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ABSTRACT: Size-selective synthesis of calixpyrrole-related macrocycles remains challenging, particularly 

for ring-contracted and expanded analogues, although calix[4]-type macrocycles are often obtained as major 

products via conventional acid-catalyzed condensation reactions of aryl monomers. Here, we found that strain-

based design of thiazole-containing macrocycles enables size-selective synthesis of calix[n]furan[2n]thiazoles 

(n = 1 or 2) in which two thiazole units are linked by a methylene bridge. The DFT calculation through StrainViz 

analysis revealed that calix[1]furan[2]thiazole bearing a methylene bridge had a total strain of 11.2 kcal/mol, 

which was smaller than that of calix[3]pyrrole (13.4 kcal/mol). The target calix[1]furan[2]thiazole was almost 

exclusively formed in 45% yield by a Hantzsch reaction between the corresponding bis(α-bromoketone) and 

bis(thioamide) at 0.50 mM concentration. When the substrate concentration was increased above 10 mM,  the 

calix[6]-type product, calix[2]furan[4]thiazole, was formed as the major product. Despite the existence of the 

meso-CH2-bridge, the obtained macrocycles were stable to air-oxidation. Acid-catalyzed hydrolysis of the furan 

rings in calix[1]furan[2]thiazole and subsequent Paal–Knorr reaction afforded calix[1]pyrrole[2]thiazole. We 

also found that the deformation angles α determined from the single crystal X-ray structures show a good 

correlation with the total strain and synthetic yield of calix[3]-type compounds via direct macrocyclization.  
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INTRODUCTION 

Calix[n]pyrroles and their related macrocycles, consisting of various heteroarenes such as thiophene, furan, and pyridine, 

have attracted much attention in the light of anion binding [1], metal complexation [2], chemo-sensor [3], and so forth. The 

size of these macrocycles, defined as the number of heteroarenes n, is a crucial factor for binding specific guest molecules 

and ions in a selective fashion. However, conventional acid-catalyzed pyrrole condensation reactions typically afford 

calix[4]pyrroles as the major product [4], rendering the synthesis of ring-contracted [5] and expanded [6] analogues (n = 3 

and n ≥ 5, respectively) rather laborious. In addition, the incorporation of other heteroarenes, such as thiophene, imidazole, 

and pyridine, into calix-type macrocycles is also a typical issue in this research area, because the reactivity of these arenes 

toward electrophiles in the aromatic electrophilic substitution differs significantly from that of pyrrole [7,8].  

 

 

Figure 1. Thiazole-containing calix[3]- and calix[6]-type macrocycles. 

 

Recently, we discovered that strain-based design of calix[3]-type macrocycles enables the direct macrocyclization of 

calix[1]furan[2]thiazole analogues via Hantzsch thiazole formation reaction between bis(α-bromoketone) and bis(thioamide) 

[9]. The macrocyclic ring strain in the calix[1]furan[2]thiazole system was susceptible to the chemical structure of the meso-

bridge between two thiazole rings, and empirical estimation of the total strain based on steric repulsion was no longer reliable. 

Instead, calculation of the total strain using the StrainViz program [10] for the AFIR[11]-optimized conformations showed 

the feasibility of direct Hantzsch-type macrocyclization of calix[1]furan[2]thiazoles. In our previous study, we elucidated that 

meso-dimethylmethylene-bridged analogue 1 with total strain of 10.7 kcal/mol was obtained in 60% yield along with a ring-

expanded analogue, calix[2]furan[4]thiazole 2, in 16% yield (Figure 1). Whereas, meso-N(sp2)-bridged analogue 3 was 



obtained only in 2% yield, and larger macrocycle 4 was the major product (32% yield). These experimental facts implied that 

the ring-size selectivity between ring-contracted and -expanded calix-type macrocycles would be switchable by total strain 

and substrate concentration. Here, we report the strain-based design and direct macrocyclization synthesis of novel 

calix[n]furan[2n]thiazoles (5 (n = 1) and 6 (n = 2)) bearing meso-CH2 bridges between thiazole units. The ring-size selectivity 

was clearly switched in the substrate concentration range between 2.5 mM and 25 mM. Unlike typical porphyrinogens, 

partially meso-CH2-bridged calix[n]furan[2n]thiazoles 5 and 6 did not undergo air-oxidation in solution and in the solid state. 

Thus, 5 was successfully converted to corresponding calix[1]pyrrole[2]thiazole 9 through hydrolytic ring-opening reaction at 

the furan unit. Detailed strain analysis of novel calix[3]pyrrole analogues 5 and 9 provided insight into the correlation between 

strain energy and deformation angle or synthetic yield. 

