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dlterndte conformations and the p-tert- butylcallx[4]drene 1,2- thldCl’
were synthesized and their binding abilities towards alkali and alkg
some lanthanides were studied using differential pulse volta
was investigation of the macrocyclic complexes by v
moieties in each scaffold. Their voltammetric behavio

cation and amdlc moieties in cahxcro L. e ctive changes in
voltammetric behavio | oreover, the sulfur in the
crown ring changed t . Furthermore, the position
of crown-3 ether in ed the domain of binding ability to
more cations.

o-baskets of calixarenes and calixcrowns are a versatile class of macrocycles, which
have been subject to extensive research in development of many extractants, transporters
and stationary phases (using gas chromatograph, Teif Gostar Faraz Co.) over the past
four decades [1-5]. Functionalization of calix[4]arenes at both the upper rim and the
lower rim has been extensively studied. Attaching donors to the lower rim of a
calix[4]arene can improve the binding strength of the parent calixarene dramatically. Two
main groups of lower-rim functionalized calix[4]arenes are calix[4]arene podands
and calixarene-crown ethers [6, 7]. Distal hydroxyl groups can be connected to give
1,3-bridged calix[4]crowns, while connection between proximal hydroxyl groups leads to
1,2-bridged calix[4]crowns. The 1,3-bridged calix[4]crowns exhibit high binding affinity
and selectivity toward alkali and alkaline earth metal cations [8], while research on
1,2-bridged calix[4]crowns lags far behind. Combining crown ethers with calix[4]arenes
increases the cation binding ability of the parent calixarenes, and control of the selectivity
is obtained through modulation of the crown ether size [9-12]. Attachment of
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Table 1. List of calixarenes used in the voltammetric techniques.

B. Mokhtari and K. Pourabdollah

Concept of study Type of calixarene Analyte References
Differential pulse anodic p-isopropylcalix[6]arene silver [13]
stripping voltammetry

Stripping voltammetry Langmuir-Blodgett film of a silver [14]
calix[4]arene derivative

Stripping voltammetry Langmuir-Blodgett film of cadmium [15]
allylcalix[4]arene

Anodic stripping voltammetry Langmuir-Blodgett film of cadmium [16]
p-allylcalix[4]arene

Anodic stripping voltammetry Langmuir-Blodgett film of mercury [17]
p-allylcalix[4]arene

Anodic stripping voltammetry 4-tert-butyl-1 -(ethoxycarbonyl-  mercury [18]
methoxy)thia-calix[4]arene

Differential pulse anodic strip- ~ Langmuir-Blodgett film of copper [19]

ping voltammetry
Adsorptive square wave
voltammetry
Cyclic voltammetry
Adsorptive stripping
voltammetry
Voltammetric methods
Cyclic voltammetry
Cyclic and differential pulse
voltammetry
Voltammetric methods
Voltammetric methods

Conductometric chemosenso

allylcalix[4]arene
tetrabenzyl ether calix[4]arene

calix[4]arene derivative
p-tert-butyl-calix[6]arene

calix[4]arene crown-4 ether
calix[4]arene crown-4 ether
p-tetra-butyl calix[6]arene-L-
Histidine
calixcrownchips

adduct formation of
2-furaldehyde

dopamine

folic acid

and amino acids

[20]

Electrochemical impedance [29]
spectroscopy
Conductivity gas sensQ methanol, ethanol and [30]
propanol
amino acids [31]
carbofuran [32]
carboxylic-calixarene, benzyl- arginine and lysine [33]

calixarene, and long chain
sulphonated-calixarene

proton-ionizable groups to calixcrowns can further improve their extraction properties
because the ionized group not only participates in metal ion coordination, but also
eliminates the need to transfer aqueous phase anions into the organic phase. Some
voltammetric techniques using calixarenes are tabulated in table 1.

In this work, three proton-ionizable calixcrowns with different proton-ionizable
moieties were synthesized including cone p-tert-butylcalix[4]arene-1,2-crown-3 diacid,
1,2-alternate p-tert-butylcalix[4]arene-1,2-crown-3 diacid, and cone p-tert-butylcalix[4]-
arene-1,2-thiacrown-3 diacid. The voltammetric behavior of the synthesized scaffolds
was determined using some alkali, alkaline earth, transition metals, and lanthanides.

