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Multi-state photoswitchable compounds are highly attractive for application in data storage or multi-
responsive materials. In this work, a trisazobenzene macrocycle capable of three-state isomerization is
presented. The compound can be switched into each of the states with more than 70% of the isomer
solely by light and heat as stimuli representing the first example for an oligo-azobenzene containing
identical photochromic units which can be selectively adressed. Detailed spectroscopic, crystallographic,
HPLC as well as computational investigations and the comparison to a less and a higher strained
derivative revealed macrocyclic ring strain to be responsible for the compounds unique isomerization

Received 14th May 2019
Accepted 21st June 2019

DOI: 10.1039/c9sc02347j

rsc.li/chemical-science behavior.

Introduction

Photoswitchable compounds open a vast number of possibili-
ties of influencing systems on the molecular level. Especially the
intensively studied E-Z isomerization of azobenzene (AB)"? was
utilized in many fields of research, reaching from photobiology*
to materials science* or solar fuel applications.® Thermally
stable E-AB can be converted to the Z isomer by irradiation with
UV light of ca. 350 nm, and the Z isomer converts back to the E
conformation under irradiation at ca. 450 nm photochemically
or thermally upon heating." Electronic effects are mainly
responsible for the thermal half-lives of Z-ABs, which can be
controlled by suitable functional group substitution of the
phenyl rings. Moreover, subtle interactions, such as London
dispersion in alkyl-substituted ABs, were also found to have
a significant influence on the thermal Z-AB isomerization.®
Combining these approaches, ABs featuring thermal half-lives
from milliseconds up to years can be designed.

Integrating multiple chromophoric units in a single mole-
cule opens the possibility of multistate switching with high
information storage density. This approach drives photo-
switches beyond a simple “on-off” behavior, which is especially
interesting for the design of intelligent responsive materials. By
combining two different chromophores with alternating prop-
erties, the complexity of the system rises, such as synthesis and
characterization. Construction of multiswitches composed of
equal photochromic units drastically increases design and
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application options relying, nevertheless, on the same princi-
ples. In the case of AB, the simplest approach is the linkage of
two azo units at one shared phenyl ring to create AB dimers.”
Due to high electronic conjugation, ortho-bis(AB) features
extremely high thermal Z — E relaxation (ms range). Further-
more, para-bis(AB) exhibits the highest conjugation and shows
a dramatically lower excited state lifetime and low isomeriza-
tion quantum yield. As a result, no (E,Z) or (Z,Z) isomers can be
accumulated under standard conditions. In contrast, meta-
bis(AB) features the lowest electronic coupling between the two
azo groups and behaves almost like two isolated AB units.?
Several approaches of breaking the conjugation between p-bis-
(AB) have been presented,’ resulting in multistate switchable AB
compounds. However, in order to achieve multistate switching,
differently substituted AB units must be incorporated, which
results in higher complexity of the photoswitches. As
a conclusion, multiphotochromic AB compounds, that can be
addressed selectively are still exceptional.**

An alternative approach towards the control of the multi-
photochromic behavior is the incorporation of AB units in
macrocyclic arrangements, resulting in azobenzophanes.” In
these compounds, the isomer stability is significantly influ-
enced by ring strain. Additionally, the incorporation of more
than one AB unit leads to multiple isomerization states, which
is especially interesting for information storage applica-
tions.**'* The first azobenzophane featuring two AB units was
already described by Rau in 1982." In further studies, a disul-
fide-bridged and electronically decoupled (Z,Z)-bisazobenzo-
phane with remarkable high thermal stability of ~400 days
caused by macrocyclic strain is presented.'® The addition of
even more ring strain reverses the thermodynamics of AB and
causes the Z isomers to be more stable.””** Tamaoki and Nor-
ikane reported electronically decoupled, meta-methylene* and
para-ethylene®>* linked azobenzophanes that showed full and
stepwise isomerization. In the case of the meta-methyl bridged
bisazobenzophane, all three possible states could be generated

