Photoswitchable Host-Guest Systems Incorporating Hemithioindigo and Spiropyran Units
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Abstract: We cover selected examples of the incorporation of hemithioindigo and spiropyran units in one of the binding partners of synthetic host-guest systems. In the simplest systems, the isomerization of the switch simply modulates the thermodynamic stability of the resulting isomeric host-guest complexes. The presence of more than two binding partners constitute multicomponent host-guest systems. In some of them, the isomerization of the molecular switch alters the composition of the system producing a shuttling process of one of the components between different hosts. In others, the isomerization process controls the uptake and release of some of the components from/to the bulk solution. We show that the understanding of the isomerization mechanisms of the molecular switches and the effects produced by the external stimuli are essential for the design of complex and responsive supramolecular host-guest systems. The physicochemical properties of the hemithioindigo and spiropyran molecular photoswitches are complementary, providing different avenues to their applications in solution and material science.
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Photochromism is a phenomenon characterized by the light-induced change in color (absorption spectrum) of a compound. Organic photoswitches are photochromic molecules1[]
 experiencing a reversible structural change between two isomeric states upon light-irradiation. Photoswitchable molecules can thus be addressed remotely with high spatial and temporal resolution. Because the two structural isomeric states of the photoswitch are associated with different absorption/emission spectra, spectroscopic techniques are useful to read the isomerization state of the photoswitch. For example, even the naked eye may serve to detect the isomerization state of a photoswitch when the change of its absorption spectrum takes places in the visible region. In recent years, several families of molecular photoswitches have been studied and developed.2[]
 The light-induced color change (photochromic feature) is common to the different families of photoswitches, however each family shows exclusive properties related to its intrinsic photoswitching ability and the type of isomerization process experienced upon light-irradiation.3[]
 In fact, a common classification of synthetic photoswitches is based on the light-induced isomerization process that they undergo,4[]
 i.e. a) trans/cis or E/Z isomerization for azobenzenes,5[]
 stilbenes,6[]
 hemiindigos/hemithioindigos7[]
 and acyl hydrazones,
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 and b) open/closed-ring isomerization for spiropyrans/spirooxazines,9[]
 diarylethenes,
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 chromenes,11
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 fulgides/fulgimides12
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 and donor-acceptor Stenhouse adducts.13
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 Photoswitches can also be classified as P-type or T-type depending on the thermal stability of the bistable system.14[]
 The metastable state of T-type photoswitches is thermally unstable and reverts spontaneously and at different rates to the thermally stable state. On the other hand, P-type photoswitches are thermally stable in both states and require light-irradiation to recover the thermodynamically more stable state. Despite the excellent photochromic properties displayed by many photoswitches (very different absorption spectra for the two isomeric states), their optimal performance remains limited by different factors. The problems most frequently encountered in the applications of molecular photoswitches include: non-quantitative switching efficiency, low quantum yields, photofatigue, synthetic accessibility and limited function at the bio-optical window (650-1350 nm). Hence, the real application of photoswitchable compounds in chemical and biocompatible systems still represents a challenging endeavor.15[]
 A further understanding of the functioning of the different molecular photoswitches is essential to overcome their limitations and warrant their application in the design of complex molecular photoresponsive architectures.16[]

In this minireview, we concern ourselves exclusively with host-guest systems incorporating hemithioindigo (HTI)17[]
 and spiropyran (SP)18[]
 photoswitches, in which the photoactive unit is covalently attached or incorporated either in the receptor’s or the guest’s scaffold.19[]
 Although both photoswitches are known for many years, more than 100 in the case of HTIs and more than 50 for SPs, their incorporation in photoswitchable organic receptors and guests, as well as the functioning of the resulting host-guest systems, has received limited attention in review-type literature. The selected examples are paradigmatic of simple photoswitchable host-guest systems. They serve to easily grasp the desired coupling between the photoswitching process and the modification of the composition of the host-guest systems (thermodynamic and dynamic equilibria). This work represents a limited revision of the field. Thus, some host-guest photoswitchable systems, i.e. mechanically interlocked molecular architectures incorporating SPs, are briefly mentioned. We are also aware that we have not included all relevant examples and we want to apologize to the authors for our biased selection. Recently, photoswitchable supramolecular systems (host-guest and self-assembled) mainly based on azobenzene and diarylethene units were reviewed, and we refer the reader to this literature.
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Hemithioindigos (HTIs)17[]
 and spiropyrans (SPs)18[]
 feature reversible photoswitching in the ultraviolet and visible regions of the electromagnetic spectrum. However, they differ significantly in the light-induced isomerization process and in the modification of the physical properties of the metastable photoproducts. That is, irradiation of the thermally stable state of the photoswitch with UV light produces a photostationary state (PSS) rich in the metastable isomer. Subsequent irradiation with visible light produces a new PSS enriched in the thermodynamically stable state. Moreover, HTI and SP photoswitches are T-type, that is, their photo-induced metastable isomers undergo as well thermal relaxation to the original thermally stable state.21[]
 
We describe a selection of fundamental studies involving HTI- and SP-based host-guest systems published in the last 30 years. Firstly, we discuss examples of synthetic receptors (hosts) covalently functionalized with HTI or SP units, and their use in molecular recognition studies of organic and biological molecules in solution. Secondly, we describe photoswitchable guests equipped with hemithioindigo or spiropyran units. We comment on the effects exerted by the switching process on the binding properties of the resulting complexes. We show that the intermolecular interactions involved in the stabilization of the host-guest complexes are modulated by the structural changes experienced by the photoswitches upon light-irradiation.22[]
 In some cases, the light-induced structural change experienced by the photoswitch does not translate into significant changes in the stability constants of the complexes. Nevertheless, other examples do reveal that it is possible to couple the photoprocess to dramatic changes in the composition of the host-guest systems.

