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Abstract 

The first example of a bis-Hemithioindigo (bis-HTI) based molecular receptor was realized. 

Its folding and selective binding affinity for aromatic guest molecules can precisely be 

controlled by visible light and heat. The thermodynamically stable state of the bis-HTI is the 

s-shaped planar Z,Z-configuration. After irradiation with 420 nm light only the E,Z-

configuration is formed in a highly selective photoisomerization. The E,Z-isomer adopts a 

helical conformation because of the conscious implementation of repulsive sterical 

interactions. The E,Z-configured helix is able to recognize electron poor aromatic guests 

exclusively via polar aromatic interactions and also distinguishes between regioisomers. 

After heating the Z,Z-configuration is completely restored and the aromatic guest molecule is 

efficiently released. 

 

Main text 

Spatial and temporal control of molecular interactions is a central topic for the generation of 

complex molecular functions similar to the ones found in natural systems. At present great 

efforts are made in supramolecular,[1] medicinal,[2] and biological[2b, 3] chemistry as well as in 

the materials sciences[4] to implement different control elements for the regulation of 

molecular recognition processes. Using light for this purpose is of special high interest and 

numerous systems employ photoswitches as external control unit[1c, 1e, 5] or integral part of 

their molecular architecture.[1d, 3g, 6] A fundamental problem of most photoswitches is their 

dependence on UV light, which has to be used for at least one switching step and leads to 

severe limitations for instance in biological or materials applications.[7] Additionally, most 

molecular interactions that can be altered by light irradiation at the moment are relatively 

strong and directional in nature, e.g. hydrogen bonding,[1c, 1e, 8] ionic interactions,[6c, 9] or 

metal-ligand bonds.[10] Weaker and less directed interactions are much harder to control with 

precision and have therefore not well been studied in the context of photoresponsive 

recognition. 

In the following we present the first example of a molecular receptor that undergoes 

photoswitching in the visible region of the spectrum and binds guest molecules exclusively by 

polar aromatic interactions. Release of the guest is conveniently achieved by a simple 

heating step. To this end we have developed a completely new supramolecular system 1, 

which is based on Hemithioindigo (HTI) photoswitches.[3b, 11] Upon irradiation with visible light 

receptor 1 changes its conformation from a well defined planar geometry into a well defined 

folded helix. The helical form is able to bind electron-poor aromatic guest molecules 

efficiently while the affinity of the planar form is extremely low. Therefore, a reversible 

capture-release cycle can be realized by alternating irradiation and heating steps 

interconverting the high and low affinity configurations of 1 in solution. 
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Bis-HTI 1 was synthesized in a short, convergent, and highly modular fashion (Scheme 1). 

The central tricyclic bis-thiophenone ring 7 was obtained by twofold intramolecular Friedel-

Crafts acylation starting from the already described bis-acid 6.[12] The light sensitive 

compound 7 was not isolated but directly subjected to the condensation reaction with two 

equivalents of biphenyl aldehyde 5 yielding bis-HTI 1. Aldehyde 5 was synthesized in two 

steps via Suzuki cross-coupling from the known precursors 2[13] and 4[14] (see Supporting 

Information for more details). 

 

Scheme 1. Synthesis of bis-HTI 1. The thermodynamically stable Z,Z isomer of 1 is shown. 

 

Bis-HTI 1 can exist in four different isomeric states depending on the particular configuration 

of its two double bonds: Z,Z, E,Z, Z,E, or E,E. The Z,Z configuration is the thermodynamically 

stable form, which is also obtained in >95% after heating of an isomeric mixture. After 

irradiation of a toluene solution of Z,Z-1 with 420 nm light the E,Z isomer is obtained in 94% 

yield (Figure 1). A quantum yield Z,Z/E,Z of 7.0% was determined for this process. Such an 

efficient and highly selective photoisomerization in electronically coupled switching systems 

is usually impossible[15] and a distinct property of bis-HTI 1. 

