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Abstract

Abstract

Azobenzenes, with their ability to undergo a reversible change from the (E)- to the (2)-
isomer by irradiation with light, have a wide range of possibilities in various fields of
research, including host-guest chemistry, information- or energy storage. To
successfully incorporate azobenzenes in the previously mentioned applications it is
essential to have a thorough understanding of the effects of the interactions with or
among the azobenzene scaffold. Apart from the interactions of azobenzenes with
sensitizers, catalysts or solvent molecules, intramolecular interactions also
significantly influence their isomerization behavior. For the latter, the role of
substituents and their pattern is crucial, as they can influence the electronics and
thermodynamics of those systems. In this context, the stabilizing effects of London
dispersion forces on different non-symmetric azobenzenes were examined. The
strategic introduction of meta-alkyl substituents on one phenyl ring and electron rich or
poor meta-aryl moieties on the other phenyl unit revealed the decisive factor for the

observed stabilization among the azobenzene scaffold.
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Figure 1: Possible interactions with and among azobenzene photoswitches and an azobenzene
synthesis strategy in continuous flow setup.



Abstract

The addition of one or more photoswitchable units to the azobenzene scaffold as
substituent(s), provides multiphotochromic systems with expected increased
information and storage density. Nonetheless, complex mixtures can arise, wherein
their interplay is still not fully understood. Therefore, the interaction of different
photochromic systems with the azobenzene scaffold, including the interaction of
combined azobenzenes in close proximity, was investigated in this work.

Lastly, the synthesis of azobenzenes was improved by applying the prominent Baeyer-
Mills coupling reaction to a continuous flow system. This led to an efficient,
reproducible and large scale approach which is essential for future applications of this

fascinating compound class.



Zusammenfassung

Zusammenfassung

Azobenzole eroffnen mit ihrer Fahigkeit, durch Lichteinstrahlung reversibel vom (E)-
zum (Z)-Isomer zu schalten, ein breites Spektrum an Anwendungen in
verschiedensten Forschungsbereichen, wie z.B. in der supramolekularen Chemie
sowie in der Informations- oder Energiespeicherung. Daher ist es notwendig, die
Auswirkungen verschiedener Wechselwirkungen mit und zwischen dem
Azobenzolgerust im Detail zu verstehen. Abgesehen von den Wechselwirkungen der
Azobenzole mit Photosensibilisatoren, Katalysatoren oder Lésungsmittelmolekilen
haben auch intramolekulare Wechselwirkungen einen erheblichen Einfluss auf ihr
Isomerisierungsverhalten. Fur Letzteres ist die Rolle der Substituenten und deren
relative Position entscheidend. Diese kdnnen die elektronischen Eigenschaften sowie
die Thermodynamik dieser Systeme beeinflussen. In diesem Zusammenhang wurden
die stabilisierenden Effekte der London Dispersion zwischen verschiedenen nicht-
symmetrischen Azobenzolen untersucht. Durch die EinfUhrung von verschiedenen
meta-Alkyl-Substituenten an einem Phenylring und elektronenreichen oder -armen
meta-Aryl-Einheiten am anderen Phenylring, konnte ermittelt werden, welche Faktoren

fur die beobachtete Stabilisierung des Azobenzols verantwortlich sind.
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Abbildung 1: Wechselwirkungen mit und zwischen der Azobenzoleinheit in Photoschaltern, die
im Rahmen dieser Arbeit untersucht wurden und die Entwicklung einer kontinuierlichen Fluss
Synthese zur Darstellung von Azobenzolen.
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Zusammenfassung

Die Kombination einer oder mehrerer photoschaltbare(n/r) Einheit(en) mit dem
Azobenzolgerist als Substituent(en) fuhrt zu multiphotochromen Systemen mit
erwarteter erhdhter Informations- und Speicherdichte. Es kdnnen jedoch komplexe
Mischungen entstehen, deren Zusammenspiel noch nicht vollstandig verstanden ist.
Daher wurde in dieser Arbeit die Wechselwirkung verschiedener photochromer
Systeme mit dem Azobenzolgerust untersucht, einschliel3lich der Wechselwirkung von
kombinierten Azobenzolen, welche sich in unmittelbarer Nahe befinden.

Aulerdem wurde die Synthese von Azobenzolen mit der bekannten Baeyer-Mills-
Kupplungsreaktion in ein kontinuierliches Durchflusssystem tberfuhrt. Dadurch ist die
Reaktion effizient, reproduzierbar und im grof3en Malistab moglich und kann fur

kinftige Anwendungen mit dieser faszinierenden Verbindungsklasse genutzt werden.

W



Photoswitches

1 Photoswitches

1.1 Fundamentals of Photoswitches

Molecules with the ability to reversibly isomerize between a parent molecule (A) and
its corresponding photoisomer (B) when applying light as an external stimulus are
referred to as photoswitches.['! This takes advantage of the fact that light is a non-
embedding energy source that additionally has a high spatial and temporal resolution.
It can be simplified for most photochromic molecules, that parent molecule (A) (Figure
2, left), which is typically the most stable isomer, absorbs light in the UV (ultraviolet) or
near-UV region and has at least one characteristic absorption maximum at a specific
wavelength (Aa), while its photoisomer (B) has a different absorption spectrum (Figure

2, right).
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Figure 2: Schematic absorption spectra of parent molecule (A) and its photoisomer (B).

When light of this particular wavelength (Aa) is shone on the molecule, a photon is
absorbed and molecule (A) gets excited from the ground to the excited state. Once this
occurs, the molecule has the opportunity to relax back to (A) or convert to its
photoisomer (B). For the reversion back from (B) to (A) it can be distinguished between
thermal (T-Type) or photo-induced (P-Type) isomerization.”l In general, the
performance of a photoswitch can be estimated according to four different

parameters:[!

e Quantum yield

e Stability of photoisomers

¢ Photostationary state

e Reproducibility of photoswitching



Photoswitches

The quantum yield is defined as the ratio between photons absorbed and the actual
photoisomerization.[! As second parameter, the thermal stability of both photoisomers
can be appointed. Depending on the area of application, the respective half-lives (t1/2)
need to be adjusted, as in some cases, it is beneficial that the photoisomer is present
for months or longer; while in other cases shorter half-lives can be favoured. Half-lives
are usually measured in solution, which can also have an influence on the stability of
the corresponding isomer.5¢l The third parameter is the respective photostationary
state (PSS) at a specific wavelength, which describes a constant ratio of photoisomers
after exposure to a specific light source (or none). The fourth parameter defines the
photoswitchings's reproducibility, which is typically measured in switching cycles.
During this experiment, photoisomerization can lead to decomposition or other

competing side reactions.l’=
1.2 Classification of Photoswitches

It is therefore not surprising that these molecules get exploited in various fields of
research due to their ability to undergo reversible changes, which are expressed in
geometry, polarity, electrochemical and optical properties, just to name a few. There
are numerous examples of photochromic molecules in organic chemistry, from which
a limited selection relevant to this work will be presented. They can be divided into
different categories based on the reaction involved in the photoisomerization. Of these
categories, proton transfer, (E)-(Z)-isomerization and cyclization reactions are the most
prominent (Figure 3). When we consider the first category, one predominant example
is salicylideneanilines (cis-enol-1) (Figure 3, a)), also called anils, which are Schiff's
bases (R2C=NR'), where R' is a phenyl or substituted phenyl group.[ They can easily
be synthesized by condensation of salicylaldehyds with the corresponding anilines.
When salicylideneaniline enol-1 or its derivatives, which are typically yellow, are
irradiated with light in the UV region, excited-state intramolecular proton transfer
(ESIPT) from the enol to its cis-keto form takes place. This cis-keto form cis-keto-1 is
subsequently isomerized to its trans-keto form trans-keto-1. The anil’'s keto forms
usually have a characteristic red color and can be assigned to the T-type, which means
they can only be back-isomerized thermally. While the back reaction in solution takes

a few milliseconds, it can take seconds up to months in the solid state.[10-12]



Photoswitches

Proton Transfer R,
24
’ ¢ <] R
0} Rz,
cls-enol 1 cis-keto-1 O trans-keto-1

/ Cyclization

. R* hv
b) & — & C -—
O hv S O A, cat.
Lo —— L7 s
R, hv',A N@ NBD-3 ch
SP-2 MCZ
d)
NG on NC_ CN
5 <7
R @\l R s 3 s
open5 closed-5
DHA-4 VHF-4
(0] (0]
f) 0 N_o
NI N o N F
——— N
OH /& ——
i 4 ON—VO
@

K open-6 closed-6 /

(E)-(Z)-Isomerization

‘/v‘ ‘/; @rWJ@ . @f@

742

Figure 3: Classes of photoswitches organized into groups based on their reaction involved in
photoisomerization.

Besides the proton transfer mechanism, several photochromic molecules can be
assigned to the cyclization category when separating them by the reaction involved in
their photoisomerization. One example of this category is spiropyran (SP) SP-2, which
can undergo a ring opening reaction by irradiation of UV-light upon C-O cleavage,
followed by cis-trans isomerization to its merocyanine (MC) form MC-2, which is, in
contrast to spiropyran SP-2, highly conjugated and usually exhibits strong absorption
in the visible (VIS) range.l'3-151 SP-1 is typically colorless in its closed form due to
broken conjugation.['s] Merocyanine can be present in its zwitterionic or in its quinonic
form.I'1 The back reaction from merocyanine MC-2 to spiropyran SP-2 occurs
thermally, classifying them as T-type. Another member of this family is dihydroazulene
DHA-4 (Figure 3, d)). DHA-4 undergoes a retro-electrocyclization, which involves a
carbon-carbon bond cleavage, by irradiation to its photoisomer vinylheptafulvene
(VHF) VHF-4.1'8l VHF typically has a redshifted absorption maximum at around
470 nm, which makes it colored compared to its photoisomer DHA. Moreover, it is

associated as T-type. While the ring-opening proceeds quite fast,!'”-'8 the ring-closing
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takes longer.l'®-21 Their ability to isomerize completely to both isomers, makes them
interesting for applications as solar fuels or information storage systems.
Donor-acceptor Stenhouse-adducts (DASA, Figure 3, f)), which are T-type
photoswitches, isomerize with light of the visible or near infrared range from the colored
neutral linear isomer open-6 to colorless zwitterionic cyclic form closed-6.[22-24]
Another photoswitch, which is based on a 61-electrocyclization, is dithienylethene
(DTE, Figure 3, e)) open-5. By irradiation of UV light, a ring closure occurs to its
corresponding photoisomer closed-5. Because of Tr-conjugation in its closed form, this
photoisomer has a red shifted absorption maximum in comparison to its open form,
where TT-conjugation is enabled.? The open photoisomer is thermally stable and can
only be back-isomerized by irradiation of visible light, which classifies them as P-type.
Norbornadiene (NBD) has a bicyclic structure with two isolated double bonds and can
undergo a [2+2]-cycloaddition to the corresponding metastable quadricyclane (QC)
(Figure 3, ¢)).?6-2% |n contrast to the previous examples, NBDs experience negative
photochromism during the photoisomerization process, by decolorization from yellow
NBD to colorless QC, resulting in a hypsochromic shifted spectrum. During this
photoisomerization the molecule’s ring strain nearly doubles, resulting in an increased
energy difference, which can be exploited for the potential use as molecular solar
thermal energy storage systems (MOST).[30-331 QC can be instantly isomerized back to
NBD by an external trigger, e.g. electrochemically or by catalysts.l344% Although its
unsubstituted form NBD-3 has the advantage of high energy density, it can only be
converted to QC-3 by photosensitizers,!*42l is volatile, air sensitive and prone to
polymerization upon irradiation.*3-451 Accordingly, the photochemical properties of
NBD can be modified by introducing substituents. For example, by introducing electron
donating as well as electron withdrawing substituents at C2 and C3, the spectrum of
NBD can be redshifted, eliminating the need of a photosensitizer; however, this is at
an expense of drastically reduced half-lives (Figure 4).146-48l
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Figure 4: Diaryl-substituted NBDs 9-13 and their absorption maxima and half-lives in toluene.[*?!
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2 Azobenzenes as Photoswitches

2.1 Concept and Properties of Azobenzenes

Similar to the concept of stilbenes (Figure 3, g)), another class of photoswitches are
azobenzenes (AB), which can be assigned to the family of (E)-(Z) isomerization. ABs
typically consist of two phenyl groups connected by a nitrogen-nitrogen double bond
(N=N) (Figure 3, h)). Since they were discovered about 190 years ago, they are mostly
known for their applications as dyes, pigments and indicators because of their

characteristic color and intensity (Figure 5, b)).[49.50
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Figure 5: a) UV-Vis spectra of unsubstituted AB 8 in n-decane. Red spectrum: 8-(E), black
spectrum: 8-(Z). b) Solid AB 8. c) Isomerization and characteristics of unsubstituted AB 8.1

