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P-tert-butyldihomooxacalix[4]arene is a well-known calix[4]arene analog in which one CH2 bridge is replaced by one -CH2OCH2- group. Thus, dihomooxacalix[4]arene has a slightly larger cavity than that of calix[4]arene and usually possesses a more flexible cone conformation, and the bridged oxygen atom might provide additional binding sites. Here, we synthesized a new functional p-tert-butyldihomooxacalix[4]arene 1 through Ugi reaction with good yield (70%), starting from condensed p-tert-butyldihomooxacalix[4]arene O-alkoxy–substituted benzaldehydes, benzoic acid, benzylamine, and cyclohexyl isocyanide. Proton nuclear magnetic resonance spectroscopy (1H NMR), 13C NMR, IR, and diffusion-ordered 1H NMR spectroscopy (DOSY) methods were used to characterize the structure of 1. Then soft gel was prepared by adding 1 into cyclohexane directly. It shows remarkable thermoreversibility and can be demonstrated for several cycles. As is revealed by scanning electron microscopy (SEM) images, xerogel showed highly interconnected and homogeneous porous network structures, and hence, the gel is suitable for storage and controlled release.
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INTRODUCTION

The designed and prepared macrocyclic hosts [mainly including crown ethers (Liu et al., 2017; Morrison et al., 2017), cyclodextrins (Zhang et al., 2018; Larsen and Beeren, 2019), calixarenes (Wang et al., 2015; Tian et al., 2019), cucurbiturils (Kim et al., 2007; Wu et al., 2018; Xiao B. et al., 2019), and pillar[n]arenes (Xue et al., 2012; Sun et al., 2018; Chen et al., 2019; Ogoshi et al., 2019; Xiao T. et al., 2019)] and the investigations of their host–guest properties are the foundation of the development of supramolecular chemistry (Zheng et al., 2012; Yao et al., 2018; Zhang et al., 2019). As the third generation of macrocyclic compounds in supramolecular chemistry, calixarenes process several advantages, such as excellent flexibility, improved conformational mobility, and easy modification (Kim et al., 2012; Nimse and Kim, 2013).

P-tert-butyldihomooxacalix[4]arene is a well-known p-tert-butylcalix[4]arene analog in which one CH2 bridge is replaced by one -CH2OCH2- group (Marcos et al., 2002). Thus, dihomooxacalix[4]arene has a slightly larger cavity than that of calix[4]arene and usually possesses a more flexible cone conformation. What's more, the bridged oxygen atom might provide additional binding sites (Teixeira et al., 2017; An et al., 2018; Zhao et al., 2019). On the other hand, gels are interesting soft materials owing to their functional properties, leading to potential applications (Yao et al., 2017). Using gels as drug carriers has attracted tremendous attention for their numerous advantages in medical treatments, including prolonged drug release time, reduced side effects of drugs, and maintained effective plasma concentration (Nishimura et al., 2019; Teng et al., 2019; Thamizhanban et al., 2019). For example, Prof. Yao and co-workers prepared a soft gel based on pillar[5]arene by using a carbazone reaction and found that dyes such as TPP or TPPE can be incorporated into this gel and then released in a sustained way in water due to solvent exchange (Yao et al., 2017). However, investigations about supramolecular gels based on p-tert-butyldihomooxacalix[4]arene and their applications are rarely reported.

Herein, we designed and synthesized a novel functionalized p-tert-butyldihomooxacalix[4]arene 1 with two H-bonding sites through Ugi reaction (Scheme 1), which was prepared with good yield (70%). Then the soft gel was constructed by adding 1 into cyclohexane, heating the mixture, and leaving it cooled in the refrigerator for 2 min. 1-based gel showed remarkable thermoreversibility, and this can be demonstrated for several cycles. The morphology of xerogel was revealed by scanning electron microscopy (SEM) images, which showed highly interconnected and homogeneous porous network structures. What's more, this gel can persist in its shape in water. Organic dyes such as alizarin red S 6 can be incorporated into this gel and are observed to be released in a sustained way in water. This may be very useful for preparing future smart materials by the implementation of related macrocyclic derivatives.