 

EXPERIMENTAL 

Materials and Reagents 

All of the solvents for optical measurements were purchased from WAKO Pure Chemical Industries Ltd., TCI Co., Ltd., 

Kanto Chemical Co., Inc., or Sigma-Aldrich Co., and used without further purification unless otherwise mentioned. Precursors 

7 and 8 were prepared according to the reported procedures [12, 13].  

Instrumentation  

All 1H and 13C NMR spectra were recorded using JEOL JMN-ECS400 spectrometer and chemical shifts were reported in 

parts per million (ppm) relative to an internal standard tetramethylsilane (δ = 0.00 ppm for 1H NMR in CDCl3) or a solvent 

residual peak (δ = 77.16 ppm for 13C NMR in CDCl3). Infrared spectra were measured using a JASCO Co. FT/IR-4600. High 

resolution electrospray ionization time-of-flight (HR-ESI-TOF) mass spectra were recorded on a Thermo Scientific Executive 

spectrometer. Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were recorded on a 

Bruker autoflex® maX spectrometer. Thin layer chromatography (TLC) was performed on a silica gel sheet, MERCK silica 

gel 60 F254. Preparative scale separations were performed by means of gravity column chromatography over silica gel 

(Wakosil® 60. 64 ~ 210 µm), and a recycling HPLC LaboACE LC-5060 equipped with two JAIGEL-2HR columns. 

Analytical high performance liquid chromatography using gel permeation column (GPC–HPLC) chromatograms were 

recorded using a JASCO MD-2018 photodiode array detector quipped with a JASCO PU-2089 pump, JASCO AS-2059 

sampler, JASCO CO-2060 column thermostat. Single crystal X-ray diffraction data were collected with Rigaku XtaLAB P200 

diffractometer equipped with a HyPix-6000HE detector using multi-layer mirror (MoKα radiation = 0.71073 Å). All structures 

were solved using a dual-space algorithm (SHELXT) [14] and refined using full-matrix least-squares method (SHELXL) [15].  

 

Theoretical calculations 

Geometry optimization and vibration analysis of 5 and 9 were performed by the global reaction route mapping (GRRM) 

program [16]. The density functional theory (DFT) calculations were carried out at the M06-2X[17]/6-311+G(2d,p) level of 

theory implemented in the Gaussian 16 program [18]. The initial structures were constructed from the three possible 

conformers determined by the systematic conformation search calculation of 1 in our previous work [9]. The vibrational 



frequencies were computed to confirm whether the optimized geometry corresponded to stationary or saddle points on 

potential energy surface. The lowest energy conformer was determined by the comparison of Gibbs energy of the three 

conformers under standard condition. Additionally, the modeling of meso-C(sp2)H tautomers of 5 and 9 was derived from the 

meso-C(sp3)H2 form. To confirm functional dependency for the stability of conformers and tautomers, the obtained structures 

were reoptimized at the B3LYP+D3[19,20]/6-311+G(2d,p) level of theory. 

Strains of 5 and 9 were computed by the StrainViz analysis [10] at the M06-2X/6-311+G(2d,p) level of theory implemented 

in the Gaussian 16 program. The DFT structure of the lowest energy conformer was divided into three fragments with the 

same manner as our previous work [9] to evaluate four types of strain (total, bond, angle, and dihedral). The strain 

representation was visualized by the visual molecular dynamics software [21]. 

RESULTS AND DISCUSSION 

For the experimental analysis of ring-size selectivity, we searched for a suitable molecular motif of calix[3]-type 

macrocycle that has a moderate total strain between those of 1 and 3. Generally, calix[3]-type products are entropically 

preferable to calix[6]-type products in the macrocyclization approach using monomeric components. However, when the 

calix[3]-type product has a larger total strain than that of the calix[6]-type analogue, the cyclization pathway for the calix[3]-

type product is decelerated, thereby increasing in the selectivity of the calix[6]-type product.  

 

 

Figure 2. (top) Visualization of the total ring strain for the optimized lowest energy conformations of 5 (left) and 9 (right) using the 

StrainViz analysis, and (bottom) calculated total, bond, angle, and dihedral strains.  



