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Abstract – New lower rim modified phosphorylated thiacalix[4]arene (TC4A) 

derivatives such as TC4A-phosphate (2a) and de-t-Bu-TC4A-phosphate (2b) were 

synthesized. IR, 1H & 31P-NMR and mass spectral and elemental analysis 

characterized the structures of the synthesized compounds. Single crystal X-ray 

diffraction measurement reveals that, both the compounds (2a & 2b) stabilized in 

pinched cone conformation. We also investigated the metal extraction ability of the 

newly synthesized compounds through solvent extraction technique and these 

compounds selectively extracted Pd (II) ions from automotive catalyst residue 

solution containing nine metals. 

 

INTRODUCTION 

The chemistry of thiacalixarenes play significant role in all fields of chemical science due to its vast number 

of applications.1 Hence researchers around the world were attracted and applied serious attention since their 

first appearance in 1997.2 The presence of sulfur bridges in these compounds is the responsible for its 
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peculiar properties over the calixarenes.3 In particular, complexation abilities with alkali, transition and 

lanthanide metals make them interesting host molecules in supramolecular chemistry.4 This exclusive 

property is due to chemical modifications at upper and lower rims. Even though similar reactions 

conditions, as used in calixarenes, were applied for these modifications, different selectivity in the reaction 

pattern was observed due to steric and electronic factors. For example, palladium catalyzed Sonogashira 

coupling reaction of 1,3-bitriflate of calix[4]arene yields lower rim modified mono- and 

diiodo-p-tert-butylcalix[4]arene.5 But the same reaction condition was inapplicable to 1,3-bitriflate of 

TC4A.6  

Habicher et al. introduced phosphorus at lower rim of TC4A using PCl3 yields phosphorus diester chloride 

derivative, which was stabilized by 1,2-alternate conformation, further gives phosphorus diester derivative 

by the reaction of diethylamine.7 Pyrophosphate derivative was obtained when TC4A reacts with ethylene 

chlorophosphite.8 Since organophosphorus compounds have wide range of applications in various sectors 

such as industry, medicinal and agriculture, 9 significant number phosphorus derivatives based on 

thiacalixarenes will strengthen its applications. In our previous study, we reported the synthesis and rare 

metal extraction ability of phosphorylated TC6A.10  

Rare metal extraction is one of the important applications in supramolecular chemistry. Extraction of rare 

metals from secondary resources is challenging objective because of limited natural resources and 

economic viability.11 In particular selective extraction of metals from automotive residue solution 

containing nine metals such as Al, Ba, Ce, Pd, Pt, Rh, La, Zr and Y (Platinum group metals (PGM)) using 

thiacalixarene derivatives gain considerable attention recently. Use of PGM metals in the automobile 

catalytic converters to reduce the harmful gas emissions was started in 1970s onwards.12 Since then, the 

demand of these metals was highly increased due to their less abundance in nature.11 Hence, extraction of 

PGMs from the secondary sources is an important objective to reduce their demand. The recovery of PGMs 

from secondary sources has been reported.13 Extensive studies have been done on the metal extraction 

abilities of thiacalixarene derivatives from recovered PGM solution. p-Diethylaminomethyl TC4A shows 

remarkably high selectivity for Pt (IV) ions from precious metal solution.14 Dimethylthiacarbomyl 

modified thiacalix[n]arenes can selectively extract Pd (II) ions from PGM solution.15 TC6A derivatives 

have high affinity towards Pd (II) and Zr (II) ions.16 O-Thiocarbonyl TC6A extracted Pd (II) ions 

selectively in chloride media.17 But only one contribution was published on the metal extraction ability of 

phosphine modified TC6A from PGM solution.10 Since phosphorus and sulfur have high affinity towards 

various metal ions, 18 extensive studies is required for metal extraction abilities of phosphine modified 

thiacalix[n]arenes. 

