-called push-pull systems in which
one ring of the ABs bears an EWG, while the other an EDG, were investigated. In
this case, the —x* and n—x* bands are overlapping as well, making a light-driven
control of the isomerization processes impossible. Besides, it is worth mentioning
that half-lives of the respective Z-isomers are rather short and typically range from
nanoseconds to seconds. For an early example, see reference [28].
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Figure 3.2 Examples for
red-shifted azobenzenes by the

extension of the n system (left) or N N@—NOZ
1

a push-pull substitution (right).
2

1: 4 (E-2) = 410 nm / 4 (Z-E) = 500 nm 2: 2 (E-2) = 500 nm
1: % = 15 h (MeCN) 2:t% =1s (THF)

3.3.1 The Effect of Electron-Donating Groups on Direct
Photoexcitation

Several EDGs such as alkyl, amino, methoxy, or thioalkyl residues were incor-
porated at all positions of the AB structure. Systematic studies on the design of
ABs with EDG showed however that the ortho-substitution was superior over the
meta-substitution as the thermal half-life time of the cis-isomer in the latter case
was too short for most of applications (us for meta in contrast to s for the ortho).
When adding electron-donating alkyl groups to all four ortho-positions, a small
separation of the n—x* transition between the cis- and trans-isomer was observed.
The ortho-alkylation also led to longer thermal half-lives, which was attributed to
the steric clashes between the substituents and the n-orbital of azo nitrogen. By the
substitution with stronger EDGs such as amino groups, the absorption wavelength
could be shifted toward longer wavelengths and thermal relaxation times in the
range of seconds to minutes in water. The degree of the donating effect of the amine
was determined by the character of the amino group. A six-membered piperidine
residue, for example, caused a loss of sp? character on the azo nitrogen due to
the steric interactions, which was not the case for the five-membered pyrrolidine
residue or an acyclic amine. As an undesired side effect of the electron-rich nature
of the AB, photobleaching occurred [29] (Figure 3.3).

To avoid photobleaching, less electron-donating methoxy groups were installed at
all four ortho-positions of an amidoazobenzene OMe4 (Figure 3.4). This also shifted
the n—z* absorption band for the trans-isomer to higher wavelengths and led
therefore to a separation of the transition bands between the cis- and trans-isomers
(AA,_ . =35nm). This can be explained by the comparison of the relative energies
of the orbitals of each isomer. As the HOMO, located at the azo nitrogen, is close
to the electron-rich oxygen atom of the methoxy group in the trans-isomer, its

§ N/ Apax =470 nm, 1, =3.3 s
R \
O}_ Mnax = 445nm, 1,,=6.0 s
HN4< E}—N\\ Me ,§,N: >
Me—ﬁo N@NH Amax = 513/517 nm; 1, = 0.7 s
R 1y, was measured in 70% MeCN in H,0O, 1 mm
§N<j sodium phosphate buffer, pH = 7.0, 20 °C

Figure 3.3 Ortho-substituted aminoazobenzenes and their selected physical properties.
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Figure 3.4 Overview of azobenzenes bearing methoxy groups and/or dioxane rings.

relative energy is higher than in the unsubstituted AB. As a result, the required
energy for the trans—cis isomerization based on the n—x* transition is decreased.
For the cis-isomer, the methoxy group does not influence the lone pair, which is
why OMe4 shows a similar transition band to its parent compound. This cis-isomer
was thermally stable with a half-life of 53 hours allowing that both isomers can
be readily photogenerated and maintained in the dark granting, for example, the
spatial localization of the cis-isomer in vivo. Additionally, no photobleaching or
photo-oxidation occurred as the photoswitch survived multiple cycles of isomer-
ization and constant high-intensity irradiation with a green light. To tune the
(photo)physical properties, a variety of derivatives based on the same concept were
explored [30-33]. According to computational studies, the functionalization of all
ortho- and meta-positions of the AB with methoxy groups (OMe8) is supposed to
lead to a loss of conjugation due to the steric clash of the methoxy groups. Therefore,
the conformation was locked by the introduction of 1,4-dioxane moieties. Because
of the poor solubility of azobenzene DOM4, only one dioxane ring per aryl residue
could be attached (DOM2). The absorbance maximum of the trans-isomer was even
further red-shifted to near 600 nm with a clear separation of the n—n* transition
of the two isomers. By the nature of the chosen amine R in the para-position, the
wavelength maximum was affected, but also — and even more importantly — the azo-
nium pK,. This might diminish the absorbance as the azonium and the ammonium
species can coexist at physical pH having both different photophysical properties.
Regarding their application in biological systems, their sensitivity toward reduction
limits their usage to extracellular processes [34].

3.3.2 The Effect of Electron-Withdrawing Groups on Direct
Photoexcitation

As was the case for EDGs, numerous studies have been carried out to investigate the
effect of EWGs on ABs. Ortho-EWGs can stabilize both the n orbital of the cis-isomer
and the n* orbitals of both isomers. This leads to an increased energy of the n—x*
transition band for the cis-isomer of ortho-EWG substituted ABs and hence, in
a blue shift of the n—=* band, while the transition energy of the corresponding
trans-isomer is lowered, and as consequence, a redshift for n—»x* transition band is
observed compared with the unsubstituted ABs (Figure 3.5).
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Figure 3.5 Overview of selected examples of fluoro- and chloroazobenzenes.