In recent years, the application areas for ABs have increased dramatically, where their
properties are exploited in energy and information storage, organocatalysis,
photobiology and photopharmacology, host—guest chemistry, molecular mechanics,
molecular machines and other areas of research.[>5'-%21 These versatile applications
can be attributed to the fact that ABs can switch between their energetically favorable
(E)-isomer and the energetically less favorable (Z)-isomer by irradiation of light, which
was only reported in 1937 by Hartley several years after their original discovery.[9:63l
They are synthetically well accessible, exhibit robust handling and moreover, their
isomerization process can be followed by UV-Vis spectroscopy (Figure 5, a)).l! While
the (E)-isomer exhibits a strong 1-1m* absorption around 300-350 nm, depending on
the substitution pattern and solvent, and a weak n-1m* absorption at around 450 nm,
the (Z)-isomer has a decreased 1-1m* and a marginally increased n-11* absorption band

(Figure 5, a)).1%4 By irradiation with light in these characteristic absorption bands, the

5



Azobenzenes as Photoswitches

AB can be switched photochemically either from (E)—(Z) with 300-350 nm or from
(2)—(E) with light of around 450 nm. Additionally, ABs can relax back to their
energetically favored isomer thermally or electrochemically.l®5661 However, by
isomerization not only the photochemical properties change but also their geometry,
polarity and electronic properties (Figure 5, c)).67-""1 The (E)-isomer of ABs follows a
Can-symmetry and is planar, while the (Z)-isomer exhibits a non-planar C2 symmetry
with a distorted arrangement of the phenyl-rings (unsubstituted AB). In this process,
the system’s geometry changes drastically from 9.1 A to 6.2 A, which, among others,

makes them extremely interesting for the usage in molecular machines.[6872]
2.2 Interactions Influencing the Isomerization of Azobenzenes

This characteristic isomerization behavior of ABs can be influenced by external or
internal interactions. For example, the half-life of the corresponding metastable (Z)-
isomer is drastically dependent on the solvent system. Among other things, it can be
explained by the respective mechanism of the thermal back isomerization, which in
turn is dependent on the substitution of the AB. When electron donating as well as
electron withdrawing substituents are attached on opposing phenyl rings of the AB
scaffold, a rotational mechanism of thermal back isomerization is proposed.[”® The
dipolar transition state of these so-called “push-pull’-systems can be stabilized by polar
solvents or solvents with acidic protons, which subsequently leads to a shorter half-life
and accelerated isomerization rate of the metastable (Z)-AB of test systems in certain
cases by a factor of over 3000.74 If the thermal back isomerization is based on an
inversion mechanism, the trend for the isomerization rate and half-life is also inverted
and accordingly prolonged.l”>76] This is due to a stabilization of the (Z)-isomer as well
as the destabilization of the corresponding transition state of electronically neutral
ABs.["”78 There are also various other aspects of the chosen solvents that need to be
considered as they can influence the isomerization of AB.[

Additionally, the isomerization behavior can be influenced by involvement of a catalyst
or photosensitizer. It was already shown in 1958 by Schulte-Frohlinde that (Z2)—(E)-a
large number of different catalysts can trigger AB thermal back isomerization.% When
for example thiophenol is added, the half-life of (Z)-isomer 8 decreases from 16 h to
7.5 h (in benzene). Additionally, different Brgnsted or Lewis acids like salicylic acid,
hydrochloric acid or tricoordinated phosphorus compounds can be used to decrease

half-lives.[8%-84 An additional approach is the electrocatalytic (Z)—(E) isomerization.
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Hecht and co-workers showed that the isomerization can be initiated either by an
oxidative (hole catalysis) or reductive (electron catalysis) reaction channel.[%5681 When
the reaction is triggered by an oxidative reaction channel, a chemical oxidant or a
photosensitizer like methylene blue as an initiator (oxidation or sensitization,
respectively) is needed for the formation of a radical cation. Depending on hole or
electron catalysis, the radical anion or cation performs Z*—E"** isomerization and
can subsequently transfer the radical onto other (Z)-8 molecules (Figure 6, a)).[6566]
Heteroaryl-AB 14 can be used to avoid oxidized byproducts from initiation (Figure 6,
b)).[8% Furthermore, thio-AB 15 was isomerized by electron catalysis for potential solar
fuel applications, while in this case hole catalysis led to decomposition (Figure 6, c)).[8l
Photosensitizers are mostly known for sensitizing (Z)—(E)-isomerization, while fewer
examples for sensitizing the (E)—(Z)-isomerization are known, which would be
especially interesting for applications as solar fuels, where the light of the whole solar
spectrum should be exploited.[®”] Though using a photosensitizer for the (E)—(Z)-
isomerization wavelength of over 600 nm can be used to enable the isomerization, this

often leads to a smaller quantum yield.889
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Figure 6: a) Principles of electrocatalytic (Z)—(E) isomerization of ABs.[®>%¢] b) Heteroaryl-AB 14
avoiding oxidated products while initiation of electrocatalytic isomerization. ¢) Candidate thio-
AB 15 for electrocatalytic (Z)—(E)-isomerization presented in this work.

2.2.1 Influence of Substituents on Azobenzene Derivatives

As previously mentioned, the parameters of AB photoswitches can also be influenced
through the attachment of substituents on the corresponding phenyl ring(s). This can
drastically affect the parameters of the photoswitch like its absorbance, quantum yield,
half-life and electrochemical properties, among others. Based on the different
spectroscopic characteristics, Rau divided ABs into three categories: azobenzenes,

7
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aminoazobenzenes and pseudo-stilbenes (Figure 7).1%0 The first class, azobenzenes,
consists of unsubstituted AB as well as ABs, which are substituted with alkyl, aryl,
halide, carbonyl, amide, nitrile, ester and carboxylic acid substituents. In this class, the
-1* and the n-11* are well separated and the thermal back reaction is typically in the
minute to days range (Figure 7, left). The second class includes ABs with amino,
hydroxyl- and alkoxy-groups in ortho- or para-position (Figure 7, middle). In this class
the 1-m* absorption maximum can be redshifted, so that it overlaps with the n-1r*
absorption maximum. This can result in difficulties in addressing the respective
transition and also assigning the quantum yields.[8891-9% Moreover, their half-lives are
usually lower than for azobenzenes. Pseudo-stilbenes, the third class, consist of
protonated ABs and “push-pull” systems (Figure 7, right). By introducing a strong
electron donor on one phenyl ring and a strong electron acceptor on the other in 4 and
4’ position, the energy of the 11-11* decreases resulting in a red shifted spectrum. The
reason for this is simultaneous destabilization of the HOMO and stabilization of the
LUMO.[5:9%6-1011 Additionally, these “push-pull”-systems exhibit intermolecular charge
transfer (ICT).['92 This class can also be characterized by its decreased half-life in the
second to millisecond time range, in comparison to the other classes. Because of the
electronic as well as their steric effects, the regiochemical substitution of the phenyl
rings is also essential. Here it has to be distinguished between ortho-, meta- and para-

connection (Section 3.2.1).1103

Azobenzenes Amino-Azobenzenes Pseudo-Stilbenes
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Figure 7: Representative ABs for the different categories: azobenzenes!'*, amino-
azobenzenes!'® and pseudo-stilbenes!'%! together with their absorption maxima as well as the
half-life of their corresponding (Z)-isomer in DMSO (16, 17) and toluene (18).

Furthermore, through the buildup of ring strain around the AB scaffold, the
thermodynamics can be influenced to such an extent that their (Z)-AB becomes the

most stable isomer (Figure 8).'06-108] An example for this is bridged-AB (Z2)-19,
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investigated by Siewertsen et al.. It can be switched to ~90% (E)-19 and back with
light of 520 nm to its energetically favored (Z2)-19 to 100%, which can be explained by
good separation of the -11* and n-1r* absorption bands (Figure 8, left).l'%’l Cyclic (Z,Z)-
20, with the same inverted stability, can be isomerized by laser or Hg-lamp to (E,E)-
20, which has a half-life of 20 days before it converts to its (E,Z)-isomer, which is quite
unstable due to increased ring strain with a half-life of ~1 s.['% |In contrast to the
previously mentioned examples, (Z,Z)-21 can only be photoisomerized to the (E,Z2)-21-
isomer, which, due to its half-life in the millisecond range, could only be observed
through ultrafast spectroscopy measurements.[0°]

N=N

9
:N;q \ \ =

- XY

N=N
(2-19 (E)-19 (Z.2)-20 Z.2-21
energetically energetically energetically
favoured isomer favoured isomer favoured isomer

Figure 8: Examples of inverted stability of photoisomers in AB derivatives 19-21.

2.2.2 London Dispersion Among the Azobenzene Scaffold

The previous section (2.2.1) showed that substituents can drastically affect the
electronic nature of the AB scaffold and thus influence various (photochromic)
properties. Nonetheless, influences among the AB scaffold through interactions within
the substituents can also change the properties of AB. Although the strength of London
dispersion, the attractive part of the van der Waals equation, is relatively weak, it
increases with increasing sizes of the electron shell of interacting atoms. It can thus
affect specific parameters of certain systems.[''%1"1] Those stabilizing effects were
demonstrated for example by enabling long C—C bonds in adamantyl dimers,['1?]
stabilizing deoxyribonucleic acid (DNA) helices!''®! or aiding in the aggregation of
rhodium complexes.l'' Initially, it seemed counterintuitive that larger groups on both
phenyl groups of ABs in meta-position did not lead to destabilization due to steric
hindrance in the (Z)-isomer, but rather to stabilization due to the attractive interactions
described above. This in turn, led to a prolonged half-life of the (2)-
photoisomers.[676.1151 | Schweighauser et al.l’®l as well as M. Strauss et al.l[6:11]
investigated the photochemical properties of different alkyl-substituted AB derivatives

and found that even flexible alkyl chains like n-Bu (22j) can cause increased half-lives

9
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of the (Z)-isomer, which are up to five times prolonged in comparison to their meta-Me-
substituted AB-derivatives (22c) (n-decane as solvent, Figure 9). It has to be
mentioned that the solvent system also plays an important role when arguing with
London dispersion.[''®l Therefore, for substituted AB derivatives in polar solvents as
DMSO for example, solvophobic contributions dominate for alkyl chains longer than n-
hex. In the work of Schweighauser et al. and Strauss et al. it was shown that although
the stabilizing alkyl-alkyl interactions in the (Z)-conformation have the most decisive
influence on the increased half-life, alkyl-aryl interactions can also be contributors. To
disbar the alkyl-alkyl interactions and put a focus on just the aryl-alkyl interactions as
work of this thesis, nine different AB derivatives were synthesized and investigated.
They are substituted in meta-connection with Me, -Bu and n-hept on one phenyl ring
and with electron donating (p-OMe), electron withdrawing (p-NO2) and unsubstituted
phenyl-rings in meta-connection on the opposite phenyl ring relative to the
corresponding azo unit (Figure 9).I'71 To get a deeper understanding of how important
the electronic structure of the tr-donor is in alkyl-aryl-substituted AB-derivatives 23a-i,
their respective half-lives were measured in n-octane (Figure 10). The half-lives for n-
heptyl as well as for t-Bu-substituted ABs 23d-i are increased, which can be attributed
to alkyl-aryl-interactions, independent of their electronic structure on the aryl fragment.
"H NOESY NMR experiments revealed that these interactions are not present in the

Me-substituted derivatives 23a-c.

Alkyl-Alkyl Alkyl-Aryl
Schweighauser, Strauss et al.: This work:
R',R? a)=H o) R"'=Me R2=H a)R® =H R* =Me
b) =tBu p) R'=n-HeptR2=H b) = NO, = Me
¢) = Me c) =OMe =Me
d) = i-Pr [ London Dispersion} d) =H = tBu
ef; e e) =NO, =tBu
s ; Ph N=N f) = OMe =t-Bu
h) = Et 9) =H = n-Hept
i) = n-Pr R1 R2 h) = N02 = n-Hept
i) =n-Bu R > ‘ i) = OMe = n-Hept
k) = n-Pent R
[) = n-Hex
m) = n-Hept
n) = n-ch 22ap

Figure 9: Reported alkyl-alkyl and aryl-alkyl interactions in different substituted ABs from
Strauss, Schweighauser et al. (22a-p), as well as from current work of this thesis (23a-i).