The sole presence of the E,Z configuration after irradiation was directly proven by an 

extensive NMR analysis in solution (see Supporting Information for the complete signal 

assignment). 
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Figure 1. (a) Bis-HTI Z,Z-1 undergoes highly selective (94%) photoisomerization to the E,Z 

isomeric form after irradiation with 420 nm light. Heating restores the initial Z,Z isomer. E,Z-1 

shows a highly enhanced binding affinity for electron poor aromatic substrates because of its 

helical preorganization. The binding of 27DDF (8) via polar aromatic interactions can thus 

effectively be controlled by irradiation and heat. (b) Aromatic region of the 1H NMR spectra 

(400 MHz, 300 K, [D8]toluene) of Z,Z-1 before irradiation (1), E,Z-1 after irradiation with 420 

nm light (2), E,Z-1 after irradiation with 420 nm light and addition of 8 (3), and restored Z,Z-1 

in the presence of 8 after heating (4). Signals marked with * are satellites of the solvent. 

 

Especially unambiguous is the cross-peak signal between the proton of the remaining Z-

configured double bond and the closest carbonyl-carbon atom of the bis-thiophenone ring in 

the HMBC NMR spectrum of E,Z-1 (Figure 2b and c). The backisomerization to the Z,Z 

configuration was achieved by simple heating of the toluene solution. The thermal stability of 

the metastable E,Z-1 was quantified by a kinetic analysis of its thermal conversion to the Z,Z 

isomer at 60 °C (see Supporting Information, Figure S15). The free activation enthalpy of this 

process is 28.2 kcal/mol, which leads to a favorably high bistability (a half life of 1.7 years at 

25 °C) of receptor 1. After irradiation of E,Z-1 with 530 nm light only 32% of Z,Z-1 are 

obtained in the photostationary state (pss). A quantum yield E,Z/Z,Z of 0.1% was determined 

for this process. The reversible switching between the Z,Z and E,Z configuration is shown in 

Figure 1. 

Z,Z-1 and E,Z-1 can each adopt four different conformations in which the two biphenyl units 

are rotated by 180° around the C-C single bonds connecting them to the isomerizable double 

bonds. Introducing a n-pentyl substituent in one of the ortho-positions to this single bond 

leads to a strong preference of only one conformation. In this conformation the n-pentyl 

substituent is positioned at the less hindered side of the double bond to avoid repulsive steric 

interactions with the bis-thioindigo fragment. The geometry of the preferred conformer could 

directly be proven by strong cross-peak signals between the olefinic protons of the double 

bonds and the benzylic protons of the n-pentyl substituents in the NOESY solution spectra of 

Z,Z-1. NOE signals of the other rotameric conformers were barely visible (see Supporting 

Information, Figure S5). Because of this negative preorganization the spatial relation of the 

two terminal aniline groups is precisely defined and Z,Z-1 adopts a s-shaped geometry in 

solution. The same geometry is also present in the crystalline state, as is revealed by the 

crystal structural analysis of Z,Z-1 (Figure 2a).  

The negative preorganization is also effective in E,Z-1, which was again proven by strong 

cross-peak signals between the olefinic protons of the double bonds and the benzylic protons 

of the n-pentyl substituents in the NOESY spectra of E,Z-1 (Figure 2d). Because of this 

preorganization E,Z-1 must adopt a helically folded structure to avoid steric clashes between 

the terminal aniline groups, which are now in close proximity of each other. Strong chemical 

shifts of the aniline proton signals in the 1H NMR spectrum of the E,Z isomer are indicative 

for this close proximity.  

In the helical conformation of E,Z-1 the terminal electron rich aniline groups should be able to 

bind electron deficient aromatic guest molecules via polar aromatic interactions in a 

“sandwich”-like fashion. Addition of 9-dicyanomethylene-2,7-dinitrofluorene (27DDF, 8) to a 

solution of E,Z-1 in [D8]toluene did indeed cause pronounced shifts of the aniline-proton 

signals in the 1H NMR spectrum. A binding constant of 240±30 L·mol-1 was determined by 

titration for a E,Z-1 : 8 = 1 : 1 stoichiometry. To this end the NMR data were fitted using the 

program Bindfit,[16] which is based on previously published non-linear regression binding 

programs.[17] The established binding affinity is astonishingly high for a non-rigid receptor 

system, which solely interacts via polar aromatic interactions with its substrate. Since 
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addition of 27DDF affects only the proton signals of the terminal aniline-biphenyl groups of 

E,Z-1 and all signals are shifted upfield the guest molecule must bind between these groups 

in a planar fashion. This observation is a strong indication for the predicted chelate-like 

binding mode resulting from multiple polar aromatic interactions in the host-guest complex. 

