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Herein, three novel cone thiacalix[4]pseudocrown receptors 1-3, bearing anthraquinone and triazole
functions as well as different side arms, were successfully synthesized via a double click reaction as the
key step. Their recognition properties have been fully evaluated using optical, electrochemical, and

theoretical methods. Receptor 1 features high selectivity for Pb%*, whereas receptor 2 can optically
Received 31st May 2017 ize 7n?* in th £ Cd2* This diff f bindi ificity t tal i b
Accepted 1st July 2017 recognize Zn“" in the presence o . This difference of binding specificity to metal ions may be
ascribed to the remote tuning effect from the side arms connected to the lower rim of thiacalix[4]arene

DOI: 10.1039/c7ra06083a that realizes the accommodation of binding specificity. Moreover, the plausible coordination modes have

rsc.li/rsc-advances been presented.

1. Introduction

The design and synthesis of optical and redox-active receptors
for the efficient detection of environmentally and biologically
relevant ionic species is a challenging topic." This type of
receptors combines signaling reporters with well-defined
recognition centers to enable facile detection of ion binding
through optical and electrochemical techniques. In particular,
the selective detection of Zn®* and Pb*" ions is one of the most
interesting projects as the former plays key roles in many
biochemical processes®™ and the latter is an ongoing danger to
the human health, especially to children.**™*
Thiacalix[4]Jarenes are a kind of versatile scaffolds for
highly organized receptors because of their specific affinity
and allosteric features in molecular recognition.'** In recent
years, many optical receptors have been designed and
synthesized based on the thiacalix[4]arene scaffold. Excellent
examples include quinoline, rhodamine, naphthalene, pyr-
ene, as well as coumarin-appended thiacalix[4]arene recep-
tors.?>2® On the other hand, to date, less attention has been
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paid to developing the corresponding redox active recep-
tors.>”* In particular, there is a paucity of optical and redox-
active receptors involving thiacalix[4]arene.”” Thiacalix[4]
crown, with one or two crown ether(s) at the lower rim of
the thiacalix[4]Jarene unit, possesses various donor atoms
within its crown ring and can accommodate desired
substrates.'®**** Thus, it is essential to develop optical
and redox-active thiacalix[4]crowns as candidate receptors
for the highly selective and sensitive detection of desired
substrates as they provide facile access to multiple
monitoring.

Anthraquinone can be used as a signal reporter in sen-
sors because its optical and electrochemical properties can be
significantly perturbed by chemical stimuli.**> The 9,10-
anthraquinone probe is known to exhibit a pronounced color
change and remarkable potential shift when it interacts with
some metal ions.**** Recently, the click reaction has become
a powerful strategy for molecular linking in synthetic chem-
istry.>*?*” In view of these precedents, we combined the thia-
calix[4]arene scaffold and 9,10-anthraquinone function
through the double click reaction to construct new thiacalix[4]
pseudocrown receptors, 1-3 (Scheme 1), in which the 9,10-
anthraquinone group acted as an optical and electrochemical
reporter, two 1,2,3-triazole rings acted as both linkers and
potential binding sites, and various side arms could remotely
regulate the binding specificity. Their ability of binding metal
ions has been assessed by optical, electrochemical, and
theoretical techniques.

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Reagents and conditions: (a) N3CH,CH,OTs, KI, K,COs,
acetone, and reflux. (b) 1,8-bis(2-propynyloxy)anthraquinone, EtzN,
Cul, THF, H,O, and 60 °C. (c) BrCH,CO,Me, NaH, THF, and rt. (d) KOH,
H>O, THF, and rt.
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2. Results and discussion
2.1 Synthesis and characterization of the receptors 1-3

The synthesis of the receptors 1-3 is shown in Scheme 1.
Treatment of p-tert-butylthiacalix[4]arene with 2-azidoethyl-4-
methylbenzene-sulfonate and KI in an acetone solution using
anhydrous K,COj; as a base furnished the intermediate I (a cone
conformer) in 56% yield. Then, the double 1,3-dipolar cyclo-
addition ring-closure reaction of I with 1,8-bis(2-propynyloxy)
anthraquinone catalyzed by Cul yielded the thiacalix[4]pseu-
docrown receptor 1 in 51% yield. Receptor 2 was obtained in
good yield (82%) via treatment of 1 with methyl bromoacetate in
the presence of NaH in a dry THF solution. Hydrolysis of the
ester functions in 2 with KOH in THF provided the corre-
sponding receptor 3 in 93% yield. All the new thiacalix[4]arene
derivatives were fully characterized by "H NMR, "*C NMR, IR,
MS, and elemental analysis.

