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Abstract

:

Macrocycles play a crucial role in supramolecular chemistry and the family of macrocyclic arenes represents one of the most important types of hosts. Among them, calixarenes, resorcinarenes and pillararenes are the most commonly encountered macrocyclic arenes, and they have received considerable attention. Boron-dipyrromethene (BODIPY) dyes are fascinating compounds with multiple functionalization sites and outstanding luminescence properties including high fluorescence quantum yields, large molar absorption coefficients and remarkable photo- and chemical stability. The combination of macrocyclic arenes and BODIPY dyes has been demonstrated to be an effective strategy to construct chemosensors for various guests and smart materials with tailored properties. Herein, we firstly summarize the recent advances made so far in macrocyclic arenes substituted with BODIPY. This review only focuses on the three macrocyclic arenes of calixarenes, resorcinarenes and pillararenes, as there are no other macrocyclic arenes substituted BODIPY units at the present time. Hopefully, this review will not only afford a guide and useful information for those who are interested in developing novel chemosensors and smart materials, but also inspire new opportunities in this field.
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1. Introduction


In the course of the development of supramolecular chemistry, macrocycles play a crucial role as indicated by their innate characteristics of unique host–guest recognition properties [1]. Undoubtedly, the creation of a new class of synthetic macrocycles with versatile architectures offers unparalleled opportunities for chemists to explore novel supramolecular systems [2]. Functional groups mounted on readily available macrocycles, on the other hand, may endow the resulting functionalized compounds with anticipated chemical or physical properties, which has been widely demonstrated by their application including but not limited in host–guest chemistry, chemosensors, self-assembly systems, areas related to biology, and supramolecular smart materials. The successful examples include crown ethers [3], cyclodextrins [4], calixarenes [5], cavitands [6], cucurbiturils [7], as well as other macrocyclic systems [8,9,10]. Not surprisingly, considerable and continuous efforts have been devoted to this active research field.



Among the various macrocycles, the family of macrocyclic arenes represents one of the most important hosts in supramolecular chemistry [8,11,12,13,14,15,16,17]. Calixarenes, resorcinarenes, and pillararenes are the most commonly encountered macrocyclic arenes, and they have been widely investigated. Calixarenes, considered as the third generation of supramolecular hosts (crown ethers and cyclodextrins are the first and second generation of supramolecular macrocycles, respectively), are unique macrocycles consisting of phenolic units linked by methylene groups at the 2- and 6-positions (Figure 1a) [5]. The history of calixarenes could be traced back to Bayer’s pioneering work on the reaction of one-pot phenol-formaldehyde condensation in 1872, but these macrocycles failed to receive extensive attention for a long period of time until Gutsche and coworkers determined the selective synthesis and exact structure of the different possible cyclic structures (particularly the cyclotetramer, cyclohexamer, and cyclooctamer) in the 1970s [18]. Since then, the chemistry of calixarenes has been developing rapidly not only due to the facile and tunable functionalization of their lower and/or upper rims, but also to the well-defined conformations that are both substituent- and guest-dependent. Benefiting from these distinctive advantages, calixarenes and their derivatives have been described as unique and interesting macrocycles, which have been used in a wide range of areas and well summarized in several excellent reviews [5,19,20,21].



Resorcinarenes [22], which can be easily obtained by 4 + 4 acid-catalyzed condensation of resorcinol with certain aldehydes, are a class of macrocyclic arenes that are structurally close to calixarenes (Figure 1b). Particularly, resorcin[4]arenes are the major products under specific conditions and rigidification of their skeletons by bridging adjacent resorcinol units (usually methylene bridges, phosphorus atoms, or heterophenylene moieties) results in deep-cavity cavitands [23]. In many scenarios, the trivial name of cavitands is used to describe functionalized resorcin[4]arene-based hosts where an additional second row of rings has been introduced to the resorcin[4]arene backbone, leading to extend the cavity of these macrocycles with a bowl-shaped architecture. For example, resorcin[4]arene-based cavitands bridged by four quinoxaline or pyrazine moieties represent a fascinating family of macrocycles capable of adopting two spatially preferred conformations (a contracted vase and an expanded kite) with profound geometry and property differences [24]. As a result, resorcin[4]arene-based cavitands have been demonstrated to be an ideal platform for construction of molecular grippers [25], chemosensors [26], self-assembly systems [27], and so on [28,29,30].



In 2008, a new family of macrocycles, namely pillararenes, were first introduced by Ogoshi and co-workers [31]. Structurally, pillararenes are akin to calixarenes but differ in the repeating multi-hydroquinone units connected via methylene bridges at their para positions. There are at least three complementary strategies to synthesize pillararenes and pillar[5]arenes are the smallest members among the series under thermodynamically controlled conditions [32]. On the basis of their facile and versatile functionalization, unique and rigid pillar-shaped structures, and interesting host–guest properties, pillararenes have been attracting increasing attention over the past decade and are currently considered as key players in supramolecular chemistry [33]. Consequently, the potential applications of pillararenes in a wide range of fields have been well documented [34,35,36,37,38,39,40,41]. Recently, we have summarized pillararene-based receptors for selective metal ions binding and pillararene-based supramolecular self-assembly systems driven by metal–ligand coordination [42].