As a consequence, the two n—x* transition bands of ortho-tetrafluoroazobenzene
F4 are well separated (42 nm) allowing the use of visible light A = 410 nm for the
E—Z isomerization and A>500nm for the reverse Z—E isomerization accom-
panied with high quantum yields. An interesting feature of these ortho-fluoro
substituted ABs is their planarity as well as the enhanced thermal stability of the
cis-form due to the lowered energy of the n orbital. As expected, ABs bearing only
two ortho-fluorine substituents cause a smaller splitting than F4, whereby the
opposite effect of an enhanced splitting did not occur when additional fluorine
atoms were added (F6, F8, or F10). EDGs lead to a less effective splitting of the
n—n* bands and were hence not further investigated. Regarding the photoconver-
sions, best performances were attained for ortho-tetrafluoroazobenzenes bearing
either amide (F4-diamide) or ester groups (F4-diester), which additionally
facilitate the attachment of biological systems. All fluoro-substituted ABs show
longer thermal half-lives of the cis-isomer than the unsubstituted AB whereby
symmetrical ABs with four or six fluorine atoms (F4 and F6) showed half-lives
of more than 90 hours in MeCN at 60 °C. Nevertheless, the studies revealed that
meta-substitution should be avoided if one is seeking photoswitches with long
thermal half-lives. Among the ortho-fluoroazobenzenes, F4-ester represents the
best compromise between high photoconversions in both directions and high
thermal stability including also the possibility of an attachment to other systems
[35]. For completeness, it is worth mentioning that Woolley et al. investigated at
the same time ortho-tetrachloroazobenzene Cl4 with an even higher red-shifted
absorption for the n—n* transition, but higher thermal relaxation rates [31, 36].

In most recent reports, the relation between substituents of the ortho-tetrachloroa-
zobenzene Cl4 and the photophysical properties has been in-depth investigated,
both spectroscopically and theoretically [20]. Another group demonstrated
deeply red-shifted azobenzenes with mixed chloro- and fluoro-substituents in the
ortho-positions (e.g. CI2F2), less synthetically challenging and more thermally
stable than the original Cl4 structure [21]. Finally, it was shown that appending the
F4 structure with conjugated unsaturated substituents (-CHO or —C=C- groups)
in para-positions (R, R’) (but not in meta-) also results in bathochromic shift of the
photoisomerization wavelength. In that case, red light (>630 nm) irradiation can
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Table 3.1 Spectroscopic data including the separation of the n—x*
transition bands (A4, _ .), the composition of the photostationary state (PSS)
when irradiated at 4> 500nm (PSS ;) and 4 = 410 nm (PSS ), and the
experimental half-lives z,, in MeCN at 60 °C by Bléger et al. [35].

Compound A, _ .- (nm) PSS, (%) PSS ;) (%) 74, (h)
AB 14 — — 4
F4 42 86 91 92
Fo6 36 94 91 95
F8 43 92 92 27
F10 40 91 90 —
F4-diester 50 90 97 15
F4-ester 44 95 95 30
F4-diamide 50 92 96 22

Source: Data from Bléger et al. [35].

produce up to 82% of the respective cis-isomer (for the bis-aldehyde) with thermal
stability similar to the unsubstituted azobenzene (cis-isomer with t,,, = 3.2hour at
60 °C in MeCN, see Table 3.1) [37].

3.3.3 Further Modification Leading to Visible Light Photoswitches

There are also further approaches to tune the photoswitching properties of ABs. One
of these is based on a C2-bridged azobenzene (diazocines), which also has distinct
and well-separated n—x* transition bands (Scheme 3.10). In this case, the cis-form
is thermodynamically more stable than the trans-form as the short bridge strains
and distorts the latter. The cis—trans isomerization occurs rapidly with blue light
from the near-UV range (A = 380-400 nm) while the backward reaction is induced
by green light, both in very high quantum yields [38]. A more detailed reference can
be found in the chapter of Rainer Herges and coworkers [38-59].

387 nm
/ o L
490 nm SN

N=N

Scheme 3.10 (2-bridged azobenzene.

Another class of visible-light addressable AB photoswitches are boron-coordinated
azo compounds (Scheme 3.11). The introduction of different functional groups in
the para-position of azol gave a series of AB derivatives emitting green, yellow,
orange, and red fluorescence [60, 61]. As the isomerization reaction was locked
due to the coordination of the boron atom to the lone pair of the azo nitrogen,
structural changes were required. Hence, azo compounds with the general structure
azo2 were synthesized showing well-separated =, —=* transitions for the trans-
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Scheme 3.11 Boron-coordinated azobenzenes.

and the cis-isomer in the visible part of the light spectrum, which is caused by
the complexation of the azo group with BF, in combination with an extended
conjugation of the diazo n-electrons. By increasing the electron density through
EDGs in the para-position of azo2, the absorption bands were shifted to the red
and even NIR region. Besides the high photoconversion and high photoisomeriza-
tion quantum yields, the azo2-compounds were relatively stable regarding their
half-lives (z,, ~ 10 hours/20 minutes in deoxygenated/regular CH,Cl,) and toward
reduction by glutathione [62, 63].

3.3.4 Complex Molecular and Supramolecular Systems Containing
Azobenzenes

Azobenzenes have been incorporated into molecular systems with various degree of
complexity. Many specific examples have been discussed in the following chapters of
this book. However, we will list here a few representative examples: diazocine homo-
logues with increasing sizes of the central ring [52], further macrocyclic azobenzenes
[44, 64, 65], azobenzene-containing crown-ethers [66], or cyclic binaphthyls [67].
One selected example of a complex azobenzene-containing macrocyclic system is
shown below (Scheme 3.12) [68].