2. Hemithioindigos 

Hemithioindigos are a family of indigoid photoswitches7[]
 that consist of a thioindigo fragment covalently connected to a stilbene fragment through a central double bond. Although the discovery of this hybrid chromophore dates back to 1906,23[]
 it was only recently that it became of high interest owing to the efficient photoswitching properties using visible light-irradiation.
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2.1. Z/E Photoisomerism of Hemithioindigos 

In a similar manner to azobenzenes and stilbenes, the double bond of the hemithioindigos can be reversibly photoisomerized between the thermodynamically stable Z-configuration and the metastable E-configuration (Figure 1a). In the Z-configuration, the stilbene fragment is placed in a cis orientation with respect to the sulfur atom of the thioindigo. Irradiation with visible light (λ > 400 nm) produces the Z-to-E isomerization, with the stilbene fragment facing the thioindigo’s carbonyl group. The E-to-Z photoisomerization is achieved at longer wavelengths of irradiation (λ > 500 nm). In general, the Z-isomer of hemithioindigos is lower in energy than the E-isomer. For the unsubstituted HTI, the thermal equilibrium is exclusively populated by Z-isomers (99.9%). The theoretical energy difference between the Z/E isomers in their electronic ground state is of 4.2 kcal/mol.25[]
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Figure 1. a) Z/E photoisomerization of hemithioindigos:17[]
 Z-HTI (left) and E-HTI (right). Thioindigo and stilbene fragments are indicated. b) UV/Vis absorption spectra of the Z and the E-isomer of unsubstituted HTI in dichloromethane solution.26[]
 [Adapted with permission from ref. [26] (Copyright 2007 ACS Publications)]
Additionally, the metastable E-isomer reverts thermally to the thermodynamic product, the Z-isomer. The barrier for the thermal E/Z isomerization (typically > 27 kcal/mol) of the hemithioindigo is higher than that of the azobenzene photoswitch (> 25 kcal/mol). Interestingly, the hemithioindigo switch can be photoisomerized in both directions using visible light. Despite the low quantum yields of the photoisomerization processes, the red-shifted absorption of the E-isomer (20-30 nm) allows the accumulation of both isomers in high yields at the respective PSSs (Figure 1b). The introduction of substituents at either fragment of the hemithioindigo allows the modulation of its photoisomerization properties.
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 For example, the introduction of an electron-donating dimethyl-amino group in the para-position to the sulfur atom in the thioindigo fragment (R1) significantly improves the thermal bistability of the photoswitch while rendering the compound susceptible to protonation.28[]
 In fact, protonation results in dramatic changes in the photophysical properties of the compound and can be used as a second independent input signal (light, pH) leading to 2-bit digital information processing behavior.
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Scheme 1. a) First and b) second generation of HTI-based molecular tweezers reported by Dube and co-workers involving relocalization of guests 4 and 5 upon irradiation with visible light.
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2.2. Applications of Hemithioindigos in Host-Guest Chemistry

2.2.1. Hosts containing HTI units

Since the early work of Tanaka and co-workers in 2008 (vide infra),30[]
 there has been an increasing interest in the use of HTI photoswitches in host-guest supramolecular systems. Recently, Dube et al. developed photoresponsive molecular tweezers based on a HTI spacer unit equipped with two electron-rich biphenyl arms. In two representative works, they showed how the careful design of the HTI-based receptors (1-3, Scheme 1) is essential to achieve the desired binding geometry and subsequent light-induced cargo (guest) release. Electron-poor aromatic guests, such as 9-(dicyanomethylene)-2,7-dinitrofluorene (4) and 9-(dicyanomethylene)-2,4,7-trinitrofluorene (5), were suitable for binding with the HTI-tweezers. In the first report, the bis-HTI receptor 1 was synthesized by a condensation reaction of a tricyclic bis-thiophenone with two equivalents of biphenyl aldehyde.29a[]
 The presence of two isomerizable double bonds implies the existence of 1 as four possible configurational isomers (Z,Z; Z,E; E,Z and E,E). The Z,Z-1 isomer was isolated as the thermodynamically stable product, displaying a planar S-shaped geometry (Scheme 1a). Remarkably, irradiation of the Z,Z-1 isomer with visible light (λ = 420 nm) in toluene solution resulted in a highly selective conversion (94%) to the E,Z-1 isomer, as confirmed by 2D NMR spectroscopic techniques. The steric congestion between the terminal anilines of the biphenyl arms of 1 forces the E,Z-1 isomer to adopt a helically folded structure. The E,Z-1 isomer binds one molecule of 4 producing a 1:1 complex with sandwich-like binding geometry (Scheme 1a). The polar aromatic interactions (π-π) established between the two binding partners accounted for an association constant value Ka (4⊂E,Z-1) = 240 M-1 in toluene solution. In contrast, the binding constant value determined for the 4⊂Z,Z-1 complex was negligible. Therefore, the thermal treatment of a solution of the 4⊂E,Z-1 complex afforded the Z,Z-1 isomer and 4, as free components. This result demonstrated the efficient cargo-release of the bis-HTI receptor 1 owing to the large difference in binding affinity of the E,Z-1 and Z,Z-1 isomers for 4. In the second generation of HTI-based molecular tweezers, the binding/release of the guest is achieved simultaneously by using two tweezers receptors, 2 and 3, and a single light signaling event. The Z-isomers of receptors 2 and 3 are structurally complementary. That is, their electron-rich biphenyl arms are either oppositely directed to each other, Z-2, or face-to-face oriented one to another, Z-3 (Scheme 1b).29b[]
 The different substitution of 2 and 3 does not perturb their absorption properties, thus, upon irradiation with visible light (λ = 435 nm), both receptors isomerized to their E-counterparts, to a 86% extent for E-2 and 63% for E-3 at the PSS. The E-isomers show opposite orientations of the biphenyl arms with respect to the Z-counterparts. In turn, irradiation at 530 nm triggered the back-conversion to a mixture of the Z-isomers of both receptors in high yields (80-84%). The closed-tweezers forms, E-2 and Z-3, are expected to bind the electron-deficient guest 5 via polar aromatic interactions, analogously to receptor 1. A series of 1H NMR titration experiments were performed using tweezers 2 and 3, in both Z and E configurations, in order to assess their binding affinities with 5 in CDCl3 solution at -20 ºC. As expected, the open-tweezers forms, Z-2 and E-3, showed a complete absence of binding towards 5. On the other hand, when the closed-tweezers forms, E-2 or Z-3, were titrated with 5 at -20 ºC, they showed the formation of 1:1 complexes with sandwich-like binding geometry and high association constant values (Ka (5⊂E-2) = 1.2 × 104 M-1 and Ka (5⊂Z-3) = 2.3 × 103 M-1). Using a sequential irradiation cycle, the authors demonstrated the dynamic relocation of guest 5 from its binding equilibrium with tweezers Z-3 to a new binding equilibrium with tweezers E-2. An equimolar mixture of Z-2 and Z-3 containing 0.6 equiv. of 5 was irradiated at 435 nm in chloroform solution until reaching the PSS. At this point, two species with high affinity for 5, Z-3 and E-2, are present in solution to a different extent. E-2 is predominant and it possesses the largest affinity for 5. Consequently, 5 is primarily bound by E-2. Subsequent irradiation of the mixture at 530 nm reverses the relative ratio of high affinity species for 5. Z-3 is the predominant species under these circumstances. However, because E-2 features a larger affinity for 5 than Z-3, the former reduces the relocation of the guest in tweezers Z-3 to a 70%. A second irradiation cycle proved the complete reversibility of the translocation process, which was also evidenced using 1H NMR spectroscopy.