A more detailed analysis of the 1H NMR spectra revealed that also the Z,Z isomeric form of 1 

interacts weakly with 8. This weak binding apparently affects only one aniline moiety of Z,Z-1 

(the exo-aniline group, i.e. the left side of the molecule shown in Figure 1). 
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Figure 2. (a) Crystal structure of Z,Z-1. (b) After irradiation of Z,Z-1 with 420 nm light the 

helical isomer E,Z-1 is obtained in 94%. (c) Aromatic part of the HMBC-NMR spectrum (600 

MHz, 300 K, toluene-d8) of E,Z-1. The selective photoisomerization resulting in formation of 

only E,Z-1 was proven by HMBC cross-peak signals between protons 1 and 9 with the 

carbonyl C atom 7; the chemical shift of proton 9 unambiguously shows a Z configured 

double bond. The signal of the E configured double-bond proton 9‘ does not give a cross-

peak signal with the carbonyl C atom 7, therefore the Z,E configuration is excluded. (d) 

Section of the NOESY-NMR spectrum (400 MHz, 300 K, [D8]toluene) of E,Z-1 proving one 

single preferred conformation in which the n-pentyl groups and the protons of the double 

bonds reside on the same side. Strong NOE cross-peak signals between the benzylic 

protons (21 and 21‘) of the n-pentyl groups and protons 9 and 9‘ of the double bonds are 

seen. The NOE cross-peak signal between proton 21‘ and the aromatic proton 15‘ is barely 

visible. The corresponding cross-peak signal between protons 21 and 15 could not be 

resolved. 



Chemistry - A European Journal 10.1002/chem.201604237

 

This article is protected by copyright. All rights reserved 

 

A
c
c
e

p
te

d
 M

a
n

u
s
c
ri
p

t 

 

The corresponding binding constant was also determined via NMR titration and is very small 

(K = 0.13±0.01 L.mol-1 for a Z,Z-1 : 8 = 1 : 1 stoichiometry). Because of the very large 

difference between the binding affinities of E,Z-1 and Z,Z-1 the aromatic guest molecule 8 

can effectively be released after thermal backisomerization of E,Z-1 to Z,Z-1. Guest binding 

and release is completely reversible and can be repeated multiple times (see Figure S21 in 

the Supporting Information). 

A binding study with 9-dicyanomethylene-2,5-dinitrofluorene (25DDF, 9) - a regioisomer of 8 

- revealed no signal shifts for E,Z-1 upon addition of this guest (see Figure S20 in the 

Supporting Information). Apparently, bis-HTI receptor 1 is able to distinguish efficiently 

between two regioisomeric electron poor aromatic guests, thus showing a remarkable 

selectivity in its binding affinity. 

In summary, we have developed a photoswitchable molecular receptor 1 whose affinity for 

electron poor aromatic guests can be controlled with visible light and heat with extraordinary 

high precision. Additionally, even regioisomeric guest molecules can efficiently be 

distinguished with the new receptor. The core structure of this responsive system is a 

completely new bis-HTI motive, which shows an unprecedented selectivity for its 

photoisomerization reaction. After irradiation of 1 with 420 nm light only one of four possible 

configurations - the E,Z isomer - is obtained in up to 94% yield. The conscious 

implementation of negative preorganization further allowed us to precisely control the 

conformations of receptor 1 and force it into only one of four possible geometries in each 

isomeric state. In this way the reversible transition from a defined low-affinity planar structure 

to a defined helical structure with high affinity could be realized. Bis-HTI 1 can therefore be 

regarded as basic unit of a new type of photoswitchable foldamer, which possesses a 

defined structure even in the unfolded state. The helicity based chiral properties of this new 

receptor system will be explored in future studies especially in the context of enantioselective 

recognition and chiroptical properties of responsive materials. 

Acknowledgements 

H. Dube thanks the “Fonds der Chemischen Industrie” for a Liebig fellowship and the 

Deutsche Forschungsgemeinschaft (DFG) for an Emmy-Noether fellowship. We further thank 

the Deutsche Forschungsgemeinschaft (SFB 749) and the Cluster of Excellence ’Center for 

Integrated Protein Science Munich’ (CIPSM) for financial support. 