2. Synthesis procedures

Reagents were obtained from commercial suppliers and used directly, unless otherwise
noted. Acetonitrile (MeCN) was dried over CaH, and distilled immediately before use.
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Figure 1. Synthesis of p-tert-butylcalix[4]arene-1,2-crown-3 di-carboxylic acids (4 and 6).

Model 1600 FT-IR spectrometer as deposits from CH2C12 S
"H and "C NMR spectra were recorded with a Vari
FT-NMR (‘H 500 MHz and‘3c 126 MHz) spec

The commonly empl
and diethylene glycol
butylcahx[4]arene-

detectable 2 was found. Another entirely different
sis of 2 (figure 1). Under Mitsunobu reaction

e a 54% yield. Compared with the commonly used methods, the
itsunobu reaction had a much shorter reaction time with a reasonable yield.
dorcover, conversion of the diethylene glycol into diethylene glycol ditosylate was
not necessary. p-Tert-butylcalix[4]arene-1,2-crown-3 (2) was treated with sodium
hydride in THF and reacted with ethyl bromoacetate at room temperature for 2 days
to form p-tert-butylcalix[4]arene-1,2-crown-3 diester (3) in the cone conformation in
61% yield. The synthesis procedure is shown in figure 1, schematically. The resulting
diester 3 was hydrolyzed with aqueous tetramethylammonium hydroxide in THF under
reflux to give diacid 4 in 88% yield. p-Tert-butylcalix[4]arene-1,2-crown-3 (2) was
treated with potassium hydride in THF and reacted with ethyl bromoacetate at room
temperature for 3 days to form p-tert-butylcalix[4]arene-1,2-crown-3 diester 5 in the
1,2-alternate conformation in 48% yield. The synthesis is depicted in figure 1. The
resulting diester 5 was hydrolyzed with aqueous tetramethylammonium hydroxide in
THF under reflux to give diacid 6 in 96% yield.

The p-tert-butylcalix[4]arene-1,2-thiacrown-3 (7) was synthesized following
the method used for making 2 (figure 2). Under Mitsunobu reaction conditions,
p-tert-butylcalix[4]arene (1) was treated with triphenylphosphine and diethylazodicar-
boxylate and reacted with 2,2’-thiodiethanol to form 7 in 29% yield. Details of the
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Figure 2. Synthesis of p-rert-butylcalix[4]arene-1,2-thiacrown-3 di-carboxylic acid (9).

preparation and characterization of all of the calixarenes are provided in
“Supplementary material.”

3. Experimental

Voltammetric measurements were obtained with a Model 660 electrochemicd
station (CH Instruments, Austin, TX, USA) with a three-
wire counter electrode, a glassy carbon working electrode ¢
reference electrode, separated from the solution by

residual alumina particles were thoroughl g i rking electrode in
an ultrasonic cleaner for 20 min and pure acetonitrile.
Calixcrowns 0.1 mmol 5 i lorate salts with various
concentrations were . Tetra-n-butylammonium hexa-
fluorohphosphat agdlfsed as supporting electrolyte.

e complexation of 0.1 mmol L™" 4, 6, and 9 towards various cations (including alkali,
line earth, transition metals, and lanthanides) were investigated by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) at glassy carbon electrode
in 0.1 molL™" TBAPFg/acetonitrile solution. According to figure 3, CVs of host
macrocycles show almost the same voltammetric behavior, which is no reduction peak
and two anodic peaks at 0.8 and 1.4 V in scaffolds 4 and 6, and 0.9 and 1.3 V in scaffold 9.

This phenomenon is related to the redox behavior of carboxylic acids and
intramolecular H-bonding (between two of carboxylic acid groups) in 4, 6, and 9.
Although oxidation of carboxylic acid exhibits one oxidation peak with two electron
and proton transfer in organic solution, formation of intramolecular H-bonding
between two carboxylic acids in 4, 6, and 9 makes one proton transfer easier and the
other more difficult, leading to oxidation peaks at a more positive potential and a less
positive potential, respectively. Oxidation behavior of two carboxylic acid groups in 4,
6, and 9 implies that H-bonding to carboxylic acid moiety is influenced by binding to
cations because the carboxylic acids are located around the crown ether.