In conclusion, the kinetic data revealed that the strength of the London dispersion
donor of the alkyl-substrate is the crucial factor for the observed stabilization and that

the substitution at the aryl-fragment has a significantly smaller impact.
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These previous examples clearly point out that there is a great variety of parameters
that influences the quantum vyields, half-lives (t12) as well as the batho- or
hypsochromic shifts of AB derivatives; but it is also shown, that by influencing one
parameter often another one changes simultaneously.
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Figure 10: Half-lives of AB-derivatives 23a-i in n-octane.l''”]

2.3 Syntheses of Azobenzenes

The previous chapters demonstrated the importance of substitution effects in detail. In
order to enable various substitution patterns for the desired properties of the
subsequent applications, suitable syntheses options must be accessible. Depending
on final compound’s design, there are various reactions to choose from, where the best
synthesis must be individually selected.l''®l Here, some elected examples of well-
established azocouplings are presented (Scheme 1). Symmetrical ABs, where both
phenyl entities are identically substituted, can be constructed by coupling one
precursor with itself. In this incident, oxidative or reductive azo coupling can be
mentioned as an example, where two anilines or aryl-nitro compounds react with each
other.[''8-1271 Although these strategies can also be used to build up non-symmetrical
ABs, lower yields are expected, as there can be different coupling results.
Azocouplings, like the reaction of diheteroarylzincs with aryldiazonium salts (Knochel-
method) or Pd-catalyzed couplings of aryl-halides with hyrdrazines followed by an
oxidation, can be used to build up different substituted non-symmetrical and
symmetrical AB derivatives in an effective way.['?812%] The classic method for
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synthesizing ABs is the azocoupling of diazonium salts with electron-rich aromatics as
nucleophiles.l'30 The substitution takes place in para- or ortho-position and also
hetero-aryl ABs can be built up with this method.l'3"l A well-established synthesis of
symmetric, as well as non-symmetric ABs is the so-called Baeyer-Mills coupling
reaction. While it was first published by Baeyer in 1874, it was afterwards investigated
in further detail by Mills.['321331 This reaction includes the condensation of
nitrosobenzenes with anilines. The corresponding ABs are formed by nucleophilic
attack of the aniline to the nitrosobenzene in acidic or basic media.l'3413% Based on
this mechanism, the best results are obtained when the reaction proceeds when using
electron-deficient nitrosobenzenes with electron-rich anilines. Nitrosobenzenes can
easily be synthesized by oxidation of the corresponding amines with e.g. acetic
acid/H202, meta-chloroperbenzoic acid or OXONE® as oxidation agent in a biphasic
system.l'38] To apply ABs as functional materials, the compounds have to be
accessible in a large scale and moreover in a reproducible and effective way. One
possibility to overcome the complications of a batch synthesis, such as
chemoselectivity, kinetics control, material output, solvent consumption, precise

control of T and concentration, flow synthesis can be an option.['37]

N
w ® X@ N"o
@ R-Ar NH,-Ar
azocoupling Baeyer-Mills
via )
electrophilic coupling
substitution
NHZ 0\® O@
\N’
Ny NO,-Ar
NH,-Ar N 2
oxidative reductive
coupling coupling
1) i-PrMgCI-LiCl
Boc
Br 2) ZnBr, 1) X-Ar (X=Hal, OTf) b
3) Ar-N, 2) Oxidation @ “NH,
Knochel- transition metal
Method catalyzed coupling

reaction

Scheme 1: Strategies for synthesizing AB derivatives.

Even though continuous flow was previously used to synthesize symmetric ABs via
Cu-catalysis, non-symmetric ABs cannot be efficiently synthesized in this way.[138.13°
Therefore, the Baeyer-Mills coupling reaction in continuous flow was implemented,
considering it is well established for synthesizing non-symmetric ABs in a good yield

in batch.['#% The applicability of the reaction in continuous flow was confirmed with a
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scope of 20 substances, including anilines with electron-donating as well as electron-
withdrawing substituents (Figure 11, a)). Moreover, the scalability was demonstrated

by synthesizing ~70 g of an azobenzene derivative applied as an energy storage

system.
: o
NH Ny,
2 Cyclohexane Rs@/ N )
s I —Z 4
. / --------------------------------------- 26
24
NO
AcOH
25

R%= H, m-Br, p-Br, o-Me, m-Me, p-Me, 0-OMe, m-OMe, p-OMe, bis-o-Me, bis-m-Me,
2,4,6-Me, bis-m-t-Bu, m-CN, p-CN, p-OH, p-CF3, p-F

Figure 11: a) Continuous flow synthesis of substituted anilines 24 with nitrosobenzene 25 to
obtain the respective ABs 26. b) Picture of flow apparatus.
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3 Combining Photoswitches

As previously described, photoswitchable molecules consisting of just one
photoswitchable unit can be rather complex and still show properties that are not
examined in its entirety yet. By optimizing one specific factor, another is often changed
concurrently; therefore, optimizing the photoswitch for the respective usage can still be
challenging, but it is worth examining considering their broad area of possible
applications. This area is even broader when photoswitchable units get combined.
Combined photoswitches open new possibilities, for example in MOST systems. The
ability to store solar energy in the molecule itself by photoisomerization is exploited in
these systems. In Figure 12, the general concept of MOST is depicted. In a solar
collector the parent molecule (A) is isomerized to its energetically higher lying isomer
(B), ideally with light of the solar spectrum. This metastable isomer is then stored in a
reservoir. If heat is needed, an external trigger (catalyst etc.) can initiate the back
isomerization and the stored energy is released in the form of heat. By combining more
than one photoswitchable unit, the energy of the sun can in principle be stored in both
photoisomers, increasing the energy density and also gradual release of the energy

can be enabled.[2141-144]

hv

Solar
collector

Photoisomer Parent
(B) (A)

N A
; i

Heat
Reservoir exchange

Figure 12: General concept of a MOST-system.

Additionally, to the improvement of MOST systems, combining photoswitches also
enhances the performance of information storage systems. Due to the ability to switch
reversibly between two photoisomers (A/B), they can be considered as logical units
with “on/off” or “0/1” behavior.[?53 This information can be read out by analyzing the
absorbance of a particular wavelength, which is different for both photoisomers. By
linking one or more photoswitches with each other, the information density increases
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because of a resulting enlarged number of photoisomers. The number of photoisomers
is dependent on the type of linkage (Figure 13). While the number in an acyclic system
with n different photochromic units is maximum 27, the number of isomers in a cyclic
system can be more complex.'"*l It can also differ when the multiphotochromic
compound consists of the same or different photoswitches. Additionally, combined
photoswitches can have additional advantages in host-guest chemistry or molecular

machinery.[57-5°
3.1 Challenges in Multiphotochromic Systems

Besides the advantages of fusing photochromic systems in MOST and information
storage systems, there are also challenges which have to be overcome.['45-147]
Because of the complexity of multiphotochromic systems, it is important that the
general ability to isomerize is maintained, while other properties are added or even
improved. Depending on the application, the design must be adapted beforehand. For
example: for MOST applications or host guest systems it can be useful to isomerize
both photoswitchable units simultaneously, while it could be more beneficial for
information storage system when both units can be switched independently from each
other with light of different wavelengths. Therefore, it is crucial to have a proper energy
match of the absorption wavelength of both moieties to ensure switching of either both

photochromic units simultaneously, or only one selectively.

VNN \ \
<350 nm ; g
]I 445 nm I ]I
/1 \ /\ I/ \ 1\ 3" \
open-open-27 open-closed-27 closed-closed-27

Scheme 2: Dimer photoswitch DTE 27. The intramolecular energy transfer between the open
and the closed entities in 27 prevents a second ring closure to closed-closed 27.[143]

Furthermore, the addition of another photochromic unit can affect and reduce the
quantum yield of one or both respective processes. Additionally, strong conjugation
over the whole system can prevent the switchability of the photochromic entities
because of energy transfer between them. An example of that is dimeric
dithienylethene open-open-27, where one entity undergoes ring closure to open-

closed-27. Intramolecular energy transfer quenching prevents a second ring closure
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to the closed-closed-27 (Scheme 2).['¥8 Strong conjugation of combined
photoswitches can be broken upon introduction of non-conjugative linker between the
photochromic moieties or by connectivity in meta-position, leading to independent

photoswitching (Section 3.2.1).[103,149,150]
3.2 Homo-multinary Photoswitches Containing the Azobenzene Scaffold

Although the number of novel multinary photoswitches consisting of different
photoswitchable entities has increased in the last years,[193.144.151-153] the following
section focuses particularly on understanding combined ABs in multinary
photoswitches. Here, it can be distinguished between directly linked azobenzene
multinary photoswitches (AMPs) on the same phenyl ring and AMPs, which are
connected by a core unit or linker, which can be conjugative or non-conjugative.
Depending on the number and type of linked ABs, there could be linear, branched or
macrocyclic AMPs (Figure 13). Due to the enlarged number of AMPs, only selected
AMPs will be discussed in the following section. For a detailed description of almost all
AMPs see a detailed review article by Venkataramani and co-workers.['51]

linear AMPs (macrocyclic AMPs ) branched AMPs

OnokOF® > Q

N N
2-n
N, N
OO
OO0
N N -N_O 4
O"Q
— non-conjugative linker

.y N N
O""O(Q”O)O”- "~ O O [Q
: .
O b | O core

Figure 13: Schematic overview of different types of ABs in homo-multinary photoswitches.

— conjugative linker

3.2.1 AMPs connected on one Aryl-Unit

When the ABs in AMPs are directly connected on the same phenyl ring, there is always
interaction between the two or more photochromic units, either by 1-conjugation or
excitonic coupling between them. Depending on ortho-, meta- or para-linkage the
electronic communication between the units is drastically affected. The importance of
the pattern was first demonstrated by Cisnetti et al. by combination of two substituted
ABs in meta- and para-connection.'*®! In this study it was already evident that

electronic communication in para- was stronger than in meta-position.
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Figure 14: Bis-ABs in ortho-, meta-, as well as para-connectivity-[1°3.156

A more detailed analysis was conducted by combination of two unsubstituted AB-
moieties in ortho-, meta- and para-connection by Slavov et al. (Figure 14).1'93 When
separated in ortho-position (28), the spectral properties and also the quantum yield
were similar to unsubstituted AB, but its thermal back conversion from (Z)- to (E)-AB
arises in milliseconds due to intramolecular excitonic coupling. Construction of the two
ABs in para-position (32) leads to high -conjugation between them and therefore, a
red-shift of the spectrum from 320 up to ~360 nm was observed, but the quantum yield
was drastically decreased. On the contrary, the isomerization behavior of the two AB
moieties in meta-position (30) was almost independent of each other, which can be
explained by less Tr-conjugation between them (“meta”-rule).['%®! If AMPs are desired
where all entities isomerize orthogonally, their absorption maxima should at least not
completely overlap. Keeping the influence of linkage in mind, the impact of substituents
is still crucial. This interplay was demonstrated after Lim et al. reported the synthesis
of different Cz symmetrical 1,3,5-tris-ABs in 2004 (Figure 15, a))'*’1 and Yang et al.
calculated different substitution patterns for these types of AMPs with the goal to shift
the absorption bands of each AB individually so that orthogonal switching is possible.
Moreover, meta-connection was chosen to prevent influences of the ABs with each

other in a significant manner (Figure 15, b)).[58]
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Figure 15: a) Reported 1,3,5-tris-ABs 33. b) Computational study of independent AB branches.
c) Non-symmetric ABs 35 & 36. The entities in 35 & 36 did not isomerize independently.
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Inspired by these computational results, where orthogonal switching in theory was
ensured, Heindl et al. implemented a synthesis strategy for non-symmetric star shaped
compounds (Figure 15, c¢)). Although those ABs (35 & 36) showed no independent
switching in preliminary studies, the reported synthesis strategy opens new gateways

for future orthogonal switchable ABs.['%
3.2.2 Linked AMPs

As an additional approach to guarantee orthogonal switching, Bléger et al. designed a
biphenyl-linked bis-AB photoswitch with ortho-Me substitution 38, which drastically
increases the dihedral biphenyl angle up to 90° in comparison to its unsubstituted bis-
AB 37. This leads to a loss in conjugation and an increase of (Z,Z) content from 25%
to 95% (Scheme 3, a)).['6% By exploiting this principle, bis-AB 39 was designed, which

was orthogonally switchable to all four depicted states by light or electrocatalytically
(Scheme 3, b)).['%4
, 39
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Scheme 3: a) Unsubstituted bis-AB 37 and ortho-Me-substituted AB-38 with an increased
torsion angle ¢, which leads to loss in conjugation and a more efficient switching. b) Based on
this principle bis-AB 39 was designed, where all four isomers can be selectively addressed.

When AMPs are separated with non-conjugative linkers in close proximity, even if not
directly conjugated, they can influence each other.l'6l One option was demonstrated
by cyclic arrangement of ABs with methylene-linker, where their isomerization behavior
is influenced by the formed ring strain already described in section 2.2.1.['%] Using the
latter principle of non-conjugative linkage, ABs were incorporated into the tripycene
scaffold separated by a sp?® center. This allows investigation of the switching behavior

and interactions of multiple ABs in close proximity. Even though the decoupled AB
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moieties were efficiently switchable, computational studies determined excitonic
coupling effects within the azobenzene units, which might increase the efficieny of
multinary photoswitches in the near future (Scheme 4, a)). Additionally, the design can
be exploited for future host-guest chemistry due to the cavity formed upon

isomerization (Scheme 4, b)).[162]
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Scheme 4: a) Synthesized AB-triptycene derivatives 40-44 with one, two and three AB entitites.
b) Possibility as model for molecular gripper.