Over the last year, a vast number of phototriggered materials based on azobenzene
photoisomerization have been demonstrated, just to mention photochromic hydro-
gels [69-73], actuators for upconverting luminescence [74], molecular machines
[75], polymers [76], and complex systems [77, 78], as well as photoswitchable MOF
[6-10, 79-85] — many discussed in-depth in the following chapters in the Section II
of this book.

3.4 Applications of Azobenzenes in Biological Systems

Visible light is an interesting tool to study biochemical processes in vivo without
external interference. The usage of light offers additionally the possibility to
investigate biochemical pathways and interactions with high spatial and temporal
precision. Alternative methods do not show spatiotemporal control since genetic
approaches often lack temporal resolution, while small molecules can be better tem-
porally controlled but suffer from the target selectivity. To use visible light as an effi-
cient tool, the biomolecule must carry a light-sensitive group such as an AB fulfilling
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tBu

tBu

Scheme 3.12 Switching of an azo crown ether copper complex. Source: Modified from
Umeki et al. [68].

certain requirements to be applicable in biological systems. The light-sensitive group
has to alter the target upon irradiation in a substantial manner to detect the changes
in its biological activity caused, for example, by conformational changes. Second, the
absorption of light in an efficient manner is required, meaning that the group either
shows a high molar extinction coefficient or undergoes a two-photon cross section.
This aspect also includes that the photochemistry of the envisioned modification is
efficient to avoid the application of high dosages of light. The selected photoswitch
should isomerize with visible or NIR light (between 400 and 900 nm), preferen-
tially in the so-called therapeutic window (600-900 nm), which is only negligibly
absorbed by soft body parts or hemoglobin. Hence, that light can penetrate cells
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and tissues easily to induce the photoswitch, while UV light in contrast is strongly
absorbed by biomolecules such as NADH and scattered by the skin. Another, but
not less important, requirement for the photosensitive group is its stability under
biological conditions during as well as after the irradiation, meaning that photo-
sensitive groups should be nontoxic and stable toward hydrolysis and reduction. To
fulfill these requirements, the core structure of ABs has been modified (see above).

Noteworthy, the reversibility of the photoisomerization of ABs makes them supe-
rior toward competing approaches such as the “caging” approach. So far, most appli-
cations of ABs to photomodulate biological systems were reported in vitro. For in
vivo applications, the target has to be addressed selectively by the AB, or it has to be
modified with the AB and then introduced into the living system, which both pose
significant technical challenges. In the following section, a selection of examples will
be presented to give a rough overview of the milestones that were achieved so far,
but also the limitations of ABs as photoswitches.

One application of AB photoswitches to photomodulate properties of biopoly-
mers is based on the idea to control structures of peptides to alter their function by
changing their secondary/tertiary structure. As cysteine residues are rarely found
in proteins and are easy to introduce by standard molecular biology techniques,
cysteine residues are commonly utilized to attach ABs to peptides and proteins. The
AB derivative incorporates two chloroacetamide groups to provide chemoselective
covalent binding with the cysteine sulthydryl groups in presence of other aminoacid
side chains. Additionally, sulfonate groups were included into the structure of the
azobenzene for higher solubility. The peptides were rationally designed after the
calculations of the end-to-end distances of both isomers. The UV irradiation of a
helical peptide that contains the cross-linked cysteines at the positions i and i + 11
matching to the end-to-end distance range of the trans-AB leads to a decrease in
helicity as the cis-isomer has a smaller end-to-end distance and is therefore not
compatible with the helical structure (Figure 3.6). This strategy was later transferred
to naturally occurring peptides such as the DNA-recognition helix to enable the
photo-control of DNA binding by conformational changes [86].

The isomerization of AB has also been used in vivo to open and close pores in
cellular membranes to control the transport of ions. One example was presented
by Kramer and Trauner [87] using the photoisomerization of ABs to control K*
channels in neurons of rats to switch action potential firing on and off (Figure 3.7).
As these voltage-gated K* channels are blocked by the binding of quaternary
ammonium ions, the ABs were equipped with triethylammonium residues on
one side. On the other side, a maleimide linker was attached to ensure selective
binding to cysteine that was introduced to the channel by exogenous expression
replacing Glu422. By irradiation with A = 380 nm, photoisomerization is induced
shortening the end-to-end distance of the AB about 7 A, which opens the channel
and hence, allows the ions to pass. When the light of 4 = 500 nm is applied, the
photoisomerization process is reversed and the channel is blocked again.

Another example of the control of ion channels by photoisomerization is based
on the allosteric control of an active site by a remote regulatory binding site and
was illustrated for the ionotropic glutamate receptor (iGluR). Therefore, an AB was
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Figure 3.6 Photocontrol of the a-helical content in secondary structures of peptides
connected via two cysteines in position i and i + 11 to an azobenzene derivative. Source:
Adapted with permission from Beharry et al. [86].
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Figure 3.7 Photocontrol of a K* channel in the cellular membrane of neurons based on
the photoisomerization of an azobenzene derivative, which is connected via a maleimide to
the Cys422 of the ion channel. Source: Adapted with permission from Banghart et al. [87].
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Figure 3.8 Photocontrol of the ionotropic ion glutamate receptor by the conformational
changes of an azobenzene derivative connected to the ion channel via a Cys439. Source:
Source: Reprinted with permission from Volgraf et al. [88].

equipped with a maleimide residue enabling the covalent binding to the protein via
a cysteine residue (again inserted by mutation, L439C) and a glutamate unit on the
other side serving as an agonist for the receptor. Upon irradiation with A = 380 nm,
photoisomerization occurs allowing the interaction of the glutamate residue with
the active site of the protein receptor, which leads to conformational changes of the
protein and hence, to channel gating (Figure 3.8). Other applications are directed
to other channels [88].