In the present study, we synthesized TC4A-phosphate (2a) and de-t-Bu-TC4A-phosphate (2b). The 

structure of the new compounds was characterized by crystallographically along with spectral and 
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analytical techniques. We also investigated the extraction ability of new compounds from PGM solution 

and Pd (II) standard solution, both the compounds showed high affinity and selectivity towards Pd (II) ions. 

RESULTS AND DISCUSSION 

Chemistry:  

The reaction of TC4A derivatives (1a & 1b) with diethyl chlorophosphate in the presence of K2CO3 in 

acetone under reflux temperature yielded corresponding phosphate derivatives (2a & 2b) (Scheme 1). 

Under these conditions, 1a & 1b forms tetraphosphorylated derivatives. But when we applied similar 

conditions to calix[4]arene derivatives (ESI 3a & 3b), diphosphorylated products (4a & 4b) were yielded 

(Scheme S1).19 Literature survey reveals that, tetraphosphorylation of 3a & 3b occurred under phase 

transfer catalysis conditions (CCl4-H2O, 50% NaOH, tetrabutylammonium chloride).20 This change of 

reactivity pattern in thacalixarenes compared to calixarenes was due to the effect of steric and electronic 

factors, which were significantly changed by the substitution of methylene bridges with sulfide. 

X-Ray structures of 2a & 2b: 

Crystals of 2a & 2b were grown through slow evaporation of crude product in a mixed solution of n-hexane 

and chloroform (3:1 ratio). Compound 2a crystallizes in triclinic space group such as P-1 with asymmetric 

unit composed of one TC4A molecule and 0.5 H2O as guest where as 2b in monoclinic space group i.e. 

P21/c with asymmetric unit of one TC4A molecule and one CHCl3 as guest (see supporting information for 

atomic numbering of 2a & 2b). Both 2a & 2b stabilized in pinched cone conformation with the following 

inward and out ward phenyl ring centroid distances 5.578Å (centroid B---centroid D), 7.508Å (centroid 

A---centroid C) for 2a, 4.389 Å (centroid F---centroid H), 8.160Å (centroid E---centroid G) for 2b. 

Intramolecular S---O interactions between divalent sulfur and phosphoryl oxygen further stabilized the 

conformations of 2a & 2b. The corresponding distances are 3.223Å (S4---O2), 3.222Å (S2---O10) in 2a 

(ESI Figure S1) and 3.416Å (S---O2), 3.128Å (S3---O6), 3.321Å (S4---O4) in 2b (ESI Figure S1). In 

addition to S---O interactions 2b also maintained the intramolecular CH---π interactions with distances 

3.128Å (centroid F---H20B), 3.555Å (centroid H---H40) (ESI Figure S2). 

The symmetry expansion of 2a & 2b reveals that the outward phenyl rings in the pinched cone TC4A 

molecules held together by intermolecular CH---π interactions. In both 2a & 2b, CH---π interactions were 

observed between aromatic rings and hydrogen atoms of the ethyl groups of neighboring TC4A molecules. 

The corresponding CH---centroid distances are 3.215Å (centroid A---H28C), 3.223Å (centroid C---H56A) 

for 2a (Figure 1), 3.698Å (centroid F---H20A) for 2b (Figure 2). 
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Figure 1. Expanded structure of 2a showing intermolecular CH---π interactions, except O8, O16A 

methyl groups, all hydrogens were omitted for clarity. Each element was depicted as follows: 

S=yellow, O=red, P=brown, C=grey, H=white 

 

 

Figure 2. Expanded structure of 2b showing intermolecular CH---π interactions. Except C40 

hydrogens, all hydrogens were omitted for clarity. Each element was depicted as follows: S=yellow, 

O=red, P=brown, C=grey, H=white 

 

In addition to CH---π interactions, phosphoryl oxygens are actively participating in making the structures of 

2a & 2b as three-dimensional supramolecular assemblies via hydrogen bonding. In the case of 2a, all 

phosphoryl oxygens showed hydrogen bonding with ethyl groups of neighboring TC4A molecules and the 

corresponding distances are 3.138Å (O2---C25Aa), 2.580Å (O2---H25Ba) (ESI Figure S3), 3.298Å 