[image: Scheme 1]
SCHEME 1. Synthetic route to p-tert-butyldihomooxacalix[4]arene 1 and chemical structures of compounds 5, 6, and 1-isomers.




MATERIALS AND METHODS


Synthesis of p-tert-Butyldihomooxacalix[4]-Arene 1

P-tert-butyldihomooxacalix[4]arene 4 (4.0 g, 5.9 mmol), Cl-alkoxy–substituted salicylaldehyde (1.8 g, 9.0 mmol), K2CO3 (1.2 g, 9.0 mmol), and KI (1.5 g) was added in 150 ml acetone. The mixture was stirred at 75°C for 24 h (Scheme S1). After removal of the inorganic salt, the solvent was evaporated, and the residue was purified by chromatography on silica gel (petroleum ether/ethyl acetate, v/v 5:1) to give 2 as a white solid (Liu et al., 2018). Then 2 (0.1 mmol, 0.885 g), benzyl amine (0.1 mmol, 0.107 g), benzoic acid (0.1 mmol, 0.122 g), and isocyancyclohexane (0.1 mmol, 0.109 g) were added into 7 ml methanol for reacting for 36 h. Then the solvent was evaporated, and the residue was purified by chromatography on silica gel (petroleum ether/ethyl acetate, v/v 3:1) to give 1 as a light yellow solid.

1: Yellow solid, 70%, m.p. 163.6–164.8°C; proton nuclear magnetic resonance spectroscopy (1H NMR) (400 MHz, CDCl3) (Figure S1) δ: A-isomer: 9.18 (brs, 1H, OH), 8.52 (s, 1H, OH), 7.74 (s, 1H, OH), 7.45–7.28 (m, 7H, phH), 7.26–7.82 (m, 15H, phH), 6.12 (s, 1H, CH), 5.23 (s, 1H, CH), 5.01–4.91 (m, 1H, CH2), 4.77–4.65 (m, 2H, CH2), 4.55–4.03 (m, 10H, CH2), 3.83–3.73 (m, 1H, CH2), 3.32–3.26 (m, 1H, CH2), 2.48–2.41 (m, 3H, CH2), 1.88–1.52 (m, 7H, CH2), 1.37–0.88 (m, 36H, CH3); B-isomer: 8.85 (s, 1H, OH), 6.28 (s, 1H, CH), 5.59 (s, 1H, CH); C-isomer: 8.33 (s, 1H, OH), 6.12 (s, 1H, CH), 5.48 (s, 1H, CH); D-isomer: 8.15 (s, 1H, OH), 5.69 (s, 1H, CH), 5.29 (s, 1H, CH); ratio of A/B/C/D-isomer = 0.2:0.1:0.1:0.1; 1H NMR (400 MHz, cyclohexane-d) δ: A-isomer: 9.50 (s, 1H, OH), 8.70 (s, 1H, OH), 7.90 (s, 1H, OH), 7.54–7.01 (m, 13H, phH), 6.87–6.72 (m, 9H, phH), 5.87–5.42 (m, 2H, CH), 4.88–3.91 (m, 14H, CH2), 3.67–3.08 (m, 6H, CH2), 2.48–2.37 (m, 2H, CH2), 1.86–1.45 (m, 6H, CH2), 1.23–1.18 (m, 27H, CH3), 1.17–1.15 (m, 9H, CH3); B-isomer: 8.33 (s, 1H, OH); ratio of A/B-isomer = 0.9:1 (Figure S9, Scheme S3); 13C NMR (100 MHz, CDCl3) (Figure S2) δ: 173.2, 157.4, 157.2, 152.7, 151.2, 149.1, 148.0, 147.8, 143.8, 142.7, 141.8, 141.7, 136.9, 132.8, 132.6, 131.9, 131.5, 130.3, 129.6, 128.4, 128.2, 128.2, 128.0, 127.8, 127.5, 127.5, 126.9, 126.9, 126.8, 126.8, 126.6, 126.0, 125.9, 125.8, 125.7, 125.3, 123.9, 122.8, 122.7, 120.7, 111.7, 77.4, 77.2, 77.0, 73.0, 72.6, 72.1, 71.7, 64.8, 64.4, 48.6, 34.3, 34.0, 33.9, 32.9, 32.8, 32.6, 31.7, 31.6, 31.5, 31.5, 31.5, 31.3, 30.3, 30.3, 30.1, 29.9, 29.8, 25.5, 25.1, 25.0; IR (KBr) υ: 3,386, 3,056, 2,959, 2,864, 1,735, 1,681, 1,637, 1,489, 1,453, 1,399, 1,361, 1,297, 1,246, 1,203, 1,077, 1,051, 876, 788, 735, 698, 596 cm−1; MS (m/z): HRMS (ESI) calcd. for C76H92N2O8Na ([M+Na]+): 1183.6751, found: 1183.6797 (Figure S3).