The NMR spectral data indicate that the receptors 1-3 and
intermediate I feature the cone conformation,** showing two
singlet peaks at 1.38-0.69 ppm in the 'H NMR and two doublet
peaks at 31.5-30.7 ppm in the *C NMR spectra. To further
examine the 3D structure of thiacalix[4]pseudocrown receptors,
the single crystal structure of 2 (Fig. 1) was determined by X-ray
crystallography. Analysis of the data reveals that receptor 2
adopts a pinched cone conformation. The dihedral angles
between the phenolic rings and the virtual plane defined by the
four bridging sulfur atoms are 33.3(0), 56.0(1), 88.7(0), and
83.7(1)°. The average distance between two vicinal sulfur atoms
is 5.523 A, fitting the previously reported values.* The two 1,2,3-
triazole rings exhibit the same orientation, with dissimilar tilted
angles. The dihedral angels between the triazole rings (N1-N2-
N3-C14-C13) and (N4-N5-N6-C31-C32) and the anthraqui-
none ring (C23-C24-C26-C27-C28-C29) are 48.9(0) and
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Fig.1 Crystal structure of 2, showing the atom-labelling scheme and
the disordered atoms. Displacement ellipsoids are drawn at the 30%
probability level. Hydrogen atoms and solvent molecules are omitted
for clarity.

11.2(1)°, respectively. The anthraquinone unit in 2 shows a v-
like shape, in which two outer phenyl rings make an inter-
planar angle of 21.1(1)°.* Note that the intraannular carbonyl
oxygen atom O3 is strongly bent out of the anthraquinone
plane. This distortion may be ascribed to the intramolecular
interactions between the carbonyl oxygen atom O3 and two
ether bridges. The 03---02 and 03---O5 distances are 2.665(6)
and 2.674(7) A, respectively, much shorter than the sum of the
van der Waals radii of two oxygen atoms (3.04 A).* In the solid
state, the molecule 2 possesses a well pre-organized array of
oxygen atoms and nitrogen atoms of the triazole rings that are
favorable for interaction with suitable guest species.

2.2 UV-vis and fluorescence studies

The recognition behavior of the receptors towards various
cations was first evaluated by UV-vis and fluorescence spec-
troscopy. UV-vis spectroscopy of 1 and 2 in CH,Cl,/MeCN (1 : 1,
v/v) solution revealed absorption maxima at 372 and 376 nm
(Fig. S1, ESIf), corresponding to the anthraquinone probe.*
The metal-binding properties of both receptors have been
investigated by monitoring the absorption changes upon the
addition of perchlorate salts of Li*, Na*, K", Cs*, Mg**, Ca™",
Co**, Ni**, Ag®, Cu**, Hg?*, Zn**, Cd**, and Pb**. As shown in
Fig. 2, upon the addition of Zn*" ions to the solution of 1, the
absorption at 372 nm shifted to 399 nm with a significant
absorbance enhancement. This change is probably due to the
coordination of 1 with Zn®". The fact is responsible for the
turning of pale-yellow color into deep-yellow one that can be

RSC Adlv., 2017, 7, 35528-35536 | 35529
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Fig. 2 Changes in the absorption spectrum of 1 (5.0 x 107> M) in
CH,Cl/MeCN (1:1, v/v) upon the addition of increasing amounts
of Zn®*.

detected by the naked eye. The Job's plot for the binding of 1
with Zn>* (Fig. S2, ESIf) provides a 1:1 stoichiometry. The
association constant log K obtained by fitting the titration data
is 5.73 M. A similar behavior was observed for Cd** and Pb>*
ions, which exhibited a smaller shift to 385 and 387 nm (Fig. S3
and S4, ESIt), respectively. No obvious changes were observed
in the UV-vis spectra upon the addition of other metal ions.
Under the same conditions, receptor 2 exhibited similar but
smaller changes in spectral absorption in the presence of Zn>",
Cd**, and Pb*" ions (Fig. S5-S7, ESIt). However, the association
constants for 1 and 2 were nearly parallel (Table S1, ESIT).
Similarly, the Job's plot for the binding of 2 with Pb>" (Fig. S8,
ESIY) also provided a 1 : 1 stoichiometry.

Assay of the ion affinity was also performed by monitoring
the changes originating from the fluorescence intensity of 1-3
induced by metal ions. A systematic change in the fluorescence
spectra associated with the addition of different metal ions is
shown in Fig. 3.

