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Abstract: Azobenzene (azo)-based macrocycles are highly
fascinating in supramolecular chemistry because of their light-
responsiveness. In this work, a series of azo-based macrocyclic
arenes 1, 2, 3 and 4 distinguished by the substituted positions of azo
groups are rationally designed and synthesized via a fragment
cyclization method. From the crystal and computed structures of 1, 2
and 3, we observe that the cavity size of these azo-macrocycles
decreases gradually upon E—Z photoisomerization. Moreover, light-
controlled host—guest complexations between azo-macrocycle 1 and
guest molecules (7,7,8,8-tetracyanoquinodimethane,
terephthalonitrile) are successfully achieved. This work provides a
simple and effective method to prepare azo-macrocycles, and the
light-responsive molecular encapsulation systems in this work may
further advance the design and applications of novel photo-
responsive host-guest systems.

The arrival of any novel kind of macrocyclic hosts can significantly
meet the research needs of host—guest chemistry and further
enrich the field of supramolecular chemistry. During the past
decades, a great deal of macrocyclic host molecules, such as
crown ethers, cyclodextrins, calixarenes, cucurbiturils and
pillararenes were designed and reported."'1 The manipulation of
molecular encapsulation and release of the macrocyclic hosts by
external stimuli showed excellent performance in biomedicine,
catalysis, polymer materials, absorption and separation, and so
on.B® Among various external stimuli, light responsiveness is
very fascinating due to its environmental-friendly, efficient and
non-invasive  characteristics.'®  Light-controlled molecular
encapsulation and release were achieved in many instances.['%2
Usually, by exploiting light-responsive guest molecules, light-
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controlled molecular encapsulation and release were realized.
However, due to the lack of strategies in constructing photo-
responsive hosts which have efficient light-controlled molecular
shapes and cavity sizes and show sufficient binding affinity
changes by photoisomerization, light-controlled molecular
encapsulation and release systems relying on photo-responsive
host molecules are still rare. Therefore, it is important to develop
photo-responsive macrocycles for light-controlled molecular
encapsulation and release systems. Azobenzene (Azo), owing a
light-induced E«<Z isomerized feature, is an outstanding building
block for light responsive structures and materials.?*2? To date,
just few examples of macrocycles containing azo units were
reported.?®3" However, these photo-responsive macrocycles
usually need relatively complicated organic synthesis and
purification, which greatly impeded the development of photo-
responsive macrocycles. In addition, these azo-macrocycles were
constructed by para-substituted azos, macrocycles fabricated by
meta- and ortho-substituted azos have been rarely reported. Here,
we designed and synthesized a series of photo-responsive azo-
macrocycles distinguished by the substituted position of azos via
a fragment cyclization method.

Our design of these azo-macrocycles 1, 2 and 3 is shown in
Scheme 1. Three fragments, 6, 8, and 10, containing one azo unit
and two 1,4-dimethoxybenzene units were firstly prepared. Then
azo-macrocycles 1, 2 and 3 were synthesized by a fragment
cyclization method. Compounds 6 and 8 were prepared from a
Friedel-Crafts alkylation reaction between bis(hydroxyethyl)-
azobenzene and 1,4-dimethoxybenzene in the presence of
trifluoromethanesulfonic acid as the catalyst in CH3NOz2, and the
reaction gave 6 and 8 in 45% and 17% yield, respectively.
Because the structure of ortho-substituted azo 10 is more
crowded than those of 6 and 8, which hindered the reaction
process, it is hard to get 10 in the same way. In order to get the
fragment 10, compound 9, containing a nitrobenzene unit and a
1,4-dimethoxybenzene unit, was prepared. Then compound 10
was obtained by the reduction reaction of 9 (43% yield). With
these three intermediates 6, 8 and 10 in hand, three azo-
macrocycles 1, 2 and 3 were synthesized via fragment cyclization
reactions by mixing the intermediate with paraformaldehyde in the
presence of BFs+(OEtz) as the catalyst in CICH2CH2CI.®? The
reactions gave the targeted azo-macrocycles 1, 2 and 3 in 62%,
54% and 26% yield, respectively. Interestingly, after the
cyclization reaction of 10, an ortho-position azo-macrocycle 4 was
also obtained (7% yield). The structures of 1, 2, 3 and 4 were
characterized by 'H NMR, '*C NMR, MALDI-TOF-MS and X-ray
single crystal diffraction (Figure S1-S29).
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Scheme 1. Synthesis of azo-macrocycles 1, 2, 3 and 4.

