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a b s t r a c t

Macrocyclic benzo-thio crown ethers and benzo-oxo crown ethers were prepared using an esterification
ering closing method. These compounds were synthesised using 2,20-dithiodibenzoyl chloride, and
various glycols and dithiols, in the presence of pyridine base under a nitrogen atmosphere in chloroform.
All reactions were performed under reflux condition with conventional heating and microwave (MW)
irradiation. The synthesised macrocycles were characterised by FT-IR, 1H NMR, 13C NMR, LC-MS, and
elemental analysis methods. Extraction studies have been performed on these original macrocycles using
liquid-liquid ion-pair extraction with Liþ, Naþ, Kþ, Ni2þ, Ca2þ, Mg2þ, Zn2þ, Fe2þ,Fe3þ, Co3þ, Pb2þ, Cr3þ,
Agþ, and Cd2þ.The KD, ext.%, DG and log KExt values were also calculated. While (U1-U7) ligands exhibits
selectivity for Zn2þ, Agþ, Ca2þ, Pb2þ, Fe3þ, Cr3þ, Co2þ, Mg2þ, Cd2þ, and Ni2þ metal salts, they showed no
selectivity for Liþ, Kþ and Naþ metal salts. Furthermore, Fe3þis the most selective cation for all ligands for
competitive extraction. We also observed that microwave heating can have certain benefits over con-
ventional ovens: reaction rate acceleration, milder reaction conditions, higher chemical yield, and lower
energy usage. These ligands could be used as metal sensors, enzyme inhibitors, antimicrobial/antifungal
agents, and in biological applications.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Many synthesised macrocyclic benzo, thio and oxa crown ethers
and their derivatives have shown extraordinary binding properties
with metal cations [1]. Considering the reactions of thio crown
ethers, their esterificationecyclisation reactions with acyl chlorides
are faster than other synthetic methods. Studies of cyclisation re-
actions with 2,20-ditihiodibenzoic acid derivatives date back to the
1970s [2e5]. Recently, macrocyclic benzo-thio crown ethers were
synthesised using condensation/esterification reactions and
demonstrated quite interesting results with the carbonic anhydrase
enzyme [6].

Since most organic reaction needs toxic solvents, more reaction
time, and high temperature, classical methods of organic synthesis
are less chosen. Microwave-assisted organic reaction is considered
to be a promising green chemistry method as it reduces reaction
Faculty of Science and Liter-
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time from days or hours to minutes or even seconds, and has many
other advantages [7].

Macrocyclic crown ethers containing sulphur atoms are
considered to bemore selective for elements classified as heavy and
precious metals [8e16]. Furthermore, depending on modifications
of the macrocyclic crown ethers, their attraction toward metal
cations varies. For instance, when thiol, aryl, and thiophene moi-
eties are used as side-arms, macrocyclic crown ethers show an
increased transport rate [17,18]. Moreover, benzo crown ethers
show a high affinity for Liþ, Naþ, Kþ, and Rb. Additionally, macro-
cyclic crowns containing a benzene ring, thiol, or pyridine ring,
form a complex by binding better with Agþ than Hg2þ, and with
Au3þ and Hg2þ ions than Pd [19,20]. Mixed donor thio-oxa crown
ethers coordinated Zn2þ and Fe3þ ions because of intermediate
softness [21]. Thiadiazole substitute crown ethers present highest
affinity to transition metals [22]. The metalecation binding prop-
erties of poly (crown ethers) synthesised by cyclopolymerisation
methods change with ring size, and number and electronic prop-
erties of oxygen atoms [23]. Therefore, benzo thio crown ethers can
be used as potentiometric sensors due to their selectivity for metal
ions in environmental systems. Crown ethers gain various abilities
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when replacing sulphur, oxygen, phenyl, and carbonyl chromo-
sphere with each other [24].