2.2.2. HTIs derivatives as Guests

The use of photoswitchable guests constitutes an alternative methodology for the photochemical control of supramolecular host-guest systems. The introduction of molecular photoswitches in the guests’ scaffolds is synthetically less demanding. Photoisomerizable guests can be addressed not only free in solution but also in the bound state.31[]
 In this vein, Rebek et al. showed that photoirradiation of azobenzene and hemithioindigo isomerizable guests can be used to expel them from the interior cavities of self-assembled hydrogen-bonded dimeric capsules based on the resorcin[4]arene cavitand 6 having 2-benzimidazolone bridges32[]
 (Figure 2).33[]
 Initially, they used 4,4’-dimethylazobenzene, trans-8, to induce the quantitative thermal assembly of the encapsulation complex trans-8⊂62
 ADDIN EN.CITE 
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 in mesitylene solution. Likewise, working under strict stoichiometric control, a mixture of cavitand 6, glycoluril 7 and HTI Z-9 led to the quantitave formation of the extended capsular system Z-9⊂62∙74 (Figure 2).
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Figure 2. a) Line-drawing structures of resorcin[4]arene 6 and glycoluril 7; b) energy-minimized (MM3) structures of the capsules trans-8⊂62 and Z-9⊂62∙74. The hosts are depicted in stick representation and the included guests as CPK models. The undecyl chains in 6 were pruned to methyl groups and non-polar hydrogen atoms were removed for clarity. The Bu2N-Ph substituents and non-polar hydrogen atoms of 7 were removed for clarity.
All capsular assemblies were characterized using 1H NMR spectroscopy. With the systems trans-8⊂62 and Z-9⊂62∙74 in hand, the authors were able to control the encapsulated guest and the type of assembly present in solution by combining an expectant mediocre guest with light and heat stimuli. Rebek and co-workers engineered a two modes light-triggered guest exchange by mixing cavitand 6, the two photoswitchable guests, azobenzene trans-8 and HTI Z-9, glycoluril 7 and the mediocre guests, 4,4’-dibromobenzil 10 and p-cymene 11 (Figure 3). 
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Figure 3. Sequential guest exchange triggered by distinct light inputs and thermal equilibration of the molecules described in the work of Dube and Rebek.33[]

When a mixture of all components, in proper stoichiometries, is heated to 160 °C for six minutes and then cooled down, only the two capsular assemblies trans-8⊂62 and Z-9⊂62∙74 are detected in the 1H NMR spectrum. Extensive light-irradiation of the mixture at 430 nm started the sequential guest exchange. No guest exchange occurred in the capsular dimer trans-8⊂62, but the guest exchange in the extended capsule was complete yielding 112⊂62∙74 owing to the Z-to-E isomerization of the bound HTI-9 in the original assembly.
Because HTI-E-9 displays a pronounced bent shape compared to HTI-Z-9, it was not complementary to the cavity of 62∙74 and was readily replaced by two molecules of p-cymene (11). Subsequent irradiation at 365 nm generated the azobenzene cis-8 isomer, which was released from the capsular dimer 62 to the bulk solution, and replaced by one molecule of the dibromo derivative 10. The two consecutive inputs of light at different wavelengths produced a whole different mixture of capsular assemblies in which both photoswitches are released to the solution and two new encapsulation complexes are formed. The original conditions of the experiment could be restored by thermal stabilization of the solution, proving the reversibility of the irradiation process. It is worth mentioning here that the driving force for the exchange processes depends both on the external stimulus (light irradiation) and the presence of the mediocre competing guests (10 and 11) that are complementary to the cavity volumes of the dimeric capsule and extended capsule, respectively.
In the work of Tanaka and co-workers mentioned at the beginning of this section,30[]
 a repeatable movement between two kinds of free-base porphyrins involving the HTI-pyridyl derivative 14 was controlled by photoirradiation. The free-base porphyrin hosts, 12 and 13, formed 1:1 complexes with both E-14 and Z-14 isomers of the HTI-pyridyl guest (Figure 4). Remarkably, the bis-urea porphyrin 12 complexed the E-14 isomer with substantially larger affinity than the Z-14 counterpart (Ka (E-14⊂12) = 2.7 ± 0.7 × 103 M-1, Figure 5a; Ka (Z-14⊂13) = 4.8 ± 0.1 × 102 M-1). Conversely, the bis-amide porphyrin 13 preferred to bind the HTI-Z-14 isomer (9.3 ± 0.1 × 102 M-1) over the HTI-E-14 analogue (4.5 ± 1.8 × 102 M-1, Figure 5b). All binding constant values were determined using 1H NMR titrations in toluene-d8 solutions.
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Figure 4. Line-drawing structures of the molecules described in Tanaka’s work.30[]