This journal is © The Royal Society of Chemistry 2019
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as predominant isomers, however, the (E,Z) state in rather
moderate excess. Alternatively, adding chiral information into
an azobenzophane also allowed triple state isomerization.**

Motivated by these results, we designed a series of
symmetric bis-, tris- and tetraazobenzophanes 1-3, linked with
dimethyl(methylene) spacers in para positions (Fig. 1). Herein,
we present the synthesis and detailed investigation on the
isomerization properties of these macrocycles. Additionally,
trisazobenzophane 2 was found to feature reversible, triple-
state isomerization with relative amounts of >75% of the cor-
responding isomers. Ring strain was revealed to be the origin of
this unique multi-photochromic behavior, supported by X-ray
crystallography, UV-vis and NMR spectroscopy, HPLC and
density functional theory (DFT). The presented study contrib-
utes to a better understanding of azobenzophanes towards their
applications as multistate photoswitches.

Results and discussion

The syntheses of the azobenzene macrocycles were designed in
a straight-forward manner relying on Baeyer-Mills reactions,>*?*
Cu(1)-catalyzed oxidative couplings of anilines®” and oxidative
macrocyclization reactions.”**® The 2,2-bis(4-aminophenyl)
propane starting material 4 can be readily obtained from
aniline hydrochloride and acetone.*® After protection, the
mono-nitroso compound 5 can be prepared via a convenient,
mild oxidation method.** For the symmetric Cu(i)-catalyzed
oxidative azocoupling, the tert-butoxycarbonyl (Boc) protecting
group has proven to be most effective in previous syntheses.”
Combining these general methods, all macrocycles with two,
three and four azobenzene units can be accessed.

With the general synthetic strategy in hand, (Z,Z)-cyclo-
bisazobenzene 1 was prepared in four steps (Scheme 1). Starting
from dianiline 4, which was previously synthesized on a multi-
gram scale (see ESI}), the mono-Boc protected aniline 6 was
obtained in 46% yield in the first step. After a Cu(i)-catalyzed
oxidative azocoupling followed by deprotection, monoazo-
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Fig. 1 Retrosynthetic analysis of azobenzene macrocycles 1-3.
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dianiline 7 was synthesized in 83% yield over two steps. As
previously reported,* the yields of the macrocyclization of (Z,2)-
cyclobisazodiphenylmethane increased when the precursor
solution is irradiated with UV light of 365 nm. Thereby, the Z-
isomer of the precursor is accumulated and due to the closer
proximity of the amino groups in the Z-form, the macro-
cyclization is favored. Using this approach, (Z,Z)-bisazo-
macrocycle 1 was obtained in 19% yield.

For the synthesis of trisazomacrocycle 2, a double Baeyer-
Mills coupling strategy was applied (Scheme 2). After mono-
acetyl-protection of dianiline 4 and oxidation, nitroso
compound 5 was obtained in good yield (79%). With mono-
nitroso compound 5 in hand, and based on our results for
one-pot preparations of bisazobenzenes,”® the same protocol
was applied to synthesize bisazodianiline 9 with remarkably
high efficiency on gram scale (97% yield over two steps). A one-
pot double-azocoupling and deprotection reaction was applied,
since the purification of the azocoupling product turned out to
be ineffective due to its low solubility. The final macro-
cyclization step was challenging. Preliminary experiments
showed that irradiation of the precursor solution gave slightly
higher macrocyclization yields. Additionally, the reactions were
carried out under pseudo-high dilution by the simultaneous
dropwise addition of the precursor and the oxidant to a solution
of base in dichloromethane. After the cyclization, workup and
isolation was performed under ambient light in order to obtain
the all-E isomer. Nevertheless, with these optimized conditions
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Scheme 2 Synthesis of trisazo-macrocycle 2.
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the macrocycle 2 could only be obtained in 3% yield. A rationale
for this can be found in the high macrocyclic ring strain that has
to be built up.