Materials

All reagents and solvents were commercially available in analytical grade and used as received. Further purification and drying by standard methods were employed, and distillation was done prior to use when necessary. All evaporations of organic solvents were carried out with a rotary evaporator in conjunction with a water aspirator. p-tert-Butyldihomooxacalix[4]arenes were prepared according to published methods (Marcos et al., 2002). Melting point measurements were taken on a hot-plate microscope apparatus and are uncorrected. 1H and 13C NMR spectra were recorded with an Aviance III 400 MHz or 600 MHz liquid-state NMR spectrometer. IR spectra were obtained on a Bruker Tensor 27 spectrophotometer (KBr disk). HRMS was determined on a Bruker maXis mass spectrometer. Fluorescence spectra were recorded on a Shimadzu HITACHI F-4500 spectrophotometer. Rheological studies were performed on an AR-G2 rheometer (TA Instruments, USA) using a plate–plate geometry. The SEM image was obtained from a ZEISS Gemini SEM 300 instrument.




RESULTS AND DISSCUSSION


Gelation Tests

The gelation test results obtained for calix[4]arene 1 in different solvents are shown in Figure 1. We chose methanol, ethanol, pentanol, tert-butanol, acetonitrile, ethyl acetate, tetrahydrofuran, toluene, cyclopentane, cyclohexane, and hexane as the solvents and found that 1 can disperse well in all these solvents with the concentration at about 100 mmol at 40°C. However, when the temperature cooled to 25°C, 1 could form a gel in cyclohexane (Figure 1, under, sample j) but could not form a gel in methanol, ethanol, pentanol, tert-butanol, acetonitrile, ethyl acetate, tetrahydrofuran, toluene, and hexane, as the samples flowed under gravity (Figure 1, under, samples a, b, c, d, e, f, g, h, k). Sample i seemed to be gelled but also flowed under slight vibrations. For comparison, compound 5 in Scheme S2 (Figures S4 and S5) without the calix[4]arene framework could not form a gel in the same condition, indicating that the calix[4]arene framework is an integral part of the gel formation process. Further investigation found that the critical concentration of compound 1 to form a gel in cyclohexane is 10.9 wt%. It should be pointed out that the compound 1 we used to construct gel contains both conformers.


[image: Figure 1]
FIGURE 1. Gelation test of compound 1 in different solvents: (a) methanol; (b) ethanol; (c) pentanol; (d) tert-butanol; (e) acetonitrile; (f) ethyl acetate; (g) tetrahydrofuran; (h) toluene; (i) cyclopentane; (j) cyclohexane; and (k) hexane.




1H NMR Studies

In order to investigate the intermolecular interactions during gel formation, 1H NMR and 2D diffusion-ordered 1H NMR spectroscopy (DOSY) were performed. As shown in Figure 2, 1H NMR spectra of 1 in d-cyclohexanes were recorded over the concentration range of 5.00 up to 80 mM. As the concentration increased, all the signals of protons on compound 1 became broad, which demonstrated the formation of high-molecular-weight aggregates (Yan et al., 2012).


[image: Figure 2]
FIGURE 2. Proton nuclear magnetic resonance spectroscopy (1H) NMR spectra (400 MHz, cyclohexane-d, 20°C) of 1 at different concentrations: (a) 5, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70, and (i) 80 mM.