To circumvent systemic and environmental side effects of drugs, photoswitchable
drugs with spatial and temporal control over its activity with light are part of
numerous investigations in the emerging field of photopharmacology. In this con-
text, Feringa et al. developed a photo-responsive, antibacterial diaminopyrimidine
whose activity can be controlled by light with specific wavelengths. The antibac-
terial diaminopyrimidine unit was attached to a tetra-ortho-chloroazobenzene.
Whereas (E)-Cldpyr is nearly inactive with an MIC,, > 80 pM, the irradiation with
red light (4 = 652nm) forms (Z)-Cl4pyr and leads to bacteriostasis (inhibition of
bacteria growth without their destruction) down to 20 pM with an MIC,, = 80 pM,
which corresponds to an eightfold difference before and after irradiation [89].
(Figure 3.9).

Other examples included visible-light-responsive peptide backbone photo-
switches [73, 90], intercalators for photocontrol of DNA [91], reversible and
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tunable photoswitching of protein function [92], red-shifted azobenzene [93], or
azo-bridges [94].

3.5 Conclusion

In this chapter, we have summarized the basic photophysical properties, pho-
tochromism, and most common synthetic methods of azobenzenes, which are
among the most common molecular photoswitches. They are embedded in a variety
of functional molecular scaffold and used to construct phototriggered materials
and compounds with photomodulated biological activity. Selected classes and
examples of such materials will be discussed in the Sections II and III of this book,
respectively. Here, we attempted to provide the reader with a brief overview and
more detailed references to a few selected topics. While the standard azobenzene
chromophore poses numerous limitations on its application scope, the last decade
witnessed numerous reports on AB structures optimized for particular applications,
especially in hydrophilic biological systems. This was enabled by efficient few-step
synthetic strategies available for this particular scaffold, as well as its photostability
and chemical robustness.
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Characteristic Features

Diazocines are bridged azobenzenes with superior properties for application in a num-
ber of fields, such as light-controlled protein folding, photopharmacology, and materials
sciences.
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4.1 Photophysical Properties and Conformations
of Parent Diazocine

Diazocines (11,12-dihydrodibenzo[c,g][1,2]diazocines) are azobenzenes that are
bridged by an ethylene linker connecting the ortho positions of both phenyl rings.
Parent diazocine (1, -CH,-CH,-bridged) was first discovered in 1910 during an
investigation on benzidination reactions [1]. About 100 years after the first report,
it was rediscovered as a photoswitch with largely superior properties compared to
the parent azobenzene system [2]. The 8-membered central “ocine” core exhibits
two configurations, a stable Z structure in boat conformation and a metastable E
isomer (Figure 4.1). As expected for an unsaturated 8-membered ring, the Z-boat
structure is about 8-10kcal mol~! more stable than the E configuration, which
has a strain energy of ~17 kcal mol™! [3, 4]. Diazocines, therefore, have an inverse
thermal stability compared to azobenzene, which has a stable E configuration [5].

UV-spectra and photoisomerization mechanisms of diazocine also differ from
azobenzene. Parent E and Z azobenzene exhibit nr* transitions at 314 nm (E) and
275nm (Z). Upon irradiation into the nn* band of the E isomer of azobenzene
with UV light of 290-350 nm, the Z isomer is formed (92%). Back-isomerization
is achieved by irradiation into the nzx* band of the Z isomer with violet light
(~420nm). However, the photoconversion is incomplete (79% E) because the nn*
bands of both isomers strongly overlap (E: 4., 445nm, Z: A, 435nm). Never-
theless, a reasonable photoconversion yield is observed since the molar extinction
coefficients of the nn* bands of both isomers differ (E: 390, Z: 1100 Lmol™! cm™1).
The difference in molar absorption arises from the fact that E azobenzene is planar
and the nz* transition is symmetry forbidden, whereas the Z isomer is slightly
distorted [6, 7].

Diazocines exhibit a rather different photoswitching mechanism. In contrast to
azobenzene, the nn* bands of Z and E diazocine are clearly separated (4,,,,: 404 and
490 nm) and have higher molar extinction coefficients (Z: 479; E: 770 L= molcm™!)

Molecular Photoswitches: Chemistry, Properties, and Applications,
First Edition. Edited by Zbigniew L. Pianowski.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Figure 4.1 Left: Structures of parent diazocine 1 in the Z-boat conformation and the E-twist conformation. Relative energies £, in kcal mol=* are given

in blue color. Right: UV spectra of Z-diazocine (blue), photostationary equilibrium upon irradiation with 385 nm (PSS 385, green, and pure E-diazocine
[red]) [2]. Source: Adapted with permission of the American Chemical Society from Siewertsen et al. [2].
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because both isomers are non-planar. Hence, the two nz* bands can be selectively
addressed with violet light (385-400 nm, Z — E isomerization) and green or yellow
light (520-600 nm, E — Z) (see Figure 4.1 and Table 4.1) [2]. Photoconversion yields
are excellent (E - Z>99% and Z — E ~ 92%). The metastable E configuration ther-
mochemically isomerizes back to the stable Z isomer with a half-life of 4.5 hours at
28.5°C in hexane.

With quantum yields of 0.7 (Z — E) at 385 nm and 0.9 (E — Z) at 520 nm [4], parent
diazocine 1 well competes with the most efficient natural systems such as rhodopsin
(see Figure 4.2). Azobenzene exhibits significantly smaller quantum yields of 0.47
(Z - E,436nm) and 0.16 (E - Z, 317 nm) [9].