 

When the meso-dimethylmethylene unit between two thiazole moieties in calix[1]furan[2]thiazole 1 was changed to a 

methylene, resulting 5 had a total strain of 11.2 kcal/mol as a result of a slight increase in the angle strain as compared to 1 

(Figure 2). The relative stability of possible conformer/tautomer of 5 is summarized in Figure S3a in the Supporting 

Information. The energy minimized structure of 5 shows a partial cone conformation with two thiazole rings facing in different 

directions. Although meso-N-bridged analogue 3 adopted a gable-like conformation as a result of imine-enamine 

tautomerization to extend the π-conjugation over the two thiazole moieties, meso-C(sp2)H tautomer of 5 is found to be 3.8 

kcal/mol more unstable than the meso-C(sp3)H2 form. The StrainViz analysis indicates that the maximum strain is found for 

the C(thiazole)–CH2(meso) bond as well as for 1. The total strain of 5 is still smaller than that of 3 (15.8 kcal/mol) and 

calix[3]pyrrole (13.4 kcal/mol) [9], suggesting the feasibility of direct macrocyclization synthesis of 5 via Hantzsch reaction 

between corresponding bis(α-bromoketone) 7 and bis(thioamide) 8. When the furan unit in 5 was changed to pyrrole, the total 

strain of calix[1]pyrrole[2]thiazole (9) was reduced to 10.6 kcal/mol due to the remarkable decrease in dihedral strain [10] 

(by 1.1 kcal/mol) arising from bond torsion. The most stable conformation of 9 is shown as a cone conformation (Figure S3b). 

The meso- C(sp3)H2 form of 9 is also more stable than the C(sp2)H form. Thus, steric effects around the meso-CH2 unit only 

give small perturbation for the total strains of macrocycles, compared to the meso-C(CH3)2 unit. Considering the results of 

StrainViz analysis, we decided to investigate the direct macrocyclization synthesis of 5 under various concentrations to switch 

size-selectivity.  

 

 

Scheme 1. Synthesis of calix[n]furan[2n]thiazoles 5 and 6 under various substrate concentrations. Yields were determined by NMR 

spectroscopy using triphenylmethane as a standard. 



 

Condensation reaction between α-bromoketone 7 and an equimolar amount of thioamide 8 in ethanol at a 2.5 mM 

concentration under the conditions reported for the synthesis of 1 and 2 gave the calix[3]-type product 5 was formed in 40% 

yield along with the calix[6]-type macrocycle 6 in 12% yield (Scheme 1). The decrease in the yield of 5 and the slight increase 

in the selectivity of 6 compared to the reaction for 1 and 2  were attributable to the larger total strain of 5 than that of 1. When 

similar reactions were conducted under diluted conditions at 1.0 and 0.50 mM, the formation of 6 was effectively suppressed 

with a concomitant increase in the yield of 5 to 48 and 42%, respectively. In contrast, the yield of 5 gradually decreased with 

increasing substrate concentration. The yield of 6 increased from 12% (at 2.5 mM) to 25% (at 25 mM), although further 

increase in the concentration resulted in the decreased yields for both 5 and 6. The GPC–HPLC and mass spectrometric 

analyses of the reaction mixture exhibited the formation of a significant amount of larger analogues, such as calix[9]- and 

calix[12]-type macrocycles, at 25 mM concentration without specific selectivity (Figure S6 and S7). Under the optimized 

conditions, calix[3]- and calix[6]-type macrocycles were isolated in 30% and 17% yields at the concentrations of 1.0 and 25 

mM, respectively.  

Calix[1]furan[2]thiazole 5 showed a singlet signal at 4.50 ppm for meso-methylene protons in the 1H-NMR spectrum 

recorded in CDCl3 (Figure S8). The observed proton signal pattern indicated the time-averaged C2v molecular symmetry as 

observed for 1. The meso-C(sp2)H-bridged tautomer, which could be generated through imine–enamine-like tautomerization, 

was not observed in the 1H-NMR spectrum. Calix[6]-type macrocycle 6 also exhibited a singlet signal at 4.57 ppm which is 

assignable to the meso-CH2 protons (Figure S10). High-resolution ESI-TOF mass spectrometry revealed the cation and anion 

peaks for 5 and 6 at m/z = 331.0921 and 659.1660 which were assigned to [5 + H]+ (calculated for C17H19ON2S2, m/z = 

331.0933) and [6 – H]– (calculated for C34H36O2N4S4, m/z = 659.1648), respectively. Although calix[n]pyrroles with meso-

C(sp3)H units are readily oxidized under aerobic conditions, no air-oxidation of macrocycles 5 and 6 was observed in solution 

and in the solid state. This can be explained by the electron-deficient nature of thiazole rings as compared to pyrrole.  Upon 

treatment with hydrochloric acid and ethanol, compound 5 underwent hydrolysis of the furan ring to form a 1,4-diketone 

moiety 10 in 45% yield. Further Paal–Knorr reaction of 10 with ammonium acetate afforded calix[1]pyrrole[2]thiazole 9 

bearing a meso-CH2 bridge in 74% yield (Figure 3a).  