Figure 1. (a) Crystal structures of E,E-1, E,E-2 and E,E-3; (b) Computed structures of E,Z-1, E,Z-2 and E,Z-3;
(c) Crystal structure of Z,Z-1 and computed structures of Z,Z-2 and Z,Z-3; (d) Electrostatic potential surfaces of

E,E1, E.E-2 and E,E-3.

High-quality orange single crystals of E,E-1, E,E-2 and E,E-3
suitable for X-ray single crystal diffraction were obtained by slow
evaporation in acetonitrile within 2 days. X-ray crystallographic
analysis revealed that E,E-1 is an oblate hexagonal macrocycle,
and the length and width of E,E-1 are 17.60 A and 9.76 A,
respectively (Figure 1a and S20). Besides, C—H---O interactions
with H---O distances of 2.68 and 2.66 A, a C-H---N interaction
with an H---N distance of 2.63 A and a C—H--Tr interaction with
an H---m-plane distance of 2.61 A were observed. Moreover, a
face-to-face m-stacking interaction is noticed in the crystal
structure. The related centroid—centroid distance is 3.89 A and the
dihedral angle is 0.59°. We tried to grow crystals of 1 upon UV

irradiation at 365 nm. Orange needle-
like crystals were successfully obtained
by slow evaporation of a chloroform
solution of 1 within 2 days. X-ray
crystallographic analysis revealed that
the structure of Z,Z-1 is twisted and the
cavity becomes narrow compared with
the cavity of E,E-1 (Figure 1c and S22).
Moreover, C—-H---O interactions with
H---O distances of 2.61 and 2.69 A, a
C-H--*N interaction with an H---N
distance of 2.74 A and C-H-m
interactions with H---1r-plane distances
of 2.32 and 2.56 A are observed.
Furthermore, single crystal structure
analysis of E,E-2 shows that the length
and width of E,E-2 are about 15.79 and
7.44 A, respectively, and the crystal
structure is stabilized by multiple C—
H---r interactions with H---1r-plane
distances of 2.40, 2.76, 2.39, and 2.75
A (Figure 1a and S24). X-ray
crystallographic analysis reveals that
the length of E,E-3 is 12.32 A, and the
cavity size is much smaller than those of E,E-1 and E,E-2 (Figure
1a and S26). Moreover, a C-H:--O interaction with an H---O
distance of 2.50 A and C-H---T interactions with H---Tr-plane
distances of 2.71 and 2.78 A are observed. We also got the
crystals of E,E,E-4 by slow evaporation in CH2Cl2 within 2 days.
X-ray crystallographic analysis reveals that E,E,E-4 has a clover-
like cavity in the solid state, and the crystal structure is stabilized
by a C-H---1r interaction with an H---m-plane distance of 2.15 A
(Figure 2 and S28). The structures of E,Z-1, E,Z-2, E,Z-3, Z,Z-2,
and Z,Z-3 were optimized with density functional theory (DFT)
calculations (Figure 1b and 1c). Based on these structural

EE-3
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analysis, we inferred that the cavity size of these azo-macrocycles
decreased gradually upon E—Z photoisomerization.

Figure 2. Crystal structure of E,E,E-4: (a) top view; (b) side view. Hydrogen
atoms are omitted for clarity.