The HTI-E-14 isomer was prepared by irradiation of the thermodynamically stable HTI-Z-14 analogue with 440 nm light and contained a 3% of the Z-isomer. In turn, the metastable E-isomer was reverted to the thermally stable conformer by irradiating at 490 nm. The superior binding ability of the ureido-porphyrin 12 for the HTI-E-14 isomer was ascribed to tight cis-hydrogen bonding interactions between the two NH protons of one ureido group and the pyridine nitrogen and carbonyl oxygen atoms of the guest, together with two additional π-π stacking interactions (Figure 5a). For the HTI-Z-14 isomer this ditopic hydrogen bonding interaction cannot be attained geometrically. On the other hand, the preference of porphyrin 13 for the complexation of the HTI-Z-14 isomer was assigned to a strong trans-hydrogen bonding of the pyridine nitrogen and carbonyl oxygen atoms of the guest and the two acidic pentafluorobenzamido protons (Figure 5b). 
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Figure 5. Energy-minimized (MM3) structures of the HTI⊂porphyrin complexes a) E-14⊂12 and b) Z-14⊂13. The hosts are depicted in stick representation and the included guests as CPK models. Non-polar hydrogen atoms of the receptors were removed for clarity.
The shuttling process of the HTI-14 between the two porphyrins, 12 and 13, was confirmed by 1H NMR spectroscopy upon irradiation (440 nm) of a toluene-d8 solution containing a 1 mM equimolar mixture of the porphyrins and 0.5 equiv. of HTI-Z-14. The preferential formation of the HTI-E-14⊂12 complex was evidenced by the downfield shift experienced by the PhNH urea protons of 12, while the amido protons of 13 moved upfield. Subsequent irradiation with 490 nm light produced the reversed chemical shift changes in the NH protons of 12 and 13, supporting the preferential capture of the HTI-Z-14 isomer by the pentafluorobenzamido porphyrin 13. The observed chemical shift changes were reproduced three times by consecutive photo-irradiation processes. The authors noted that, at mM concentration and taking into consideration the calculated binding constants, 35% of the HTI-Z-14 isomer is captured by 13 while 20% is bound to 12 and the remaining 45% is free in solution. Reversely, 13% of HTI-E-14 binds to 13 and 58% to 12, with 29% remaining free in solution. The binding preferences of receptors 12 and 13 towards a specific photoisomer of 14 were also used to control the photo-induced catch and release of p-benzoquinone 15 with the two porphyrins. The Ka values for the complexes of p-benzoquinone 15 with porphyrins 12 and 13 were slightly lower than those of HTI-14 in its two isomeric forms.

Nevertheless, irradiation with 440 nm light of a toluene-d8 solution of bis-ureido porphyrin 12 (2 mM), p-benzoquinone 15 
 (0.2 mM) and HTI-Z-14 (5 mM) showed a downfield shift of the olefinic protons of p-benzoquinone 15. This result indicated that the p-benzoquinone 15 captured by porphyrin 12 was released to the solution due to the increased binding affinity of the porphyrin for the HTI-E-14 isomer. Subsequent irradiation with 490 nm light returned the system to the original position. Similar light-irradiation experiments were performed using porphyrin 13 and also a mixture of the two porphyrins. In this latter case, the quantification of the quinone distribution (free and bound) was not possible because one porphyrin captures the quinone released by the other. Remarkably, chemical shift changes in the olefinic protons of 15 were still detectable, suggesting that the reversible distribution of the quinone between the two porphyrins is also triggered by the photoswitching and shuttling processes of HTI-14.

Recently, we studied the effect exerted by the isomerization process of two HTI-N-oxide derivatives, 17 and 18, used as photoresponsive guests for a super aryl-extended calix[4]pyrrole receptor (16, Figure 6a).35[]
 The Z-isomers of 2-(4’-pyridyl-N-oxide)-substituted hemithioindigos, 17 and 18, (Figure 6a) displayed the characteristic Z/E isomerization processes upon irradiation with blue light (λ = 450 nm). At the PSS the metastable E-isomer was present to an 80% extent. The Z-isomers of both HTIs were bound in the deep aromatic cavity provided by the elongated super aryl-extended calix[4]pyrrole 16. The shape, size and function complementarity that exists between the receptor’s cavity and the guests produced the formation of kinetically and thermodynamically stable 1:1 inclusion complexes in chloroform solution (Figure 6b). We used isothermal titration calorimetry (ITC) experiments to assess the binding constant values of the deep inclusion complexes. The calculated Ka values were of the order of 106 M-1. Upon irradiation with 450 nm light, the bound Z-HTI N-oxides photoisomerized affording the corresponding E-HTI⊂16 complexes. We evaluated the changes experienced by the photophysical properties of the free and bound chromophores. We discovered that the rates of the Z-to-E photoisomerization processes and thermal relaxations of the HTIs were significantly reduced by the inclusion of the photoswitch in the receptor’s cavity. Moreover, the conformational flexibility of the receptor was responsible for the reduced changes in the binding affinities measured for the two isomeric forms of the guests. The binding constant values of the HTI E-isomers were only 2.2-2.8 fold 
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Figure 6. a) Line-drawing structures of calix[4]pyrrole 16 and Z/E-HTIs 17 and 18; b) energy-minimized (MM3) structures of the inclusion complexes Z-17⊂16 and E-17⊂16.35[]
 The host is depicted in stick representation and the included guest as CPK model. Non-polar hydrogen atoms of 16 were removed for clarity.

lower than those of the HTI Z-counterparts. This result suggested that the number and nature of the different interactions (CH-π, π-π, π-sulfur) between the photoswitchable guests and the macrocyclic host are not significantly modified by the photoisomerization process. Likewise, the reduced decrease in binding affinity experienced by the 1:1 complexes of the HTI E-forms of photoswitches explained the lack of release of the cargo to the solution.

3. Spiropyrans 

Spiropyrans (SPs) are a widely studied class of organic photoswitches used as prominent building blocks in the design of smart dynamic materials.18[]
 Their photo-, acido- and solvatochromism have been extensively investigated for many decades since their discovery by Fisher and Hirshberg in 1952.36[]
 The reversible switching of simple SPs was applied in the development of colorimetric molecular thermometers,37[]
 selective sensors for metal cations,38[]
 molecular logic gates,
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 polymer nanoparticles
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 and advanced chiroptical materials, such as self-assembled supramolecular gels.
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3.1. Ring-opening Photoisomerization of Spiropyrans
The photo-induced isomerization of SPs relies on the reversible interconversion between the colorless closed SP-form and the open and colored zwitterionic merocyanine-form (MC).
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Scheme 2. Formation of the photo- and acido-products of the SP-to-MC conversion of 6’-substituted spiropyrans.