As part of this study, novel benzo-thio crown ethers were syn-
thesised using a high dilution method and microwave-assisted
synthesis method. These synthesised ligands contain different
ring cavities due to ligands and heteroatoms (S and O). Above all,
their selectivity for complexation with alkaline, alkaline earth, and
transition metal cations is important in determining the strength of
ion-dipole interactions formed with cations, and assessing their
molecular dynamic [25]. The object of the present work is to study
the extractive behaviour of LiCl, AgNO3, ZnCl2, FeCl3, FeCl2, CrCl3,
CoCl2, Pb(NO3)2, CdCl2, MgCl2, NiCl2, CaCl2, NaCl, and KCl with U1
(bis(1,2-dibenzo) octathio tetracarbonil-24-crown-4), U2 (bis(1,2-
dibenzo) octathio tetracarbonil-29-crown-6), U3 (bis(1,2-dibenzo)
octathio tetracarbonil-36-crown-8), U4 (bis(1,2-dibenzo) tetrathio
tetracarbonil-24-crown-4), U5 (bis(1,2-dibenzo) tetrathio tetra-
carbonil-29-crown-6), U6 (bis(1,2-dibenzo) tetrathio tetracarbonil-
36-crown-8), and U7 (bis(1,2-dibenzo) tetrathio tetracarbonil-42-
crown-10) in chloroform/water (1:1) at 25 �C. The formation of
1:1 complexes of the metal-ions and electrically neutral crown
ethers was indicated.

2. Materials and methods

All chemicals used in this study, including analytical purity
solvents and reagents, were purchased fromMerck, Sigma-Aldrich,
and Fluka Company. The StartSYNTH-Microwave Synthesis Lab-
station system were used to perform some reactions. Silica gel
column chromatography was applied for chromatographic purifi-
cations. FT-IR spectrawere recorded on a Perkin Elmer BX 2 FTIR. 1H
NMR (400 MHz) and 13C NMR (100 MHz) spectra were obtained in
CDCl3 or CD3OD solvents using NMR spectrometer. LC-MS spectra
were recorded on the 2001 AB SCIEX Mass Spectrometer using
acetonitrile. Microanalysis was performed with Thermo Scientific
Flash 2000 elemental analyser. 2,20-dithiodibenzoyl chloride was
prepared using a previously reported method [5]. Metal ion
extraction was performed based on the work of Cicek and it is
described in detail in the supporting information [20,26].

2.1. Synthesis of 2,20-dithiodibenzoyl chloride

Classic Method: 2,20-Dithiodibenzoic acid (1.0000 g, 3.26 mmol)
was added to a 100 mL round bottom flask. A slight excess of thi-
onyl chloride (1.5500 g, 13.05 mmol) was added into it, and the
mixture stirred for 16 h at reflux to afford a brown solid (68%).

Microwave-assisted Method: 2,20-Dithiodibenzoic acid (1.0000 g,
3.26 mmol) and thionyl chloride (1.6000 g, 13.50 mmol) was taken
in a round bottom flask in StartSYNTH-Microwave Synthesis Lab-
station system.(MW, E¼1000 W, 80 �C, 10 min, yield [68%). M.
p.75e76 �C; FT-IR (g cm�1) 746, 786, 1109, 1160, 1242, 1350, 1450,
1560, 1600, 1725, 3080; 1HNMR (CDCl3, 100 MHz) d 7.30e7.60 (m,
4H), 7.75 (d, 2H, J¼ 8.0 Hz), 8.40 (d, 2H, J¼ 8.0 Hz). LS-MS (m/z) 342
(Mþ), 340, 338, 303, 233, 201, 179, 169, 167, 148, 133, 118, 102, 94.

2.2. Synthesis of benzo-thio crown ethers, U1eU7

General procedure-1 (Classic). 2,20-Dithiodibenzoyl chloride
(11.45 mmol), pyridine (22.90 mmol), and either a dithiol or diol
(11.45 mmol) in the chloroform (150 mL) were added to a reaction
flask. The reaction mixture was refluxed for 3e7 days under a ni-
trogen atmosphere, then left to cool to room temperature.

General procedure-2 (Microwave-assisted). 2,20-dithiodibenzoyl
chloride (2.53 mmol), pyridine (5.06 mmol), and either a dithiol or
diol (2.53 mmol) were taken in a round bottom flask, and chloro-
form (10 mL) was added. The reaction mixture was refluxed for 1 h
under a nitrogen atmosphere in StartSYNTH-Microwave Synthesis
Labstation system. (MW, E¼1000 W, 100 �C), then left to cool to
room temperature.

General Work-up Procedure: The resultant mixture was evapo-
rated under vacuum. Distilled water (30e40 mL) was poured onto
the remaining residue, which was then extracted with organic
solvent (chloroform, 3 � 10 mL). The combined extracts were dried
with anhydrous CaCl2, evaporated under vacuum, and purified by
silica gel column chromatography, to afford an oily solid product.