3.2.3 Macrocyclic AMPs

As already discussed in Section 2.2.1 there are macrocyclic AMPs, which can also be
referred to as azobenzophanes. While the first example of azobenzophanes was
introduced by Rau et al. in 1982, by now there are various different compounds in this
category, which were divided in subclasses by Venkataramani and co-workers.[64151]
Their classification is based on shape, charge and symmetry. Two major classes are
rigid or flexible macrocyclic AMPs. Rigidity can lead to high ring strain, where even
stability of the isomers can be inverted (Section 2.2.1).1196.198 Moreover, there can be
neutral or charged spacing units, where the resulting charged azobenzophanes can
be utilized as hosts for complexations of cations, anions or organic molecules,!'63-165]
while some neutral macrocyclic AMPs can also exhibit host-guest complexations.['6€l
Furthermore, it can be distinguished between symmetric or non-symmetric
azobenzophanes. While symmetric azobenzophanes show distinct spectroscopic
features, it can be quite complex in '"H NMR or UV-Vis spectroscopy, for example to
characterize non-symmetric azobenzophanes. However, this is also the case for

symmetrical AB when they lose their symmetry through isomerization.['55.167-169]
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3.3 Hybrid-multinary Photoswitches Containing the Azobenzene Scaffold

By fusion of different photochromic systems, the advantages and properties of the
respective photoswitches can be combined. Therefore, the number of so-called hybrid-
multinary photosystems significantly increased within the last years, primarily in terms
of multiaddressability.['90:170-1771 Here, the different absorption maxima of the
respective photoswitchable moieties are exploited. When combined by smart linkage
or with non-conjugative linkers, their absorption maxima can be addressed separately
and orthogonal switching is enabled. With the variety of syntheses and substitution
possibilities (Section 2.2.1 and 2.3) along with their linkage dependent photo- as well
as thermal isomerization behavior, ABs are promising candidates for hybrid-multinary
photoswitches. However, due to their large absorption range between 300 and 500 nm,
multiaddressablity can be prevented by overlapping with absorption bands of other
entities. Despite this, Feringa and co-workers designed multinary photoswitches 45
and 46 with different alkyl chains between AB and a DASA photoswitch (Figure 16).1'71]

a) A

abs.

DASA AB DASA

= a-Cyclodextrin

=
w
S
o

500 A/nm

i
<~

O,
(@)
__ _Phase transfer
_</°
pd
O

A: <300 nm, 500-600 nm
T
(e}
\
3
\
-T &

_N f
L |
NHAcl E closed-DASA-AB(E) 46

A: 300-500 nm
open- DASA-AB(E) 46

365 nm H 430 nm ; 365 nm H 430 Am or

open- DASA-AB(Z) 46 ; closed-DASA-AB(2) 46

Figure 16: a) Absorption range of DASA (blue) and ABs (green). b) AB-DASA conjugates 45 and
46. When 46 is irradiated with white light, ring closure of the DASA entity occurs and the
compound acts like a phase transfer tag. In the aq. phase, host-guest binding to a-cyclodextrin
occurs in the closed-DASA-AB(E).
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This difference in chain length affects the coupling between them so that in compound
45 (n=1) by irradiation with 370 nm, not only the AB switches from (E)- to its (Z)-isomer,
but also the DASA switch is slightly affected. This is not observed for the longer chain
length in 46 (n=9), enabling orthogonal switching to all four depicted isomers. By the
significant change in polarity due to the ionic character of the DASA isomer in the
closed form, the molecule can act as phase-transfer tag between toluene and the
aqueous phase. Herein, the AB can be still isomerized in the aq. phase and act as a
guest for a-cyclodextrin in its (E)-form, while the binding is prohibited in its (Z)-isomer
due to the change in geometry.l'”l Another hybrid-multiphotoswitch consisting of DHA
and AB was presented by Brgndsted Nielsen and co-workers, initially in a macrocyclic
fashion 47, and a few years later in a linear fashion with the AB as linker between two
DHA units in para- and meta- connectivity 48 and 49 (Figure 17).l'721781 While it was
not possible to assign the AB and DHA units separately in cyclic 47, a more systematic
study was performed by connecting AB and DHA in para- as well as in meta-position
48 and 49. Para-49 behaves more like one large chromophore rather than a system of
individual photochromes due to conjugation between the entities. While it shows only
minor conversion of the AB in para-49, the DHA as well as the AB moiety in meta-48
are able to undergo photoisomerization (“meta’-rule). Although isomerization takes
place stepwise and isomers can be detected in '"H-NMR, orthogonal switching is not

possible due to overlapping absorption bands.l'78l

Brondsted Nielsen and co-workers

\/NN_@

NC
meta 48 NC
para 49

Figure 17: DHA-AB conjugates: In cyclic 47 three different isomers can be addressed. In linear
DHA-ABs, the AB as well as the DHA part can only be switched effectively in meta-connection
(48), due to less conjugation.

To investigate the interplay of combined photoswitches further in this work, the AB
scaffold was combined in meta- as well as para-position to the Cz position of NBDs.

Because unsubstituted AB-NBD switches 50 and 53 tend to decompose, nitrile-
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substituted 51 and 54 as well as di-AB-NBDs 52 and 55 were synthesized and
examined in terms of isomerization behavior and electronic communication. Even
though in all synthesized compounds the ABs could be isomerized from (E)- to its (Z)-
isomer, the [2+2]-cycloaddition of the NB-QC switch did not transpire due to energy
transfer between the photoswitches. This assumption was supported by irradiating an
equimolar solution of uncoupled 8 and 56, where both photoswitches were
isomerizable under the same conditions as the coupled system 54.[147]
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Scheme 5: a) Synthesized AB-NBD conjugates 50-55. While AB isomerization in the NBD-AB
form is possible, NBD—QC photoisomerization is prohibited due to energy transfer between
the moieties. Therefore, also QC-AB(E) — QC-AB(Z) was not examined. b) In an equimolar
solution of uncoupled AB 8 and NBD 56, isomerization of AB, as well as NBD, is possible,
substantiating energy coupling between the coupled AB-NBD conjugates.
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4 Contributions to the Literature

4.1 1+122? Norbornadiene-Azobenzene Molecules as Multistate Photoswitches

Reference: A. Kunz, H. A. Wegner, ChemSystemsChem 2021, 3, e200003.
DOI: 10.1002/syst.202000035

© 2022 Reproduced with permission from John Wiley & Sons.

“‘By combination of two photochromic molecules as multistate photoswitches new
properties regarding to molecular solar thermal (MOST) energy storage systems and
information storage capacity of smart materials are expected. By fusing the
azobenzene with the norbornadiene system, new multinary photoswitches were
designed. A successful synthesis towards different analogues was developed via
Suzuki coupling reaction as key step. The isomerization behaviour of these
norbornadiene-azobenzene fusions was studied by UV-Vis and "H NMR spectroscopy
in different solvents investigating the electronic communication within these multinary-

photochromic systems.”
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141 >2? Norbornadiene-Azobenzene Molecules as

Multistate Photoswitches

Anne Kunz and Hermann A. Wegner*®

By combination of two photochromic molecules as multistate
photoswitches new properties regarding to molecular solar
thermal (MOST) energy storage systems and information
storage capacity of smart materials are expected. By fusing the
azobenzene with the norbornadiene system, new multinary
photoswitches were designed. A successful synthesis towards

1. Introduction

Photochromic molecules are defined by the ability to undergo a
light-induced reversible change between two forms with differ-
ent absorption spectra."' Nowadays those photoswitches exhib-
it increasing attention due to their diverse and versatile
applications for example in photobiology,” information
storage'® or solar fuel applications."* For the latter, azoben-
zenes (AB) as well as the norbornadiene-quadricyclane system
(NB/QC) are both potent lead structures for molecular solar
thermal energy storage (MOST) systems."” Upon irradiation
with UV-light of around 350 nm the thermodynamically more
stable F-isomer of ABs converts into the less stable Z-isomer.®
The thermodynamically more stable NB can undergo a [2+ 2]-
cycloaddition to its corresponding metastable QC also by
irradiation of around 300nm in the presence of a
photosensitizer” The differences in energy from parent to
metastable photoisomer can be exploited to design versatile
MOST systems.”!

Herein, the combination of AB and NB as a new candidate
for MOST applications is presented: One disadvantage of NBs is
their absorption of light in the UV-region. Although the
absorption maximum can be red-shifted by introducing differ-
ent substituents, the energy density as a consequence
decreases due to the increase of the molecular mass." More-
over, the half-lives of the photoisomers are influenced.” By
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different analogues was developed via Suzuki coupling reaction
as key step. The isomerization behaviour of these norborna-
diene-azobenzene fusions was studied by UV-Vis and 'H NMR
spectroscopy in different solvents investigating the electronic
communication within these multinary-photochromic systems.

adding the AB scaffold as a substituent to the NB moiety, not
only the absorption maximum might be shifted but also the
storage density should be increased due to the additional
energy storage capability in the AB-moiety. The combination of
different photochromic units in one system in general bears
special challenges, however, with the potential to create new or
better properties for ‘smart’ materials."""¥ In this fundamental
study, the isomerization behavior and electronic communica-
tion of AB-NB switches are investigated. To the best of our
knowledge there is only one report by Dubonosov etal. of
combining an AB with a NB. In this study two substituted NBs
were both connected to an AB moiety in para-position
(Scheme 1, 1, 2). Although the authors mention successful
switching of the norbornadiene as well as the azobenzene
moiety, a detailed analysis has not been provided." Previously,
it could be shown that m-conjugation in ortho- and para-bis-ABs
significantly influences the compounds isomerization behavior.
In contrast to that, in bis-ABs connected in meta-position both
photochromic moieties behave almost independently due to
less m-conjugation (the “meta-rule”, Scheme 1, 4)."*"® Combin-
ing these observations, novel meta- and para-connected AB-NB
were designed and their isomerization and energetic behavior
of both photochromic moieties connected in one molecule
were investigated (Scheme 1, 6-11).

These NB-AB dyads contain both, the AB and the NB
scaffold, in either meta- or para-connection (Scheme 1, 6-11).

Slavov et al.

Dubonosov et al.

R

{ This work

R=CHO 1 otho 3 meta Y=H 8
R = CH=C(CN)COOCHs 2 mefa 4 meta Y=CN 7
para & meta Y=m-AB 8

para Y=H 9

para Y=CN 10

para Y=p-AB 1

Scheme 1, Overview of previously reported NB-ABs 1 and 2, bis-azobenzenes
sharing one phenyl ring 3-5, and NB-ABs investigated in this study 6-11."%""

© 2020 The Authors. Published by Wiley-VCH GmbH

24



Contributions to the Literature

Chemistry
Europe

European Chemical
Societies Publishing

Articles
doi.org/10.1002/syst.202000035

ChemSystemsChem

hs, heat

-

Y NB-AB(E)
¥ NB-AB(Z)
meta® Y=H 3
meta7? Y=CN
meta 8 Y=m-AB(E), m-AB(Z)| cat.

para9 Y=H
para10 Y=CN
para 11 Y=p-AB(E), p-AB(Z)

Q

¥ QC-AB(Z)

Scheme 2. Possible photoisomers of AB-NB compounds 6-11. QC-AB(E) and
QC-AB(Z) were not observed in this study.

Because two photoswitchable moieties are combined, these
compounds can be categorized as multinary-photoswitches.
Therefore, molecules 6, 7, 9 and 10 can, in theory, adopt four
different states [NB-AB(E), NB-AB(Z), QC-AB(F), QC-AB(2)]; 8, 11
in principle can switch between six different states of isomer-
ization [NB-AB(EE), NB-AB(EZ), NB-AB(Z,Z), QC-AB(EE), QC-AB
(E.2), QC-AB(Z,2)] (Scheme 2).

Challenges of combining two or more photochromic
systems are the proper energy match of the absorption
wavelength of both moieties to induce switching of either both
chromophores at the same time, or only one selectively. The
combinations of photoswitchable units can lead to energy
transfer if the two scaffolds are energetically coupled inhibiting
the switching."”'"® Another obstacle can be a low quantum yield
for each of the individual processes.

2. Results and Discussion

2.1. Synthesis

A synthetic route towards all NB-ABs 6-11 was developed as
outlined in Scheme 3. As a key step, a Suzuki coupling reaction
was envisioned to form the necessary AB-NB-connection."® The

boronic esters A could be obtained by borylation via Miyaura
reaction of mono-bromo-substituted ABs C.**?" Those inter-

#o" O —

6-11 A B

N /Elr @ I;&Br
. =3 Ne, 2 ]

& = o

13 D c 12

Scheme 3. Synthetic strategy towards AB-NBs 6-11.
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mediates could be synthesized by Baeyer-Mills coupling of
nitrosobenzene (13) with the respective bromo-anilines D
(Scheme 3).24

To access meta-/para-bromo-substituted ABs 18/19, Baeyer-
Mills coupling with either meta- or para-bromoaniline 16 or 17 in
acidic media was performed. All reactions were done under
nitrogen atmosphere and the bromoanilines 16-17 were degassed
in toluene prior to the addition of nitrosobenzene (13). As nitroso
compounds in general tend to be unstable, 1.5eq. of nitro-
sobenzene (13) were used. This reaction generated meta- and
para-bromo-substituted ABs 18 and 19 as red solids. For the
implementation of meta- and para-boronic esters 20 and 21 a
Miyaura reaction was performed according to the literature.?*
The borylation provided the starting material for the following
Suzuki coupling in this route. Dissimilar from other Suzuki
coupling reactions of NBs reported,”” here, boronic esters instead
of boronic acids were utilized. This choice was based on different
advantages: Boronic esters are in general better soluble, more
reactive and in most cases easily accessible via Miyaura coupling
reaction of brominated aryl-compounds, while boronic acids tend
to form anhydrides” For the borylation bis(pinacolato)-diboron
(B,pin,) was applied generating the desired products as red solids.