H40A	
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(O6---C27Ab), 2.678Å (O6---H27Bb) (ESI Figure S4), 3.216Å (O10---C56Ac), 2.537Å (O10---H56Cc) 

(ESI Figure S5), 3.381Å (O14---C55Ad), 2.442Å (O14---H55Bd) (ESI Figure S6). Symmetry elements 

are a–x, 1-y, 1-z, b1-x, 1-y, 1-z, c1+x, y, z, d-x, 1-y,-z. In the case of 2b, phosphoryl oxygens O2, O10 

showed hydrogen bonding with ethyl groups and O6 showed hydrogen bonding with aromatic carbon 

atoms of neighboring TC4A molecules. The corresponding distances are 3.466 Å (O2---C38a’), 2.615 Å 

(O2---H38Aa’) (ESI Figure S7), 3.221Å (O6---C4b’), 2.577 (O6---H4 b’), 3.290 Å (O6---C3 b’), 2.737 Å 

(O6---H3 b’), 3.932 Å (O6---C14c’), 3.027 Å (O6---H14c’), 3.401Å (O6---C34c’), 2.480 Å (O6---H34c’) (ESI 

Figure S8), 3.522 Å (O10---C19d’), 2.589 Å (O10---H19d’), 3.569 Å (O10---C39 b’), 2.627 Å 

(O10---H39Ab’) (ESI Figure S9). The symmetry elements are a’x, 1/2-y, -1/2+z, b’x, 1+y, z, c’-x, 1/2+y, 

1/2-z, d’x, 1.5-y, 1/2+z. 

Further the CHCl3 guest located between the TC4A molecules in the crystal structure of 2b gives additional 

stability for its supramolecular assembly. Each CHCl3 molecule interacts with four neighboring TC4A 

molecules through host-guest interactions such as halogen bonding and hydrogen bonding. There is three 

such types of interactions observed between host and guest molecules viz, (1) aliphatic-H---Cl interactions 

between Cl atoms of the guest and hydrogens of ethyl moiety of the host and the corresponding distances 

are 2.998Å (Cl1B---H8Ae’), 3.400Å (Cl1B---H37e’) (ESI Figure S10), 2.888Å (Cl1B---H29f’) (ESI 

Figure S11), 2.888Å (Cl3B---H38Ag’) (ESI Figure S12). (2) Interaction between the Cl and oxygen of 

phosphoryl group and the corresponding distance and angles are 3.006 Å (Cl3B---O2b’), α = 176.43o 

(C41B---Cl3B---O2b’) (ESI Figure S13) (3) hydrogen bonding between carbon atom of the guest and 

oxygen of the phosphoryl group of host and the corresponding distances are 3.309Å (C41B---O10f’), 

2.382Å (H41B---O10f’) (ESI Figure S10). The symmetry elements are e’1-x, 1-y, 1-z, f’1-x, 2-y, 1-z, g’x, 

1.5-y, -1/2+z. 

Liquid-Liquid extraction of 2a & 2b using PGM solutions: 

We studied liquid-liquid extraction of metals from PGM solution using 2a & 2b. Compounds 2a & 2b were 

most selective and efficient towards Pd (II) ions in PGM solution. Compound 2a extracted 87.6% of Pd (II) 

along with 18.6% of Zr. 100% Selectivity was observed in the case of compound 2b, it extracted 83.2% of 

Pd (II) selectivity from PGM solution. No other metal was extracted in the PGM solution (Figure 3). 

Phosphate group and bridged sulfur atom present in the macrocyclic structure of 2a & 2b may be the 

responsible for high selectivity towards Pd (II) ions in the PGM solution.21 It is expected that, affinity of 

lower rim modified tert-Bu-TCnA derivatives towards Zr ions allowed the small amount of Zr ions along 

with Pd (II) ions in the case of 2a.10, 15, 22 
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Figure 3. Extractability of Pd (II) ions from PGM solution containing nine metal ions by 2a and 2b.  

pH of PGM solution: 0.65. 