2,3,11,14,22,23,31,34-octathiapentacyclo
[34.4.0.0⁴⁴,⁹⁹.01⁶⁶,21.02⁴⁴,2⁹⁹]tetraconta-
1(36),4(9),5,7,16,18,20,24,26,28,37,39-dodecaene-10,15,30,35-
tetrone (U1). Prepared with 1,2-ethanedithiol to the general
procedure-1 (1.0800 g, 11.45 mmol; 7 days) and general procedure-
2 (0.2386 g, 2.53 mmol, 1 h). Purification by column chromatog-
raphy (chloroform/ethyl acetate, 4:1, v/v) afforded a dark yellow-
brown oily product (3.4500 g, 36%; 1.4018 g, 76%, MW). FT-IR (g
cm�1) 1700 (O]CeS stretch), 1251 (SeC(O)eC stretch), 1053 (CeS
stretch); 1H NMR (CDCl3, 400 MHz) d 4.41 (s, 8H), 7.22 (t, 4H,
J¼8.0 Hz), 7.42 (t, 4H, J¼8.0 Hz), 7.78 (d, 4H, J¼8.0 Hz), 8.10 (d, 4H,
J¼8.0 Hz); 13C{1H} NMR (CDCl3, 100 MHz) d 29.80, 131.50, 131.80,
132.20, 132.30, 132.60, 137.00, 166.20; LC-MS m/z 730 (Mþ, CH3CN,
Error % ¼ �0.2830). Anal. Calc. for C32H24O4S8 (MW¼729.05): C,
52.72; H, 3.32; S, 35.19%. Found: C, 52.65; H, 3.26; S, 35.12%.

14,37-dioxa-2,3,11,17,25,26,34,40-octathiapentacyclo
[40.4.0.0⁴⁴,⁹⁹.01⁹⁹,2⁴⁴.02⁷⁷,32]hexatetraconta-
1(42),4(9),5,7,19,21,23,27,29,31,43,45-dodecaene-10,18,33,41-
tetrone (U2). Prepared with diethylene glycol dithiol to the general
procedure-1 (1.7456 g, 11.45 mmol; 7 days) and general procedure-
2 (0.3857 g, 2.53 mmol, 1 h). Purification by column chromatog-
raphy (chloroform/hexane, 10:1, v/v) afforded a dark-brown oily
solid (1.6895 g, 18%; 0.7443 g, 36%, MW). FT-IR (g cm�1) 1700 (O]
CeS stretch), 1251 (SeC(O)eC stretch), 1053 (CeS stretch); 1HNMR
(CDCl3, 400 MHz) d 2.86 (s, 8H), 4.28 (s, 8H), 7.24 (t, 4H, J¼8.0 Hz),
7.40 (t, 4H, J¼8.0 Hz), 7.70 (d, 4H, J¼8.0 Hz), 8.08 (d, 4H, J¼8.0 Hz).
13C{1H} NMR (CDCl3,100MHz) d 28.6, 68.0,128.4,131.0,131.4,133.0,
134.0, 134.4, 167.8. LC-MS m/z 816 (Mþ, CH3CN, Error % ¼ 0). Anal.
Calc. for C36H32O6S8 (MW¼817.16): C, 52.91; H, 3.95; S, 31.39%.
Found: C, 52.87; H, 3.92; S, 31.35%.

14,17,40,43-tetraoxa-2,3,11,20,28,29,37,46-octathiapentacyclo
[46.4.0.0⁴⁴,⁹⁹.0222⁷⁷.03⁰⁰,3⁵⁵]dopentaconta
-1(48),4(9),5,7,22,24,26,30,32,34,49,51-dodecaene-10,21,36,47-
tetrone (U3). Preparedwith triethylene glycol dithiol to the general
procedure-1 (2.0872 g, 11.45 mmol; 7 days) and general procedure-
2 (0.4612 g, 2.53 mmol, 1 h). Purification by column chromatog-
raphy (chloroform/ethyl acetate, 4:1, v/v) afforded a dark-yellow-
brown oily product (2.8911 g, 28%; 1.3284 g, 58%, MW). FT-IR (g
cm�1) 1700 (O]CeS stretch), 1253 (SeC(O)eC stretch), 1053 (CeS
stretch); 1H NMR (CDCl3, 400 MHz) d 2.86 (t, 8H, J¼8.0 Hz), 3.72 (s,
8H), 4.42 (t, 4H, J¼8.0 Hz), 7.20 (t, 4H, J¼8.0 Hz), 7,36 (t, 4H,
J¼8.0 Hz), 7.76 (d, 4H, J¼8.0 Hz), 8.04 (d, 4H, J¼8.0 Hz); 13C{1H}
NMR (CDCl3, 100 MHz)d 29.22, 69.60, 69.80, 125.60, 126.00, 128.00,
130.40, 131.80, 132.60, 166.00. LC-MS m/z 904 (Mþ, CH3CN, Error
% ¼ 0.0055). Anal. Calc. for C40H40O8S8 (MW¼905.26): C, 53.07; H,
4.45; S, 28.34%. Found: C, 53.10; H, 4.49; S, 28.18%.