DOSY showed that the weight-average diffusion coefficient (D) of 1 in cyclohexane-d decreased gradually from 2.03 × 10−10 to 3.15 × 10−11 m2 s−1 upon the concentration of 1 increasing from 5.0 up to 80 mM (Figure S7, ESI†). FT-IR investigation confirmed the formation of H-bond after 1 self-assembly into gel (Figure S8). These observations proved that there is an increase in the average aggregation size owing to the concentration going on, indicating the formation of polymeric structures in cyclohexane.



Rheological Properties

Then we used oscillatory rheological characterization to investigate the mechanical properties of this gel in detail. The storage (G′) and loss (G″) moduli of the obtained gel as a function of the scanning frequency (f) were investigated. As shown in Figure 3, when the f increased to 0.2, the intersection point of G′ and G″ (G′ = G″) appeared, indicating the formation of a gel. However, G′ is larger than G″ at frequencies from 0.2 to 20 Hz, and both G′ and G″ are independent of the frequency, indicating the existence of network structures in the gel. The value of G′ is about 10,000 Pa, so this gel exhibits moderate mechanical properties. Additionally, the viscometry (η*, red line) decreased sharply with the scanning frequency increasing.


[image: Figure 3]
FIGURE 3. The rheological property of the gel as a function of the scanning frequency (Hz). G′: blue points; G″, black points; η*, red points.




SEM

The morphology of this xerogel, which was obtained using a freeze-drying methodology to remove cyclohexane, was then examined by SEM. As shown in Figure 4, SEM revealed that the xerogel was an interconnected honeycomb-like porous structure in which large open plate-like structures and fibrils with diameters of 200 nm and lengths of several micrometers aggregated into very distinct micro-structured networks. It is worth pointing out that porous materials have attracted a great deal of interest in both science and technology due to their potential applications in many areas. Interestingly, at room temperature, our gel was stable for about 2 months in aqueous solution (pH from 3 to 11, Figure S6). Furthermore, the fresh gel can persist in its shape after pressing by heavy weight.


[image: Figure 4]
FIGURE 4. Scanning electron microscopy (SEM) images of three-dimensional network of 1-based xerogel. (b) is partial enlarge of (a).




Sustained Release

As we all known, gel is a new type of soft material, has obtained great interest from both chemistry and materials scientists, and has shown useful applications in various areas. When gel is applied in drug release, the major disadvantage is that most drugs will release in a rapid and complete way. In this condition, the concentration of the drug could not maintain a good value, so the efficiency of the uptake of the drug is very low. However, our supramolecular gel can incorporate some small molecules and then release them in a sustained way in water. So our gel can be used in sustained drug release for cancer therapy with good efficiency. Herein, alizarin red S 6 was used as a model compound to investigate the potential of our gel as a platform for sustained drug release. 6 can be incorporated in our soft gel to form a fluorescence gel (Figure 5, inset). Then when we immersed this gel in water and changed the water every 12 h, the fluorescence intensity of the solution also remained a certain value after repeating 10 times (Figure 5), indicating that 6 was released from calixarene-based gel in a sustained way.


[image: Figure 5]
FIGURE 5. (A) Fluorescence emission spectra (the excitation wavelength is 365 nm) of 6 loaded gel vs. number of times water was changed. (B) The maximum intensity of (A) with the extraction times.





CONCLUSIONS

In this paper, we synthesized a new calix[4]arene 1 through Ugi reaction, which was prepared with good yield (70%), starting from condensed p-tert-butyldihomooxacalix[4]arene O-alkoxy–substituted benzaldehydes, benzoic acid, benzylamine, and cyclohexyl isocyanide. Then soft gel was prepared by adding the 1 into cyclohexane directly through a heating/cooling process. The gel shows remarkable thermoreversibility, and this can be demonstrated for several cycles. 1H NMR, FT-IR, DOSY, rheological characterization, FL, and SEM were employed to study the formation process and resultant gel. Furthermore, compound 6 as a model drug can be incorporated into our supramolecular gel and was observed to be released in a sustained way in water. This may have potential applications in sustained drug release for cancer therapy. Our next study will focus on cell and animal experiments of this gel in sustained drug release for cancer therapy.
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