In the fluorescence spectra, 1 exhibited a weak fluorescence
with an emission band at 427 nm under excitation at 375 nm
(Fig. S9, ESIf). A clear fluorescence enhancement (ca. 140%,
Fig. 4) was observed upon the addition of Pb*>" at 465 nm,
whereas only 42% and 33% enhancements were obtained in the
cases of Zn>* and Cd** at 428 nm, respectively. Under identical
conditions, no increase in the fluorescent emission was detec-
ted upon the addition of other metal ions involving Li*, Na", K",
Cs', Mg>", Ca®*, Co™, Ni**, Ag", Cu®", and Hg>".

The red shift in the emission band of 1 could be assigned to
the ICT***? occurred via the coordination of 1 with Pb*>", When
Pb>* ion strongly interacts with the lone pair electrons of the
intraannular carbonyl oxygen atom with the aid of two triazole
rings (this has been ascertained by the electrochemical behavior
of the [1-Pb®"] complex hereinafter), charge transfer from the
1,8-oxygen atoms to the electron-deficient carbonyl group
becomes stronger. The enhancement of the fluorescence
intensity is presumably ascribed to the metal ion binding with
1,2,3-triazole rings followed by PET suppression.**** This
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Fig. 3 Changes in the fluorescence emission intensity of 1, 2 (5.0 x
107° M) in CH,Cl/MeCN (L : 1, v/v), and 3 (5.0 x 107> M) in THF/H,0O
(9 : 1, v/v) at pH 7.4 in HEPES after the addition of 1.0 equiv. metal ions.
Io and [ refer to the fluorescence emission intensity of 1-3 and that
after the addition of metal ions, respectively.
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Fig.4 Fluorescence spectraof1(5.0 x 107> M) in CH,Cl,/MeCN (1 : 1,
v/v) upon the addition of perchlorate salts of Li*, Na*, K*, Cs*, Mg?",
Ca®*, Co?*, Ni?*, Ag*, Cu?*, Hg?*, Zn?*, Cd?*, and Pb?* under an
excitation at 375 nm.

supposition has been initially confirmed by the following
theoretical calculations.

Fluorescence titration of 1 with Pb*" ions in CH,Cl,/MeCN
(1:1, v/v) was also performed. Fig. 5 shows the changes in the
fluorescence emission intensity of 1 upon the addition of
increasing amounts of Pb** ions. Binding analysis using the
method of continuous variations (Job's plot)***® established
a1: 1 stoichiometry for the [1-Pb**] complex (Fig. 5, inset). The
association constant log K was further determined to be 5.27
M ! by fitting the titration result.”’

The possible interferences by other metal ions were assessed
through competitive experiments. The fluorescence changes of

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Changes in the fluorescence emission spectrum of 1
(5.0 x 107> M) in CH,Cl,/MeCN (1 : 1, v/v) upon the addition of Pb**
ions under an excitation at 375 nm. The inset shows the Job's plot of 1
with Pb?*,

1 in CH,Cl,/MeCN (1:1, v/v) solution were measured via
treatment of 1.0 equiv. Pb>" ions in the presence of 50 equiv. of
other interfering metal ions involving Li*, Na*, K*, Cs*, Mg*",
Ca™", Co**, Ni**, Ag®, cu®', Hg**, Zn>", and Cd*". All the inter-
fering metal ions showed little or no interference with the
detection (Fig. 6, green bars), except Zn>" and Cd>" that
quenched the fluorescence to some degree. This unique selec-
tivity of 1 to Pb®>" may be ascribed to the result of the combi-
nation of the suitable coordination geometry of the chelating
receptor, the radius of Pb**, and the nitrogen-affinity character
of Pb*", indicating that receptor 1 can be potentially applied as
a probe for Pb*" ions.

Similar to 1, receptor 2, in which only two OH groups were
transformed into OCH,CO,Me moieties via the O-alkylation

[ (1 + Pb™ + M™)
5.5 2+ Zn” + M)
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Fig. 6 Competitive studies of [1-Pb?*] and [2-Zn?*] in CH,Cl,/MeCN
(1 : 1, v/v) with different cations. Green bars: selectivity of 1 (5.0 x 107>
M) towards Pb** upon the addition of different metal ions. Purplish red
bars: selectivity of 2 (5.0 x 10> M) towards Zn®>* upon the addition of
different metal ions. o and | refer to the fluorescence emission
intensity of 1 and 2 and that after the addition of metal ions,
respectively.
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reaction, showed a weak fluorescence with an emission band at
428 nm under excitation at 375 nm (Fig. S9, ESIf). A 4-fold
fluorescence enhancement was obtained in the presence of Pb>*
ions at 465 nm, and the binding constant log K, was 5.82 M "
(Fig. S10, ESIt), which was similar to the binding property of
receptor 1 for Pb*>" ions. To our surprise, upon the addition of
Zn>" ions, 2 displayed a 3.75-fold fluorescence enhancement at
476 nm. Fig. 7 shows the detailed fluorescence changes of 2
upon the gradual addition of Zn>" ions. The Job's plot (Fig. 7,
inset) for the binding of 2 with Zn>* shows a 1 : 1 stoichiometry,
whereas the association constant log K; of the [2-Zn**] complex
has been calculated to be 5.56 M. This different selectivity of 2
may be attributed to the influence of two ester functions at the
lower rim that can offer better flexibility of the thiacalix[4]arene
unit to remotely regulate the size of its crown cavity as the ester
functions cannot fix the structure via intramolecular hydrogen
bonding interactions.*