 

[1]  a) D. Manna, T. Udayabhaskararao, H. Zhao, R. Klajn, Angew. Chem. Int. Ed. 2015, 54, 12394 –12397; Angew. Chem. 2015, 127, 12571-

12574; b) I. Pochorovski, J. Milic, D. Kolarski, C. Gropp, W. B. Schweizer, F. Diederich, J. Am. Chem. Soc. 2014, 136, 3852-3858; c) H. 

Dube, J. Rebek, Jr., Angew. Chem. Int. Ed. 2012, 51, 3207-3210; Angew. Chem. 2012, 124, 3261-3264; d) O. B. Berryman, A. C. Sather, 

A. Lledo, J. Rebek, Jr., Angew. Chem., Int. Ed. 2011, 50, 9400-9403; Angew. Chem. 2011, 123, 9572-9575; e) H. Dube, D. Ajami, J. 

Rebek, Jr., Angew. Chem., Int. Ed. 2010, 49, 3192-3195; Angew. Chem. 2010, 122, 3260-3263. 

[2] a) M. Borowiak, W. Nahaboo, M. Reynders, K. Nekolla, P. Jalinot, J. Hasserodt, M. Rehberg, M. Delattre, S. Zahler, A. Vollmar, D. Trauner, 

O. Thorn-Seshold, Cell 2015, 162, 403-411; b) L. Laprell, E. Repak, V. Franckevicius, F. Hartrampf, J. Terhag, M. Hollmann, M. Sumser, N. 

Rebola, D. A. DiGregorio, D. Trauner, Nat. Commun. 2015, 6, 8076. 

[3] a) D. M. Barber, M. Schönberger, J. Burgstaller, J. Levitz, C. D. Weaver, E. Y. Isacoff, H. Baier, D. Trauner, Chem. Sci. 2016, 7, 2347-

2352; b) S. Kitzig, M. Thilemann, T. Cordes, K. Rück-Braun, ChemPhysChem 2016, 17, 1252-1263; c) T. Goldau, K. Murayama, C. Brieke, 

S. Steinwand, P. Mondal, M. Biswas, I. Burghardt, J. Wachtveitl, H. Asanuma, A. Heckel, Chem. Eur. J. 2015, 21, 2845-2854; d) W. A. 

Velema, W. Szymanski, B. L. Feringa, J. Am. Chem. Soc. 2014, 136, 2178-2191; e) H. Cahova, A. Jäschke, Angew. Chem., Int. Ed. 2013, 

52, 3186-3190; Angew. Chem. 2013, 125, 3268-3272; f) C. Brieke, F. Rohrbach, A. Gottschalk, G. Mayer, A. Heckel, Angew. Chem., Int. 

Ed. 2012, 51, 8446-8476; Angew. Chem. 2012, 124, 8572-8604; g) H. Nishioka, X. Liang, T. Kato, H. Asanuma, Angew. Chem., Int. Ed. 

2012, 51, 1165-1168; Angew. Chem. 2012, 124, 1191-1194. 

[4] a) D. Genovese, A. Aliprandi, E. A. Prasetyanto, M. Mauro, M. Hirtz, H. Fuchs, Y. Fujita, H. Uji-I, S. Lebedkin, M. Kappes, L. De Cola, Adv. 

Funct. Mater. 2016, DOI: 10.1002/adfm.201601269; b) Y. S. Kim, M. Liu, Y. Ishida, Y. Ebina, M. Osada, T. Sasaki, T. Hikima, M. Takata, T. 

Aida, Nat. Mater. 2015, 14, 1002-1007; c) P. K. Kundu, D. Samanta, R. Leizrowice, B. Margulis, H. Zhao, M. Börner, T. Udayabhaskararao, 

D. Manna, R. Klajn, Nat. Chem. 2015, 7, 646-652; d) S. Ohshima, M. Morimoto, M. Irie, Chem. Sci. 2015, 6, 5746-5752; e) S. Iamsaard, S. 

J. Aßhoff, B. Matt, T. Kudernac, J. J. L. M. Cornelissen, S. P. Fletcher, N. Katsonis, Nat. Chem. 2014, 6, 229-235; f) P. Zacharias, M. C. 