Efficient photochemical conversions, high quantum yields, and switching wave-
lengths in the visible region lead to very high efficiencies in the conversion of light
to chemical energy (7.6% at 400 nm). Substituted diazocines attain efficiencies of
up to 18.1% [8], which are the highest among photochromic compounds. Unexpect-
edly, the isomerization dynamics of parent diazocine 1 (S, life-time ~30-40fs) are
one order of magnitude faster than the isomerization of azobenzene (S, life-time
~365-400 fs). The ultrafast excited state decay is counter-intuitive since the bridge
reduces the flexibility of the molecule [5, 10, 11].

As compared to azobenzene, the conformational degrees of freedom in diazocine
are reduced. The ethylene bridge locks the rotation of the phenyl rings. Never-
theless, several temperature-dependent conformational movements complicate
the interpretation of nuclear magnetic resonance (NMR) spectra (Figure 4.3). The
stable Z isomer undergoes a boat inversion, which is slow on the NMR timescale
at room temperature. The calculated activation barrier is 33.3kcalmol™! at the
MO062X(D3)/def2TZVP level of density-functional theory (DFT). The metastable
E-diazocine exists in a twist or a chair conformation, whereby the E-twist confor-
mation is about 2-3 kcal mol~! more stable than the E-chair conformation. Hence,
the predominant E species is the twisted form. DFT calculations revealed that both
E-conformations (twist and chair) are rotamers and are in equilibrium with each
other by a crank-type movement. Due to its C, symmetry, both E-twist structures
are enantiomers. The chair and the twist, however, do not directly interconvert
with their enantiomeric structure, the intermediate structure of the chair-chair
conversion is the twist form and vice versa [12].

The nn*-transition of the E-chair is almost isoenergetic with the nz*-transition of
the Z-boat (4,,,, ~ 400 nm), while the nx*-transition of the E-twist conformation is
strongly bathochromic shifted (4,,,, = 490 nm). This is an important finding. Upon
designing new diazocine derivatives, care should be taken that the E-twist confor-
mation is more stable than the E-chair conformation. If the E-chair would be the
predominant species in the conformational equilibrium, this would decrease the
photoconversion yield drastically due to an overlap of the Z-boat nrn*-transition and
the E-chair nx*-transition [3, 4].

The switching properties of substituted azobenzenes may differ from the
unsubstituted parent system, albeit diazocines are less susceptible to substitution
effects. An overview of recent literature [13-17] indicates that the energies of



Table 4.1 Comparison of the photophysical properties of azobenzene, parent diazocine 1, and heteroatom-bridged diazocines 18-22.

Parent Parent 0-diazocine S-diazocine NH-diazocine NMe-diazocine NAc-diazocine
azobenzene diazocine 1 18 19 20 21 22
Stable isomer E V4 zZ V4 Z Z Z
AEM"‘) -12.4 7.9 12.5 6.2 11.0 9.0 9.2
Ay 435nm (n7*) 404 nm (n7*) 385nm (nn*) 405 nm (n7*) 409 nm (n7*) 401 nm (nx*) 398 nm (nn*)
Amax(E)b) 314nm (nr*) 490 nm (nx*) 525nm (nn*) 525nm (nx*) 559 nm (nn*) 554nm (nn*) 516 nm (nn*)
Ly 4h(60°C) 4.5h (28.5°C) 895(20°C) 3.5d(27°C) 131s(25°C) 40s(25°C) 27 min (25°C)
r, ° >400nm: 79%  385nm: 92% 385nm: 80% 405 nm: 70% 405 nm: 65% 405 nm: 50% 400 nm: 88%
@, 9 0.47 (436 nm) 0.72 (385nm) N/A 0.43 (405nm) 0.57 (400 nm) N/A 0.48 (400 nm)
Iy, 317 nm: 90% 520nm:>99%  520nm:>99%  520nm:>99%  520-690nm:>99%  520-740nm:>99%  520-590 nm: > 99%
@, 9 0.16 (280nm) 0.9 (520 nm) N/A N/A 0.8 (520 nm) N/A 0.85 (520 nm)
a) I'y_ g, I'p_ , conversion yields Z— E and E — Z at the photostationary states upon irradiation at the given wavelengths;

b) AE,, =Eg—E, inkcal mol~!, M06-2X(D3)/def2-TZVP;
©)  Amax(z)> Amaxe): Maximum absorption wavelengths of the excitations used for switching (nm* or nn*);

d) @, ., @, ,: quantum yields determined at the given wavelengths.
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systems. Right: Energy conversion efficiencies of light to chemical (strain) energy of
azobenzene, diazocine, and a diazocine derivative [8].
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the nr*-transitions are not much affected by substitution, particularly if the sub-
stituents are in meta position with respect to the azo group (2,8-positions). The
nn*-transitions seem to be largely independent of the electronic nature of the dia-
zocine. However, in contrast to the na*-transitions, the nn*-transitions are shifting
bathochromically if the n-system is enlarged, if it carries amino substituents or a
push-pull substitution pattern. Large bathochromic shifts cause an overlap of the



4.2 Synthesis of Diazocines

E mr*-transition with the Z nn*-transition, and consequently the Z — E photosta-
tionary state decreases significantly (down to 18%: dithiophene diazocine) [13]. The
nn*-transitions are significantly affected by strong electron-donating substituents
(e.g. NH, > OMe). A decoupling of these substituents from the electronic core (e.g.
by inserting CH, groups) is the best strategy to retain the excellent photophysical
properties of diazocines [18].