Recently, the difluoroboron dipyrromethene (better known as the trademark BODIPY with its IUPAC name of 4-difluoro-4-bora-3a,4a-diaza-s-indacene, Figure 2a) dyes are fascinating compounds, which are the subject of active and prolific research due to their multiple functionalization sites and outstanding luminescence properties such as high fluorescence quantum yields, large molar absorption coefficients and remarkable photo- and chemical stability [43]. The first BODIPYs were reported as early as 1968 by Treibs and Kreuze [44]. However, not until the pioneering work of Boyer and coworkers in the early 1990s did the BODIPYs became a booming and successful research area [45]. Notably, even very small modifications on the BODIPY framework can lead to distinct fluorescence characteristics, and considerable amount of decoration usually occurs on the α-, β-, or meso-positions of BODIPY via alkylation, arylation, or halogenation. Our group has summarized the postfunctionalization methodologies together with the potential applications of BODIPYs and their analogues [46,47,48,49]. Meanwhile, several excellent reviews involved BODIPY dyes have been presented mainly focusing on the applications in fluorescent probes for ion sensing [46], pH indicators [50], neutral species [51], bioimaging [52,53], construction of electrochemical materials [54] and light harvesting systems [55], and so on [56,57,58] (Figure 2b). Their sensing mechanisms mainly include photo-induced electron transfer (PET), intramolecular charge transfer (ICT), excited-state intermolecular proton transfer (ESIPT), and metal-to-ligand charge transfer (MLCT). In addition, BODIPY units have been demonstrated to be potent building blocks to construct various BODIPY-based macrocycles (Figure 2c), where BODIPY moieties are introduced into the macrocyclic skeletons rather than act as the substituents [59,60,61,62,63,64,65]. Up until now, the research related to the combination of macrocyclic arenes and BODIPY dyes has not been systematically summarized.



In this mini-review, we summarized the progress made so far of macrocyclic arenes substituted with BODIPY and their attractive application in the construction of chemosensors and smart materials will be discussed in detail, according to the type of macrocyclic arene. In this text, we do not treat the macrocycles that incorporate BODIPY into their framework, but rather macrocyclic arenes substituted with the BODIPY fluorophore. Finally, the prospects and challenges related to the area will also be briefly introduced.




2. Calixarenes with BODIPY Functionalities


2.1. s-Block Metal Ion Sensing


Selective and sensitive detection of metal ions is essential due to their irreplaceable role in a myriad of biological processes. Nevertheless, a specific metal ion imbalance and/or potentially intrinsic toxicity may result in significant adverse impacts on both the environment and human health. Sensing of s-block cations, consisting of alkali and alkaline earth metal ions, is of particular interest since these cations play roles in osmotic regulation and generation of action potentials. Chang’s group reported the synthesis and fluoroionophoric properties of calix[4]arene-crown-5 ether derivative 1 (Figure 3), which were functionalized with a BODIPY fluorophore at the upper rim for the signaling of Ca2+ [66]. Compound 1, which was prepared from the corresponding calixcrown dialdehyde via acid-catalyzed condensation with 2,4-dimethylpyrrole followed by oxidation and boron chelation, showed an intense green fluorescence emission at 507 nm and a small shoulder around 545 nm in CH3OH upon irradiation at 480 nm. The addition of Ca2+ led to a near-complete fluorescence quenching (390-fold) response in the presence of specific aliquots of LiOH (This compound was used to obtain the optimum pH condition), while the other metal ions (Na+, K+, and Mg2+), showed almost no changes in the fluorescence spectrum in both intensity and position. This selective Ca2+ sensing mechanism could be ascribed to a photo-induced electron transfer (PET) process from the phenolate group to the BODIPY fluorophore. Notably, an increase in the ratio of water resulted in reduced selectivity of Ca2+ over other metal ions, from which an optimal solvent system of MeOH-H2O (95:5, v/v) was obtained for the practical application of chemosensor 1 for Ca2+. The binding constant and detection limit of 1 for Ca2+ in this mixed aqueous media was deduced to be 5.4 × 105 M−1 and 2.0 × 10−6 M, respectively.



In 2006, Kim and coworker described a calix[4]arene-based chemosensor 2 functionalized with two BODIPY moieties in the upper rim and two ester groups at the lower rim for selective recognition of Ca2+ in acetonitrile solution (Figure 4) [67]. A dramatic fluorescence quenching at 506 nm was observed selectively upon addition of Ca2+, which could be attributed to the reverse PET mechanism that electron transfers occur from BODIPY unit to carbonyl group upon coordination with Ca2+. No distinctive absorbance change was observed of 2 for various metal cations. The binding constant of 2 and Ca2+ was determined to be 5.2 × 107 M−1 with a stoichiometry of 1:1. In sharp contrast, the control compound 3, which contains tetraethyl ester groups on the lower rim, and the compound 4 without ester moiety both showed a very poor fluorescence response for Ca2+, highlighting the importance of the two distal hydroxyl groups and two facing ethyl esters on the selective recognition of Ca2+ via unique cooperative coordination.