Finally, the tetraazo-macrocycle 3 was synthesized via
a double azocoupling-deprotection strategy, starting from the
previously synthesized monoazo dianiline 7 and nitroso
compound 5. In this reaction cascade, the macrocyclization
precursor 10 was obtained in 49% yield over two steps. The final
product was again obtained by an oxidative macrocyclization
reaction under high dilution in 12% yield. After isolation and
purification, it turned out that macrocycle 3 was insoluble in
most solvents. It was slightly soluble in 1,1,2,2-tetrachloro-
ethane (TCE, ~1 mg mL™ ") (Scheme 3).

After the successful syntheses of compounds 1-3, single
crystal X-ray diffraction was conducted for all macrocycles. In the
case of bisazo-macrocycle 1, a very similar structure compared to
cyclobisazodiphenylmethane,' with almost ideal Z-azobenzene
geometry, was obtained (see ESI, Fig. S11t). In the case of the
trisazobenzophane 2, a distorted, triangular-shaped structure
was found (Fig. 2). Furthermore, it became evident that the
azobenzene units are bent out of the ideal planar geometry and
thus feature considerable macrocyclic ring strain. On the other
hand, the tetraazo-macrocycle 3 shows almost planar azobenzene
units and thus features lower strain than the trisazo compound 2.
In addition, the comparison of the sp*-carbon bridge angles
mirrors the macrocyclic strain. Whereas the tetraazo-macrocycle
3 (aswell as the bisazobenzophane 1, see ESIT) features a value
close to the ideal tetrahedral angle of 109.5°, the trisazo-
macrocycle 2 deviates significantly with a smaller angle of 103°.
Moreover, the higher distortion from the ideal geometry and,
thus, higher ring strain in azobenzophane 2 is consistent with the
lowest macrocyclization yield achieved.

In order to get a deeper insight in the macrocyclic ring strain,
isodesmic equations'*' were used to compute ring strain
energies of all possible isomers of the macrocycles (Table 1). As
outlined in eqn (S1) (see ESIf), AEg.in is obtained by the
difference of the electronic energies of the macrocycle and the
sum of the corresponding numbers of 4-iPr-azobenzene and H,.
As a result, the computations are consistent with the trend
observed in the crystal structures: the highest ring strain of
18 keal mol " per azo unit was found for (E,E,E)-2, in which the
E-azobenzene moieties deviate most from their ideal geometry.
Furthermore, the all-Z isomers of both macrocycles 2 and 3
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Scheme 3 Synthesis of tetraazo-macrocycle 3.
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Fig. 2 Molecular structures obtained by X-ray diffraction of macro-
cycles 2 (left) and 3 (right). Hydrogen atoms, disorder and solvent
molecules are omitted for clarity.

featured less macrocyclic ring strain compared to their corre-
sponding all-E isomers. These findings explain the higher
macrocyclization yields when the staring materials were pre-
irradiated, since less ring strain must be introduced during
the reactions. Looking at all the possible isomers of macrocycles
1 and 3, it becomes obvious that the more azobenzene units
exist in their E-conformation, the more macrocyclic ring strain
is incorporated (see ESI, Tables S4-S67).

In the most extreme case, cyclobisazobenzene 1, strain even
reverses the thermodynamic stability of its isomers and forces
the system to its (Z,Z) form. Analogously to cyclo-
bisazodiphenylmethane, the (E,Z) and (E,E) isomers were not
observed on the considered timescale (see following sections).
The compound might be able to isomerize, but the relaxation to
the thermodynamically most stable (Z,Z)-form is expected to
occur on the millisecond timescale, as it was previously
observed for cyclobisazodiphenylmethane.*

The photophysical properties of macrocycles 1-3 were
investigated using UV-vis spectroscopy (Fig. 3a). While both the
tris- and tetraazo-macrocycles featured strong ,m* transition
bands with maxima at 341 nm, the bisazo-macrocycle 1 showed
a spectrum typically observed for a Z-azobenzene with drasti-
cally reduced absorption in this region. Furthermore, charac-
teristic n,t* bands around 440 nm were found for all three
azobenzophanes.