In view of the better selectivity of 2, we tried to develop
a chemosensor that could discriminate Zn>" from Cd>* to some
extent, considering their similarity in chemical properties.
Therefore, the competitive experiments of Zn** mixed with
other metal ions were performed (Fig. 6, purplish red bars). As
can be seen, among the metal ions tested herein, no significant
spectral changes were observed upon the addition of alkali
metal ions and some transition metal ions except for the case of
Cd**, where partial quenching was detected. The design of
receptors that offer high Zn®"/Cd*" selectivity is one of the
current challenges in cation recognition chemistry.***° Thus,
the ability to optically recognize Zn** in the presence of Cd*"* is
an interesting feature of this thiacalix[4]pseudocrown receptor.

2.3 Electrochemistry studies

The recognition properties of 1 and 2 towards the above-
mentioned metal ions were also proven by monitoring the
electrochemical behavior of 1 and 2 in the absence and pres-
ence of metal ions. Their electrochemical properties were

0:0 0‘1 0‘2 0‘3 0‘4 055 016 0‘7 OTB 0!9 1:0
[Zn*'] / [Zn?*] + 2]

Fluorescence Intensity

T T T —T T
520 560 600 640 680
Wavelength (nm)

T T T
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Fig. 7 Changes in the fluorescence emission spectrum of 2 (5.0 x
107° M) in CH,ClL/MeCN (1 : 1, v/v) upon the addition of Zn?* ions
under an excitation at 375 nm. The inset shows the Job's plot of 2 with
Zn?*,
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initially measured using cyclic voltammetry (CV) in CH,Cl,/
DMSO (3 : 1, v/v) containing 0.1 M n-Bu,NPFy as the supporting
electrolyte. The CV curves showed a quasi-reversible redox
couple that became more and more irreversible upon the
addition of metal ions. Alternatively, differential pulse voltam-
metry (DPV) was utilized. The cathodic peaks (Ep) at —0.95 and
—0.98 V were observed for 1 and 2, respectively, which corre-
sponded to the successive one-electron transfers to the
anthraquinone moiety of the receptors. Negligible changes in
the DPV voltammograms of both receptors were observed upon
the addition of Li*, Na¥, K", Cs*, Mg**, Ca*>*, Co*", Ni**, Ag",
Cu**, and Hg”" metal ions, whereas significant modifications
were found upon the addition of Zn>*, Cd**, and Pb*>* ions
(Fig. 8). On stepwise addition of Zn>" ions to the receptor 1,
a clear evolution of the reduction wave to Ep. = —0.83 V (AE,. =
120 mV) with an increase in the intensity of the initial wave was
observed (Fig. S11, ESIt), and the maximum shift of DPV was
obtained with 1.0 equiv. Zn®>* ions. This result confirms the
formation of the [1-Zn*'] complex. Receptor 1 also showed the
shifts of the reduction waves in the presence of Cd** and Pb**
ions, and new reduction waves at Ep. = —0.87 V (AEp,. = 80 mV)
and E,. = —0.88 V (AE,. = 70 mV) positively shifted (Fig. S12,
ESIf). In the presence of Zn>*, Cd**, and Pb*" ions, similar
results were obtained for 2 (Fig. S13, ESI}). Based on the
magnitude of these observed shifts, it can be speculated that
complexation exerts a more powerful effect on the anthraqui-
none moiety and two triazole rings than on the thiacalix[4]arene
cavity. The electrochemical selectivity of 1 and 2 may be
attributed to the compatibility between the receptors and metal
ions.