2,3,11,14,22,23,31,34-octathiapentacyclo
[34.4.0.0⁴⁴,⁹⁹.01⁶⁶,21.02⁴⁴,2⁹⁹]tetraconta-
1(36),4(9),5,7,16,18,20,24,26,28,37,39-dodecaene-10,15,30,35-
tetrone (U4). Prepared with ethylene glycol to the general
procedure-1 (0.7099 g, 11.45 mmol; 72 h) and general procedure-2
(0.1569 g, 2.53 mmol, 1 h). Purification by column chromatography
(chloroform/ethyl acetate, 4:1, v/v) afforded a dark-yellow oily
product (2.8911 g, 52%; 1.3960 g, 83%, MW). FT-IR (g cm�1) 1700
(C]O stretch), 1247 (OeC(O)eC stretch), 1054 (CeO stretch); 1H
NMR (CD3OD, 400 MHz) d4.15 (s, 8H), 8.49 (d, 4H, J¼8.0 Hz), 8.80 (t,
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4H, J¼8.0 Hz), 9.00 (d, 4H, J¼8.0 Hz). 13C{1H} NMR (CD3OD,
100 MHz) d 52.4122.0, 125.0, 128.2, 132.0, 133.0, 139.0, 145.0, 167.0;
LC-MS m/z 664 (Mþ, CH3CN, Error % ¼ 0.0060). Anal. Calc. for
C32H24O8S4 (MW¼664.79): C, 57.81; H, 3.64; S, 19.29%. Found: C,
57.70; H, 3.60; S, 19.18%.

11,14,17,34,37,40-hexaoxa-2,3,25,26-tetrathiapentacyclo
[40.4.0.0⁴⁴,⁹⁹.01⁹⁹,2⁴⁴.02⁷⁷,32]hexatetraconta-
1(42),4(9),5,7,19,21,23,27,29,31,43,45-dodecaene-10,18,33,41-
tetrone (U5). Prepared with diethylene glycol to the general
procedure-1 (1.2138 g, 11.45 mmol; 72 h) and general procedure-2
(0.2682 g, 2.53 mmol, 1 h). Purification by column chromatography
(chloroform/ethyl acetate, 4:1,v/v) afforded a dark-yellow-brown
oily product (3.3360 g, 46%; 1.6572 g, 87%, MW). FT-IR (g cm�1)
1700 (C]O stretch), 1252 (OeC(O)eC stretch), 1055 (CeO stretch);
1H NMR (CDCl3, 400 MHz) d 3.75 (t, 8H, J¼8.0 Hz), 4.55 (t, 8H,
J¼8.0 Hz), 7.22 (t, 4H, J¼8.0 Hz), 7.40 (t, 4H, J¼8.0 Hz), 7.72 (d, 4H,
J¼8.0 Hz), 8.08 (d, 4H, J¼8.0 Hz). 13C{1H} NMR (CDCl3, 100 MHz)
70.14, 73.00, 125.80, 126.00, 127.00, 132.00, 133.00, 140.00, 166.00;
LC-MS m/z 752 (Mþ, CH3CN, Error% ¼ 0.0120). Anal. Calc. for
C36H32O10S4 (MW¼752.89): C, 57.43; H, 4.28; S, 17.04%. Found: C,
57.33; H, 4.32; S, 17.18%.