Effect of pH: 

The extraction of Pd (II) ions from aqueous solution is moderately depends on the pH of the solution. The 

extractability (E%) of 2a was determined at six different pH levels in the range of 0-5 with 24 h contact time. 

The maximum E% was observed at pH >3. Reasonable E% values were observed at pH 0-2. 20.9% of 

extraction was observed at pH 0, and the E% value increased from pH 1 (Figure 4). As the pH increases 

from 0 - 3, the anionic species such as PdCl4
2- ions were predominant and favorable species15 for the 

complexation with phosphorus and sulfur21, which results increase in the extractability of 2a. Hence 100% 

extractability was observed at pH 3. Similar results were observed with compound 2b. 

 

Figure 4. Effect of pH on Pd (II) extraction. Conditions: [extractant] = 1.0 mM, [Pd(II)] = 1.0 mM, 

time = 24 h. 
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Effect of contact time: 

The effect of contact time on the E% values of 2a & 2b were determined by varying the contact time in the 

range of 1 h to 42 h (Figure 5). The E% values were highly depends on the contact time. As the contact time 

increases, the E% also increased and 100% extraction was observed at 24 h. hence the contact time of 

extractants used in the further studies was fixed as 24 h. Similar behavior was observed in the case of 

compound 2b. 

 

Figure 5. Effect of contact time on Pd (II) extraction. Conditions: [extrcactant] = 1.0 mM, [Pd (II)] 

= 1.0 mM, pH = 3. 

 

Jobs Continuous Variation Method: 

The favorable complexation formed between 2a and Pd (II) ions were determined using Jobs continuous 

variation method. Same concentrations of 2a in chloroform (1 mM) and Pd (II) (1 mM, pH 3) in HCl were 

mixed in different ratios. The solutions were shaken for 24 h and 300 strokes/min, then the layers were 

separated and the absorbance of the organic phase was determined using UV-visible spectrophotometry at 

438 nm. The results were plotted as absorbance (A) versus mole fraction of 2a (Figure 6). The 2a-Pd(II) 

complex exhibited maximum absorbance at 0.5mol fraction, which indicates that the each molecule of 2a 

coordinates one Pd (II) ion. Similar complexation behavior was observed with 2b (ESI Figure 14) 

31P and FT-IR data of 2a and 2a-Pd (II) complex were recorded. The spectral data of the complex were 

significantly different from 2a indicating complex formation between 2a and Pd (II) ions. The 31P NMR 

spectra of 2a showed peak at -6.72 ppm where as 2a-Pd (II) complex showed two peaks at -5.14 ppm and 

-12.77ppm. The additional peak in 31P NMR of 2a-Pd (II) was due complex formation between Pd (II) ions 
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and 2a. In FT-IR spectra the peak corresponds P=O shifted from 1282 cm-1 to 1274 cm-1 also represents the 

complex formation between 2a and Pd (II) ions.  

 

Figure 6. Jobs continuous variation results for extraction of Pd (II) using compound 2a 

 
CONCLUSIONS 

In conclusion, we synthesized two new lower rim phosphate modified TC4A derivatives and their crystal 

structure and extractability towards rare metal ions from PGM solution was investigated. CH---π 

interactions and hydrogen bonding are the building blocks in the construction of three 

dimensionalsupramolecular assemblies of 2a & 2b. In addition, both the compounds showed high affinity 

and selectivity towards Pd (II) ion in PGM solution.  

 

EXPERIMENTAL 

Experimental procedure for the synthesis of 2a & 2b: 

To a suspension of 1a / 1b (0.0005 mol) in acetone (20 mL), K2CO3 (0.004 mol) was added. Then, diethyl 

chlorophosphate (0.008 mol) in 10 mL of acetone was added drop wise. The mixture was refluxed for 10 h. 