2.4 'H NMR titrations

To explore the 1 : 1 stoichiometry and coordination modes, 'H
NMR titration experiments were carried out for receptor 2 (9.0 x
107 M) in CDCIl; and Zn(ClO,), (3.0 x 10~ M) in CD;CN at
25 °C (Fig. 9). The complexation process of 2 induced not only

160 4
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Fig. 8 Shifts in the redox potential of 1-3 induced by the addition of

1.0 equiv. metal ions. The DPV of 1 and 2 were measured in CH,Cly,/

DMSO (3 : 1, v/v), and that of 3 was measured in THF/H,O (9 : 1, v/v) at
pH 7.4 in HEPES.
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Fig. 9 Partial *H NMR (300 MHz) spectra of 2 (9.0 x 107> M) in CDCls
upon the addition of increasing amounts of Zn(ClO4), (3.0 x 1071 M) in
CD=CN.

noticeable downfield changes in the chemical shifts of triazole-
H (Aé = 0.104 ppm) and OCH,, (Ad = 0.278 ppm) linked to the
anthraquinone unit but also relatively large upfield shifts in
OCH, (A6 = 0.183 ppm) and CO,Me (A6 = 0.130 ppm) of
OCH,CO,Me. The downfield-shift spectral changes of the tri-
azole ring protons and OCH, linked to the anthraquinone unit
can indicate that the two triazole rings and the anthraquinone
unit are acting as effective binding sites in the complexation
event; however, the upfield-shift changes show the adjustment
of the thiacalix[4]arene conformation. The titration isotherm
matches a 1 : 1 bonding model, which is in line with the results
obtained by the UV-vis titrations and fluorescence titrations.

2.5 Theoretical studies

To understand the remotely regulated effect resulting from the
different arms as well as the binding specificity of receptors 1
and 2, their structures were initially optimized via theoretical
calculations at the AM1/3-21G level of theory.*"** In the opti-
mized structures of 1 and 2 (Fig. 10), two triazole rings exhibit
the same orientation, and the anthraquinone unit has a v-like
shape, which is similar to the crystal structure of 2. The main

Fig. 10 Optimized structures (AM1/3-21G) of 1 and 2, showing dihe-
dral angles between opposite phenolic rings linked to the pseudoc-
rown unit. Hydrogen atoms are omitted for clarity.

This journal is © The Royal Society of Chemistry 2017
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difference is the conformational shape of their thiacalix[4]arene
core caused by the different arms at the lower rim, which can be
exactly identified by the dihedral angle (88.7° for 1 and 116.2°
for 2) between phenolic rings directly linked to the pseudoc-
rown moiety. This confirms the feasibility of adjusting the
pseudocrown cavity by changing the arms, which is the purpose
of our design.

Moreover, an optimized structure of [1-Pb*'] showed the
binding modes between the receptor and Pb** (Fig. 11), where
Pb*>* ion well occupied the pseudocrown cavity with the aid of
the intraannular carbonyl oxygen atom of the anthraquinone
group and nitrogen atoms of both 1,2,3-triazole rings. This
confirmed the supposition about the binding sites. Remarkably,
the most striking feature of [1-Pb*>'] is that the v-like shape of
the anthraquinone moiety was turning nearly into a plane. The
relevant torsion angles 01-C1-C2-C3 and O1-C1-C4-C5 are
179.5 and 179.8° in [1-Pb**], respectively, as compared to 153.3
and 155.9° in 1.

In the optimized structure of [1-Pb>'], there are intra-
molecular O-H:--O hydrogen bonds, which can restrict the
conformational transformation and fix the size of the pseu-
docrown cavity. This fact can explain the high specificity of 1
towards Pb>". Similarly, this increase in the structural rigidity of
[1-Pb**] could rationalize the fluorescence enhancement, which
was in agreement with the experimental phenomenon.
However, in the case of [2-Zn®"] (Fig. S14, ESIf), no corre-
sponding hydrogen bonds exist due to the replacement of OH
groups with OCH,CO,Me arms; thus, the thiacalix[4]arene
platform has enough flexibility to adjust the size of the pseu-
docrown cavity, fitting different cations. This may explain why 2
can recognize Pb>" and Zn”" ions at the same time.

The recognition properties of 3 towards different metal ions
were also studied using similar methods. Its absorption band is
centered at 386 nm. Changes in the absorption spectra of 3
upon the addition of Zn**, Co®*, and Ni** were observed, and
a new absorption band at 490 nm appeared (Fig. S15, ESIT). This
result is attributable to the formation of [3-M>"] (M*>" = Zn*",
Co>", and Ni*"). The fluorescence spectrum of 3 displays an
emission peak at 484 nm under excitation at 375 nm. Compared
with those of 1 and 2, the red-shifted fluorescence spectrum of 3
is ascribed to the dissociative proton of the carboxyl group
binding to the carbonyl group of the anthraquinone function.