The photoisomerization behaviours of 1, 2 and 3 were first
investigated by UV-Vis spectroscopy (Figure S30). Fresh CHCI3
solutions of 1, 2 and 3 were prepared. Upon irradiation with UV
light (365 nm), a decreasing peak around 334 nm corresponding
to the -m* transition and an intensive peak around 442 nm
corresponding to the n—m* transition were observed, indicating
the E— Z photoisomerization of these azo-macrocycles.334
Moreover, reversible transformation was realized upon irradiation
with visible light (420 nm). The E—~Z photoisomerization could be
recycled for at least 5 times without obvious photo-fatigue.
Furthermore, '"H NMR experiments were carried out to study the
photoisomerization behaviours of 1, 2 and 3. For 1, the
disappearance of the signals of protons 5£H and the generation
of signals of protons 4?H indicated that E,E-1 was almost
completely converted into Z,Z-1 after irradiation with UV light (365
nm) (Figure S31). Furthermore, after irradiation with visible light
(420 nm), the light-induced Z — E isomerization renewedly
generated 92% of E,E-1. The photoisomerization behaviours of 2
and 3 were analogous to those of 1. Upon irradiation with UV light
(365 nm), the conversion efficiencies of E,E-2 and E,E-3 were
70% and 56%, respectively, and the percent contents of E,E-2
and E,E-3 were 72% and 82%, respectively, after irradiation with
visible light (420 nm) (Figure S32 and S33). These results
indicated that the photoisomerization behaviour of macrocycle 1
was more reversible compared with that of macrocycle 2 or 3.

DFT calculations were performed to study the thermodynamic
stabilities of the isomers of 1, 2 and 3. Consistent trend of
thermodynamic stabilities was identified for the azo-macrocycles
1, 2 and 3 (Figure S52); the E,E-isomers are the most stable. The
lowest energy conformation of Z,Z-1 was 5.3 kcal/mol higher in
free energy as compared to that of E,Z-1, and 17.6 kcal/mol
higher in free energy than that of E,E-1. The E,E-2 and E,E-3 are
also at least 5 kcal/mol more favorable than the corresponding
E,Z- and Z,Z-isomers.
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Figure 3. Partial "H NMR spectra (600 MHz, CDCls, 298 K): (a) terephthalonitrile
(2.00 mM); (b) E,E-1>terephthalonitrile (2.00 mM); (c) after photoirradiation at
365 nm (30 minutes), (d) after further photoirradiation at 420 nm (30 minutes).

After the photo-responsiveness of 1, 2 and 3 was demonstrated,
light-controlled molecular encapsulation and release relying on 1,
2 and 3 was investigated. Host—guest interactions are significantly
influenced by the molecular electrostatic potential of host
molecules.®® Therefore, the electrostatic potential surfaces of
E,E-1, E,E-2 and E,E-3 were computed (Figure 1d). The red
region showed the area with negative charge while the blue region
revealed the area with positive charge, and we could infer that
these macrocycles might have host—guest interactions with
electron-deficient guests. A typical electron-deficient molecule,
7,7,8,8-tetracyanoquinodimethane (TCNQ), was chosen as a
model guest molecule. '"H NMR experiments were carried out in
CDCls to study the host-guest complexation (Figure S34-S36).
After mixing TCNQ with E,E-1, E,E-2 or E,E-3, the signal of
protons on TCNQ shifted upfield obviously, indicating the
formation of the host-guest complex. Furthermore, 'H NMR
titrations were carried out to evaluate the stoichiometry and
association constant Ka (Figure S44—S49). By a mole ratio plot,
1 : 1 stoichiometry was obtained for these complexations. The Ka
values were estimated to be 487 + 26 M~", 236 + 9 M~' and 46 +
5 M for E,E-1DTCNQ, E,E-2>TCNQ and EE-3DTCNQ,
respectively. The host—guest complex of E,E-1DTCNQ was also
optimized by DFT calculations (Figure S56). Moreover, only E, E-
1 showed the ability to capture terephthalonitrile into the cavity.
From the "H NMR results, after mixing terephthalonitrile with E, E-
2 or E,E-3, no obvious chemical shift change was observed
(Figure S38 and S39), indicating that there was no or very weak
complexation between them in CDCIs. Contrastively, distinct
chemical shift changes of protons on E,E-1 and terephthalonitrile
were observed after adding 1.00 equiv. of terephthalonitrile into a
solution of E,E-1 (Figure 3a, 3b and S37). The peaks related to
EEH, on E,E-1 and H1 on terephthalonitrile shifted upfield. The Ka
value was estimated to be 341 + 44 M for EE-
1>terephthalonitrile in a 1 : 1 complexation mode. As mentioned
above, the photoisomerization behaviour of macrocycle 1 was
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more reversible compared with that of macrocycle 2 or 3.
Therefore, the light-controlled encapsulation and release of guest
molecules based on 1 was more effective. After photoirradiation
(365 nm) of E,E-1DTCNQ or E,E-1Dterephthalonitrile, a
downfield chemical shift was observed for protons on guest
molecules (Figure 3c, S40b, S43b), indicating the transformation
of E,E-1—Z,Z-1 led to the release of guest molecules from the
cavity. Next, after exposing to visible light (420 nm), the peak of
protons on guest molecules shifted upfield (Figure 3d, S40c,
S43c), demonstrating that the guest molecules were renewedly
encapsulated into the cavity of E,E-1. For E,E-22TCNQ, after
photoirradiation (365 nm), TCNQ was released from the cavity of
macrocycle 2 (Figure S41b). However, after exposing to visible
light (420 nm), TCNQ was difficult to be captured into the cavity
within 30 minutes (Figure S41c). For E,E-3DTCNQ, the twisted
structure and steric repulsion of macrocycle 3 play an important
role in the light-controlled encapsulation and release of TCNQ,
causing that TCNQ was difficult to be released from the cavity of
macrocycle 3 after photoirradiation at 365 nm within 30 minutes
(Figure S42).