The photoconversion with visible light in both directions, the well-separated
nr*-transitions, the efficient photoconversion, the high quantum yields, and the
ultrafast isomerization are outstanding properties of diazocines. Moreover, no
fatigue over thousands of switching cycles was observed in the parent system. The
substituted systems investigated so far are obviously long-term stable as well.

4.2 Synthesis of Diazocines

A key step of the synthesis of diazocines is the formation of the 8-membered ring.
Cyclization can be accomplished by reduction [16, 19-21] of the nitro precursor 2
or oxidation [17] of the amino precursor 4 (Figure 4.4). Direct reduction to the dia-
zocine with zinc or lead under milling was found to give low yields, which are hard
to reproduce. Variable product distributions of azoxy, azo, and hydrazo derivatives
are observed under reductive conditions, since the reduction is very sensitive to pH,
the reducing reagent, or temperature. It is most convenient to reduce the nitro pre-
cursor 2 with zinc in basic solution to the hydrazine derivative 3 (58% yield) that
can selectively be reoxidized with air in a copper-catalyzed reaction to the diazocine
in quantitative yields. Oxidation of a dianiline precursor 4 to the diazocine 1 can
be accomplished with yields up to 86% with peroxy reagents such as mCPBA [17]

O Reduction Oxidation
—_—
Zn, Ba(OH), Cu(CI
NO, 2 58%

5 3 over two steps

O direct Oxidation
mCPBA

NH, > 86%

Cu-catalyst O deprotechon
—_—
Boc-hydrazine (2) oxidation
55% 67%
6

) O‘h

Figure 4.4 Three strategies to close the 8-membered diazocine ring (azo-cyclization).
Reductive approach (top): reduction of nitro precursor 2 via hydrazine 3 and reoxidation to
diazocine 1. Oxidative approach (middle): oxidation of amino precursor 4 with mCPBA or
oxone. Cross-coupling approach (bottom): Ullmann-Goldberg reaction with Boc-hydrazine,
followed by deprotection and oxidation of the free hydrazine.
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or Oxone [22]. Another method is the C—N copper-catalyzed Ullmann-Goldberg
coupling of 1,2-bis(¢-butyloxycarbonyl)hydrazine with o-iodobibenzyl 5 (55% yield),
followed by deprotection of the hydrazo compound 6 with TMSI and oxidation of the
hydrazine with NBS in pyridine (67% yield). However, the yields of the cyclization
vary strongly, dependent on the substrates (16-70%) [13]. All attempts to form the
N=N bond first and to close the 8-membered ring by C—C bond formation in the
last step, failed so far.

There is no electrophilic aromatic substitution with diazocines published;
however, the aromatic bromination of the parent azoxy derivative was reported
[20]. Substitution takes place at the phenyl ring distant from the N*-O~ group.
Oxidation of unsymmetrically substituted diazocines and incomplete reduction
of unsymmetrical bis-nitro precursors provide two isomeric azoxy compounds.
Therefore, only symmetrically substituted diazocines are directly accessible via
the “azoxy approach.” There is a lack of general methods for the selective reduc-
tion of azoxy to azo groups. Each azoxy system requires tedious optimization of
reducing agents and conditions. Frequently only moderate yields are obtained
[23]. Therefore, substitution prior to cyclization, e.g. substitution of the anilines,
or substitution of the nitro compounds and subsequent reduction to the anilines
should be considered. Obviously, the reductive approach gives higher yields but is
not always favorable.

The first step in diazocine synthesis is the formation of the ethylene bridge. Three
general approaches were reported for C—C coupling - (a) Oxidative dimerization
of o-nitrotoluenes [21], (b) Sonogashira cross-coupling [17], (c) Wittig reaction [15]
(Figure 4.5).

The oxidative C—C bond formation (a) requires strongly basic conditions, since
the methyl groups of the nitrotoluenes 7, 8 have to be deprotonated. Substituents
that are labile to strong bases or functional groups with more acidic protons than the
methyl group in 2-position (e.g. CH,-COR or amines/amides) are not compatible
with this method. Moreover, the bridge formation leads to a statistical product
distribution (9, 10, 11) if two different o-nitrotoluene molecules are connected.
Monosubstituted bis(nitrophenyl)ethanes 9 are accessible by using a large excess
of nitrotoluene 8, which suppresses the self-coupling of the two substituted nitro-
toluenes (7 — 11); however, self-addition of nitrotoluene might lead to problems
to isolate the wanted unsymmetrical product 9 in the presence of large amounts
of 10. Symmetrically substituted bis(nitrophenyl)ethanes 11 are easily accessible in
high yields. Moreover, a number of substituted o-nitrotoluenes are commercially
available [8, 16, 21]. For the synthesis of unsymmetrically substituted dinitro
diazocine precursors, the statistical approach A is often acceptable, but a C—C
bond formation via cross-coupling (b) or Wittig reaction (c) might be favorable if the
nitrotoluenes are less accessible or if they include functional groups that are base
sensitive. Cross-coupling reactions under Sonogashira conditions (b) often lead
to dehalogenation if the phenyl precursors (12 and 13) include further halogens
(R = Br, I). Steric hindrance also impedes cross-coupling reactions. As an alterna-
tive, Wittig reaction is possible under metal-free conditions with a higher tolerance
to bulky substituents [24]. Pathways (b) and (c) are resulting in an unsaturated
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Figure 4.5 Three C—C bond formation approaches to establish the ethylene bridging unit.
(a) Oxidative C—C-coupling under basic conditions and addition of bromine, (b) Sonogashira
cross-coupling reaction, (c) Wittig reaction.

bridge (14, 17) that has to be reduced before the azo cyclization. For the complete
reduction of stilbenes or tolanes to alkanes, catalytic hydrogenation (Pd/C) is the
method of choice. However, aryl halides (R = CI, Br, I) are partially reduced under
these conditions, and therefore ways (b) and (c) are less suitable for the synthesis of
halogenated diazocines (except R = F) [17]. The synthetic approach (a) starting from
halogenated o-nitrotoluenes is most convenient for the preparation of symmetri-
cally halogen-substituted diazocines [22]. Halogenated diazocines are an important
starting point for further functionalization via crosscoupling reactions [25].