The progress of the reaction was monitored using thin layer chromatography (TLC). After cooling down to 

room temperature, the solvent was removed under reduced pressure. The resultant material added CHCl3, 

and then washed with 1N HCl solution. The solvent was removed under reduced pressure. The crude 

product was obtained, which was recrystallized from 3:1 n-hexane and CHCl3 to give pure product 2a / 2b. 

Spectral data of 2a:  

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.1 0.3 0.5 0.7 0.9

A
b

so
rb

a
n

ce
 (

4
3

8
 n

m
)

[2a]/[2a]+PdCl2

2a-Pd (II) complex

996 HETEROCYCLES, Vol. 91, No. 5, 2015



 

Yield: 88.8%; 1H NMR (600 MHz, CDCl3): 7.43 (s, 2H, Ar), 4.39-4.48 (m, 6H, P(O)CH2CH3), 1.39 (t, 6H, 

J=7.2 Hz, P(O)CH2CH3), 1.12 (s, 9H, tert-Bu.); 31P NMR (600 MHz, CDCl3): -6.72; FT-IR: 1282 (P=O); 

MALDI-TOF MS: 1264 (M+), 1287 (M+Na). Anal. Calcd for C56H84O16P4S4 (%): C, 53.14; H, 6.69. 

Found: C, 52.99; H, 6.56.  

Spectral data of 2b:  

Yield: 74.4%; 1H NMR (600 MHz, CDCl3): 6.98 (s, 2H, Ar), 6.80 (d, 1H, J=6.6 Hz, Ar), 4.35-4.41 (m, 4H, 

P(O)CH2CH3), 1.38 (t, 6H, J=6.6 Hz, P(O)CH2CH3); 
31P NMR (600 MHz, CDCl3): -4.69; FT-IR: 1266 

(P=O); MALDI-TOF MS: 1040 (M+), 1063 (M+Na). Anal. Calcd for C40H52O16P4S4 (%): C, 46.15; H, 5.03. 

Found: C, 45.90; H, 4.82.  
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Scheme 1. Synthesis of TC4A-Phosphates (2a & 2b) 

 

X-Ray crystallography: 

The crystals in mother liquid were picked up with pipette, and dropped in Paraton. The single crystals 

coated with oil were isolated on Micromounts TM, and the crystals were placed in a cold nitrogen steam at 

120 K. X-Ray diffraction data were collected on a Rigaku Saturn CCD diffractometer equipped with 

graphite-monochromated MoKα radiation. The structures were solved by direct methods using 

SHELXS-9723 and refined using full-matrix least-squares method on F2 with the SHELXL-97 program.24 

Crystal data for 2a: 

C56H84O16P4S4 0.5(H2O), Fw = 1274.35, crystal dimensions = 0.2 × 0.2 × 0.2 mm, colorless block, triclinic, 

space group P-1, a = 11.585 (2), b = 13.777 (3), c = 21.038 (5) Å, α = 88.757 (6)°, β = 80.115 (4)°, γ = 

77.381 (5)°, V = 3227.6 (12) Å3, Z = 2, MoKα radiation (λ= 0.71075 Å), Å), T = 120K, μ(Mo Kα)=0.310 

mm-1, 44243 measured reflections, 14621 unique reflections (Rint = 0.0969), 12426 observed reflections, 

855 parameters, R = 0.0315 (I>2.00 σ(I)), wR = 0.0770 (all data), refined against [F], GOF = 1.051. Several 

carbons and oxygens of diethyl phosphate moiety showed disorder and the disorder atoms were refined 

isotropically. The parts containing C14A and C14B, C25A and C25B, C26A and C26B, C27A and C27B, 
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C28A and C28B, C55A and C55B, O7A and O7B, O16A and O16B were refined as parts of disordered 

carbon and oxygen atoms respectively.  