Chemistry - A European Journal 10.1002/chem.201604237

 

This article is protected by copyright. All rights reserved 

 

A
c
c
e

p
te

d
 M

a
n

u
s
c
ri
p

t 

Gather, A. Kohnen, N. Rehmann, K. Meerholz, Angew. Chem., Int. Ed. 2009, 48, 4038-4041; Angew. Chem. 2009, 121, 4098-4101; g) M. 

Yamada, M. Kondo, J. Mamiya, Y. Yu, M. Kinoshita, C. J. Barrett, T. Ikeda, Angew. Chem. Int. Ed. 2008, 47, 4986-4988; Angew. Chem. 

2008, 120, 5064-5066. 

[5] a) T. Kamei, T. Fukaminato, N. Tamaoki, Chem. Commun. 2012, 48, 7625-7627; b) G. H. Clever, S. Tashiro, M. Shionoya, J. Am. Chem. 

Soc. 2010, 132, 9973-9975; c) H. Dube, M. R. Ams, J. Rebek, Jr. J. Am. Chem. Soc. 2010, 132, 9984. 

[6] a) M. Han, Y. Luo, B. Damaschke, L. Gomez, X. Ribas, A. Jose, P. Peretzki, M. Seibt, G. H. Clever, Angew. Chem., Int. Ed. 2016, 55, 445-

449; Angew. Chem. 2016, 128, 456-460; b) Z. Yu, S. Hecht, Chem. Commun. 2016, 52, 6639-6653; c) M. Vlatkovic, B. L. Feringa, S. J. 

Wezenberg, Angew. Chem., Int. Ed. 2016, 55, 1001-1004; Angew. Chem. 2016, 128, 1013-1016; d) Z. Yu, S. Weidner, T. Risse, S. Hecht, 

Chem. Sci. 2013, 4, 4156-4167; e) M. Han, R. Michel, B. He, Y. S. Chen, D. Stalke, M. John, G. H. Clever, Angew. Chem., Int. Ed. 2013, 

52, 1319-1323; Angew. Chem. 2013, 125, 1358-1362; f) Z. Yu, S. Hecht, Angew. Chem., Int. Ed. 2011, 50, 1640-1643; Angew. Chem. 

2011, 123, 1678-1681. 

[7] a) S. J. Wezenberg, K. Y. Chen, B. L. Feringa, Angew. Chem., Int. Ed. 2015, 54, 11457-11461; Angew. Chem. 2015, 127, 11619-11623; b) 

D. Bleger, S. Hecht, Angew. Chem. Int. Ed. 2015, 54, 11338-11349; Angew. Chem. 2015, 127, 11494-11506; c) Y. Yang, R. P. Hughes, I. 

Aprahamian, J. Am. Chem. Soc. 2014, 136, 13190-13193; d) A. A. Beharry, O. Sadovski, G. A. Woolley, J. Am. Chem. Soc. 2011, 133, 

19684-19687; e) R. Siewertsen, H. Neumann, B. Buchheim-Stehn, R. Herges, C. Näther, F. Renth, F. Temps, J. Am. Chem. Soc. 2009, 

131, 15594-15595. 

[8] a) F. A. Arroyave, P. Ballester, J. Org. Chem. 2015, 80, 10866-10873; b) S. Yagai, K. Iwai, M. Yamauchi, T. Karatsu, A. Kitamura, S. 

Uemura, M. Morimoto, H. Wang, F. Würthner, Angew. Chem., Int. Ed. 2014, 53, 2602-2606; Angew. Chem. 2014, 126, 2640-2644; c) L. 

Osorio-Planes, M. Espelt, M. A. Pericas, P. Ballester, Chem. Sci. 2014, 5, 4260-4264; d) N. Regner, T. T. Herzog, K. Haiser, C. Hoppmann, 

M. Beyermann, J. Sauermann, M. Engelhard, T. Cordes, K. Rück-Braun, W. Zinth, J. Phys. Chem. B 2012, 116, 4181-4191; e) K. Tanaka, 

K. Kohayakawa, S. Iwata, T. Irie, J. Org. Chem. 2008, 73, 3768-3774. 

[9] a) S. Lee, A. H. Flood, J. Phys. Org. Chem. 2013, 26, 79-86; b) Y. Hua, A. H. Flood, J. Am. Chem. Soc. 2010, 132, 12838-12840; c) S. 