The closed SP-form consists of two perpendicular indoline and chromene moieties fused at the central sp3 hybridized spiro-carbon. The UV light-irradiation of the SP-form gives rise to the open conjugated MC-form with a central trans-double bond between the methine carbon atoms. This is a first order process that has been extensively investigated both experimentally and theoretically. In-between the starting SP and the final all-trans-MC photoproduct, other transoid and cisoid merocyanine conformers are formed, although they are rarely detected (a priori 16 possible structures can exist for the open MC products).9[]
 The reverse MC-to-SP isomerization usually occurs spontaneously, and can be accelerated by visible light-irradiation. The trans-MC species, in its zwitterionic resonance form, is characterized by the concomitant presence of two charged moieties: the N-indolenium cation and the O-phenolate anion (Scheme 2). The photogenerated charge separation gives rise to a large difference between the electric dipole moments of the SP isomer (4-6 D) and the MC isomer (14-18 D). Moreover, the stacking of the MC isomer is known to have a strong stabilizing effect and leads to the formation of aggregates in solution.42[]
 The dipoles of the MCs can arrange in a parallel (head-to-head) or antiparallel (head-to-tail) fashion to afford J- or H-aggregates, respectively. These assemblies experience a red (J-type) or blue (H-type) shift in their UV/Vis absorption spectra, as compared with the isolated merocyanine molecules. In general, the photoisomerization behavior of SP in solution is strongly dependent on the nature of the solvent. Interestingly, some SP derivatives show negative photochromism in polar environments i.e. water, silica, or reverse micelles. In such cases, the MC-form is the thermodynamically stable isomer and the SP-to-MC conversion occurs spontaneously with time, even in the dark.43[]
 The SP-form only exists if the system is exposed to visible light, that is why this property is referred to as inverse or reverse photochromism.44[]
 The absorption spectrum of the MC-isomer is also strongly solvent-dependent. Non-polar solvents favor the quinoidal form and decrease the energy gap between ground and excited state of MC, resulting in a red shift of the MC band.

Further applicability of SP-based systems in aqueous media is limited by the instability of the MC towards hydrolysis at basic pH. The mechanism consists in the conjugate addition of water to the ene-iminium cation of the MC isomer, followed by a retro-aldol reaction to afford the corresponding Fischer’s base and 4-substituted salicylaldehyde (Scheme 2).45[]
 Acidochromism is another distinct feature of SPs. Several works on the pH-regulated conversion of SP derivatives into the open protonated merocyanine-form (MCH+), even in the absence of any UV irradiation, have been reported.46[]
 The initial neutral SP can be restored by addition of a suitable base, usually a tertiary amine. 
 ADDIN EN.CITE 
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 Browne et al. showed through a combined experimental and theoretical study that in aprotic solvents the acidochromism of SPs is highly dependent on the acid strength.48[]
 They also achieved a pH-gated photochromism switching cycle of simple SPs between four-states. The protonated β-cis-MCH+ displayed an absorption spectrum very similar to the one of the neutral SP isomer and the authors warned about the possible wrong assignment of the closed-form in previous studies. 
The commercially available 6’-nitrospiropyran (1′,3′-dihydro-1′,3′,3′-trimethyl-6-nitrospiro[2H-1-benzopyran-2,2′-(2H)-indole]; NSP-27, vide infra) is the most extensively SP studied and, together with its derivatives, has been used as model compound to increase the understanding about the photo-, acido-, thermo- and solvatochromic properties of activated spiropyrans.
 ADDIN EN.CITE 
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3.2 Applications of Spiropyrans in Host-Guest Systems.
3.2.1. Hosts containing SP units
Receptors based on mono- and bis-SP photoswitches have been employed as “smart” sensors for the detection of several ionic species, especially cyanide and metal cations.50[]
 The molecular recognition function is generally performed by the open MC isomer of the photoswitch owing to its reactive functions, phenolate and N-indolenium units of the zwitterionic resonance form, and its colored properties that are absent in the closed SP-form. In aqueous media, the cyanide anion is known to react selectively and reversibly with the N-indolenium unit of the MC, produced by UV light-irradiation, affording a covalent adduct. The reaction is associated with a change in color of the solution from pink (MC) to yellow (MC-CN-adduct). On the other hand, the phenolate unit either alone or in combination with a nearby heteroatom (N,O) has been extensively exploited for the interaction with metal cations.
Using this strategy, Yang, Chan and co-workers described a SP functionalized with a dimethylamino methyl substituent in the 8’ position that selectively chelated Cu2+ with the phenolate oxygen forming a 2:1 (MC:M) complex.51[]
 The same authors demonstrated the use of an ensemble of the SP with Cu2+ or Hg2+ for the efficient recognition and quantification of cysteine (Cys) and homocysteine (Hcy) in neutral aqueous solution. They proposed that the deprotonation of the Cys at the sulfhydryl group formed a bridged dimer (cystine) through the redox activity of the metal. Next, a complex involving two metal centers and one cystine self-assembled with two molecules of the chelating MC-form into a ternary aggregate (2:1:2 M:cystine:MC) producing a significant change (red-violet to yellow) in the color of the solution.52[]