Malval et al. developed a ditopic fluorescent chemosensor 5 for K+ which included 1,3-alternate calix[4]bisazacrown-5 as an ionophore and substituted BODIPY dyes as the signaling units (Figure 5) [68]. Compound 5 was synthesized from 2,4-dimethylpyrrole and biscalixcrown, followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and further chelation with boron trifluoride etherate in the presence of ethyldiisopropylamine. UV-vis spectrum of fluoroionophore 5 showed a narrow absorption peak at 500 nm and a sharp band around 260 nm which was not affected by the polarity of the solvent, whereas the fluorescence properties was strongly solvent-dependent. For example, the fluorescence quantum yield of compound 5 decreased from 0.27 to 0.003 as the polarity of the solvent increased from hexane to acetonitrile. Meanwhile, another emission band centered at 630 nm was observed in a medium polarity solvent like tetrahydrofuran, which was attributed to an efficient charge transfer (CT) in its excited state. The addition of trifluoroacetic acid (TFA) to an ethanol solution containing 5 resulted in the disappearance of the absorption band at 260 nm together with the fluorescence quantum yield increasing from 0.003 to 0.67, probably due to the protonation of the amino group that efficiently blocked the CT process. Specifically, the fluorescence enhancement was more pronounced for K+ (154-fold in ethanol) at higher cation concentrations owing to the formation of a bimetallic complex. Probe 5 exhibited a high sensitivity and selectivity for K+ over other s-block metal ions (Na+, Cs+, Ca2+, and Ba2+), as indicated by much higher binding constant of 5 for K+ (at least three orders of magnitude higher than that for other s-block cations). In addition, the determination of K+ based on the sensor 5 in extracellular conditions (serum or whole blood) was also achieved, demonstrating the excellent practical feasibility of this system for K+ detection under physiological conditions.



The detection of cesium cations is of great interest. The toxicity of cesium is known to be due to the replacement of potassium ions in muscles and red blood cells, leading to cardiac diseases and cancers [69]. Leray and coworkers reported the preparation of two novel 1,3-alternate calix[4]arene biscrown-6-ethers 6 and 7 appended with BODIPY moieties and their binding properties towards alkali metal ions of K+ and Cs+ (Figure 6) [70]. As confirmed by steady-state and time-resolved fluorescence experiments as well as theoretical calculations, the complexation with the two cations was closely related to the position of a substituted coordination site on the BODIPY unit. Thus, compound 7, decorated with the BODIPY at the meso-position showed no obvious spectral change for K+ and Cs+ (as their ClO4− salts) in CH3CN. In contrast, the addition of the two cations to CH3CN–CH2Cl2 (9:1, v/v) containing 6, which was tethered with two styryl linker at the α-position of BODIPY backbone using a Knoevenagel-type condensation of the azacrown dialdehyde with dimethylBODIPY, resulted in a hypsochromic shift of the absorption and emission maximums. Both compounds had a better binding affinity towards Cs+ than K+ with 2:1 (metal:ligand) binding stoichiometries due to the good size complementarity between Cs+ and the cavity of the crown ether.




2.2. Transition Metal Ion Sensing


Csokai et al. developed thiacalix[4](N-phenylazacrown-5) ether 8 functionalized with a BODIPY fluorophore moiety as a turn-on fluorescent chemosensor for certain transition metal ions (particularly Cu2+) in acetonitrile solution (Figure 7) [71]. Upon addition of 40 equivalents of mono- or divalent metal ions, Cu2+ and Fe3+ caused a slight red-shift of the maximum absorption band centred at 497 nm, whilst an enhancement of the maximum absorbance together with an obvious red-shift (15–20 nm) were observed in the presence of Hg2+. On the other hand, the weak fluorescence emission spectrum of ligand 8 around 520 nm was dramatically enhanced (11.8-fold) upon treatment with 4.0 equivalents of Cu2+. Hg2+, and Fe3+ ions also induced fluorescence enhancement, but only to a much lesser extent with respect to Cu2+ even upon addition of 40 equivalents of 8. The unique turn-on fluorescence for Cu2+-sensing could be ascribed to the inhibition of the PET process from the nitrogen of the azacrown ether to the BODIPY core and formation of a 1:1 Cu2+-8 complex with a binding constant of logK = 4.40, which could be further demonstrated by the distinct fluorescence enhancement of 8 upon protonation with TFA. Additionally, a plasticized PVC membrane constructed from probe 8 also showed marked potentiometric recognition of Ag+.



Selective recognition of specific lanthanide metal ions from the whole lanthanide series is extremely difficult due to the pronounced similarity in physical and chemical properties (e.g., identical +3 oxidation state and nearly similar ionic radii) deriving from the lanthanide contraction [72]. In 2013, M. Bayrakcı et al. reported a novel calixazacrown ether 9 appended with two BODIPY groups and two amide bridges on the narrow rim (Figure 8), which could act as an excellent fluorescent probe for the selective recognition of Yb3+ in methanol solution [73]. Compound 9 was synthesized by alkylation of the corresponding calix[4]arene (ethyl-eneamido)crown with 4-chloromethylphenyl BODIPY derivative. No distinguishable absorption changes of 9 were observed for six tested lanthanide ions including La3+, Gd3+, Tb3+, Dy3+, Er3+, and Yb3+. On the other hand, a highly selective recognition of Yb3+ was achieved, indicative of the fluorescence enhancement of 9 at 530 nm, which could be attributed to the suppression of the intramolecular PET process. Probe 9, possessing a symmetrical cone conformation, bound Yb3+ in a 1:1 stoichiometry.