Shinkai, T. Nakaji, T. Ogawa, K. Shigematsu, O. Manabe, J. Am. Chem. Soc. 1981, 103, 111-115. 

[10] a) N. Kishi, M. Akita, M. Kamiya, S. Hayashi, H. F. Hsu, M. Yoshizawa, J. Am. Chem. Soc. 2013, 135, 12976-12979; b) S. Venkataramani, 

U. Jana, M. Dommaschk, F. D. Sonnichsen, F. Tuczek, R. Herges, Science 2011, 331, 445-448; c) S. Herre, T. Schadendorf, I. Ivanov, C. 

Herrberger, W. Steinle, K. Rück-Braun, R. Preissner, H. Kuhn, ChemBioChem 2006, 7, 1089-1095; d) S. Shinkai, T. Ogawa, T. Nakaji, Y. 

Kusano, O. Nanabe, Tetrahedron Lett. 1979, 47, 4569-4572. 

[11] a) S. Wiedbrauk, B. Maerz, E. Samoylova, A. Reiner, F. Trommer, P. J. Mayer, W. Zinth, H. Dube, J. Am. Chem. Soc. 2016, DOI: 

10.1021/jacs.6b0598; b) M. Guentner, M. Schildhauer, S. Thumser, P. Mayer, D. Stephenson, P. J. Mayer, H. Dube, Nature Commun. 

2015, 6, 8406; c) S. Wiedbrauk, H. Dube, Tetrahedron Lett. 2015, 56, 4266-4274; d) B. Maerz, S. Wiedbrauk, S. Oesterling, E. Samoylova, 

A. Nenov, P. Mayer, R. de Vivie-Riedle, W. Zinth, H. Dube, Chem. Eur. J. 2014, 20, 13984-13992; e) T. Cordes, C. Elsner, T. T. Herzog, C. 

Hoppmann, T. Schadendorf, W. Summerer, K. Rück-Braun, W. Zinth, Chem. Phys. 2009, 358, 103-110; f) T. Cordes, T. Schadendorf, K. 

Rück-Braun, W. Zinth, Chem. Phys. Lett. 2008, 455, 197-201; g) K. Eggers, T. M. Fyles, P. J. Montoya-Pelaez, J. Org. Chem. 2001, 66, 

2966-2977; h) K. Ichimura, T. Seki, T. Tamaki, T. Yamaguchi, Chem. Lett. 1990, 9, 1645-1646. 

[12] G. G. Levkovskaya, Y. I. Kryukova, Y. A. Moskvichev, G. S. Mironov, G. G. Kryukova, V. B. Kazimirovskaya, L. N. Kholdeeva, A. N. 

Mirskova, M. G. Voronkov, Khim.-Farm. Zh. 1984, 18, 431-435. 

[13] Y.-G. Lim, J.-S. Han, B. T. Koo, J.-B. Kang, J. Mol. Catal. A: Chem. 2004, 209, 41-49. 

[14] G. Wang, L. Xu, P. Li, J. Am. Chem. Soc. 2015, 137, 8058-8061. 

[15] a) P. Estey, A. Bubar, A. Decken, L. Calhoun, S. Eisler, Chem. Eur. J. 2013, 19, 16204-16208; b) R. Reuter, H. A. Wegner, Chem. Eur. J. 

2011, 17, 2987-2995; c) D. Bleger, J. Dokic, M. V. Peters, L. Grubert, P. Saalfrank, S. Hecht, J. Phys. Chem. B 2011, 115, 9930-9940; d) F. 

Cisnetti, R. Ballardini, A. Credi, M. T. Gandolfi, S. Masiero, F. Negri, S. Pieraccini, G. P. Spada, Chem. Eur. J. 2004, 10, 2011-2021. 

[16] www.supramolecular.org. 

[17] P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305-1323. 
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A novel bis-Hemithioindigo photoswitch is reported, whose conformation and helical folding 

can precisely be controlled by visible light and heat. The helical form is obtained after a 

highly selective photoisomerization and is able to bind electron deficient aromatic guests in a 

regioselective manner. A simple heating step leads to effective release of the guest. 
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