Fig. 11 An optimized structure (AM1/3-21G) of [1-Pb®*], showing
coordination modes.
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Decreased emission bands were observed upon the addition of
Zn>*, Co>", and Ni*' ions to 3 (Fig. S16, ESI{), which could be
ascribed to a PET mechanism.** Moreover, an obvious DPV
response of 3 to Pb**, Zn**, and Cd** ions was found with
a positive potential shift, especially in the case of Pb>* ions. At
present, the selectivity of 3 for metal ions is not desirable, but its
solubility in aqueous media is improved. Therefore, we believe
that better selective receptors can be obtained in the future by
loading other water-soluble groups.

3. Experimental
3.1 Reagents and instruments

All reactions were carried out under a N, atmosphere using
standard Schlenk techniques. DMSO, MeCN, and CH,Cl, were
distilled under nitrogen over CaH,. K,CO3, TsCl, NaOH, KI, and
1,8-dihydroxy-9,10-anthraquinone were commercially obtained
and used without further purification. 'H and "*C NMR spectra
were obtained using a BRUKER ADVANCE 300 spectrometer. IR
spectra were obtained using a BIO-RAD FTS-40 spectrometer.
Mass spectrometric data were obtained using a HP1100 LC-
API4000 TQ Mass Spectrometer. Elemental analyses were per-
formed using a Perkin-Elmer 2400 analyzer. X-ray analysis was
performed via a Bruker Smart Apex CCD diffractometer. Melting
points were measured using a Yanaco MP-500 micro melting
point apparatus and uncorrected. UV-vis absorption spectra
were obtained using a Shimadzu UV-1700 absorption spec-
trometer. Fluorescence spectra were obtained using an FLS920
fluorescence spectrometer. Electrochemical experiments were
performed using a CHI660 electrochemical analyzer.

p-tert-Butylthiacalix[4]arene,*® 2-azidoethyl-4-p-toluenesulfo-
nate,”* 1,8-bis(2-propynyloxy)anthraquinone®
prepared according to literature methods.

and were

3.2 Synthesis and characterization of I

A mixture of p-tert-butylthiacalix[4]arene (0.150 g, 0.21 mmol),
2-azidoethyl-4-methylbenzenesulfonate (1.000 g, 4.16 mmol), KI
(0.697 g, 4.20 mmol), and K,CO; (0.035 g, 0.25 mmol) in dry
acetone (10 mL) was heated under reflux for 120 h and cooled
down to room temperature. After the removal of the solvent
under reduced pressure, the residue was dissolved in CH,Cl,
and washed with 5% HCI, saturated NaHCO;, and brine. The
organic layer was dried over anhydrous Na,SO, and evaporated
under reduced pressure. The crude product was purified by
flash column chromatography (silica gel, CH,Cl,/hexane =
6:1, Ry = 0.4) to obtain the intermediate I in a moderate 56%
yield as a white solid, mp: 217-218 °C. IR (KBr, cm ") vpay
3127.12 (OH), 2101.00 (N=N'=N"), 1245.29 (Ar-O-C), 1035.52
(C-0-C). 'H NMR (CDCl;, 300 Hz): 0.80 (s, 18H, ¢-Bu), 1.36 (s,
18H, t-Bu), 3.91 (t, 4H, /] = 4.91 Hz, NCH,), 4.77 (t, 4H, J =
4.95 Hz, OCH,), 6.95 (s, 4H, Ar-H), 7.69 (s, 4H, Ar-H), 7.81 (s,
2H, OH). "*C NMR (CDCl;, 75 Hz): 30.73, 31.46, 34.01, 34.19,
51.33, 72.52, 122.04, 128.96, 132.75, 134.56, 142.88, 148.32,
155.45, 155.65. Anal. (%) calcd for C44H5,NO,4S,4: C, 61.51; H,
6.33; N, 9.78. Found: C, 61.26; H, 6.20; N, 9.71.

RSC Adv., 2017, 7, 35528-35536 | 35533


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra06083a

Open Access Article. Published on 17 July 2017. Downloaded on 10/18/2025 5:02:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