The different substitution patterns of the second NB building
block provide a combinatorial-like access to various AB-NBs. In the
following Suzuki-coupling reaction di-bromo-NB 12, mono-bromo-
NB 14 as well as cyano-NB 15 were employed as starting materials.
Mono-bromo-NB 14 was prepared from di-bromo-NB 12 by
monolithium-halogen exchange with t-Buli. Trapping of this
organolithium intermediate with water gave mono-bromo-NB 14
as yellowish o0il.”® cyano-NB 15 was obtained also as yellowish oil
by nucleophilic attack of one equivalent of cyanide to di-bromo-
NB 12 (Scheme 4).*” With both building blocks, boronic esters A
and NBs B, in hand Suzuki coupling reactions were performed. For
this transformation, a catalyst system of CsF/Pd,dba,/ [(t-Bu),PH]
BF, was utilized.”® AB-NBs 6 and 9 turned out to be not very
stable. Therefore, the reaction times in those cases were shortened
to increase the yield of the products obtained as orange solids.

] \I/Bf for X=H:  1.)#BuLi, -78 °C /f Br
2)H,0,-78°C - 1t ‘/{

¥ forX=CN: CuCN, DMF, 115 °C
12 = X=I
X=i

N2 Br /ﬁ Pd{dppfClz*CH,Cly
, /@ AcOH My KOAG, Boping
™S oluene, 60°C k) DMIF, 100°C

13 metal16 meta 18, 37%
para17 para 19, 67%
12, 14 or 15,
Pds(dba);
CsfF, @q‘@
[(t-Bu):PH]BF 5 =
THF, it

¥

meta 20, 59%
para 21. 49%

meataY=H 6, 26%
mefaY=CN  7,6%
metaY=m-AB 8, 18%
para Y=H 9,67%
para Y=CN_ 10, 38%
para Y=p-AB 11, 35%

Scheme 4. Synthesis of AB-NBs 6-11.
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Also, excess of NB starting material was avoided to prevent side
reactions.

2.2. UV/Vis Absorption Spectroscopy

All AB-NBs 6-11 were investigated via UV-Vis spectroscopy. The
spectra revealed a red-shift of the absorptions of para-connected
compounds 9-11 compared to their meta-analogues and the
parent AB and NB (Figure 1)*" The absorption maximum of
compound 8 is not shifted, while 6 shows a slight blue shift and 7
a slight red shift in comparison to unsubstituted AB in DMSQ.*
This observation can be explained by an elongated m-system due
to higher m-conjugation of AB with NB in para- and less
conjugation in meta-position (meta-rule)"® The characteristic n-7r*
maximum of AB is located for meta-AB-NB 6, meta-cyano-AB-NB 7
and meta-AB,-NB 8 at around 450 nm, while for para-AB-NB 9,
para-cyano-AB-NB 10 and para-AB,-NB 11 these maxima are not

or not fully visible. To examine the isomerization behavior of
compounds 6-11, the samples were irradiated with light of
different wavelengths. Exemplary, the isomerization behavior for
para-AB-NB compound 10 will be discussed (for 6, 7, 8, 9 and 11
see S). After irradiation with 365 nm in DMSO, the absorbance at
around 364 nm decreased, while the n-m* absorption band
showed a slight increase around 450 nm, representative for the
the (E)—(2) isomerization of AB. After irradiation with 302 nm, the
shoulder at 290 nm decreased and the absence of an isosbestic
point during the photoisomerization indicated decomposition.

For the isomerization of the other AB-NB compounds 6, 7, 8, 9
and 11 a similar behavior compared to in DMSO was observed. In
contrast to that, the photoisomerization of AB-NB compound 10
in acetonitrile, methanol, and cyclohexane showed a clear
isosbestic point, but no signs of NB-QC isomerization could be
observed (Figure 2, left). Changing the solvent to dimethyl
formamide (DMF) or toluene, also decomposition was observed.

——metaY=H6 ——metaY =CN7 ——meta ¥ = meta-AB 8
10 N\ - - =para¥=H9 10 F - = =para¥ =CN10 10 F — =paraY = para-AB 11
\ s -0 O
08 = 08 ] 08 L= v, oS 1
\ H CN 7 @N&‘
' =0
o o o \
g o8 g o6 2 06
g H g
8 a8 -}
5 s 3
2 £ 2
04 1 04 04
02 02 02
00 00 00
L L s L L L L n L s s s L . . L L
300 350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 600

Wavelength / nm

Wavelength / nm

Wavelength / nm

Figure 1. Normalized UV/Vis absorption spectra of compounds 6-11 in DMSO. (7,8,10: 2x 10~* mol/L; 11: 2x 10~* mol/L; 6,9: 4x10~° mol/L, for detailed

information see the Supporting Information).

Initial Initial
9 min 365 nm 8 min 365 nm
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Figure 2. Isomerization behavior of AB-NB 10 [2x 10~° mol/L in acetonitrile (left) and DMSO (right)]. Isosbestic points are highlighted in red.
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2.3. NMR Spectroscopy

'HNMR isomerization experiments were performed to further
support these observations. AB-NB 10 was irradiated with light of
302 nm in MeCN-d; providing a mixture of AB(F)-NB and AB(2)-NB
[Figure 3, b)l. Subsequent irradiation with light of 365nm
preserved the AB moiety mostly as AB(Z) [Figure 3, c)]. By
irradiation with light of 448 nm back isomerization occurred and
as a consequence mostly AB(E)}-NB was present [Figure 3, d)].
Those results in accordance to the UV-Vis analysis revealed only
AB(E/Z) isomerization (Figure 3). Changing the solvent to DMSO-dg,
decomposition upon irradiation with 302 nm was observed (see
'H-NMR spectra in DMSO-d; in SI). Additionally, the decomposition
of compound 10 was supported by HPLC analysis. It has been
shown before that the quantum yields of the NB-QC isomerization
are solvent dependent and rather low in acetonitrile, but high in
toluene™ In contrast, the isomerization-ability of AB is not as
much affected by the solvent. Hence, both photoswitching units
should be able to isomerize when changing the solvent to
toluene. However, no isomerization of NB to QC was observed in
toluene. Another explanation for the absent NB-QC isomerization
could be an energy transfer between both photochromic units.
Such a process as result of conjugation between the NB and AB
moiety could inhibit the switching ability of NB to QC. This case of
excitonic coupling was also observed in other cases of combined
photochromic systems."” To support this assumption, an equimo-
lar mixture of AB 22 and NB 23 was irradiated under the previous
NMR isomerization conditions. It was found that both photo-
switches isomerized in acetonitrile-d,, substantiating the proposal
of intramolecular electronic coupling of AB-NB 6-11 preventing
switching of the NB moiety (Figure 4).

a) Initial

TH " L1

3. Conclusion

Multinary photochromic systems consisting of AB and NB 6-11
have been successfully synthesized to investigate the inter-
action within switching processes. Isomerization experiments
revealed that (F)—(2) isomerization of AB can be induced, but
the [2+ 2]-cycloaddition of the NB-QC switch does not occur
due to energy transfer. In different solvents, DMSO, DMF,
toluene, acetonitrile, cyclohexane and methanol it was only
possible to isomerize the AB- but not the NB-moiety, accessing
only two of the possible states. Concerning this, similar
challenges of accessing the QC in other combined photo-
chromic units were observed."'¥ These fundamental results
provide the basis for alternative designs so that in the future
the molecules might be used as MOST systems or in data
storage devices.
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~,Azobenzene, as one of the most prominent molecular switches, is featured in many
applications ranging from photopharmacology to information or energy storage. In
order to easily and reproducibly synthesize non-symmetric substituted azobenzenes
in an efficient way, especially on a large scale, the commonly used Baeyer—Mills
coupling reaction was adopted to a continuous flow setup. The versatility was
demonstrated with a scope of 20 substances and the scalability of this method
exemplified by the synthesis of >70 g of an azobenzene derivative applied in molecular

solar thermal storage (MOST) systems.”
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Azobenzene, as one of the most prominent molecular switches, is featured in many applications ranging from photopharmacology

to information or energy storage. In order to easily and reproducibly synthesize non-symmetric substituted azobenzenes in an effi-

cient way, especially on a large scale, the commonly used Baeyer—Mills coupling reaction was adopted to a continuous flow setup.

The versatility was demonstrated with a scope of 20 substances and the scalability of this method exemplified by the synthesis of

>70 g of an azobenzene derivative applied in molecular solar thermal storage (MOST) systems.

Intreduction

Although the red-colored azobenzenes (AB) have been known
for years as dyes, their applications nowadays span [rom energy
and information storage [1-5]. organocatalysis [6], photo-
biology and photopharmacology [7], host-guest chemistry [8],
molecular mechanics [9,10], to molecular machines [11]. This
popularity is due to the ability of ABs to isomerize from their
energetically more stable (£)- to the meta-stable (Z)-isomer by
irradiation with light [12]. During this isomerization, not only
the geometry is altered from the planar (E)-AB to its twisted
(Z)-AB form, but also its properties change (e.g., dipole

moment and polarity) [13.14]. Furthermore, the (Z)-AB can be
reversibly switched back by visible light or thermally [15]. To
synthesize ABs a variety of reactions can be chosen from, each
having both advantages and disadvantages. The best synthesis
must be individually selected for the respective use [16]. There
are various ways to access symmetric and non-symmetric AB
compounds in a convenient way in batch size, as it has been
summarized in detail [16]. One example is the reliable synthe-
sis of symmetric ABs in high yields via a Cu-catalyzed oxida-
tive coupling of aniline derivatives [17]. This synthesis can be
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also used for the formation of non-symmetric AB, however,
only for a selected set of anilines. One of the most applied
methods to access non-symmetric azobenzenes is based on the
condensation of nitrosobenzenes with anilines (Scheme 1). This
so-called Baeyer—Mills reaction, which was first published by
Baeyer in 1874 and further investigated by Mills, proceeds best
for electron-rich anilines with electron-poor nitrosobenzenes.
The reactivity can be rationalized by the proposed mechanism,
which involves nucleophilic attack of the aniline on the
nitrosobenzene derivatives in acidic or basic media (Scheme 1)
[18-21]. However, in order to use azobenzenes as functional
materials, access to a large-scale process is necessary. In this
context continuous flow synthesis is frequently discussed as
potential solution to address this challenge. This technique is
neither limited by the size of the reaction vessel nor the stirring
as the reagents are pumped continuously through the reactor.
The set-up also allows precise control of the reaction time and
temperature, which can lead to higher yields and purity [22].
Flow chemistry to prepare azobenzenes has been previously
applied to the Cu-catalyzed synthesis of symmetric substituted
AB derivatives [23,24]. However, non-symmetric substituted
ABs are not accessible by this method in an efficient way.
Herein, we report a continuous flow synthesis of non-symmet-
ric AB compounds via the Baeyer—Mills reaction, which allows
to obtain large quantities of products from different substrates
in a fast and efficient manner.

AcOH o,
Oy 25 O 30
N A

1a 2a 3

Scheme 1: Baeyer—Mills reaction of AB (1a) involving nucleophilic
attack of aniline (2a) to nitrosobenzene (3).

Results and Discussion

For optimization of the Baeyer—Mills coupling in continuous
flow the reaction to generate unsubstituted AB (1a) was per-
formed with freshly distilled aniline (2a) and commercially
available nitrosobenzene (3), dissolved separately in acetic acid.
Both starting materials had the same concentration and were
pumped by a Vapourtec E-Series system (for details, see experi-
mental part in Supporting Information File 1). After mixing, the
solution was passed through a tube reactor, in which the tem-
perature as well as the residence time can be easily modified.
Afterwards the respective reaction mixture was collected and
analyzed (Figure 1). In order to optimize the reaction, both the
temperature and the residence time were successively changed

Beilstein J. Org. Chem. 2022, 18, 781-787

to achieve the highest conversion to AB. The residence time
was increased from 5.0 to 50.0 min and the temperature was
raised stepwise from 25 °C up to 90 °C (Figure 1). After the set
residence time an aliquot was collected, diluted with aceto-
nitrile, and subsequently examined by HPLC analysis (for
details, see Supporting Information File 1).

NH2

Figure 1: Flow setup for optimization of the Baeyer-Mills reaction with
aniline (2a) and nitrosobenzene (3). In this setup the temperature of
the tube reactor as well as the residence time can be individually
varied (Figure 2).