Crystal data for 2b: 

C40H52O16P4S4 CHCl3, Fw = 1160.31, crystal dimensions = 0.3 × 0.25 × 0.25 mm, colorless block, 

monoclinic, space group P21/c, a = 18.964 (4), b = 11.944 (2), c = 24.254 (5) Å, α = 90°, β = 109.415 (2)°, 

γ = 90°, V = 5181.3 (18) Å3, Z = 4, MoKα radiation (λ= 0.71075 Å), T = 120K, μ(Mo Kα)=0.310 mm-1, 

68866 measured reflections, 11766 unique reflections (Rint = 0.0380), 11244 observed reflections, 855 

parameters, R = 0.0487 (I>2.00 σ(I)), wR = 0.1216 (all data), refined against [F], GOF = 1.104. Several 

carbons s of diethyl phosphate moiety showed disorder and the disorder atoms were refined isotropically. 

The parts containing C10A and C10B, C17A and C17B, C18A and C18B were refined as parts of 

disordered carbon atoms. 

Crystallographic data of the crystals have been deposited at the Cambridge Crystallographic Data Center in 

CIF format CCDC no. 1049894, 1049895. Copies of the data can be obtained free of charge on application 

to CCDC (deposit@ccdc.cam.ac.uk). 

Liquid – Liquid extraction of Pd (II) ions from a PGM solution: 

Platinum group metal (PGM) solution containing nine metal ions, namely, Al, Ba, Ce, Pd, Pt, Rh, La, Zr 

and Y was diluted 10 times with water and used for the liquid liquid extraction study. The pH of the diluted 

PGM solution was 0.65. The concentrations of metal cations in the diluted solution were determined by 

inductively coupled plasma atomic emission spectrometry(ICP-AES) and listed in ESI Table 1. 

In a 50 mL of tube, 10 mL of 2a or 2b (1 mM) in CHCl3 was mixed with the diluted PGM solution (10 mL). 

The mixture was then shaken at 300 strokes/min for 24 h. The concentrations metal ions remaining in the 

aqueous phase, [M]aq, were determined by ICP-AES. Compounds2a and 2b were highly selective and 

efficient towards Pd (II) ions in PGM solutions. Compound 2a extracts 87.6% Pd along with 18.6% of Zr 

and compound 2b extracts 83.2% Pd from PGM solution (ESI Table 2). Any other metal ions were not 

extracted in the PGM solution. 

Liquid-Liquid extraction of Pd(II) ions: 

Liquid-Liquid extraction studies were performed in triplicate at room temperature with 1 mM of 2a (10 

mL) in CHCl3 and 1 mM PdCl2 in HCl (10 mL) in glass bottles. The mixture was shaken at 300 strokes/min 

for desired time. The concentration of Pd(II) ions in the aqeous phase was measured using ICP-AES. 

The extractability (E%) was calculated using the following equation. 
 

 

Where C1 and C2 are initial and final concentration (mM) of metal ion in aqueous layer, respectively 

 

E%  =  
C1 - C2 

C2 

998 HETEROCYCLES, Vol. 91, No. 5, 2015



 

 

REFERENCES (AND NOTES) 

1. (a) P. Lhotak, Eur. J. Org. Chem., 2004, 1675; (b) N. Morohashi, F. Narumi, N. Iki, T. Hattori, and S. 

Miyano, Chem. Rev., 2006, 106, 5291; (c) R. Kumar, Y. O. Lee, V. Bhalla, M. Kumar, and J. S. Kim, 

Chem. Soc. Rev., 2014, 43, 4824. 

2. (a) T. Sone, Y. Ohba, K. Moriya, H. Kumade, and K. Ito, Tetrahedron, 1997, 53, 10689; (b) H. 

Kumagai, M. Hasegawa, S. Miyanari, Y. Sugawa, Y. Sato, T. Hori, S. Ueda, H. Kamiyama, and S. 

Miyano, Tetrahedron Lett., 1997, 38, 3971. 

3. (a) N. Iki and S. Miyano, J. Incl. Phenom. Macrocycl. Chem., 2001, 41, 99; (b) N. Kon, N. Iki, and S. 