Upon irradiation with high power LEDs at 365 nm, photo-
stationary states (PSS) were reached after about 4 min in the
case of 2 and after 7 min for 3, respectively (Fig. 3b and c). In
this state, both macrocycles 2, 3 showed typical Z-azobenzene
spectra with strongly decreased m,m* bands and increased,

Table 1 Ring strain energies computed at the PBEO-D3(BJ)/def2-
TZVPP//PBEO-D3(BJ)/def2-SVP?? level of theory

AEgain/kcal mol™*

Compound Isomer Total Per azo unit
2 (E,E,E) 53 18

(2,2,2) 40 14
3 (E,E,E,E) 58 15

(2,2,2,2) 45 11

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 UV-vis spectra of azobenzophanes 1-3 in TCE (a). Photostationary states of macrocycles 2 (b) and 3 (c) in TCE (c = 1.6 x 10> mol LY.

hypsochromically shifted n,©* absorptions. When irradiating initial spectrum of trisazobenzophane 2 could not be observed
the tetraazo-macrocycle 3 at 448 nm, the initial spectrum was upon irradiation at this wavelength (Fig. 3b, blue spectrum).
restored within 10 s (Fig. 3¢, blue spectrum). Interestingly, the Furthermore, irradiation at 405, 425, 470 or 500 nm also could
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Fig. 4 Aromatic region of the *H NMR spectra of 2 in TCE-d. at different PSSs (a). Relative concentrations of the isomers after irradiation at the
corresponding wavelength (b). Aromatic region of the *H NMR spectra of the thermal isomerization of 2 at 60 °C (c). Relative isomer
concentrations during thermal isomerization at 60 °C in TCE-d, (d).
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not restore the initial spectrum. As it was already expected,
(Z,Z)-bisazobenzophane 1 did not isomerize upon irradiation
with any wavelength at the observed timescale (see ESI,
Fig. S77).

'H NMR experiments were carried out assigning the isomeric
ratio in the photostationary state (Fig. 4). At first, trisazo-
macrocycle 2 was irradiated at different wavelengths and the
resulting isomer mixtures were analyzed. By taking symmetry,**
COSY NMR spectroscopy and chemical shifts into consider-
ation, the signals of all isomers were unambiguously assigned.
As expected, the (E,E,E) as well as the (Z,Z,Z) isomers showed the
most symmetric '"H NMR spectra with two signals in the
aromatic region. Both the (E,E,Z) and (E,Z,Z) isomers showed six
signals each due to their lower symmetry (Fig. 4a). Upon irra-
diation at 365 nm, a (Z,Z,Z) enriched state was obtained (73%,
Fig. 4b). After heating to 60 °C for 23 h (exposed to ambient
light), the (E,E,E) isomer predominated in the mixture, showing
the reversibility of the isomerization process. However, still
significant amounts (ca. 10%) of the (E,E,Z) and (E,Z,Z) isomers
were detected. Interestingly, after irradiation at 385 nm, a PSS
containing the (E,Z,Z) isomer as the main component in relative
concentration of 47% was obtained. Upon irradiation at
448 nm, a PSS with roughly one third (E,E,E), (E,E,Z) and (E,Z,2)
of each isomer was generated. All in all, the NMR experiments
showed that three different isomers of 2 could be generated
selectively as the major components depending on the experi-
mental conditions. Furthermore, the thermal isomerization of
trisazobenzophane 2 was monitored by "H NMR spectroscopy
(Fig. 4c and d). Within the first three hours at 60 °C, the (Z,Z,2)

PBEO-D3(BJ)/Def2-TZVPP//PBEQ-D3(BJ)/Def2-SVP

’ AHagg k (AG9s k, pem) / keal mol™!
SMD for DCM
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isomers concentration decreased almost completely, whereas
the accumulation of the (E,Z,Z) isomer reached its maximum.
Remarkably, this isomer showed the lowest isomerization rate
(42 = 10.7 h). In contrast, the (E,E,Z) — (E,E,E) conversion was
found to be significantly faster than the other steps, as the
quasistationary concentration of (E,Z,Z)-2 did not change
during the experiment. All in all, the rate determining step of
the complete process was observed for the (E,Z,Z) — (E,E,Z)
isomerization.