It is well-known that mercury can cause harmful effects on both living organisms because of its high toxicitiy. As a result, facile and applicable detection of Hg2+ is important and necessary [74,75,76]. In 2017, Sulak et al. developed a calix[4]arene-based chemosensor 10 containing triazole-linked naphthalenes as the ionophore groups and BODIPY derivatives as the fluorescent signal units (Figure 9), which showed highly selective and sensitive fluorescence recognition of Hg2+ in MeOH–H2O (v/v, 9:1) media [77]. Compound 10 was obtained by the similar alkylation via 4-chloromethylphenyl BODIPY and corresponding calix[4]arene functionalized with two triazole-linked naphthalenes. The strong fluorescence emission of 10 centred at 575 nm was near-completely quenched in the presence of Hg2+, which was not liable to interference by twelve other tested transition metal ions. Meanwhile, the addition of Hg2+ also led to an observable blue shift of the absorption band. These emission and absorption changes were attributed to selective binding of Hg2+ with two triazole units, resulting in efficient energy transfer from the BODIPY–naphthyl excimer to Hg2+ and formation of a 10-Hg2+ complex in 1:1 stoichiometry. The binding constant and detection limit of 10 for Hg2+ was calculated to be 3.42 × 107 M−1 and 2.80 × 10−7 M, respectively.




2.3. Fluorescence Sensing of pH


The pH value is one of the most generally important chemical parameters. Particularly, intracellular pH plays a pivotal role in many biological processes and abnormal pH changes may lead to serious cellular dysfunction which is closely related to many diseases [78,79,80,81]. Akkaya and coworkers reported a novel upper-rim mono-BODIPY functionalized calix[4]arene 11 (Figure 10), which could sensitively detect pH changes in EtOH–H2O (1:1, v/v) solution [82]. The absorption spectrum of 11 centred at 490 nm was not affected by the change in pH values, whereas a remarkable emission quenching at 509 nm was observed upon increasing the pH value from 2.53 to 11.54. The fluorescence signal was completely reversed by adjusting the pH values and the apparent pKa value was deduced to be 6.5. The first deprotonation was expected to be at the remote phenol unit with a pKa value of 4.5, while an efficient PET process only occurs when the adjacent phenol group was deprotonated at a slightly higher pH. Subsequently, Qin’s group demonstrated that compound 11 had excellent cell permeability and retention as well as minor cytotoxicity, which was further employed as a fluorescent probe for precise detection of intracellular pH values, particularly during early cell apoptosis [83]. Importantly, probe 11 represents the first example of a BODIPY-based probe for monitoring cytosolic pH changes. In addition, a plasticized polyvinyl chloride (PVC) film containing compound 11 and anion exchanger tridodecylmethylammonium chloride (TDMACl) was also fabricated [84], which can act as an optical sensor for simultaneous detection of four blood electrolytes including Cl−, K+, Na+, and Ca2+. The determined concentrations of the four electrolytes agreed very well with the results obtained by conventional potentiometric methods, suggesting its potential applications of the proposed fluorescent ion optodes in clinical diagnosis.




2.4. Other Applications


Photodynamic therapy (PDT) is a photochemical-based medical technique to treat various types of cancer and diseases, which involves the use of a combination of light source and a preferably nontoxic light-activated chemical (also called photosensitizer) [85]. Despite the limited biological activities of the photosensitizer, irradiation of a mixture of this compound and molecular oxygen by light at a specific wavelength promotes the formation of cytotoxic reactive oxygen species (ROS) including singlet oxygen (1O2), hydrogen peroxide (H2O2), hydroxyl radicals (OH·), and superoxide anions (O2·−), which are considered to be the principal mechanism for the destruction of target cells [85]. Notably, BODIPY dyes have also been regarded as ideal photosensitizers for PDT [86]. Cakmak et al. developed calix[4]arene 12 functionalized with two BODIPYs by Knoevenagel-type strategy (Figure 11), which can act as a photosensitizer with efficient intersystem crossing tendency owing to the presence of heavy iodine atoms located at the BODIPY backbone. The electronic absorption spectrum of compound 12 exhibited a strong and near infrared absorption peak at 725 nm with an extinction coefficient of 130,000 M−1·cm−1. The hydrophobicity of the long-chain alkyl substituents on the lower rim and the hydrophilicity originating from the two polyethylene glycol (PEG) groups on the end of upper rim endowed 12 with unique amphiphilic propertities. As a result, singlet oxygen could be efficiently generated in the presence of photosensitizer 12 and irradiation with light of 725 nm in both organic solvents and aqueous solutions, implying its potential application in enhanced PDT.