Miyano, Org. Biomol. Chem., 2003, 1, 751. 

4. (a) N. Iki, T. Suzuki, K. Koyama, C. Kabuto, and S. Miyano, Org. Lett., 2002, 4, 509; (b) N. Kon, N. 

Iki, and S. Miyano, Org. Biomol. Chem., 2003, 1, 751; (c) D. Yuan, M. Wu, B. Wu, Y. Xu, F. Jiang, 

and M. Hong, Cryst. Growth Des., 2006, 6, 514. 

5. H. Al-Saraierh, D. O. Miller, and P. E. Georghiou, J. Org. Chem., 2005, 70, 8273. 

6. S. Tanaka, H. Katagiri, N. Morohashi, T. Hattori, and S. Miyano, Tetrahedron Lett., 2007, 48, 5293. 

7. D. Weber, M. Gruner, I. I. Stoikov, I. S. Antipin, and W. D. Habicher, J. Chem. Soc., Perkin Trans. 2, 

2000, 1741. 

8. I. I. Stoikov, O. A. Mostovaya, A. A. Yantemirova, I. S. Antipn, and A. I. Konovalov, Mendeleev 

Commun., 2012, 22, 21. 

9. (a) R. Murugavel, A. Choudhury, M. G. Walawalkar, R. Pothiraja, and C. N. R. Rao, Chem. Rev., 2008, 

108, 3549; (b) R. Engel, Chem. Rev., 1977, 77, 349. 

10. M. Ulzii, K. U. M. Rao, M. Yamada, and F. Hamada, Heterocycles, 2014, 89, 2554. 

11. (a) A. Fornalczyk and J. Archiev. Mater. Manuf. Eng., 2012, 55, 864; (b) C. J. Yang, Energy Policy, 

2009, 37, 1805. 

12. J. Tollefson, Nature, 2007, 450, 334. 

13. (a) S. Itoh, C. Li, M. Yamada, M. Akama, Y. Shimakawa, Y. Kondo, and F. Hamada, Int. J. Soc. Mater. 

Eng. Resour., 2010, 17, 211; (b) M. Yamada, A. Shibayama, Y. Kondo, and F. Hamada, Int. J. Soc. 

Mater. Eng. Resour., 2007, 15, 13. 

14. M. Yamada, M. R. Gandhi, Y. Kondo, and F. Hamada, Supramol. Chem., 2014, 26, 620. 

15. M. R. Gandhi, M. Yamada, Y. Kondo, R. Sato, and F. Hamada, Ind. Eng. Chem. Res., 2014, 53, 2559. 

16. (a) Y. Kondo, A. Shibayama, F. Hamada, M. Yamada, M. Akama, and T. Imai, U. S. Patent, 8,038, 

969, 2011; (b) Y. Kondo, A. Shibayama, F. Hamada, M. Yamada, M. Akama, and T. Imai, U. S. Patent, 

2010/0129277, 2010; (c) Y. Kondo, C. Li, M.Yamada, and F. Hamada, U. S. Patent, 2011/0011215, 

2010.  