3.3 Synthesis and characterization of 1

To a stirred suspension of Cul (0.014 g, 0.08 mmol) and Et;N
(0.18 mL, 3.02 mmol) in THF/H,O (12 mL, v/v = 3 : 1), a solution
of 5 (0.130 g, 0.15 mmol) in dry THF (10 mL) and the other
solution of 1,8-bis(2-propynyloxy)anthraquinone (0.048 g, 0.15
mmol) in dry THF (10 mL) were added at the same time. The
resulting mixture was stirred for 4 h at 60 °C. After removal of
the solvent under reduced pressure, the residue was dissolved
in CH,Cl, and washed with 5% HCI, saturated NaHCO;, and
brine. The organic layer was dried over anhydrous Na,SO, and
evaporated under reduced pressure. The crude product was
purified by flash column chromatography (silica gel, CH,Cl,/
acetone = 2: 1, Ry = 0.5) to obtain 1 in 51% yield as a yellow
solid, mp: 247-249 °C. IR (KBr, cm ') vpac 3133.03 (OH),
1672.46 (C=0), 1586.75 (N=N), 1242.81 (Ar-O-C), 1040.64 (C-
0-C). 'H NMR (DMSO-d, 300 Hz): 0.69 (s, 18H, t-Bu), 1.30 (s,
18H, t-Bu), 4.90 (br s, 4H, NCH,), 5.06 (br s, 4H, OCH,), 5.49 (s,
4H, OCH,), 6.88 (s, 4H, Ar-H), 7.25 (s, 2H, OH), 7.47-7.68 (m,
10H, AQ-H, Ar-H, overlap), 8.48 (s, 2H, Tri-H). ESI-MS: m/z [M]"
caled 1174.4, found: 1175.8 [M + 1]%, 1198.2 [M + Na]". Anal. (%)
caled for Cg HggNgOgS,: C, 65.39; H, 5.66; N, 7.15. Found: C,
65.10; H, 5.70; N, 7.18.

3.4 Synthesis and characterization of 2

A suspension of 1 (0.120 g, 0.10 mmol) and NaH (0.020 g, 0.82
mmol) in THF (6 mL) was stirred for 5 min, and then methyl
bromoacetate (0.10 mL, 1.02 mmol) was added. The resulting
mixture was stirred for 20 h at room temperature. After the
removal of the solvent under reduced pressure, the residue was
dissolved in CH,Cl, and washed with 5% HCI, saturated
NaHCOj3, and brine. The organic layer was dried over anhydrous
Na,SO, and evaporated under reduced pressure. The crude
product was purified by flash column chromatography (silica
gel, EtOAc/hexane = 1: 1, R = 0.4) to obtain compound 2 in
82% yield as a yellow solid, mp: 284-286 °C. IR (KBr, cm ™ ') vyax:
1759.02 (O-C=0), 1673.31 (C=0), 1587.68 (N=N), 1241.83
(Ar-0-C), 1041.83 (C-O-C). '"H NMR (CDCl;, 300 Hz): 0.87 (s,
18H, ¢-Bu), 1.38 (s, 18H, #Bu), 3.72 (s, 6H, CH3), 4.74 (s, 4H,
OCHy,), 4.83 (t, 4H, ] = 7.97 Hz, NCH,), 5.34 (s, 4H, OCH,), 5.45
(t, 4H, J = 7.94 Hz, OCH,), 6.97 (s, 4H, Ar-H), 7.48 (d, 2H, J =
8.22 Hz, AQ-H), 7.71 (t, 2H, ] = 7.91 Hz, AQ-H), 7.80 (s, 4H, Ar-
H), 7.95 (d, 2H, ] = 7.56 Hz, AQ-H), 8.43 (s, 2H, Tri-H). "*C NMR
(CDCl3, 75 Hz): 30.80, 31.40, 33.97, 34.49, 49.26, 52.17, 65.24,
72.82, 72.87, 120.36, 121.42, 124.26, 125.27, 128.94, 129.54,
130.97, 133.10, 134.04, 134.93, 135.83, 143.55, 147.18, 147.58,
155.82, 158.01, 160.02, 169.41, 181.88, 183.78. ESI-MS: m/z [M]"
caled 1318.4, found: 1320.1 [M + 2]%, 1341.8 [M + Na]". Anal. (%)
caled for C,oH,4,NgO1,S4: C, 63.71; H, 5.65; N, 6.37. Found: C,
63.52; H, 5.38; N, 6.51.