Tosi et al. reported the synthesis and electronic energy transfer (EET) behaviour of a novel calix[4]arene derivative 13 decorated with two different BODIPY chromophores (A and B) by Williamson alkylation on the distal positions of its upper rim (Figure 12) [87]. Given the good spectral overlap between fluorescence emission of BODIPY A (the energy donor) and the absorption of BODIPY B (the energy acceptor), an efficient EET between the two dyes was expected to occur, while the calix[4]arene scaffold was chosen to provide a good control of the mutual orientation and distance between two BODIPY chromophores. Steady-state spectroscopic characterization of 13 showed that the solvent polarity had only a negligible effect on the absorption, whereas its emission was solvatochromic, suggesting the presence of new non-radiative decay paths in the bichromophore. An efficient and fast energy transfer occurred in the bichromophore as shown by transient absorption measurements, indicating that kinetics were closely related to the polarity of the solvent (e.g., 7.5 ps in acetonitrile, 25 ps in chloroform). Highly polar media resulted in fast and efficient energy transfer, while the reverse energy transfer was significantly slowed down in non-polar media. Especially, the apparent dynamics of the energy transfer process in cyclohexane was slower by an order of magnitude as compared to polar solvents, which could be attributed to the backward energy transfer from BODIPY B to BODIPY A. By a combination of the results obtained from the steady-state and time-resolved spectroscopy and density functional theory (DFT)/time dependent-DFT (TD-DFT) calculations, the efficient EET of 13 was successfully demonstrated.





3. Resorcinarenes Functionalized with BODIPY


Among the various classes of cavitand molecules, the quinoxaline-bridged resorcin[4]arene 14 and its derivatives, which were first introduced by Cram and co-workers in 1982, are particularly fascinating due to their deep cavity and unique conformational switching between a contracted vase state and an expanded kite state [88,89]. The closed vase conformation (C4v symmetry) of 14 has a deep cavity for guest inclusion with a distance of about 0.8 nm between the opposite quinoxaline flaps, while the extended conformation (C2v symmetry) possesses a flat surface with approximately 1.25 × 1.8 nm2 (Figure 13) [90]. Fully reversible switching from the vase to the kite conformation can be achieved upon variation of temperature [91] and pH [92], as well as metal ion complexation [93]. Hitherto, all the resorcinarenes incorporating BODIPY are only based on the resorcin[4]arene scaffold (vide infra), which has been extensively investigated by Diederich’s group.



Three BODIPY-decorated resorcin[4]arenes 15–17 (Figure 14) were prepared from the corresponding double- or triply-bridged cavitands with dichloropyrazinedicarboximide BODIPY analogue through nucleophilic substitution in the presence of base. This represented the first examples of dye-labeled resorcin[4]arenes which showed a solvent-dependency of the vase–kite switching process [94]. The phenyl rings from the resorcin[4]arene backbone and BODIPY dye moieties were nearly orthogonal, featuring sharp absorption/emission bands centred at 530/540 nm in CHCl3, respectively. 1HNMR studies of 15–17 indicated that the vase–kite switching was strongly solvent-dependent, which could be observed only in apolar, nonaromatic solvents (e.g., CDCl3–CS2 = 1:1, CD2Cl2, and C2D2Cl4), meaning that solvent-cavitand interactions played a crucial role in controlling the switching process. The vase–kite transition of the three molecules could be also triggered by temperature or pH changes.



Subsequently, resorcin[4]arene 20 functionalized with rigid oligo(phenylene ethynylene) arms containing the donor and acceptor BODIPY dye pair was prepared by successive Sonogashira cross-coupling and deprotected reactions. The contraction-expansion switching process of 20 can be precisely demonstrated by fluorescence resonance energy transfer (FRET) (Figure 15) [95]. Firstly, three BODIPY-functionalized oligo(phenylene ethynylene)s 18a–c with different lengths were introduced as control compounds to verify the distance-dependent FRET properties. The FRET efficiency of 18a–c in CHCl3 decreased with increasing length of the rigid spacer, namely 98% for 18a (distance between the two BODIPY dyes, d = 1.9 nm), 85% for 18b (d = 3.2 nm) and 35% for 18c (d = 5.3 nm), which could not be affected by addition of trifluoroacetic acid (TFA). Both BODIPY-labeled cavitands 19 and 20 adopted the contracted (vase) conformation in CD2Cl2 or CHCl3 above 25 °C and underwent expansion to the kite forms at −60 °C or upon addition of TFA. Specifically, the fluorescence emission of 19 containing the same BODIPY dyes was almost identical in its contracted and expanded forms, while the emission behavior of compound 20 bearing two different (donor and acceptor) BODIPY dyes differed dramatically in the two states. The UV-Vis spectrum of 20 in CHCl3 showed three strong absorption bands at 322, 529, and 619 nm, which can be assigned to the oligo(phenylene ethynylene) spacers, the donor BODIPY and the acceptor dye, respectively. Meanwhile, the three absorption bands remained unchanged upon the addition of TFA. Unexpectedly, the emission of 20 in CHCl3 showed two strong peaks at 542 nm (donor BODIPY) and 630 nm (acceptor BODIPY), and the integral ratio of donor/acceptor fluorescence intensity was 45:55. The obtained relatively low FRET efficiency of 20 was quite surprising since the contracted vase conformation had been demonstrated to be most prevalent in this media. The authors ascribed the abnormal FRET behaviour to the dynamic behavior of the cavitand or unfavorable orientations of the transition dipole moments of the two dyes. Moreover, the addition of TFA resulted in the near-complete fluorescence quenching of the acceptor dye, accompanied by a double fluorescence enhancement of the donor dye, indicating that the FRET efficiency of 20 was markedly reduced due to the separation (≈ 7 nm) of donor and acceptor dyes in the presence of lower pH values. In addition, the fluorescence change could be reversed upon further neutralization with base. Later on, the synthesis of 19 and 20 as well as their analogues were thoroughly discussed [96].