In conclusion, photo-responsive azo-based macrocyclic arenes
1, 2 and 3 distinguished by the substituted positions of azo groups
were prepared via fragment cyclization reactions. Furthermore,
an ortho-position azo-macrocycle 4 was also obtained. Excitingly,
we not only got the crystal structures of E,E-1, E,E-2, E,E-3 and
E,E,E-4, but also obtained the crystal structure of Z,Z-1 upon UV
irradiation at 365 nm. In addition, azo-macrocycle E,E-1 can form
host—guest complexes with electron-deficient molecules, TCNQ
and terephthalonitrile. The encapsulation and release of guest
molecules can be controlled by photo irradiations. This work
provided a novel, straightforward and high-efficiency approach to
fabricate photo-responsive azo-macrocycles. Based on the
innovative structures, host—guest complexation and light-
responsiveness of these azo-macrocycles, we believe that they
may be widely applied in crystal engineering, biomedicine and
polymer materials and promote the development of
supramolecular chemistry.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (22035006, 21702182 and 21873081),
Fundamental Research Funds for the Central Universities
(2020XZZX002-02), the State Key Laboratory of Clean Energy
Utilization (ZJUCEU2020007), China Postdoctoral Science
Foundation (2019M652056) and Zhejiang Provincial Natural
Science Foundation of China (LD21B020001). Calculations were
performed on the high-performance computing system at the
department of chemistry, Zhejiang University.

Keywords: macrocycles * supramolecular chemistry ¢ light-
responsiveness * host-guest systems ¢ photochemistry

[1] M. Xue, Y. Yang, X. Chi, Z. Zhang, F. Huang. Acc. Chem. Res. 2012, 45,
1294-1308.

[2] T. Ogoshi, T. Yamagishi, Y. Nakamoto. Chem. Rev. 2016, 116, 7937—
8002.

131
4
(51
16l
(71
(8l
101

[10]
11l

N2

(3]

[14]

(3]

[16]
71

(8]

[19]

[20]

[21]
[22]

[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]

[34]

[39]

10.1002/anie.202015597

WILEY-VCH

Q. Zhao, J. W. C. Dunlop, X. Qiu, F. Huang, Z. Zhang, J. Heyda, J.
Dzubiella, M. Antonietti, J. Yuan. Nat. Commun. 2014, 5, 4293.

L. Yang, X. Tan, Z. Wang, X. Zhang. Chem. Rev. 2015, 115, 7196-7239.
X. Ma, Y. Zhao. Chem. Rev. 2015, 115, 7794-7839.

Y.-W. Yang, Y.-L. Sun, N. Song. Acc. Chem. Res. 2014, 47, 1950-1960.
D.-S. Guo, Y. Liu. Chem. Soc. Rev. 2012, 41, 5907-5921.

D. S. Kim, J. L. Sessler. Chem. Soc. Rev. 2015, 44, 532-546.

J. W. Jones, L. N. Zakharov, A. L. Rheingold, H. W. Gibson. J. Am. Chem.
Soc. 2002, 124, 13378-13379.

B. Vinciguerra, P. Y. Zavalij, L. Isaacs. Org. Lett. 2015, 17, 5068-5071.
B. Shi, K. Jie, Y. Zhou, J. Zhou, D. Xia, F. Huang. J. Am. Chem. Soc.
2016, 138, 80-83.