At lower temperature, AB (1a) could be detected, but only a
low conversion of the starting materials was observed
(Figure 2). At higher temperature, the product/starting material
ratio was improved but was still not satisfactory. Therefore, not
only the temperatures, but also the residence time was gradu-
ally changed (Figure 2). At 70-90 °C and a residence time of
50.0 min the best results were observed. However, heating to
80-90 °C provided increasing amounts of azoxybenzene, which
is a known side product of the Bayer—Mills reaction [25].
Hence, these parameters (70 °C, 50.0 min) were chosen to do

5.0 10.0 16.7 50.0
25 5 5 12 31

o 4| 12 20 29 52

g

T 50 19 31 45 67

% 60| 31 42 58 77

“é— 70 42 56 69 83

L s0| s3 67 76 81
90| 5 69 79 -

Figure 2: Optimization of the Baeyer—Mills reaction of nitrosobenzene
(3) with aniline (2a) to AB (1a). The numbers in the figure result from
the ratio of the integral of the HPLC peak of AB (1a) to the integral of
AB (1a), nitrosobenzene (3), and aniline (2a) at a wavelength of

254 nm (see Supporting Information File 1 for details).
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the synthesis on a preparative scale. The setup was slightly
modified to include an aqueous workup and extraction of the
organic phase. For this purpose, a third pump was implemented
which adds cyclohexane to the reaction mixture after the tube
reactor (Figure 3). The reaction solution with cyclohexane was
continuously fed into a separating funnel containing brine. After
phase separation, drying of the organic phase with MgSOy, and
evaporation of the solvent, AB (1a) could be obtained in 98%
yield under the previously optimized conditions. By collection
of the reactor output for 2 h, 582 mg of AB were obtained.

cyclohexane

Figure 3: Flow setup after prior optimization with unsubstituted aniline
(2a) and nitrosobenzene (3) to AB (1a).

Beilstein J. Org. Chem. 2022, 18, 781-787

Further purification was not necessary as the product was satis-
factorily pure with the described workup. After successful opti-
mization of the synthesis of unsubstituted AB (1a) the setup
was also tested for a large number of other azobenzene deriva-
tives to determine the scope of the method (Table 1). All aniline
derivatives 2a—s were commercially available and the corre-
sponding azobenzenes la—s were synthesized according to the
general procedure in continuous flow as described before. The
optimized flow and workup conditions gave the products in
high purity for most of the synthesized AB derivatives (see Sup-
porting Information File 1 for details). Only in a few cases flash
column chromatography was necessary to isolate the pure prod-
ucts (see Table 1). As expected, the method worked excellently
for most of the electron-rich anilines due to their increased

nucleophilicity.

A comparison of ortho-, meta- and para-substituted derivatives
revealed that for electron-rich anilines, the para-substituted
ABs are formed in better yields as their ortho- and meta-ana-
logues. For example, the synthesis of AB 1i from m-anisidine
(2i) gave only 7% yield, due to the formation of large amounts
of azoxybenzene and purification issues therefrom. The moder-
ate product yields from the orthe-substituted aniline derivatives
are presumably caused by the higher steric hindrance of the
nucleophilic attack. Low yields in case of electron-poor aniline

Table 1: Substrate scope of the Baeyer—Mills reaction under the optimized conditions in continuous flow
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3
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Table 1: Substrate scope of the Baeyer-Mills reaction under the optimized conditions in continuous flow. (continued)
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Table 1: Substrate scope of the Baeyer-Mills reaction under the optimized conditions in continuous flow. (continued)

NH;
16
C

2p

HO NH,

.

2q

FsC NH,

.

2r

NH,

-
©w
TI

Apurified by chromatography.

derivatives can be explained by the reduced nucleophilicity. To
exemplarily demonstrate the optimization for electron-poor de-
rivatives, the synthesis of p-cyano-substituted AB 1o was
repeated at higher temperatures. Thereby the yield of 1o could
be increased to 17% (90 °C) and 19% (110 °C), respectively.

However, since larger amounts of azoxybenzene were formed,

column chromatography became necessary relativizing this
improvement in yield (see Supporting Information File 1 for
spectra). Substrates, which did not result in AB formation, were
anilines with a nitro-substituent. Moreover, some further cases
of ortho-substituted anilines were unsuccessful, for which steric
effects could serve as an explanation (see Supporting Informa-
tion File 1 for details). In comparison with published batch syn-
theses, the herein reported continuous flow synthesis usually
gives similar or improved yields and eliminates the shortcom-
ings in scalability.

For the applications of ABs as molecular materials often larger
amounts are required, for example, as active compounds in mo-
lecular solar thermal energy storage (MOST) systems. There-
fore, we utilized the set-up for the preparation of large amounts
of AB 1t (Scheme 2). This AB analogue was [irst synthesized
by Masutani et al. in 2014 and was examined by them as well as
in further studies by other groups regarding their potential for
MOST applications, e.g., in a fluidic chip device by Wang et al.
[1,26,27]. For the large-scale synthesis both, aniline 2t as well
as nitrosobenzene (3), were dissolved in acetic acid and, as de-
scribed before, pumped through the flow setup (Figure 3).
Every 12 h, the organic phase was separated from the aqueous
phase, dried over MgSQy, and the solvent was subsequently re-

) .

NC
ip
o
O
1q
e O
e B
12
F N
AT T
1s

moved. The solvent was recycled to minimize waste. After a
total runtime of 3 days 72 g of AB 1t were obtained as pure red
oil which corresponds to a yield of >99%. Therefore, the
method should be suitable for the preparation of easily several
100 grams of azobenzene compounds.

NH pe
o
/\/\Co
.
2t 3

529 259

AcOH

1t, >99%
729

Scheme 2: Large-scale synthesis of AB 1t from aniline 2t and
nitrosobenzene (3) in >99% yield within 3 days.

Conclusion

In summary, the Baeyer—Mills reaction was successfully trans-
ferred to a continuous flow setup. The method can be used for
various anilines as starting materials to access the desired ABs.
A scope of 20 different anilines (2a—t) resulting in the corre-
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sponding azobenzenes la-t was investigated and especially
electron-rich azobenzenes were prepared in yields up to >99%.
Furthermore, the setup was demonstrated to be applicable for a
large-scale synthesis, where azobenzene 1t was obtained in 72 g
within 3 days without the need of further purification. With this
process a large number of non-symmetric substituted azoben-
zenes can be prepared in high yields and large quantities which
opens new possibilities for applications of AB as molecular ma-

terials in general.

Supporting Information

Supporting Information File 1

General information, experimental data of all isolated
products, H and '3C NMR spectra, and structures of
unsuccessful substrates.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-78-S1.pdf]
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“Herein, we report a series of azobenzene-substituted triptycenes. In their design,
these switching units were placed in close proximity, but electronically separated by a
sp3center. The azobenzene switches were prepared by Baeyer—Mills coupling as key
step. The isomerization behavior was investigated by '"H NMR spectroscopy, UV/Vis
spectroscopy, and HPLC. It was shown that all azobenzene moieties are efficiently
switchable. Despite the geometric decoupling of the chromophores, computational
studies revealed excitonic coupling effects between the individual azobenzene units
depending on the connectivity pattern due to the different transition dipole moments of
the T—T1* excitations. Transition probabilities for those excitations are slightly altered,
which is also revealed in their absorption spectra. These insights provide new design
parameters for combining multiple photoswitches in one molecule, which have high
potential as energy or information storage systems, or, among others, in molecular

machines and supramolecular chemistry.”
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@ Azobenzene-Substituted Triptycenes: Understanding the
& Exciton Coupling of Molecular Switches in Close Proximity

Anne Kunz,™" Nils Oberhof,"¥ Frederik Scherz,” Leon Martins,'? Andreas Dreuw," and

Hermann A. Wegner*® "

Abstract: Herein, we report a series of azobenzene-substi-
tuted triptycenes. In their design, these switching units were
placed in close proximity, but electronically separated by a
sp’ center. The azobenzene switches were prepared by
Baeyer—Mills coupling as key step. The isomerization behavior
was investigated by 'H NMR spectroscopy, UV/Vis spectro-
scopy, and HPLC. It was shown that all azobenzene moieties
are efficiently switchable. Despite the geometric decoupling
of the chromophores, computational studies revealed exci-

tonic coupling effects between the individual azobenzene
units depending on the connectivity pattern due to the
different transition dipcle moments of the t—mt* excitations.
Transition probabilities for those excitations are slightly
altered, which is also revealed in their absorption spectra.
These insights provide new design parameters for combining
multiple photoswitches in one molecule, which have high
potential as energy or information storage systems, or, among
others, in molecular machines and supramolecular chemistry.

/

Introduction

In recent years, azobenzenes (ABs) have turned out to be truly
multitalented. They are no longer just used as dyes!” Their
ability to isomerize between the planar, energetically more
stable (E)-AB to the twisted, metastable Z isomer makes them
useful protagonists in energy and information storage”
organocatalysis,” photobiology and photopharmacology,"”
host-guest  chemistry,"!
machines”™ and other areas of research.®™ The reason for this
multitude of application possibilities is the large change in
geometry and length by the isomerization from (£)- to (2)-AB."”
This E—Z isomerization can be triggered photochemically with
light of around 300-360 nm. The AB can be conveniently
switched back from Z—F with light of 450 hm or thermally.”
Moreover, it can also be isomerized by electrochemical
stimulation as well as by mechanical stress."” Despite this

molecular mechanics® molecular
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versatility in properties and applications, the ideal connection
of AB switches with other functional entities and their inter-
and intramolecular interaction is still not fully understood; this
can also be observed for other photoswitches"” When
combining the AB scaffold with (photo-)systems in general,
these units can have an influence on the photochemical
properties depending on the linkage."*®” By connecting, for
example, two ABs in the ortho, meta or para position on the
same phenyl ring, not only their absorption maximum is
changed, but also their half-life and quantum vyield differ
drastically.""!

To minimize the influence of joined photosystems on each
other it is possible to spatially separate them by fixing them at
a suitable distance."” Moreover, connecting photosystems in
the meta position (“meta rule”) often leads to less m-conjugation
and, therefore, to practically independent behavior of the
individual systems.""**'® However, photochromic entities in
close proximity, even if not directly conjugated, can influence
each other. One option is the incorporation in cycles, in which
upon isomerization a drastic conformational change is induced
that alters the switching behavior of the other parts!™" One
example of this behavior is the incorporation of two AB
moieties in a ring system separated by a methylene linker. In
this case, the expected stability order was overturned with the
ZZ isomer being most stable conformer because of ring
strain." Less obvious and controllable are influences like for
example energy transfer through space with distance being the
crucial parameter.®

To study the interaction of multiple, spatially close
azobenzene units but electronically separated by a sp® center
without influences like ring strain, one, two and three
azobenzene moieties were attached to a triptycene scaffold in
meta connection. Triptycene (1) as spacer unit is a bridgehead
system with Dy, symmetry, which was first synthesized by
Bartlett etal!” Due to their high symmetry and rigidity,

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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triptycene derivatives have been studied inter alia in the fields
of molecular machines, supramolecular chemistry as well as
material science.™ Besides the fundamental insights these
switchable compounds offer application as molecular grippers
as the all-Z form of a threefold substituted azobenzene
triptycene exhibits a close cavity that can be reversibly opened
with light (Figure 1).""

Triptycene offers different connection patterns. Besides the
number of azobenzenes connected, constitutional isomers also
exist (ortho vs. meta and up vs. down, relatively). Herein, we
present a systematic study comprising synthesis and photo-
chemical characterization of all different meta-isomers. The
study was supported by computations to reveal any interaction
of the individual switches in detail.

0
D S\
O‘\ r(n'N

Figure 1. Azobenzene-triptycene as model for through-space interactions
and potential molecular gripper.

Results and Discussion
Synthesis

A synthetic route starting from commercially available unsub-
stituted triptycene (1) was developed to access the desired
meta-azobenzene-substituted triptycenes (meta-TrpABs) 12-16.
The Baeyer-Mills coupling reaction as key step was the method
of choice to install the azobenzene moiety from the amino-
triptycenes 7-11 with nitrosobenzene. This reaction has been
proven to be reliable in various azobenzene syntheses by others
as well as by us.""* The aminotriptycenes 7-11 required
should be prepared by hydrogenation of nitrotriptycenes 2-6,
which can be synthesized by nitration of unsubstituted
triptycene (1). As the first step, triptycene 1 was nitrated under
various conditions (Scheme 1). Optimization was required to
provide satisfactory yields for the desired substitution patterns.
For the triple meta-nitration nitrotriptycene 6 is always
preferably formed in relation to nitrotriptycene 5. In this process
excess of fuming nitric acid in acetic acid was applied to yield
the nitrotriptycene 6 in 52% and nitrotriptycene 5 in yields of
16%, respectively.”” For double nitration best yields were
achieved with KNO; and trifluoroacetic anhydride (TFAA),
providing mostly 3 and 4 as mixture of isomers.” This mixture
of 3 and 4 was used without further purification in the
following hydrogenation reaction, after which the two isomers
could be separated by column chromatography as amino-
triptycenes 8 and 9.%” For single meta nitration, concentrated
nitric acid was used” After hydrogenation, the obtained
aminotriptycenes 7-11 were condensed in a Baeyer-Mills
coupling reaction with nitrosobenzene to obtain the target

A

[u] [uu)

12 72% 13, 69% “, 61% 15, 51%

[uun]

Scheme 1, Synthesis route towards meta-TrpABs 12-16. a) conc. HNOQ;, 75°C, 24 h; b) KNO;, TFAA, ACN, RT, 24 h; ¢) fuming HNO,, AcOH, 0°C, 1 h; d) H,, Pd/C,
MeOH, avernight; e) H,, Pd/C, MeOH, 2 h; f) nitrosobenzene, AcOH, toluene, 60°C, 24 h; g) nitrosobenzene, AcOH, toluene, 60°C, 48 h. 02 s: over two steps.
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Scheme 2. UV-Vis spectroscopy of (meta)-TrpABs 12-16 in acetonitrile/H,0 (90:10) at a concentration of 2x 10° molL™". The solutions were irradiated with
light of 365 nm (purple) and subsequently with light of 448 nm (blue) until the PSS was reached.