Shortening the spacer length of 20 could afford another three BODIPY-dye-labeled resorcin[4]arene cavitands 21–23 (Figure 16a), whose conformation switching behavior was examined by both variable-temperature (VT) NMR and VT FRET experiments [97]. The vase-to-kite switching process of 20–23 could be also observed at low temperatures or after addition of a proper amount of acid. Quantitative evaluation of FRET data enabled to calculate the Förster radius (R0 = 37 Å) for the BODIPY-dye FRET pair and the average opening angle value (α = 16°) in the vase conformation. In order to understand the distance distribution and dynamics between the donor/acceptor BODIPY dyes, combined experimental and molecular dynamics (MD) simulations of resorcin[4]arene cavitands 20–22 and 24–25 present in their vase and kite forms were examined in depth (Figure 16) [98]. In the kite conformation of quinone-based cavitand 25, containing only one phenylene–ethynylene linker, the two BODIPY dyes adopted an average distance of ca. 4.2 nm as calculated from the MD simulations. The FRET efficiency of 25 in CHCl3 was determined to be 64%. In terms of compounds 20–22 and 24, the longer phenylene-ethynylene linkers resulted in increasing amounts of the donor fluorescence, as indicated by the FRET efficiencies ranging from 84% (22) to 97% (20) in CHCl3. Fluorescence anisotropy measurements of the dynamics of vase 20 revealed that the rotation time of a BODIPY dye arm was ca. 0.15 ns. Importantly, the fluorescence lifetime decays deduced from the MD simulations of cavitand 20 agreed very well with the experimental data. The work shown here not only presented an accurate picture of the distance distributions and dynamics in the deep-cavity of BODIPY-decorated resorcin[4]arenes, but also provided an important tool and opportunity for better understanding the behavior of other extended molecular systems.



In order to understand how nonradiative relaxation can affect the FRET dynamics, another BODIPY-functionalized resorcin[4]arene 26 was rationally designed and synthesized (Figure 17), whose vase and kite conformations were subjected to two-dimensional electronic spectroscopy (2DES) [99]. Being rather similar to the previous BODIPY-decorated resorcin[4]arenes, lowering the temperature or pH values resulted in vase-to-kite conformation transition. Specifically, temperature-induced conformation switching decreased the FRET efficiency and increased the distance of donor-acceptor BODIPY dyes from 0.5 nm (vase at 294 K) to 3.0 nm (kite at 193 K). Direct and independent observation of the changes in nonradiative relaxation, FRET, and residual fluorescence from the donor dye in both vase and kite conformations could be achieved via disentangling different dynamics according to the lifetimes obtained from a series of 2D spectra. Notably, the FRET rate and nonradiative relaxation extrapolated using the 2DES method differed significantly from the results determined from standard lifetime-based measurements. The findings of the work shown here not only presented the fact that the competing nonradiative relaxation processes must be taken into account in order to obtain accurate FRET efficiencies, but more importantly, these will enable improved FRET efficiency measurements in other complicated biological systems and advanced materials.




4. Pillararenes Substituted with BODIPY


4.1. Chemosensors


Up until now, only one example has been associated with a chemosensor constructed from pillararene substituted with BODIPY. Recently, Kursunlu and coworkers designed and synthesized pillar[5]arene derivative 27 functionalized with ten BODIPY groups on both rims using the classic Copper-Catalyzed azide/alkyne cycloaddition (CuAAC) click reaction (Figure 18), which could act as a turn-on fluorescence chemosensor for selective recognition of L-Asn [100]. When 20 equivalents of thirteen different amino acids were added to the DMF–H2O (1:1, v/v) media, only in the presence of L-Asn the very weak fluorescence emission of 27 centered at 520 nm was dramatically enhanced together with a slightly blue-shift (6 nm) and a new fluorescence band that appeared at 425 nm. Meanwhile, the addition of L-Asn also led to an obvious enhancement of the absorption bands at 325 and 505 nm. These spectral changes combined with the naked-eye observable fluorescence color transition could be attributed to the formation of a unique host–guest complex with 1:1 stoichiometry. The binding constant and dection limit of 27 for L-Asn was determined to be 2.45 × 108 M−1 and 3.51 × 10−7 M, respectively.




4.2. Supramolecular Assembly Systems


Benefitting from the distinct advantages of noncovalent interactions and/or dynamic covalent connections, supramolecular assembly not only leads to unique physical and chemical properties, but also shows inherent adaptability and reversibility with sophisticated functions, which represents an efficient and facile methodology to construct discrete and high-ordered structures with responsiveness to multiple stimuli [101]. Supramolecular polymers are among the typical examples, which have been receiving increasing attention currently [102]. In 2015, Wang and coworkers constructed linear and cross-linked supramolecular polymers in CHCl3 based on a BODIPY-bridged pillar[5]arene dimer 28 with two BODIPY derivatives guests G1 and G2, respectively (Figure 19) [103]. The supramolecular polymerization process was confirmed by 1H NMR, 2D NOESY, 2D diffusion-ordered NMR spectroscopy (DOSY), and SEM experiments, owing to the strong host–guest interaction between the pillar[5]arene cavity and the alkyl chains from the neutral guests through multiple C–H…π interactions and C–H…N/C–H…O hydrogen bonds. In good accordance with their chemical structures, the 28-G1 and 28-G2 assembly has a stoichiometry of 1:1 and 3:2 (28:G2), respectively. The UV-vis absorption of the two assemblies showed strong absorptions in a wide region from 300 to 700 nm, which were equal to the superposed patterns of individual components 28 and G1 or G2. Intriguingly, the fluorescence band of 28 centered at 522 nm was gradually reduced upon addition of either of the guests, together with the appearance of a new fluorescence band at 595 nm for G1 or 669 nm for G2, demonstrating that efficient FRET effects were obtained for both assemblies. Meanwhile, these fluorescence responses were accompanied by naked-eye observable fluorescent color changes from green to yellow (G1) or pink (G2).