In the case of tetraazobenzophane 3, similar NMR isomeri-
zation experiments were carried out. However, it was not
possible to assign all observed signals in the mixture. None-
theless, the all-E, all-Z, (E,Z,E,Z) and the (E,Z,Z,Z) isomers were
identified (see ESIf). As a result of the isomerization experi-
ments, at least three different PSSs were also found for macro-
cycle 3. Taking a look at the overall all-Z — all-E thermal
isomerization, the thermodynamically most stable all-E
conformation could be fully generated after heating to 60 °C for
19 h. Furthermore, the total conversion occurred faster
compared to the smaller analogue 2 (see ESIf). In order to
support the experimental isomerization results, the thermal all-
Z — all-E pathways of all macrocycles were computed using
density functional theory (DFT) on the PBEO0-D3(BJ)/def2-
TZVPP//PBE0-D3(B])/def2-SVP level of theory (for details, see
ESIT). The results for trisazobenzophane 2 are shown in Fig. 5.
Interestingly, the (E,Z,Z) and the (E,E,Z) isomer were found to be
almost equal in enthalpy. An explanation for this observation
can be found in the different influence of ring strain in the
corresponding isomers. The (E,E,Z) conformation featured the
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Fig. 5

Enthalpy and Gibbs free energy (in parentheses) pathway of the all-Z-2 — all-E-2 thermal isomerization at the PBEO-D3(BJ)/def2-

TZVPP//PBEO-D3(BJ)/def2-SVP level of theory. Solvation was considered implicitly using the SMD model for dichloromethane.*
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highest strain energy (54 keal mol ") of all isomers, whereas the
(E,z,Z) form exhibited the lowest (39 kcal mol ™). This causes
a rise of the enthalpy of the (E,E,Z) and a decrease of the (E,Z,2)
isomer. Hence, the enthalpic gap between both isomers
becomes narrower. Furthermore, the significant influence of
ring strain on the isomer stabilities becomes obvious when
taking a look at the transition state enthalpies. The highest
barrier was found for the (E,Z,Z) — (E,E,Z) isomerization, fol-
lowed by the (2,2,Z) — (E,Z,Z) and the lowest was found for the
final (E,Z,Z) — (E,E,E) isomerization. The computations
provided that in the (E,Z,Z) — (E,E,Z) step about 14 kcal mol "
strain energy has to be built up, whereas the other two isom-
erizations occur almost strain-free (Table S67).

Hence, the total ring strain of the system is built up in only one
isomerization step, which is in agreement with the NMR experi-
ments, that revealed the (E,Z,Z) — (E,E,Z) to be the rate deter-
mining step. However, the computed activation enthalpies are
rather high for the first two steps and quite low for the last step.
Nevertheless, the values are reasonable within the expected DFT
error range® and thus the qualitative trend of the thermal isom-
erization rates could be reproduced.

The computations for the thermal isomerization of tetraa-
zobenzophane 3 showed that the enthalpies of the isomers
decrease with every consecutive Z — E switching step on the
minimum energy pathway (see ESI, Fig. S117). In the case of the
(E,Z,Z,Z) isomer, there are two different possibilities of isom-
erization, namely the (E,Z,Z,Z) — (E,E,Z,Z) or the (E,Z,Z,Z) —
(E,Z,E,Z) pathway. The latter was found to be preferred ther-
modynamically of 6 kcal mol™' and also kinetically of
3.7 keal mol ™. Moreover, the (E,E,Z,Z) isomer is slightly higher