In an effort to extend the recognition and sensing properties of the SPs to organic guests and biomolecules, the research group of Inouye synthesized the spiropyridopyran 19 (Figure 7a), which could bind guanosine derivative 21a in both the SP- and MC-forms .53[]
 The binding process was monitored using UV/Vis and 1H NMR spectroscopy. The profiles of the UV/Vis and 1H NMR spectra registered during the incremental addition of guanosine 21a to a chloroform solution of 19 suggested the concomitant formation of the 21a⊂SP-19 and 21a⊂MC-19 complexes, which were in equilibrium. The equilibrium shifted towards the formation of the 21a⊂MC-19 complex as the concentration of the guanosine was increased (Figure 7a). 
Later, Inouye et al. also used the spiropyridopyran 19 to bind the guanosine derivative 21b, and prepared a ferrocene-based bis(spiropyridopyran) receptor 20 for the recognition of guanine-guanine dinucleoside 22 (Figure 7b).54[]
 Notably, receptor 20 constitutes the first example of a molecular architecture containing two SP motifs for the recognition and binding of small organic molecules. Upon guest binding, receptors 19 and 20 adopt mainly the open-ring MC configuration using the generated phenolate anion to better satisfy the triple hydrogen-bonding complementarity interaction that is established with the purine base of the nucleosides. The authors performed UV/Vis titration experiments of the receptors with the mono- and bis-nucleosides in dichloromethane solutions. The titration data were mathematically analyzed assuming that all the 1:1 complexes of the SPs existed as the MC-forms 21⊂MC-19 and 22⊂MC-20 (Figure 7). Indeed, the absorption profiles of the UV/Vis spectra showed the appearance of the characteristic band for the merocyanine species at ca. 575 nm. The fit of the titration data returned association constant values of 2.4 × 104 M-1 for the 21⊂MC-19 complex, and 4.2 × 105 M-1 for the 22⊂MC-20 analogue. The authors noticed that the increase in binding energy was lower than expected for the double interaction featured by the 22⊂MC-20 complex. They suggested an electrostatic repulsion between the two MC units as responsible for this result.
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Figure 7. Line-drawing structures of the a) 21⊂MC-19 and b) 22⊂MC-20 complexes and the molecules described in Inouye’s work.
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Several years later, Yang, Chan and co-workers also synthesized a bis-SP receptor with a piperazine linker covalently connecting the 8’ methylene substituents of the photoswitches, SP-23 (Figure 8a). This tweezers-like receptor recognized dipolar organic molecules.55[]
 Significantly, host 23 was employed for the highly selective binding of glutathione (GSH) 24 (Figure 8a), a biologically relevant tripeptide. The interaction of receptor 23 with the tripeptide 24 in 20:80 ethanol:water solution was probed using UV/Vis and fluorescence spectroscopy. In solution, receptor 23 exists in the thermodynamically stable closed-form SP-23. Remarkably, irradiation of the solution with UV light did not produce changes in its absorption spectrum. This result was indicative of the almost complete absence of the open-ring MC-form of the free receptor under these conditions. It was also a positive premise for the use of the receptor as a molecular sensor because the photochromic behavior of the free host in solution should not interfere with its optical response in the presence of the analytes capable of complexation-inducing the conversion of the SP-form into the MC-form. Incremental addition of GSH 24 to an aqueous solution of SP-23 produced significant spectral changes in the absorption spectrum. These changes reflected the conversion of the closed SP-form of 23 into the open MC counterpart induced by the complexation to the GSH 24. The bound MC-23 receptor features two zwitterionic motifs along with the pre-existing binding cleft of the molecule (Figure 8b). The MC units of MC-23 have four possible binding sites: the two indolenium nitrogens and the two phenolate oxygens. Most likely, one of the phenolates is protonated upon complexation with GSH and does not participate in direct coulombic host-guest interactions but its participation in hydrogen-bonding interactions cannot be ruled out. The 1H NMR spectrum of an equimolar mixture of SP-23 and GSH 24 in ethanol-d8 solution displayed characteristic proton signals for the MC-form. In particular, the signals for the vinyl protons of the MC units were observed and the two singlets of the magnetically non-equivalent methyl protons of the SP-form coalesce into one singlet. The methylene protons of the spacer and the methylene protons of the piperazine unit moved downfield. Furthermore, the fit of the fluorescence titration data was consistent with a 1:1 binding model and returned an association constant value of the order of 104 M-1 for the 24⊂MC-23 complex. Although the recognition properties of MC-23 are limited to non-directional coulombic/electrostatic interactions, the selectivity demonstrated by the receptor for the recognition of GSH can be ascribed to the high cooperativity in the multivalent binding displayed by the host-guest complex.56[]
 The 24⊂MC-23 complex was stable up to 6 h in the dark at RT, whereas visible light-irradiation for 15 min resulted in a 80% dissociation and conversion to the SP-form of the 23 receptor, as shown by the analysis of the emission spectra of the corresponding solutions. The complexation and irradiation de-complexation cycles could be repeated up to five times, showing complete reversibility and little fatigue of the host-guest system.
3.2.2. SPs derivatives as Guests

There are many examples in literature involving SP-based guests. In two representative works, Tiburcio and co-workers explored the binding properties of a dibenzo-24-crown-8 ether host towards hybrid spiropyran-viologen guests. In the first example, the acid- or photo-induced isomerization of the spiropyran-viologen induced the threading of the corresponding merocyanine-viologen through the macrocyle. The process was assisted by N+···O ion-dipole, C-H···O hydrogen-bonding and π-stacking interactions. The resulting host-guest complex displayed a [2]pseudorotaxane topology.57[]
 In the second example, a spiropyran-methyl-viologen (SP-MV) guest is partially threaded through the crown ether by hydrogen-bonding interactions between the N+-CH3 moiety on the MV and the oxygen atoms of the host. The subsequent treatment with acid yielded two [2]pseudorotaxane architectures in equilibria between the partially and the fully threaded MC-MV guest, performing a shuttling motion in fast exchange.58[]

Recently, the groups of Mukherjee59[]
 and Klajn60[]
 independently demonstrated the stabilization of the MC-form of 6‘-substituted SP by inclusion in the cavity of conformationally flexible coordination cages. With respect to purely organic receptors, it is known that in the solid state n-membered cyclodextrins (CD[n]; n = 6,7,8) bind spiropyrans yielding inclusion complexes with a 1:1 stoichiometry.
 ADDIN EN.CITE 
[61]
 Sueishi and Nishimura investigated the complexation of 6-SO3--SP with β- and γ-cyclodextrins in aqueous solution. Using UV/Vis absorption spectroscopy, they demonstrated preferential inclusion of the SP-form in the 1:1 complexes formed with the cyclodextrins in solution.62[]
 