Subsequently, Wang’s group reported pH-responsive supramolecular vesicles constructed from water-soluble pillar[5]arene 29 and a BODIPY derivative G3 for chemo-photodynamic dual therapy (Figure 20) [104]. In detail, BODIPY derivative G3, acting as both the guest and photosensitizer, could insert into the cavity of pillar[5]arene 29 to form an amphiphile 29-G3 host–guest complex with 1:1 stoichiometry, which further self-assembled into supramolecular vesicles with good biocompatibility driven by the amphiphilic properties of the complex and π–π stacking interactions of BODIPY backbone. In addition, the chemotherapy drug doxorubicin (DOX) could be encapsulated (encapsulation efficiency: 14%) into the vesicle assembly. The resulting formed DOX-loaded vesicles were stable under physiological conditions, whereas they showed effective and rapid DOX release in low-pH environment due to the protonation of 29 and disassembly of the vesicles. Importantly, such DOX-loaded vesicles could localize well in lysosomes and exhibited an obvious combination of chemo- and photodynamic activities against A549 cancer cells, which is the first example of combination of chemotherapy and photodynamic therapy in pillararene-based supramolecular assembly.



Rotaxanes and catenanes are two archetypal examples of mechanically interlocked molecules [105]. Xiao and coworkers constructed the first BODIPY-derived fluorescent [2]rotaxane (Figure 21), which showed unique molecular shuttle properties under multiple external stimuli including solvent polarity and temperature [106]. Here, 1,4-diethoxypillar[5]arene 30 acted as the wheel, while guest G4 was introduced as the axle where a BODIPY chromophore and arylcarbamic group were introduced as the stoppers. Decreasing the solvent polarity or increasing the temperature resulted in a moving of the pillar[5]arene moiety from the methylene groups adjacent to the carbamic stopper to the imidazolium unit, which was accompanied by a fluorescence quenching response (quenching efficiency: 23% from CHCl3 to dimethylsulfoxide (DMSO), and 52% at 115 °C in comparison to 25 °C). Meanwhile, the fluorescence intensity of the [2]rotaxane could be turned off and on repeatedly with the alternate addition of triethylamine and trifluoroacetic acid. Intriguingly, the fluorescent [2]rotaxane could further self-assemble in DMSO media into a supramolecular gel, which exhibited reversible gel–sol phase transitions upon heating/cooling, shaking/resting, acid/base, or addition of different anions. Importantly, the obtained supramolecular gel could be exploited as a fluorescent film sensor for the detection of HCl or ammonia vapor, implying practical application of the gel in gas detecting.




4.3. Mimicking Light Harvesting System


Mimicking light-harvesting systems using artificial models has attracted intensive interest not only due to their promising applications in various fields but also owing to the fact that this is an effective strategy to better understand the function and mechanism of photosynthesis [107,108,109]. Actually, the first example of pillararene-based mimicking the light-harvesting system was achieved by the assemblies of 28-G1 and 28-G2. Nevertheless, these two artificial light-harvesting systems only showed moderate fluorescence resonance energy transfer efficiencies (51% for 28-G1 and 63% for 28-G2 in CHCl3) because of the inherently non-covalent binding manners. In 2018, another artificial light-harvesting system constructed by BODIPY-incorporated pillar[5]arene 31 was developed with an effective FRET (Figure 22), however, in a covalent donor-acceptor model [110]. Specifically, BODIPY perfunctionalized pillar[5]arene 31 worked very well for mimicking a light harvesting system with a higher energy transfer efficiency up to 92%.





5. Summary and Outlook


To conclude, we discussed the progress made so far of macrocyclic arenes substituted with BODIPY for multiple applications ranging from chemosensors to construction of smart materials, which represents the first comprehensive summary in both macrocycles and BODIPY chemistry. Only the calixarenes, resorcinarenes, and pillararenes were presented as no other macrocyclic arenes functionalized with BODIPY units were reported at the present time. It is interesting to note that each of the three types of macrocyclic arenes substituted with BODIPY were derived from the smallest possible scaffold, i.e., calix[4]arene, resorcin[4]arene, and pillar[5]arene. BODIPY-functionalized calix[4]arenes have been successfully applied to construct fluorescent chemosensors for metal ions, pH sensing, photosensitizers, and electronic energy transfer devices. Well-defined resorcin[4]arenes decorated with specific BODIPY moieties provide an important tool for better understanding the behavior of conformational switching and photophysical processes. Pillar[5]arenes functionalized with BODIPY groups were proven to be efficient building blocks in the construction of versatile host–guest recognition systems and supramolecular assemblies.