11,14,17,20,37,40,43,46-octaoxa-2,3,28,29-tetrathiapentacyclo
[46.4.0.0⁴⁴,⁹⁹.0222⁷⁷.03⁰⁰,3⁵⁵]dopentaconta
-1(48),4(9),5,7,22,24,26,30,32,34,49,51-dodecaene-10,21,36,47-
tetrone (U6). Prepared with triethylene glycol to the general
procedure-1 (1.7210 g, 11.45 mmol; 72 h)and general procedure-2
(0.3803 g, 2.53 mmol, 1 h). Purification by column chromatog-
raphy (chloroform/ethyl acetate, 4:1,v/v) afforded a dark-brown oily
product (2.0648 g, 24%; 1.1277 g, 53%, MW). FT-IR (g cm�1)1701
(C]O stretch), 1252 (OeC(O)eC stretch), 1054 (CeO stretch); 1H
NMR (CD2Cl2, 400 MHz) d 3.66 (s, 8H), 4.21 (t, 8H, J¼8.0 Hz), 4.44 (t,
8H, J¼8.0 Hz), 7.26 (t, 4H, J¼8.0 Hz, 7.43 (t, 4H, J¼8.0 Hz), 7.76 (d, 4H,
J¼8.0 Hz), 8.08 (d, 4H, J¼8.0 Hz); 13C{1H} NMR (CD2Cl2, 100 MHz)
d53.8, 61.8, 68.8, 126.0, 128.0, 129.0, 131.6, 131.8, 133.8, 166.0; LC-MS
m/z 840 (Mþ, CH3CN, Error%¼ 0.0167). Anal. Calc. for C40H40O12S4
(MW¼841.00): C, 57.13; H, 4.79; S, 15.25%. Found: C, 57.04; H, 4.75;
S, 15.18%.

11,14,17,20,23,40,43,46,49,52-decaoxa-2,3,31,32-
tetrathiapentacyclo[52.4.0.0⁴⁴,⁹⁹.02⁵⁵,3⁰⁰.033,3⁸⁸]octapentaconta-
1(54),4(9),5,7,25,27,29,33,35,37,55,57-dodecaene-10,24,39,53-
tetrone (U7). Prepared with tetraethylene glycol to the general
procedure-1 (2.2137 g, 11.45 mmol; 72 h) and general procedure-2
(0.4891 g, 2.53 mmol, 1 h). Purification by column chromatography
(chloroform/ethyl acetate, 4:1,v/v) afforded a dark-brown-yellow
oily product (3.8930 g, 37%; 1.8100 g, 77%, MW). FT-IR (g cm�1)
1704 (C]O stretch), 1252 (OeC(O)eC stretch), 1036 (CeO stretch);
1H NMR (CDCl3, 400MHz) d 3.60 (s, 16H), 3.76 (t, 8H, J¼8.0 Hz), 4.42
(t, 8H, J¼8.0 Hz), 7.24 (t, 4H, J¼8.0 Hz), 7.38 (t, 4H, J¼8.0 Hz), 7.66 (d,
4H, J¼8.0 Hz), 8.02 (d, 4H, J¼8.0 Hz); 13C{1H} NMR (CDCl3,100MHz)
d62.0, 69.8, 70.0,126.0,128.8,129.8,130.0,131.8,132.0,166.4; LC-MS
m/z 928.19 (Mþ, CH3CN, Error % ¼ 0.0979). Anal. Calc. for
C44H48O14S4 (MW¼929.10): C, 56.88; H, 5.21; S, 13.80%. Found: C,
56.82; H, 5.16; S, 13.72%.

2.3. Metal extraction studies

Liquid-liquid ion-pair extraction was performed to the syn-
thesised novel benzo-thio crown ether derivatives. For this pur-
pose, the solution of synthesised macrocycles in chloroform
(10�4 mol/L) and aqueous solution of each selected metal salt
(10�4 mol/L) were mixed separately (10 mL ligand and 10 mL salt),
then agitated for 1 h at a stirring speed of 300 rpm at 25 �C. ZnCl2,
CrCl3, FeCl3, KCl, CaCl2, NaCl, MgCl2, CdCl2, Pb(NO3)2, NiCl2, CoCl2,
AgNO3, LiCl, and FeCl2, metal salts were used in this extraction.
Their pH values are; 4.57, 4.30, 3.00, 3.60, 3.95, 4.40, 4.90, 4.10, 4.75,
4.40, 3.60, 4.60, 3.95, 4.00, 8.14, 4.43, respectively. In a second part
of our study, a competitive extraction was performed with an
aqueous solution containing all metal ions studied herein and the
solution of synthesised macrocycles in chloroform (10�4 mol/L). To
preparing the mix solution, metal salts were combined in a volu-
metric flask, and mixed in water (10�4 mol/L). Ligand solution and
mix metal solution put together in a flask and agitated for 1 h at a
stirring speed of 300 rpm at 25 �C. ZnCl2, FeCl3, CrCl3, CoCl2,
Pb(NO3)2, CdCl2, MgCl2, NiCl2, CaCl2, NaCl, LiCl, and KCl metal salts
were used for this extraction.