Conversely, cucurbit[n]urils and sulfonatocalix[n]arenes are suitable receptors for the MC-form of the SPs. We will focus our discussion on the studies performed with these receptors in aqueous solution. CB[n]s have two electron-rich open portals at the opposing ends of their cavities where several polar carbonyl groups converge. In addition, CB[n]s possess a highly hydrophobic cavity suitable for the inclusion of hydrophobic molecules or residues.
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Figure 8. a) Line-drawing structures of bis-spiropyran SP-23, guest 24 and complex 24⊂MC-23; b) Energy-minimized (MM3) structure of the inclusion complex 24⊂MC-23.55[]
 The host and guest are depicted in stick representation and the bound guest is shown with a yellow transparent Van der Waals surface. Non-polar hydrogen atoms of 23 were removed for clarity. The electrostatic interactions are marked with dashed lines.
These structural characteristics made CB[n]s suitable receptors for protonated akyl and arylamines, as well as neutral organic molecules and ions.63[]
 Miskolczy and Biczók investigated the influence of complex formation of 1-(2-hydroxyethyl)-3,3-dimethylindolino-6'-nitrobenzopyrylospiran 25 (Figure 9) with CB[8] on the MC-SP equilibrium in aqueous solution at different pHs. They showed that the MC and the protonated MCH+ were the most stable forms both free in water solution and included in the cavity of CB[8].64[]
 Using absorption and fluorescence titrations, a binding constant value of Ka = 1.7 × 105 M-1 was determined for the MC-25⊂CB[8] complex. Similar absorption titrations performed at pH 3.1 provided a binding constant value of Ka = 2.0 × 106 M-1 for the analogous MCH+-25⊂CB[8] complex. The complexes are stabilized by the hydrophobic effect derived from the deep inclusion of the N-alkyl substituent of 25 into the host’s cavity, and the establishment of ion-dipole interactions between the carbonyl groups of the CB[8] and the cationic part of the guest at the portal of the cavity. Unfortunately, the structures of the two complexes could not be determined using 1H NMR spectroscopy owing to the reduced solubility of the binding partners. Remarkably, the emission spectrum of MC-25 turned out to be identical to the one of its protonated form MCH+-25. This result indicated that MCH+-25 rapidly loses one proton in its excited state owing to acidity enhancement upon excitation. Nevertheless, the inclusion of MCH+-25 in CB[8] diminishes the acidity of the dye. The presence of CB[8] significantly decelerated the light-induced (505 nm) formation of the SP-form. Most likely, the strong host-guest interactions stabilizing the MC-25⊂CB[8] complex and steric clashes hindered the trans-cis isomerization preceding the formation of the SP-form. The subsequent isomerization of the SP-form to the MC isomer carried out in the dark was faster for the SP-25 included in CB[8] than free in water.
In a sequel, the authors reported a complete different thermodynamic and photochromic behavior for the inclusion of MC-25 and its protonated counterpart in CB[7].65[]
 Firstly, only MCH+-25 is bound by CB[7] and the stability constant of the complex is reduced almost two orders of magnitude (Ka = 7.4 × 104 M-1) compared to the inclusion complex with CB[8]. Probably, the larger cavity of CB[8] produces a deeper inclusion complex stabilized by stronger intermolecular interactions. Remarkably, the authors concluded that the cavity size does not influence the acidity change observed for the bound MCH+-25. Secondly and in striking contrast with the findings obtained for CB[8], the inclusion of MCH+-25 in CB[7] accelerates the photoinduced transition of the merocyanine-form to the SP.
Andréasson, Pischel and co-workers66[]
 explored the binding of 6’-nitrospiropyran 26 featuring a cadaverine-substituted anchor to CB[7] in water solution using neutral or acidic conditions (Figure 9). At pH 7, the SP-form of 26 converted thermally to a 90% extent into the MC-form, as indicated by 1H NMR spectroscopy. The kinetic data of the process were obtained from a bi-exponential fit of the time-dependent changes in the absorbance of MC-26. The observed “rise and decay” behavior was assigned to the reversible initial formation of MC-26 (((1 = 6.5 h) followed by its hydrolytic decomposition (((2 = 47.4 h). We already mentioned that the hydrolytic instability of the MC-form is one of the limitations of the use of SP molecular switches in water. At pH < 3, the MC-26 form is protonated and produces MCH+-26. At this pH the hydrolysis is suppressed and no signs of absorbance decay were observed. The rapid conversion of SP-26 into MC-26 hampered the determination of a binding constant for the SP-26⊂CB[7] complex. 
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Figure 9. Line-drawing structures of merocyanine guests 25-26 and CB[n] receptors.
However, binding experiments performed under continuous visible light-irradiation provided evidence for the complex formation. The fit of the titration data to a 1:2 theoretical binding model afforded K1 = 7.9 × 105 M-1 and K2 = 1.3 × 103 M-1 for the MCH+-26:CB[7] complex. Tentatively, K1 was assigned to the inclusion of the cadaverine-substituent in the cavity of CB[7]. The second binding event was considered to be related to an exo complex formation of CB[7] with the indolenium unit. The MC-26 form was stable enough to be titrated with CB[7]. The data were also fitted to a 1:2 binding model (K1 = 1.2 × 105 M-1 and K2 = 8.6 × 103 M-1). The diminution in magnitude of K1 for MC was interpreted based on the existence of negative repulsions between the phenolate anion and the electron-rich portal of CB[7]. The analysis of the mixtures using 1H NMR spectroscopy supported the idea that the preferential site for binding of MC-26 with CB[7] is the cadaverine substituent. The formation of the inclusion complexes was also evidenced in the gas-phase using ESI-MS experiments. The formation of the MC-26⊂CB[7] complex accelerated 70-fold the thermally induced opening of the ring of SP-26 (((1 = 5.2 min) and increased the hydrolytic stability of the MC-form. This result highlights the importance of the cadaverine-substituent in 26, because in the case of SP-25 no kinetic effect of CB[7] for the thermal ring-opening reactions was observed at acidic pH. The rate acceleration observed for the ring-opening of SP-26 was explained by considering the indolenium nitrogen as part of the binding unit. In contrast to the accelerations measured for the SP-26 to MC/H+-26 reactions induced by the presence of CB[7], the photoinduced back-conversions of MC-26 and MCH+-26 were not affected by inclusion in CB[7].
Biczók and co-workers also employed merocyanine dyes as guests for water-soluble sulfonatocalix[n]arenes (SCXn; n = 4-8).67[]
 In their work, the receptors did not inhibit the hydrolysis of the open-ring trans-MC species in aqueous solution at neutral or basic pH. This is in contrast with the previously discussed results with CB[n] hosts. The cavity of the calixarene receptors lacks to some extent the negative charge density of the carbonyl groups in cucurbiturils, which protects the iminium unit of MC from the nucleophilic attack of OH- at basic pH. 
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Figure 10. a) Line-drawing structures of NSP-27 and calix[4]arene 28; b) energy-minimized (MM3) structure of the capsule NSP-27⊂282. The host is depicted in stick representation and the included guest as CPK model. Non-polar hydrogen atoms and the terminal carboxylates of 28 were removed for clarity.
Similarly to the previous findings with CB[8],64[]
 visible light-irradiation of the trans-MCH+⊂SCXn complexes at acidic pH produced their cis-MCH+⊂SCXn counterparts, confirming the lack of deprotonation of the switch when bound to the receptor.
Recently, Ramamurthy and co-workers showed that 6’-nitro substituted NSP-27 formed a 1:2 capsular assembly with Gibb’s water-soluble octa-acid calix[4]arene cavitand 2868[]
 (Figure 10).69[]
 The photoinduced isomerization of NSP-27 into the NMC-27 form is coupled with the disassembly of the dimeric capsular aggregate and the formation of simple 1:1 NMC-27⊂28 complexes to a reduced extent (< 10%). The assembly-disassembly process of the capsular dimer was shown to be reversible. The inclusion of NMC-27 in 28 protects the dye from the hydrolytic reaction and increases its excited-state singlet lifetime.