Despite great achievement in the research area of macrocyclic arenes incorporating BODIPY, there are still extensive challenges and aspects that need to be considered in the future. To name but a few, for the macrocyclic arenes, no examples of calix[n]arenes (n > 4) and pillar[n]arenes (n > 5) with larger sizes have been combined with BODIPY, and their selective recognition properties might be quite intriguing. Meanwhile, water soluble or amphiphilic macrocyclic arenes will be prone to construct distinct host–guest systems and to cause supramolecular assembly. In terms of BODIPY dyes, more efforts should be paid to near infrared (NIR) emissive fluorophores in association with multiple fluorescence mechanisms. As the potential application is concerned, it is tempting to apply macrocyclic arenes functionalized with BODIPY in more interdisciplinary research areas (e.g., photophysics, biomedicine, stimuli-responsive materials, etc.). Needless to say, the research of macrocyclic arenes substituted with BODIPY units is a rising star in supramolecular chemistry and still has an infinite number of possibilities. We hope this review will facilitate and inspire more efforts in this field, and new discoveries can be expected in the near future.
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Figure 1. Chemical structures of three commonly encountered macrocyclic arenes: (a) calixarenes, (b) resorcinarenes, and (c) pillararenes. 
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Figure 2. (a) Chemical structure of the boron-dipyrromethene (BODIPY) framework; (b) the potential applications of BODIPY derivatives; and (c) chemical structure of the BODIPY-based macrocycles. 
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Figure 3. BODIPY-functionalized calix[4]arene 1 for Ca2+. 
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Figure 4. Chemical structures of calix[4]arene-based chemosensors 2–4 for Ca2+. 
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Figure 5. Ditopic fluorescent sensor 5 for sensitive and selective recognition of K+. 
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Figure 6. Structures of calix[4]arene-based probes (a) 6 and (b) 7. 
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Figure 7. Chemical structure of thiacalix[4](N-phenylazacrown-5)ether 8 for selective recognition of Cu2+ in acetonitrile solution (Cu2+: 4.0 equivalent, other metal cations: 40 equivalent). Reproduced with permission from Reference [71]. Copyright 2007 Elsevier. 
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Figure 8. Chemical structure of calix[4]azacrown ether 9 appended with two BODIPY groups and two amide bridges. 
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Figure 9. Chemical structure of calix[4]arene derived chemosensor 10 for the detection of Hg2+. 
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Figure 10. Chemical structures of mono-BODIPY functionalized calix[4]arene 11. 
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Figure 11. Chemical structure of BODIPY functionalized calix[4]arene 12. 
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Figure 12. Chemical structure of calix[4]arene derivative 13 decorated with two different BODIPY chromophores. 
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Figure 13. Unique conformational switching between a contracted vase state and an expanded kite state of quinoxaline-bridged resorcin[4]arene 14. Reproduced with permission from Reference [91]. Copyright 2006 John Wiley and Sons. 
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Figure 14. Chemical structures of BODIPY-decorated resorcin[4]arenes 15–17. 
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Figure 15. Chemical structure of (a) BODIPY-functionalized oligo(phenylene ethynylene)s 18a–c and (b) BODIPY-decorated resorcin[4]arenes 19 and (c) 20 together with its models the contracted (vase) and expanded (kite) states. Reproduced with permission from Reference [95]. Copyright 2005 John Wiley and Sons. 
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Figure 16. Chemical structures of BODIPY-decorated resorcin[4]arenes (a) 20–24 and (b) 25. 
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Figure 17. Chemical structure of BODIPY-decorated resorcin[4]arenes 26 and its vase-to-kite conformation transition. 






Figure 17. Chemical structure of BODIPY-decorated resorcin[4]arenes 26 and its vase-to-kite conformation transition.



[image: Chemosensors 08 00051 g017]







[image: Chemosensors 08 00051 g018 550] 





Figure 18. BODIPY-functionalized pillar[5]arene 27 for selective turn-on fluorescence recognition of L-Asn in DMF–H2O (1:1, v/v) media. Reproduced with permission from Reference [100]. Copyright 2020 Elsevier. 
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Figure 19. (a) Chemical structures of BODIPY-bridged pillar[5]arene dimer 28 and two BODIPY derivative guests G1 and G2; construction of fluorescence resonance energy transfer (FRET)-capable (b) linear and (c) cross-linked supramolecular polymers based on 28 with G1 and G2, respectively. Reproduced with permission from Reference [103]. Copyright 2015 Royal Society of Chemistry. 
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[image: Chemosensors 08 00051 g019]







[image: Chemosensors 08 00051 g020 550] 





Figure 20. pH-sesponsive supramolecular vesicles assembled by water-soluble pillar[5]arene 29 and a BODIPY derivative G3 for chemo-photodynamic dual therapy. Reproduced with permission from Reference [104]. Copyright 2015 Royal Society of Chemistry. 
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Figure 21. Multistimuli sensitive behavior of BODIPY-involved fluorescent [2]rotaxane 30-G4 and its corresponding self-assembly of supramolecular gel in dimethylsulfoxide (DMSO). 
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Figure 22. Chemical structure of BODIPY perfunctionalized pillar[5]arene 31 for mimicking the light harvesting system. 
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