TrpABs 12-16 in yields up to 72%. TrpAB 14 is chiral and was
accordingly obtained as a mixture of enantiomers. The enantio-
meric ratio was not examined, but is subject of future research.

Isomerization studies

After successful synthesis the photochemical properties of all
synthesized meta-TrpABs 12-16 were studied by UV/Vis spec-
troscopy in acetonitrile (see the Supporting Information for
acetonitrile and Scheme 2 for acetonitrile/water 90:10). The
proportion of water had no noticeable influence on the
switching properties (see the Supporting Information). In
comparison to the parent AB, the TrpABs exhibited slightly
redshifted m—na* transitions at around 340 nm. For all meta-
TrpABs 12-16 the decrease in the absorption maxima of the 71—
7* transition after irradiation of 365 nm indicating £—Z photo-
isomerization.

Although the initial absorbance of the all-E spectra (black
spectra, Scheme 2) could not be reached, irradiation at 448 nm
initiated Z—E back photoisomerization (purple spectra,
Scheme 2). Additionally, the isomerization of the meta-TrpABs
12-16 was followed by 'H NMR spectroscopy in [D;lacetonitrile,
which confirmed the results of the UV-Vis experiments,
Furthermore, all possible isomers (for 12 £ and Z, for 13 and 14
EE, EZ, ZZ and for 15 and 16, EEE, EEZ, EZ7, 7Z7) could be
detected after irradiation with different wavelength in the 'H
NMR spectra (see the Supporting Information). The exact
compositions of isomers present in the PSSs were also
determined by HPLC. The spectroscopic and photoisomerization
results are summarized in Table 1. For all compounds an overall
percentage of azobenzene moieties in the Z state after
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Table 1. Irradiation wavelengths of the E isomers and photostationary
state (PSS) compositions for AB moieties in E or Z in (meta)-TrpABs 12-16
determined by HPLC at the corresponding isosbestic points of the spectra.

TrpAB E—Z 365 nm PSS composition Z—E PSS composition
[%] [%]
E((] Z(( E[[] z(d

127 6 94 80 20

13" 8 92 78 22

14 6 94 78 22

152 31 69 80 20

167 16 84 79 21

[a] For Z—E isomerization, samples were irradiated at 448 nm. [b] For Z—£
isomerization, samples were irradiated at 425-430 nm. [¢] Percentage of
AB units in E or Z. Ratios of the individual isomers can be found in the
Supporting Information.

irradiation with light of 365 nm was over 80%, except for meta-
TrpAB 15. In this case, the increased steric demand could be a
reason for the lower overall (2)-AB concentration. Back isomer-
ization to ~80% (£)-AB moieties was possible for all meta-TrpAB
12-16 by irradiation of light into the n—x* transition bands,
located at around 430 nm (Scheme 2) and to ~100% (£)-AB by
heating to 70°C.

Computation

The molecular geometry of TrpAB 12 has C; point group
symmetry. The first excited electronic S, state possesses the
well-known nz* character of azobenzenes and has an excitation
energy of 2.86 eV (calculated with linear-response time-depend-
ent density functional theory, TDDFT,®! for details see the
Supporting Information). The m-x* excitation corresponds to
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the S, state and is slightly red-shifted with an excitation energy
of 417 eV compared to standard AB, whose S, state is at
437 eV at the same level of theory. The transition dipole
moment of the m—n* absorption is oriented along the
longitudinal axis (Figure 2) of the AB moiety.

Introducing a second AB moiety at the triptycene unit
parallel to the existing one results in TrpAB 13 (Figure 2), which
also has C; point group symmetry, The n-nt* excitations (now S,
and S,) are localized at each AB branch, are basically unaffected
by each other and possess excitation energies of 2.84 and
2.85 eV, respectively. In contrast, the m—-n* excitations of the
individual AB branches change significantly due to excitonic
coupling effects between them.

As a consequence, the two corresponding states S, and S,
are red and blue shifted by approximately 0.15 to 4.01 and
4.32 eV, respectively. The excitonic coupling can be understood
in terms of vector sums or phase combinations of the two
transition dipole moment vectors of the individual m-*
excitations (Figure 2). The out-of-phase combination leads to
stabilizing interaction introducing a red shift whereas the in-
phase combination gives a destabilizing interaction causing a
blue shift of the excitation. As neither interaction is parallel or
in-line, both excited states retain reasonable oscillator
strengths. This manifests as peak broadening within the
theoretical spectrum (Figure S14) and can also be seen in the
experimental spectrum comparing TrpABs 12 and 13
(Scheme 2).

When the second azobenzene moiety is introduced at the
“down” position of the triptycene unit leading to TrpAB 14, the
excitonic coupling is reduced. This can be rationalized as the
two interacting transition dipole moments are further apart,
because they are positioned on opposite sides of the triptycene
core. This leads to smaller shifts of the excitation energies of
the n* states now being found at 4.07 and 4.28 eV. Due to the
more linear orientation of the transition dipole moments, the
difference in oscillator strength between the mn* states,
however, becomes larger than in TrpAB 13, as the out-of-phase

\I/'

Figure 2. Vector representation of the transition dipole moments of the 71—
m* excitations in TrpAB 12 (right) and TrpAB 13 (left) and the respective out-
of-phase and in-phase combinations in 13, which represent the excitonically
coupled states S; and S, in 13.

-

out-of-phase in-phase
A N
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and in-phase combinations of the transition dipcle moments
become more constructive and more destructive, respectively.
Therefore, the blue shifted in-phase transition retains very low
oscillator strength and does not manifest as peak broadening in
the calculated spectrum (Figure S15).

Introducing a third AB unit to the remaining phenyl ring of
the triptycene unit such that the whole molecule exhibits G,
point group symmetry yields TrpAB 15, The n-n* excitations
(S,-3) still remain largely unaffected and stay localized at the
individual azobenzene branches with excitation energies of
2.84, 2.85 and 2.85 eV. In this highly symmetric molecule TrpAB
15, the pattern of the excitonic coupling between the three
individual m—mt* excitations reflects the molecular point group
symmetry and exhibits two degenerate stabilized states S, and
Ss at 402 eV and one destabilized state S, at 4.50 eV. The out-
of-phase degenerate combinations herein correspond to the E
irreducible representation, whereas the in-phase combination
has A, symmetry (Figure 3). Due to the diagonal orientation of
the transition dipole moments all states retain significant
oscillator strength.

When the third AB group is introduced in the “down”
position of the remaining phenyl ring of the central triptycene
unit, the resulting system TrpAB 16 exhibits C, symmetry
leading to non-degenerate out-of-phase combinations of the A”
and A’ symmetry of the u* states (Figure 4). The corresponding
excitation energies are now 4.03, 4.07 and 4.40 eV for S,, Ss, and
Se respectively. The now more linear orientation of the
transition dipole moments leads again also to different
oscillator strengths with the in-phase combination having a
significantly reduced transition probability. This then substan-
tiates with the absence of the blue shifted shoulder in the
calculated spectrum of TrpAB 16 compared to that of TrpAB 15.
This is in agreement with the experimental spectra, since the n-
nt* band of TrpAB 15 is clearly broader than the n—t* band of
TrpAB 16 (see the Supporting Information for superimposed
absorption spectra of 15 and 16).

out-of-phase in-phase
E A,

Figure 3. Vector representation of the transition dipole mements of the -
ni* excitations in TrpAB 15 and the respective out-of-phase and in-phase
combinations representing S, to S¢.
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Figure 4. Vector representation of the transition dipole moments of the m—
* excitations in [duu] TrpAB 16 and the respective out-of-phase and in-
phase combinations representing S, to S,. The reduced symmetry leads to
three non-degenerate excitonically coupled excited states.

Conclusion

In summary, five different combinations of TrpABs in the meta
position 12-16 were successfully synthesized with a Baeyer-
Mills coupling reaction as the key step. UV/Vis and 'H NMR
spectroscopy confirmed that 12-16 are able to photoisomerize.
Their exact compositions of isomers in the photostationary
states at different excitation wavelength were determined by
HPLC at their specific isosbestic points. All compounds were
able to isomerize to a Z composition of 69-94 %. Photochemical
back-isomerization to an £ composition of ~80% was achieved
in all cases; this makes the substances not only interesting as
switchable hosts, but also as possible information and energy
storage systems. Moreover, calculations revealed the n-m*
excitations to be practically unaffected by the neighboring AB
units. In contrast, the m-m* excitations of the individual AB units
in the TrpAB derivatives change significantly due to excitonic
coupling effects obeying, like textbook examples, the molecular
point group symmetry.
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Abstract Herein we report the synthesis of nensymmetrically substi-
tuted azobenzene derivatives with meta-alkyl substituents on one side
and meta-aryl moieties with electron-donating or electron-withdrawing
groups on the other side. The half-lives for the thermal (2)- to (E)-isom-
erization of these molecules were measured in n-octane, which allows
investigation of the strength of the aryl-alkyl interactions between
their substituents. It was found that the London dispersion donor
strength of the alkyl substrate is the decisive factor in the observed sta-
bilization, whereas the electronic structure of the aryl fragment does
not influence the isomerization in a significant way.

Key words London dispersion, azobenzenes, kinetics, molecular
switches, CH-m interactions

One important parameter for the geometry and confor-
mation of molecules are inter- and intramolecular noncova-
lent interactions. In this regard, the van der Waals force de-
scribes repulsive interactions, often referred to as steric
hindrance, and an attractive part including dipole-dipole,
dipole-induced dipole, as well as London dispersion forces.!
Inrecent years the decisive role of these relatively small sta-
bilizing interactions has been demonstrated by, for exam-
ple, enabling long C-C bonds in adamantly dimers,? stabi-
lizing DNA helices,’ or aiding in the aggregation of rhodium
complexes.* Stabilizing interactions can arise between po-
larizable surfaces that are in close proximity to each other,
usually between 2.5-5 A, allowing alkyl-alkyl, alkyl-aryl,
and aryl-aryl interactions (or combinations of those) to in-
fluence the three-dimensional structure of compounds.>”

As a single dispersive interaction is small from an ener-
getically viewpoint, but grows with the number of interac-
tions between atoms, they need to be viewed as a holistic
system.® The small contribution to stability of a single in-
teraction makes quantifying London dispersion forces chal-
lenging. In recent years, a variety of different molecular bal-
ances were introduced to allow measuring and comparing
such small interactions. These balances are usually based
on a thermodynamic equilibrium of a substrate, in which
the ratio of two conformers or an equilibrium between an
aggregated and nonaggregated state can be precisely mea-
sured. By placing a substituent at a position, which can en-
gage in interactions in only one conformer or state, stabiliz-
ing effects can be observed by a change in the equilibrium.
By precise construction of such a molecular balance, alkyl-
aryl,® alkyl-alkyl,’®!! aryl-aryl,'? as well as competing in-
teractions with solvent molecules were studied.'"'>'* The
effects of London dispersion are an extensively studied
field, and there have been a number of comprehensive re-
views in recent years, indicating the importance of nonco-
valent interactions.'*'> Stabilizing interactions with aro-
matic scaffolds have also been extensively explored.'® The
N-arylimide halance, established by Shimizu, was used for
observing the effect of face-to-face aryl, halogen-aryl, OH-
aryl, n-aryl, as well as CH-aryl interactions.'”'8

We established a different molecular system that allows
quantification of intramolecular forces based on the azo-
benzenes (AB) switch. Unlike the previous described bal-
ances, AB does not exist in an equilibrium of energetically
close conformers but can be switched photochemically to a
metastable (Z)-state. Upon isomerization, the end-to-end
distance decreases drastically (from 9.1 A to 6.2 A at the
para position)' allowing substituents at the meta position

© 2022. Thieme. All rights reserved. Synlett 2022, 33, A-F
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to engage in through-space interactions. For small-to-medi-
um-sized substituents, these intramolecular interactions
are only present in the (Z)-state and no stabilizing effects in
the (E)-state or the transition state via an inversion mecha-
nism occur.’” This allows the correlation of the kinetically
controlled (Z)—(E)-isomerization to thermodynamic quan-
tities. Additionally, by placing substituents in the meta po-
sition the influence of electronical effects on the mecha-
nism of isomerization is minimized (‘meta’ rule).2® Sch-
weighauser as well as Strauss et al. investigated the
photochemical properties of different alkyl-substituted AB
derivatives and established that even flexible alkyl chains
such as n-butyl can cause increased half-lives of the (Z)-iso-
mers, which are up to five times prolonged in comparison
to their meta-Me-substituted AB-derivatives (n-decane as
solvent, Scheme 1).57

In the work of Schweighauser and Strauss, mostly alkyl-
alkyl interactions have been established as the reason for
the increased half-life. However, alkyl-aryl interactions are

Schweighauser, Strauss et al.:

A

Alkyl-Alkyl

e | “ingorheat

This work: Alkyl-Aryl

=
L D
Y

R2

Scheme 1 Overview of previously reported systems to study alkyl-al-
kyl interactions using the AB scaffold (top) and the AB designed to in-
vestigate aryl-alkyl interactions in this work.