The synthetic strategies listed above allow the synthesis of a wide range of sub-
stituted diazocines [16, 17, 19, 22]. There are practically no functional group limita-
tions. It is justified to state that the synthetic access to functionalized diazocines does
not fall behind the well-elaborated preparation methods of azobenzenes. Diazocines
for different applications are available or can be rationally designed.

4.3 Heteroatom-Bridged Diazocines

Substitution of one CH, group of the ethylene bridge by heteroatoms such as
oxygen 18, sulfur 19, or nitrogen 20-22 (Figure 4.6) changes the flexibility of the
bridge, and the electron-donating effects alter the photophysical properties of the
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diazocines (Table 4.1). The energy levels of the Z — E nx*-transitions are slightly
bathochromically shifted compared to parent diazocine 1, which allows a Z— E
isomerization with 400-405 nm (except O-diazocine 18). The E — Z nn*-transitions
are strongly bathochromically shifted and a quantitative E — Z isomerization is still
effective with wavelengths of >600 nm or even near-infrared (NIR) light [3, 4].

Z — E Photoconversion yields of S-diazocine 19 (70%) [3, 18], NH-diazocine 20
(60%), and NMe-diazocine 21 (50%) [4] were found to be limited by the presence
of a significant amount of the E-chair conformation in the E-chair &= E-twist
equilibrium, due to the overlap of the Z-boat and E-chair nn*-transitions. In contrast
to 19, 20, and 21, parent diazocine 1, O-diazocine 18, or NAc-diazocine 22 does not
suffer from this disadvantage. No significant amount of E-chair was observed by
NMR or UV-vis spectroscopy.

A systematic investigation of the solvent dependence of the photophysical prop-
erties of CH,—CH,-bridged diazocines revealed that the separations of the Z and E
nr*-transitions are decreasing with increasing polarity of the solvent. In addition,
there is a general trend that the quantum yields of CH,-CH,-bridged diazocines
are favoring the E — Z and disfavor Z — E conversion with increasing solvent polar-
ity. The two effects are systematically decreasing the photoconversion yields of the
CH,-CH,-bridged diazocines from 92% in n-hexane to ~50% in water. In case of
S-diazocine 19, there is a third effect that decreases Z — E conversion yields. The con-
centration of the E chair conformation is increasing with increasing solvent polarity
causing a complete overlap with the Z boat nr*-transition. Therefore, the photo-
conversion yield of S-diazocine 19 is decreasing from 70% in acetone to <42% in
water. The lower Z — E conversion yields of CH,-CH,-bridged diazocines and of
S-diazocine 19 reduce the efficiency of applications in aqueous media. However,
NAc-diazocine 22 is an exception. There is also a decrease of the nn*-band separation
(Z-boat and E-twist), but the quantum yields are favoring the Z — E conversion with
higher solvent polarity. The Z — E photoconversion yields of NAc-diazocine 22 are
mostly retained in water (72%) compared to organic solvents (82%). Another advan-
tage of NAc-diazocine 22 for applications in biological environments is the fact that
it is inherently water-soluble without solubilizing substituents [18].

4.4 Applications of Diazocines

Diazocines exhibit inverted stabilities compared to azobenzenes. The bent and ster-
ically more demanding Z configuration is thermodynamically more stable than the
slender, stretched E isomer. This property makes them particularly suitable for appli-
cations in photopharmacology and as mechanophores (Figure 4.7).

In photopharmacology, a photoswitchable drug is administered in its biologically
inactive state (off state). Upon irradiation at the site of illness (inflammation,
tumor, etc.), the drug switches into the active (on) state. Spatiotemporal control
of biological activity with light avoids side effects in neighboring healthy tissue,
and the thermal backisomerization prevents contamination of the environment
after excretion [26, 27]. There are a number of azobenzene-derivativatized,
photoswitchable inhibitors published. The majority of these drugs is biologically
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Figure 4.7 Application of azobenzenes and diazocines in photopharmacology and as
mechanophores. Diazocines are more suitable as azobenzenes in these fields because they
have a bent cis resting state, which is converted to a stretched trans geometry upon
irradiation (inverted stability). This allows light-induced on-switching of biological
activities in photopharmacology as well as mechanically induced Z — E switching by
applying a stretching force in polymers.