B. Li, B. Wang, X. Huang, L. Dai, L. Cui, J. Li, X. Jia, C. Li. Angew. Chem.
Int. Ed. 2019, 58, 1-6.

B. Jiang, J. Zhang, J.-Q. Ma, W. Zheng, L.-J. Chen, B. Sun, C. Li, B.-W.
Hu, H. Tan, X. Li, H.-B. Yang. J. Am. Chem. Soc. 2016, 138, 738-741.
S. Guo, Y. Song, Y. He, X.-Y. Hu, L. Wang. Angew. Chem. Int. Ed. 2018,
57, 1-6.

Y. Chun, N. J. Singh, |.-C. Hwang, J. W. Lee, S. U. Yu, K. S. Kim, Nat.
Commun. 2013, 4, 1797.

C.-F. Chen. Chem. Commun. 2011, 47, 1674—1688.

Q. Cheng, S. Li, C. Sun, L. Yue, R. Wang. Mater. Chem. Front. 2019, 3,
199-202.

D.-H. Qu, Q.-C. Wang, Q.-W. Zhang, X. Ma, H. Tian. Chem. Rev. 2015,
115, 7543-7588.

T. Ogoshi, K. Kida, T. Yamagishi, J. Am. Chem. Soc. 2012, 134, 20146—
20150.

Y. Liu, C. Yu, H. Jin, B. Jiang, X. Zhu, Y. Zhou, Z. Lu, D. Yan, J. Am.
Chem. Soc. 2013, 135, 4765-4770.

T. Jin, Mater. Lett. 2007, 61, 805-808.

J. Xu, Y. Chen, L. Wu, C. Tung, Q. -Z. Yang, Org. Lett. 2014, 16, 684—
687.

K. lwaso, Y. Takashima, A. Harada, Nat. Chem. 2016, 8, 625-632.

T. lkeda, O. Tsutsumi. Science, 1995, 268, 1873—-1875.

Z. F. Liu, K. Hashimoto, A. Fujishima. Nature, 1990, 347, 658-660.

S. Bellotto, S. Chen, I. R. Rebollo, H. A. Wegner, C. Heinis. J. Am. Chem.
Soc. 2014, 136, 5880-5883.

A. A. Beharry, G. A. Woolley. Chem. Soc. Rev. 2011, 40, 4422-4437.
A. H. Heindl, J. Becker. H. A. Wegner. Chem. Sci. 2019, 10, 7418-7425.
Z.Ye, Z. Yang, L. Wang, L. Chen, Y. Cai, P. Deng, W. Feng, X. Li, L.
Yuan. Angew. Chem. Int. Ed. 2019, 58, 12519-12523.

X. Chi, W. Cen, J. A. Queenan, L. Long, V. M. Lynch, N. M. Khashab, J.
L. Sessler. J. Am. Chem. Soc. 2019, 141, 6468—6472.

Y. Norikane, K. Kitamoto, N. Tamaoki. J. Org. Chem. 2003, 68, 8291—
8304.

J.-R. Wu, A. Mu, B. Li, C.-Y. Wang, L. Fang, Y.-W. Yang. Angew. Chem.
Int. Ed. 2018, 57, 9853-9858.

H. M. D. Bandarab, S. C. Burdette. Chem. Soc. Rev. 2012, 41, 1809—
1825.

S. T. J. Ryan, J. del Barrio, R. Suardiaz, D. F. Ryan, E. Rosta, O. A.
Scherman, Angew. Chem. Int. Ed. 2016, 55, 16096-16100; Angew.
Chem. 2016, 128,16330-16334.

Y. Liu, P. Chen, B. Shi, T. Jiao, H. Ju, P. Liu, F. Huang. Org. Chem. Front.
2020, 7, 742-746.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition 10.1002/anie.202015597

WILEY-VCH

TOC

A series of azobenzene-based macrocyclic arenes 1, 2 and 3 are synthesized, and light-

controlled molecular encapsulation and release are realized based on macrocycle 1.
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