 



 

Figure 3. (a) Synthesis of calix[1]pyrrole[2]thiazole 9. (b) Single crystal X-ray structures of (left) 5 and (right) 9 with thermal ellipsoids 

drawn at the 50% probability level. (H, white; C, gray; N, blue; O, red; and S, yellow).  

 

 

 

Single crystals of 5 suitable for X-ray diffraction analysis were grown by vapor diffusion of n-hexane into an ethyl acetate 

solution of 5.  In the crystalline state, 5 adopted a partial cone conformation, as predicted by the theoretical calculations 

(Figure 3b). The bond lengths for C(thiazole)–CH2(meso) were 1.511 and 1.512 Å, and the bond angle of C(thiazole)–

C(meso)– C(thiazole) was 107.37°, indicating the sp3-hybridization for the meso-carbon atom between thiazole rings. Pyrrole 

analogue 9 showed a cone conformation in which the N(pyrrole)–N(thiazole) distance was observed in the range of 2.70–2.72 

Å, while the N(thiazole)–N(thiazole) distance was 2.86 Å. The C(thiazole)–CH2(meso) of 1.50–1.52 Å also indicated the 

existence of the meso-C(sp3)H2 bridge.  

The crystal structures of 5 and 9 allowed deformation angle [22] analysis around the furan and pyrrole units. Deformation 

angle α shows deformation of pyrrole or furan rings from planarity, while deformation angle β represents displacement of the 

meso-carbon atom from the bow of the heteroaromatic ring. Table 1 summarizes the deformation angles and calculated total 

strains of calix[3]pyrrole and its thiazole-containing analogues. The furan-containing analogues 1, 3, and 5 exhibited a trend 

that the deformation angles α and β increase with increasing total strain. A similar tendency was also observed for the pyrrole 

derivative 9 compared to calix[3]pyrrole. These results confirmed that the accuracy of the StrainViz-based evaluation for 

calix[3]-type macrocycles for predicting ring strain as well as favorable conformations. 



 

 

 

Table 1. Deformation anglea α and β of furan or pyrrole units embedded in calix[3]-type macrocycles.  

Compound 

     

Deformation angle 
α (º) 2.05b 2.58 2.26 2.41 2.52c 

Deformation angle 
β (º) 6.42b 8.96 6.65 5.59 9.20c 

Total strain 
(kcal/mol) 

10.7d 15.8c 11.2 10.6 13.4d 

a Deformation angles α and β for pyrrole or furan are defined by the averaged deviation angles between the mean planes 
of X−C(3)−C(4) and X−C(2)−C(3), and the mean plane X−C(2)−C(3) and a C(2)−C(meso) bond, respectively. 
(X = N or O). 

b Optimized structure data from ref. 9 
c The averaged angles of three pyrrole units from ref. 5 
d Data from ref. 9 
 

CONCLUSION 

In conclusion, novel calixpyrrole analogues 5 and 6 bearing methylene-bridged dithiazole units have been synthesized via 

Hantzsch-type direct macrocyclization. The ring-size selectivity was significantly altered depending on the substrate 

concentration; calix[3]-type 5 was formed almost exclusively at 0.50 mM, while 6 was the major product above 10 mM. These 

reactions have provided a rare example of size-selectivity switching between contracted and expanded calix-type macrocycles. 

The meso-CH2 bridge between two thiazole rings in 5 and 6 was stable enough to resist air-oxidation. Therefore, 

calix[1]furan[2]thiazole 5 was successfully converted to calix[1]pyrrole[2]thiazole via the furan ring hydrolysis followed by 

the Paal–Knorr pyrrole formation reaction. The deformation angle analysis of novel calix[3]pyrrole analogues 5 and 9 using 

single crystal X-ray structures demonstrated that StrainViz analysis is useful for predicting solid state conformations and 

quantitative evaluation of macrocyclic ring strain. The strain-based design and reliable synthesis of thiazole-containing 

calixpyrrole analogues would contribute to expand the coordination and anion binding chemistry.  
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Size-selective synthesis of calix[n]furan[2n]thiazoles bearing meso-CH2 bridges 

Kotaro Shibata, Takuma Nakabayashi, Keita Watanabe, Yuki Ide, Tomoya Ichino, and Yasuhide Inokuma 

Thiazole-containing calix[3]- and calix[6]pyrrole-type macrocycles bearing meso-CH2 bridges were synthesized via Hantzsch thiazole 
formation reaction. The product size selectivity was significantly changed depending on substrate concentration. Calix[1]furan[2]thiazole 
was further converted to calix[1]pyrrole[2]thiazole. StrainViz analysis of novel macrocycles predicted the conformations and the magnitude 
of ring strain, which was also confirmed experimentally by deformation angle analysis. 
 
 

 
 
 