HETEROCYCLES, Vol. 91, No. 5, 2015 999

http://dx.doi.org/10.1002/ejoc.200300492
http://dx.doi.org/10.1021/cr050565j
http://dx.doi.org/10.1039/c4cs00068d
http://dx.doi.org/10.1016/S0040-4020(97)00700-X
http://dx.doi.org/10.1016/S0040-4039(97)00792-2
http://dx.doi.org/10.1023/A:1014406709512
http://dx.doi.org/10.1039/b210198j
http://dx.doi.org/10.1021/ol017053l
http://dx.doi.org/10.1039/b210198j
http://dx.doi.org/10.1021/cg050446x
http://dx.doi.org/10.1021/jo050488s
http://dx.doi.org/10.1016/j.tetlet.2007.05.150
http://dx.doi.org/10.1039/b000465k
http://dx.doi.org/10.1039/b000465k
http://dx.doi.org/10.1016/j.mencom.2012.01.007
http://dx.doi.org/10.1016/j.mencom.2012.01.007
http://dx.doi.org/10.1021/cr000119q
http://dx.doi.org/10.1021/cr000119q
http://dx.doi.org/10.1021/cr60307a003
http://dx.doi.org/10.3987/COM-14-13083
http://dx.doi.org/10.1016/j.enpol.2009.01.019
http://dx.doi.org/10.1016/j.enpol.2009.01.019
http://dx.doi.org/10.1038/450334a
http://dx.doi.org/10.5188/ijsmer.17.211
http://dx.doi.org/10.5188/ijsmer.17.211
http://dx.doi.org/10.5188/ijsmer.15.13
http://dx.doi.org/10.5188/ijsmer.15.13
http://dx.doi.org/10.1080/10610278.2014.887202
http://dx.doi.org/10.1021/ie404161s


 

17. M. R. Gandhi, M. Yamada, Y. Kondo, A. Shibayama, and F. Hamada, Hydrometallurgy, 2015, 151, 

133. 

18. (a) M. Karavan, F. A. Neu, V. H. Bruder, I. Smirnov, and V. Kalchenko, J. Incl. Phenom. Macrocycl. 

Chem., 2010, 66, 113; (b) H. Naritav and M. Tanaka, J. MMIJ, 2011, 127, 175; (c) J. Shibata and A. 

Okuda, J.MMIJ (Shigen-to-Sozai), 2002, 118, 1. 

19. (a) Y. Ting, W. Verboom, L. C. Groenen, J. D. Loon, and D, N. Reinhoudt, J. Chem. Soc., Chem. 

Commun., 1990, 1432; (b) L. N. Markovskii, V. I. Kalchenko, and N. A. Parkhomenko, Zh. Obshch. 

Khim., 1990, 60, 2811; (c) V. I. Kalchenko, Y. Lipkovskii, Y. A. Simonov, M. A. Vysotskii, K. 

Suvinska, A. A. Dvorkin, V. V. Pirozhenko, I. F. Tsymbal, and L. N. Markovskii, Zh. Obshch. Khim., 

1995, 65, 1311. 

20. Z. Goren and S. E. Biali J. Chem. Soc., Perkin Trans. 1, 1990, 1484; (b) J. E. McMurry, and J. C. 

Phelan, Tetrahedron Lett., 1991, 32, 5655. 

21. (a) H. Katagiri, N. Morohashi, N. Iki, C. Kabuto, and S. Miyano, Dalton Trans., 2003, 723; (b) N. 

Morohashi, N. Iki, S. Miyano, T. Kajiwara, and T. Ito, Chem. Lett., 2001, 66; (c) K. Huang, J. Qi, X.-X. 

Liu, Y.-F. Liu, W.-H. Li, Z.-L. Yang, S.-F. Weng, Y.–Z. Xu, and J.-G. Wu, Guangpuxue Yu Guangpu 

Fenxi, 2008, 28, 2038.  

22. Y. Kondo, M. Ulzi, S. Itoh, M. Yamada, and F. Hamada, Int. J. Soc. Mater. Eng. Resour., 2014, 20, 

103. 

23. G. M. Sheldrick, SHELXL-97: Program for solution of crystal structures, University of Göttingen, 

Germany, 1997. 

24. G. M. Sheldrick, SHELXL-97: Program for refinement of crystal structures, University of Göttingen, 

Germany, 1997. 

 

1000 HETEROCYCLES, Vol. 91, No. 5, 2015

http://dx.doi.org/10.1007/s10847-009-9660-4
http://dx.doi.org/10.1007/s10847-009-9660-4
http://dx.doi.org/10.1039/p19900001484
http://dx.doi.org/10.1016/S0040-4039(00)93521-4
http://dx.doi.org/10.1039/b208317e
http://dx.doi.org/10.1246/cl.2001.66