4. Summary and Outlook

Hemithioindigos are emerging visible light-responsive photoswitches that can be structurally tuned to isomerize at the bio-optical window with appropriate functionalization. Spiropyrans respond to a variety of external stimuli (light, heat, pH, etc.) which favors their use as multi-responsive molecular logic systems. The main photochemical and photophysical properties of unsubstituted HTI and 6’-nitrospiropyran NSP-27 in different solvents are summarized in Table 1.
	Table 1. Comparison of the photochemical and photophysical properties of HTI with NSP-27.17[]
 [Adapted with permission from ref. [17] (Copyright 2015 Elsevier)]

	Compound
	Extinction λmax [nm] (ε [103 M-1cm-1])
	Isomer yield at PSS (at irradiation λ in solvent)
	Quantum yield ϕ (solvent)
	Activation barrier of thermal isomerization [kcalmol-1]
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Despite the clear differences in the structure and mechanism of isomerization of the two photochromic fragments, the tabulated data show similar trends. For instance, the quantum yield values for the Z/E and the NSP/NMC processes of the two switches are comparable in both directions, in a solvent suitable for their determination. Moreover, the switching efficiencies for the Z/E-HTI and the NSP-to-NMC isomerizations are quantitative, when the most appropriate irradiation wavelength and solvent system are employed. The molar extinction coefficient ε is similar for the Z and the E-isomer of hemithioindigo, whereas the ε of NMC-27 is considerably higher with respect to that of NSP-27 (in agreement with the known literature). In general, the photochemical and photophysical properties of these representative compounds of hemithioindigos and spiropyrans are of the same order of magnitude, depending on the experimental conditions in which the measurements are carried out.
One of the goals of incorporating molecular switches to the scaffolds of receptors and their guests has to do with coupling their photoisomerization process with the thermodynamic stability of the resulting complexes. Based on the reviewed literature, we extract the following trends. The internal cavity of synthetic receptors is a privileged space for the confinement of photoswitchable molecules. Spiropyrans have been used as guests for a wide array of molecular receptors, whereas analogous studies with hemithioindigos are more limited. The photochromic properties of HTI and SP switches when included in molecular receptors might be significantly altered compared to their behavior in the bulk solution. At the molecular level, one might expect a significant response, for example, if the thermodynamically stable isomer of the photoswitch has high affinity for the receptor, whereas the photo- or acidogenerated counterpart cannot be accommodated in its binding cavity. Likewise, the binding properties of the receptors can be modified by the incorporation of one or more HTI or SP photoresponsive units into their scaffolds, however this approach is less commonly found in literature because it represents a more challenging synthetic effort. In the HTI-based tweezers, visible light-irradiation triggered an isomerization process that was coupled with a modification in the binding affinity of the receptor for the guest. In the examples of the SP-based receptors, the SP-to-MC isomerization was induced by the complexation of the receptor with a suitable guest. Such interaction could then be modulated by application of a light input. Typically, the light-induced photoisomerization processes experienced by the molecular switches are reversible, allowing the return to their initial state and the repetition of the cycle several times. The incorporation of molecular switches in host-guest systems aims at the modulation of their physicochemical properties with light. The photocontrolled release and uptake of cargo constitutes a general endeavor in this field. We are convinced that notwithstanding the successful applications of the HTI and SP molecular switches described in the reviewed examples, their use is still in the infancy state. The current research interest in the field of organic photoswitches is oriented towards the fabrication of smart materials and devices, as well as engineered biomolecules. For what concerns host-guest systems incorporating HTIs and SPs photoswitches, the main efforts translate into the design and preparation of molecular machines, nanoparticles, metal-organic assemblies, supramolecular polymers and self-assembled systems.73[]
 To warrant real-life applications and manufacturing of photocontrollable systems, i.e. as chemical sensors and biomimetic drug carriers, many practical challenges need yet to be overcome. Among them, we can highlight the synthetic cost and the retention of the photochemical and photophysical properties of the photoresponsive fragments guaranteeing the function of the resulting material or compound. Such challenges rise (and must be addressed) at the early stage of design of a simple molecular switch with its intrinsic limitations and amplify bottom-up to the host-guest systems and to the more elaborated molecular architectures discussed above. We expect that many photocontrolled host-guest systems and their applications will be unraveled in the years to come.
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	MINIREVIEW

	This minireview describes host-guest systems with two or more binding partners in which hemithioindigo (HTI) or spiropyran (SP) photoswitches are incorporated in the receptor’s or the guest’s scaffold. The photoisomerization mechanism of the switches produced by the external stimuli should be fully understood for the successful design of photoresponsive molecular architectures.
	
	[image: image21.png]Fost-GCuest Systems





	
	Giulia Moncelsi and Pablo Ballester*

Page No. – Page No.

Photoswitchable Host-Guest Systems Incorporating Hemithioindigo and Spiropyran Units

	
	
	
	
	


[image: image17.png]



[a]	G. Moncelsi, Prof. P. Ballester


	Institute of Chemical Research of Catalonia (ICIQ)


	The Barcelona Institute of Science and Technology (BIST)


	Av. Països Catalans, 16, 43007, Tarragona (Spain)


	E-mail: � HYPERLINK "mailto:pballester@iciq.es" �pballester@iciq.es�


[b]	G. Moncelsi


	Universitat Rovira i Virgili


	Departament de Química Analítica i Química Orgànica


	c/Marcel·lí Domingo, 1, 43007 Tarragona (Spain)


[c]	Prof. P. Ballester


	Catalan Institution for Research and Advanced Studies (ICREA)


	Passeig Lluís Companys, 23, 08010 Barcelona (Spain) 








�





�





�









[image: image22.png]


_1609074472.cdx

_1609074697.cdx

_1609160487.cdx

_1609074656.cdx

_1609074668.cdx

_1605511218.cdx

_1609059210.cdx

_1605433134.cdx