View Article Online
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in enthalpy than the (E,Z,Z,Z) form (ca. 1 keal mol ). Addi-
tionally, the highest ring strain energy of all isomers was found
in the (E,E,Z,Z) isomer, and the lowest in the all-Z isomer. In
regard to the transition states, lower activation enthalpies and
free energies compared to the trisazobenzene system 2 were
computed. This is consistent with the NMR experiments, where
full thermal isomerization of 3 was reached faster than in the
case of compound 2. Although the computations predicted the
(E,Z,Z,Z) isomer to be the most stable, the (E,Z,E,Z) — (E,Z,Z,Z)
isomerization was identified experimentally to be the rate
determining step. Nevertheless, the latter process was
computed to require the second highest activation enthalpy. All
in all, the computed values agree with the experiment regarding
the error of the applied method.

After having gained insight into the photo- and thermal
isomerization behavior of macrocycle 2, experiments towards
the selective generation of the all-Z, (E,Z,Z) and all-E isomers
were conducted. High performance liquid chromatography
(HPLC) was applied as method of choice,** since it allows direct
and precise analysis of the relative isomer concentrations in
solution. Furthermore, only small sample amounts, both in
solution volume and concentration, are necessary.

A first analysis of the different PSS showed consistent results
to the previous NMR experiments (see ESI, Table S27). With this
simple and relatively fast method in hand, conditions to
selectively switch between three states were optimized. As
a result, it was found that the all-Z, the all-E and the (E,Z,2)
isomers could be generated selectively in amounts of 70-80% by
irradiation at 365 nm, irradiation at 448 nm, followed by heat-
ing at 80 °C, and irradiation at 365 nm followed by heating at
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Fig. 6 Switching cycles of macrocycle 2 in TCE-d,. All states [(E,E,E), (E,Z,2) and (Z.Z,Z)] can be reversibly generated from all starting states. The
same sample was irradiated at the given wavelength for 10 min, or irradiated for 10 min and heated for 10 min afterwards, respectively.
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80 °C, respectively (Fig. 6). Furthermore, every state could be
generated from any other state. Additionally, cycling of the
states (21 states) showed reversibility and repeatability of the
selective state generation. This represents the first triple state
molecular switch solely composed from identical azobenzene
moieties.

Conclusions

In summary, a series of macrocyclic oligoazobenzenes 1-3 was
synthesized, characterized and investigated towards photo-
physical and thermal isomerization behavior. It was discovered
that macrocyclic ring strain has a major influence on the
isomerization behavior. In the case of trisazobenzophane 2,
remarkably high thermal stability was found for the (E,Z,Z)
isomer, rationalized by a high (E,Z,Z) — (E,E,Z) activation
barrier due to high ring strain that has to be overcome in this
step. Moreover, it was possible to utilize this property to selec-
tively generate three different isomerization states, namely the
(E,E,E), (E,Z,Z) and the (Z,Z,Z) states. These states can easily be
addressed via irradiation or a combination of irradiation and
heating for short times. Hence, azobenzophane 2, to the best of
our knowledge, represents the first symmetric oligoazobenzene
that can be selectively isomerized to three different states with
>70% relative isomer concentration. Thus, this compound
represents a promising candidate for applications in material
science, e.g. in data storage or optically controllable materials.

The highly strained bisazobenzophane 1 could not, as ex-
pected from previous studies,"*® isomerize photochemically or
thermally within the timescale of the applied experiments.
Furthermore, ring strain reversed the isomer stability from all-E
to all-Z as the thermodynamically favored conformation. The
isomerization behavior of the largest tetraazo macrocycle 3 was
still significantly influenced by ring strain. Again, it was
possible to identify three different PSS. However, the identified
photoisomers showed lower thermal stabilities compared to
those of trisazo 2. The thermal (E,Z,E,Z) — (E,Z,Z,Z) isomeri-
zation was identified as the rate determining step in the overall
isomerization process, where most of the strain is built up. All
in all, this study clearly revealed that that macrocyclic strain is
a crucial tool in the design of multi-state photoswitches and
opens new possibilities in the design of multi-state light-
responsive materials.
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