Re
" 4
S > NﬁN X g

Route 3: 7 R'Z=NO,, R* =Me
8 R'Z=NOy, R = t-Bu
9 R'2=NO,, A = n-heptyl

Route 1: 1 R'2=H,R*'=Me
2 RM“=H R =18y
R'2=H, R% = n-heptyl

w

Route 2: 4 R'?2=0Me, R%* = Me
5 R =0Me, R* = tBu
6 R'2=0Me, R** = n-heptyl

Figure 1 Overview of AB derivatives 1-9 prepared to investigated al-
kyl-aryl interactions.

also contributors.5”'42! To disbar the alkyl-alkyl interac-
tions and put a focus on the aryl-alkyl interactions, nine
different AB derivatives were designed, which are substitut-
ed in meta position with Me, t-Bu, and n-heptyl on one phe-
nyl ring and with electron-donating (p-OMe), electron-
withdrawing (p-NO,), and unsubstituted (p-H) phenyl rings
in meta position on the opposite phenyl ring relative to the
corresponding azo unit (Figure 1). For synthesizing the all-
meta-substituted ABs of interest with two aryl substituents
on one side and two meta-alkyl substituents on the other
side (1-9), three different synthetic routes were imple-
mented (Figure 1, Scheme 2): route 1 was applied for Me-,
t-Bu-, and n-heptyl-substituted ABs with unsubstituted
phenyl rings (1-3), route 2 for Me-, t-Bu-, and n-heptyl-
substituted ABs with OMe-substituted phenyl groups in
meta position (4-6), and route 3 for ABs with bis-para-NO,-
substituted phenyl rings in meta position (7-9, Scheme 2).
For route 1, anilines 15 and 16 were commercially avail-
able; only bis-n-heptyl-aniline (14) had to be synthesized
starting from 5-nitroisophthalic acid (10). After reduction
to 5-nitro-1,3-benzenedimethanol (11) and subsequent ox-
idation to 5-nitro-1,3-benzenedicarboxaldehyde (12), a
Wittig reaction to nitrobenzene 13 was performed.f To
yield bis-n-heptyl-aniline (14), nitrobenzene 13 was hydro-
genated with palladium on activated charcoal under hydro-
gen atmosphere.® Afterwards, anilines 14-16 were con-
densed in a Baeyer-Mills coupling reaction with nitroso-
benzene 20 to the corresponding ABs 1-3. Nitroso
compound 20 was synthesized by Suzuki coupling reaction
of dibromoaniline (17) with boronic ester 18, followed by
oxidation with Oxone® in a biphasic system of DCM/H,0
(Scheme 2, top).

Route 2 is also based on a Baeyer-Mills coupling reac-
tion as key step to yield ABs 4-6 as final products. The first
building block, bis-meta-substituted nitrosobenzenes 24-
26, were synthesized by oxidation of the corresponding an-
ilines 14-16 with Oxone®. As second building block, OMe-
phenyl-aniline 23 was synthesized by Suzuki coupling reac-
tion of dibromoaniline 17 with boronic ester 22, which was
obtained by Miyaura coupling reaction of 4-iodoanisole
(21) with bis(pinacolato)diboron (Scheme 2, middle). Route
3 generated the desired ABs 7-9 by Suzuki coupling reac-
tion of ABs 29-31 together with nitro-boronic ester 28,
which was synthesized by Miyaura reaction of iodonitro-
benzene 27. Before, ABs 29-31 were prepared by Baeyer-Mills
coupling reaction of dibromoaniline (17) with the correspon-
ding nitrosobenzenes 24-26 (Scheme 2, bottom).

After successful synthesis of AB derivatives 1-9
(Scheme 2) their rates of the thermal (Z)—(E) isomerization
were determined by temperature-controlled UV/Vis spec-
troscopy at 40 °C in n-octane (Figure 2, Table S3, Table S4).
As expected from previous research,” meta-di-Me-substi-
tuted ABs 1, 4, and 7 exhibit the shortest half-life (11.9 h,
11.8 h, 10.3 h for R*# = H, OMe or NO,, respectively). The
meta-di-n-heptyl-substituted ABs 3, 6, and 9 exhibit half-
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Scheme 2 Synthesis routes 1, 2, and 3 for the preparation of alkyl-aryl-substituted AB 1-9
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Figure 2 Half-lives and kinetic constants of ABs 1-9

lives almost three times longer than the meta-di-Me ABs
(31.0 h, 33.0 h, 25.9 h). Among all tested AB derivatives,
meta-tert-butyl-substituted ABs 2, 5, and 8 were found to
exhibit the longest half-lives (76.5 h, 71.4 h, 64.9 h). ABs
with unsubstituted rings 1-3 show similar isomerization
kinetics in comparison to ABs with OMe-substituted phenyl
rings (4-6). The NO,-substituted ABs 7-9 exhibit a slightly
faster isomerization behavior (ca. 15%, independent of the
alkyl group attached) compared to their unsubstituted ana-
logues. This effect might be based on the difference in their
electronic structure, as ABs with push-pull configurations
are generally showing faster isomerization kinetics.?2 How-
ever, a uniform mechanism has been previously established
for similar meta-substituted ABs confirmed by Exner plot
analysis.”?3

In addition, 'H NOESY NMR spectra were performed ex-
emplary for OMe-substituted ABs 4-6 (Figure 2, full spectra
can be found in the Supporting Information). As this tech-
nique allows to identify protons which are in close proximi-
ty (up to 5 A) even when they are not covalently bound, it is
predestinated to study London dispersion interactions
which operate in exactly this range. Therefore, ABs 4, 5, and
6 were irradiated with light of 365 nm to enrich the (Z)-iso-
mer before the 'H NOESY-NMR spectra were recorded (Fig-
ure 3).

As expected for compound 4 no interactions of the
methyl groups with the opposite phenyl rings were ob-
served neither in their (Z)- nor in the (E)-state. For the t-Bu-

OMe NO, H

OMe NO,

substituted AB 5, though, distinct cross-peaks to the pro-
tons of phenyl ring in ortho position, as well as cross-peaks
to the protons of the substituted phenyl rings in ortho posi-
tion can be observed when switched to its (Z)-state,
demonstrating the attractive interactions resulting in the
longer half-life. Similarly, the 'H NOESY spectrum of the n-
heptyl-substituted AB 6 in its (Z)-isomer shows also cross-
peaks to the opposite phenyl ring as well as to the protons
of the substituted phenyl rings in ortho as well as in meta
position. As expected, AB 6 has a shorter half-life than its t-
Bu-substituted AB analogue 7. One reason for this observa-
tion can be found in the unfavorable contributions of entro-
py that grow with increasing the flexible alkyl chain. In a
previously study, n-Bu chains showed the strongest stabi-
lizing effects, whereas the addition of more methylene
groups resulted in lower half-lives.?! Furthermore, n-heptyl
substituents show a higher anisotropic behavior than t-Bu
groups, resulting in a in average closer distance, explaining
the larger stabilization in the t-Bu derivatives.”*

Interestingly, the influence of electron-donating or elec-
tron-withdrawing substituents on the aryl side is compara-
tively small on the alkyl-aryl interaction. Besides the small
consistent shorter half-life for the NO, analogues as dis-
cussed above, the OMe and H derivatives behave rather uni-
form. We therefore conclude that the electronic structure of
the aromatic London dispersion acceptor in the AB scaffold
does not significantly affect the strength of the attractive
interactions.
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Figure 3 'H NOESY NMR spectra of an enriched concentration of (Z)-isomer of ABs 4, 5, and 6 in CDCl;. The cross-peaks in the enlarged area indicate
close proximity of t-Bu and n-heptyl among the protons of the same phenyl ring with the phenyl rings on the opposite side for the (Z)-isomer (middle
and right spectra) and only close proximity of Me with the phenyl ring on the same side (left).

This is in analogy to other studies: Computational stud-
ies of CH-m interactions of substituted benzenes with (ha-
lo)methanes revealed that the benzene-methane complex
showed dispersive forces similar to those of the 1,3,5-triflu-
orobenzene-methane complex, whereas the dimer of ben-
zene and fluoroform is more stable.?> Methane-benzene,
methane-phenol, and methane-indole also form energeti-
cally very similar T-shaped CH-7mt dimers.?s Shimidzu and
co-workers established via an N-arylimide molecular bal-
ance that aryl ethers with different sized and branched car-
bon chains show only small influence of stabilizing disper-
sion effects with increasing chain size. However, the ob-
served stabilization is masked by entropy effects, as well as
by lone-pair-n interactions of the oxygen.'® Theoretically,
as well as experimentally, the interaction of ethyl or me-
thoxy substituents showed similar dispersive interactions
with heterocyclic and nonheterocyclic aromatic com-
pounds, confirming further that the electronic nature of the
aryl system does not influence CH-7 interactions in a sig-
nificant way.?” Furthermore, -CH; and -CD; do not show a
measurable difference in their interaction with aromatic
rings in the experiment or in silico.2® Our described AB sys-
tem follows this trend, supporting that the size and shape
of the alkyl London dispersion donor is much more import-
ant than the electronic properties of the aryl fragment.

In conclusion ABs 1-9 were successfully synthesized via
three different synthetic strategies to obtain di-meta-Me-,
t-Bu- and n-heptyl-substituted ABs with H-, OMe-, and

NO,-substituted phenyl rings on the other benzene moi-
ety.”” Kinetic data revealed elongated half-lives of the t-Bu-
substituted ABs up to six times compared to Me- and n-
heptyl-substituted derivatives as expected from previous
studies. In accordance with '"H NOESY NMR experiments,
the increased half-lives of n-heptyl- and t-Bu-substituted
ABs can be attributed to alkyl-aryl interactions, which
were not observed for Me-substituted AB derivatives. Alter-
ing the electronic structure of the m-donor has no signifi-
cant effect on the London dispersion interactions, though.
Therefore, no drastic change in the isomerization kinetics of
OMe- or NO,-substituted aromatic systems was observed in
comparison to unsubstituted analogues.
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5 Additional Contributions

5.1 Electrochemically Triggered Energy Release from an Azothiophene-Based

Molecular Solar Thermal System

Reference: E. Franz, A. Kunz, N. Oberhof, A. H. Heindl, M. Bertram, L.
Fusek, N. Taccardi, P. Wasserscheid, A. Dreuw, H. A. Wegner,
O. Brummel, J. Libuda, ChemSusChem 2022, 15, €202200958.

DOI: 10.1002/cssc.202200958

,Molecular solar thermal (MOST) systems combine solar energy conversion, storage,
and release in simple one-photon one-molecule processes. Here, we address the
electrochemically triggered energy release from an azothiophene-based MOST
system by photoelectrochemical infrared reflection absorption spectroscopy (PEC-
IRRAS) and density functional theory (DFT). Specifically, the electrochemically
triggered back-reaction from the energy rich (Z)-3-cyanophenylazothiophene to its
energy lean (E)-isomer using highly oriented pyrolytic graphite (HOPG) as the working
electrode was studied. Theory predicts that two reaction channels are accessible, an
oxidative one (hole-catalyzed) and a reductive one (electron-catalyzed).
Experimentally it was found that the photo-isomer decomposes during hole-catalyzed
energy release. Electrochemically triggered back-conversion was possible, however,
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through the electron-catalyzed reaction channel. The reaction rate could be tuned by
the electrode potential within two orders of magnitude. It was shown that the MOST
system withstands 100 conversion cycles without detectable decomposition of the
photoswitch. After 100 cycles, the photochemical conversion was still quantitative and
the electrochemically triggered back-reaction reached 94 % of the original conversion

level.”
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Abbreviations

A Parent molecule

Ad Adamantyl-

AB Azobenzene

AMP Azobenzene Multinary Photoswitch
aq. Aqueous

Ar Aryl-

B photoisomer

Bu Butyl-

Cy Cyclohexyl-

d Day

DASA Donor—acceptor Stenhouse adduct
DHA Dihydroazulene

DNA Deoxyribonucleic acid

DTE Dithienylethene

e.g. exempli gratia

ESIPT Excited-State Intramolecular Proton Transfer
Et Ethyl-

g Gram

h Hour

Hex Hexyl-

Hept Heptyl-

ICT Intermolecular charge transfer

L Liter

m meta

Me Methyl-

MC Merocyanine

min Minute
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mol
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