In the rest of the experiments, DPV was used instead of CV to get a better resolution
of waves in the same condition. The voltammetric behaviors of carboxylic acids in host



Downloaded by [Renmin University of China] at 10:29 13 October 2013

Nano-baskets of calix[4]-1,2-crown-3 4083

[o1]
o

[+2]
o
1

S
o
|

4.0

»n
o
L

Current (uA)

o
1

-20 : ; ;
0.0 05 1.0 1.5 2.0
Potential vs. AgiAg” (V)

Figure 3. Cyclic voltammograms of 0.1 mmol L' 4, 6, and 9 at glassy carbon working electrode

properties of 4, 6, and 9. A constant volume of 10puL p
0.1 mol L~' TBAPF4 was added into the cell to make 0.1
solution. DPVs were recorded after adding stoj cations
successively to the respective electrochemical so
almost the same voltammetric behavio

the presence of 0.1 mm Kali metals, and lanthanides in
CH;CN. Obviously, t
reproducible.
igure 4, 4 in the presence of Na™ and Pb>" shows
DPV in both the peak current and the potential.
column of figure 4, by addition of one equivalent of alkali,
metals, and lanthanides to a solution containing macrocycle 6,
: hange was observed in the peak current or potential except for Pb*".
ed upon the right column of figure 4, addition of one equivalent of K*, Na™, Ba**,
Pb?* to 9 caused large decrease in anodic peak currents or even disappearance of
the original second anodic peak. This is due to the electrostatic interaction between 9
and the cations, leading to electrostatic perturbation of intramolecular H-bonding by
encapsulation of cations into crown ether and two carboxylic acid groups.

Regarding the role of binding site in the complex, the crown ether groups of 4 and 9
act mainly as landing sites for cations, while the carboxylic acid groups of 4, 6, and 9
constitute redox active centers as well as landing sites for binding. Figure 5
demonstrates metal ligation by either the crown ether groups or the carboxylic acid
moieties of 4, 6, and 9. The inclusion of divalent metal ions by the crown loop and
hydroxyl groups of carboxylic acids may cause deprotonation of carboxylic acids
[34, 35], which makes it difficult to oxidize carboxylic ion to carboxy radical in the
oxidation process. The reason is attributed to the repulsion between the carboxy radical
and the positive cations.

The peak height changes of the first oxidation potential of one equivalent of 4, 6, and
9 in the presence of one equivalent of different cations are tabulated in table 2. The bold
entries depict the most binding abilities. The orders of current decreasing in the first
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Figure 4. Differential pulse voltammograms of 0.1 mmol L™' 4, 6, and 9 (left to right) in the presence of
0.1 mmol L' alkali, alkaline earth, transition metals, and lanthanides in CH;CN.

peak of 4 and 9 are Pb?" < Na Tand K+ < Na™ < Ba?" < Pb*", respectively, in accord
with the order of potential shifts (AEp, = Ep,* — Ep,), which are tabulated in table 3.
These indicate that the binding tendencies of 4 and 9 towards the above-mentioned
cations follow the order Pb*" < Na™ and K+ < Na™ < Ba?" < Pb>™, respectively.
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Figure 5. Graphical illustration of the metal ligation by either the crown ether groups or the carboxylic acid
moieties of 4, 6, and 9.

Table 2. Changes of current ratio in the first anodic peak for complexation of 0.1 mmol L™ scaf
and 9 with 0.1 mmol L™" solutions of different metal perchlorate salts in CH;CN.

Macrocycle Cst Rbt K* Nat Ba’"

4 0.89 092 094 0.44 098 096 0.95
0.88 0.90 0.88 0.87 0.84
9 092 092 0.64 0.46 0.38 0.89 0.9,

=)

Table 3.

2 174 5 1 11 2 5 3 2
2 168 6 3 4 0 3 2 2

147 178 6 218 14 15 9 3 1 0 4

Complexion behavior of 4, 6, and 9 scaffolds with increasing amounts of
corresponding cations was continued. Figure 6 depicts the effect of concentration of
corresponding cations to 4, 6, and 9 scaffolds. With increasing the amounts of cations,
the anodic peaks of 4 at 0.8 V and 1.4 V decreased. The peak current at 0.8 V decreased
quantitatively by increasing the concentration of Pb>* and Na™, and gradually reached
the minimum value at one equivalent.

5. Conclusions

The voltammetric behavior of calix[4]crowns 4 and 6 and calix[4]thiacrown 9 and their
binding abilities toward alkali, alkaline earth, transition metals, and lanthanides were
examined by differential pulse voltammetry. Those compounds showed a selective
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Figure 6. Differential pulse voltammograms of 0.1 mmol L' 4 with Na™ (left) and Pb>* (right) in CH;CN.

K™, Na™, Ba®, Pb?" (for 9) in CH;CN. This is mainly due to the p
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