3.5 Synthesis and characterization of 3

To a solution of 2 (0.200 g, 0.15 mmol) in THF (6 mL), KOH
(0.021 g, 0.38 mmol) dissolved in water (1 mL) was added, and
the mixture was stirred for 17 h at room temperature. After
removal of the solvent under reduced pressure, the residue was
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dissolved in CH,Cl, and washed with 5% HCI and brine. The
organic layer was dried over anhydrous Na,SO, and evaporated
under reduced pressure. The crude product was purified by
recrystallization to obtain compound 3 in 93% yield as a yellow
solid, mp: 220-222 °C. IR (KBr, cm ™ ') va,: 1746.04 (0-C=0),
1671.30 (C=0), 1587.62 (N=N), 1242.54 (Ar-O-C), 1047.86 (C-
0-C). "H NMR (CDCl;, 300 Hz): 0.79 (s, 18H, ¢-Bu), 1.30 (s, 18H,
t-Bu), 4.53 (br s, 4H, OCH,), 4.75 (s, 4H, NCH,), 4.90 (s, 4H,
OCH,), 5.61 (br s, 4H, OCH,), 6.82 (s, 4H, Ar-H), 7.51 (s, 4H, Ar-
H), 7.62 (br s, 4H, AQ-H), 7.92 (br s, 2H, AQ-H), 8.43 (s, 2H, Tri-
H). *C NMR (CDCl;, 75 Hz): 30.76, 31.30, 34.03, 34.42, 49.97,
62.30, 71.84, 75.60, 119.10, 119.93, 123.24, 126.46, 128.36,
129.03, 133.22, 133.86, 134.37, 136.47, 143.17, 148.02, 148.09,
155.30, 157.47, 157.80, 169.46, 182.34, 183.02. ESI-MS: m/z [M]"
caled 1290.4, found: 1292.1 [M +2]", 1313.8 [M + Na]". Anal. (%)
caled for CggH-oNgO41,S4: C, 63.23; H, 5.46; N, 6.51. Found: C,
62.98; H, 5.22; N, 6.33.

3.6 Crystallography

Crystal data for 2, C;1H73NgO13S,, M = 1351.63, triclinic, space
group P1, a = 15.083(4) A, b = 15.371(4) A, ¢ = 16.395(4) A, a =
66.767(3)°, 8 = 81.148(4)°, v = 80.089(4)°, V = 3425.3(14) A®, u =
0.206 mm ', Z = 2, T= 173(2) K, crystal size 0.32 x 0.31 x 0.12
mm?, ¢ range 1.84-25.50°. Herein, 17 948 reflections were ob-
tained, of which 12 489 reflections were unique (R, = 0.0351).
Final R indices [I > 2¢(I)]: R, = 0.0652, wR, = 0.1525, R indices
(all data): R; = 0.1098, WR, = 0.1796, and goodness of fit on F* =
1.022. CCDC: 863160.

3.7 UV-vis/fluorescence tests

Stock solutions of the metal ions (5.0 x 10> M) were prepared
in MeCN (for 1 and 2) and deionized water (for 3). A stock
solution of 1 and 2 (5.0 x 10~> M) was prepared in CH,Cl,/
MeCN (1:1, v/v). A stock solution of 3 (5.0 x 107> M) was
prepared in THF/H,O (9:1, v/v, pH = 7.4, HEPES). For fluo-
rescence measurements, excitation was provided at 375 nm,
and emission was obtained at 427 nm, 428 nm, and 484 nm,
respectively, for 1, 2, and 3.

3.8 Electrochemistry tests

Electrochemical measurements were performed using a solu-
tion of 1, 2 (5.0 x 10~* M) in CH,Cl,/DMSO (3 : 1, v/v), and 3 (5.0
x 10~* M) in THF/H,O (9 : 1, v/v, pH = 7.4, HEPES) with 0.1 M n-
BuyNPF; as a supporting electrolyte, Hg/Hg,Cl, as the reference
electrode, along with platinum working and auxiliary elec-
trodes. Stock solutions of the metal ions (5.0 x 10~> M) were
prepared in DMSO (for 1 and 2) and deionized water (for 3). CV
was scanned at 200 mVs~'. DPV was carried out with a 50 mV
pulse amplitude at a scan rate of 5 mVs ™.

3.9 Theoretical calculations

The theoretical calculations were performed using the Gaussian
03 software package. The molecular structures of receptors 1
and 2 as well as their complexes were fully optimized using the
AM1 (Austin Model vs.1) method with the tight convergence

This journal is © The Royal Society of Chemistry 2017
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criteria in the gas-phase. The influence of counter-ions was not
considered. This semi-empirical method is popularly used for
the modeling of large molecular systems as it is a very conve-
nient and time-saving technique.

4. Conclusions

In summary, three novel cone thiacalix[4]pseudocrown recep-
tors 1-3, bearing an anthraquinone function as an optical and
electrochemical sensing probe and two 1,2,3-triazole rings as
key binding sites, have been prepared. Through accommo-
dating the crown cavity to alter the binding ability towards
various ions, two cone thiacalix[4]pseudocrown receptors, 1 and
2, were obtained to monitor Pb>" and Zn** ions, respectively,
with high selectivity. This provides an insight into the regula-
tion of the binding specificity of receptors by exchanging their
side arms. Moreover, the better water-solubility of 3 is of
importance for further development of this type of receptors.
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