active in the stretched E configuration and inactive in the bent Z form (Figure 4.7).
This is probably due to the fact that the slender E configuration fits into the spatially
confined active center of the target protein and the sterically more demanding
Z isomer does not. Since azobenzenes are stable in their active E configuration,
irradiation would rather switch the activity of the drug off than on, which is
unfavorable. Diazocines, however, can be administered in their inactive Z state (off)
and activated with light (on) at the site of interest. Generally, it is more important to
switch a drug effectively to the inactive than to the active state because incomplete
conversion to the active state can be accounted for by increasing the concentration,
whereas remaining activity of drug due to incomplete deactivation is hard to
counterbalance. Off switching (E — Z) of diazocines, indeed, is quantitative in all
cases that were investigated so far. Another obvious advantage of diazocines are
the switching wavelengths, which are in the visible region extending to the red
and even near infrared (N-diazocines). UV light, needed for E — Z isomerization
in azobenzenes, is tissue damaging, whereas the E — Z switching wavelengths in
diazocines (>500nm) are rather safe. Moreover, at wavelengths >650 nm, light
has a larger penetration depth in blood-supported tissue (bio-optical window).
Diazocines with their tricyclic structure are conformationally less flexible than
azobenzenes and most other photoswitches. Therefore, the force transmission from
the photoswitch to the environment should be more efficient and an induced fit
of the inhibitor to the binding site of the receptor should be less likely. Diazocines
are structurally similar to the family of tricyclic drugs. One can assume that if
the photoswitching unit is part of such a binding motif, the change in binding
affinity upon isomerization is stronger than in drugs that carry a photoswitch as a
substituent.
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The first applications of diazocines in photopharmacology were photoswitch-
able neurotransmitters. Substituted diazocines that are binding as ligands to the
tetraethylammonium-binding site or glutamate receptors of potassium chan-
nels (external and internal) were used as extracellular ion channel agonists and
intracellular ion channel blocker in living neurons [22, 28, 29]. The thermodynam-
ically stable Z isomers of the photoswitches did not influence the postsynaptic
currents, while the metastable E isomers exhibit a high affinity to ion channels.
In the extracellular media, the ion flow was switched on, while the ion flow
was switched off in intracellular experiments. Even though the conversion yield
(Z — E) was comparatively low (~50-60%) and does not limit this application, the
dark-adapted Z isomer is physiologically inactive and addressable with a quanti-
tative photoconversion yield. It was possible to trigger neuronal firing selectively
and spatiotemporally resolved without any background activity in the dark. This is
a big advantage compared to azobenzene-based systems, where only an increase or
decrease in current flow through irradiation was achieved in similar studies due to
its incomplete photostationary states or thermal relaxation to the active E isomers
[30, 31]. Moreover, visible light (~400 nm) for the Z — E isomerization of diazocines
has a higher tissue penetration depth than UV light that is required for the E — Z
isomerization of azobenzene (Figure 4.8).

Substituted diazocines were also used as peptide cross-linking, amino-acid analogs
in protein backbones [15, 32, 33], or for the modulation of DNA duplexes [34]. The
photoinduced isomerization of diazocines allowed a selective manipulation of the
three-dimensional structures of the biological macromolecules (protein folding and
unfolding or interconversion of DNA duplexes with double-stranded DNA) with a
high spatiotemporal resolution and non-toxic and traceless light energy. The ability
to control the biological activity of macromolecules with light provides the basis to
investigate mechanisms, kinetics, or biochemical pathways on a more sophisticated
level as compared to classical methods.

S-diazocine derivates were used as photoswitchable VEGFR-2 Axitinib inhibitors.
The sterical clash of the protein-binding site with the Z-configurations gave rise
to a 40-50 fold difference in bioactivity upon Z — E conversion, which is a major
improvement compared to previous photoswitchable kinase inhibitors. However, a
derivative of parent diazocine 1 did not yield a significant decrease of the inhibitorial
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Figure 4.8 Photoinduced firing of neuronal cells. Irradiation with deep blue light induces a
Z — E photoisomerization of a diazocine ligand. The E isomer opens the ion channels while
the Z isomer is completely inactive.
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Figure 4.9 Diazocines in a polymer backbone. The thermodynamically stable Z
configuration isomerizes to the metastable £ twist isomer if the material is stretched. The
mechanical stress is indicated by a color change from yellow to intense red. Source: van der
Schaft and Luijk [38].

strength after irradiation, because of a larger angle between the phenyl rings in its Z
configuration and a less pronounced sterical clash compared to the S-diazocine [35].
Diazocines in their Z resting state are pale yellow, while the metastable E twist
configurations are intensely red-colored. The color difference is observable with the
bare eye even at very small concentrations. Tensile forces lead to the conversion of
the shorter bend Z conformer to the stretched E isomer and, therefore, diazocines
are suitable as mechanochromes that are indicating mechanical stress of functional
materials by a color change from yellow to red. Linear urea polymers that contain
amino-substituted diazocines in their backbone or siloxane copolymers, including
vinylated diazocines, were reported. Irradiation caused reversible color changes and
bending of the thin polymer films. These functional polymers are promising candi-
dates for applications as smart materials such as photoresponsive mechanophores,
visible-light-driven actuators, or rewriteable materials [36, 37] (Figure 4.9).

4.5 Conclusion

Diazocines are structurally related to azobenzenes; however, they are superior in
most photophysical properties. The bridge between the two phenyl rings forming an
8-membered ring inverts the relative stability of the E and Z isomers in favor of the
Z form. Unlike azobenzene, where nn* (E — Z) and nn* (Z — E) excitations are used
for switching, both isomerizations in diazocines are induced by nz* excitations with
light in the visible range or even near infrared. The more rigid structure of diazocines
improves quantum yields, light to chemical energy conversion efficiencies, and force
transmission to the environment. Long-term stability studies of the parent system
did not reveal any fatigue over more than 100 000 switching cycles. Recent strategies
for the synthesis of diazocine derivatives improved the accessibility for a number
of applications in biochemistry and materials science. Further applications in other
areas are to be expected.
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