The process was over after incubation for 60 min to equilibrate
the solution at room temperature. Using the concentrations of the
metal ions remaining in the aqueous solution, measured by atomic
absorption spectrophotometry, inductively coupled plasma atomic
emission spectrophotometry and inductively coupled plasma mass
spectrophotometrymethods, the extraction constants (KD, ext%, DG
and log KExt) and selectivity factors (Sf) were calculated [27,28].

3. Results and discussion

3.1. Synthesis of benzo thio-oxa crown ethers

Macrocyclic benzo-thio crown ethers and benzo-oxacrown
ethers were synthesised and physical organic studies were per-
formed. The synthetic route is given in Scheme 1. 2,20-Dithiodi-
benzoyl chloride reacted with ethylene glycol dithiol or ethylene
glycol derivatives (e.g., 1,2-ethane dithiol, diethylene glycol dithiol,
triethylene glycol dithiol, monoethylene glycol, diethylene glycol,
triethylene glycol, tetraethylene glycol) in an esterificationecycli-
sation reaction. The synthesis was performed in the presence of
pyridine under a nitrogen atmosphere and in chloroform solvent.
Classic method and Microwave-assisted method were applied re-
action mixture to display differences between methods. Classic
method is that the reaction performed in an oil bath to reflux re-
action system (conventional heating). Microwave-assisted method
needs shorter time, lower solvent usage, and gives higher yield. To
investigate the best reaction conditions some parameters were
changed systematically (summarized in Table 1). Table 2 have been
also arranged for yields and reaction times so as to display clearly.

FT-IR, 1H NMR, 13C NMR, and LC-MS spectra were collected for
the final compounds. The FT-IR spectra showed that intense peaks
for mono/di/tri-ethylene glycol dithiols (CeSH band, 2550 cm�1),
mono/di/tri-tetraethylene glycols (OeH stretch, 3300 cm�1), and
acyl chloride (C]O and CeCl stretches, 1715 and 693 cm�1,
respectively) disappeared, with the new carbonyl stretch of the
ester or thioester products (1700 cm�1) appearing as a result of
esterificationecyclisation.

The 1H NMR spectra of all synthesised crowns showed signals in
the ranges 2.86e4.55 ppm, for aliphatic hydrogens, and
7.20e8.10 ppm for aromatic hydrogens, except for the aromatic
hydrogen atoms of compound (U4). In addition, 13C NMR and LC-MS
spectra aided compound verification.

3.2. Liquid-liquid ion-pair extraction

The principle of the liquid-liquid ion-pair extraction method is
to transfer an inorganic reagent from one phase (especially water)
to anorganic phase that does not mix with water (e.g., chloroform,
dichloromethane) selectively (see Supportingmaterial, Fig. S1). The
extraction process causes ion-pair formation between a cationic
crown complex and a counter ion (Eq. (1)).

MmþðwÞ þ mA�ðwÞ þ LðWÞMLAm ðOrg:Þ (1)

where Mmþis the metal ion, Ae is the counter ion, L is the crown



Scheme 1. Synthesis of benzo-thiocrown ethers (U1eU7) with classic and microwave-assisted method and investigation of their complexation with metals. (Mmþ: Naþ, Liþ, Kþ,
Ca2þ, Zn2þ, Mg2þ, Fe3þ, Fe2þ, Co2þ,Cr3þ, Pb2þ, Agþ, Ni2þ, Cd2þ; Ay�:Cl�, NO3

�; m: 1,2,3 and y: 1).

Table 1
Microwave-assisted reaction conditions of benzo-thio crown ethers.

Ligand Temp. (�C) Time (min) Energy (W) Reaction

U3 25 10 1000 Not detected
U3 80 10 1000 Not completed
U3 80 20 1000 Not completed
U3 80 40 1000 Not completed
U3 100 20 1000 Not completed
U3 100 40 1000 Not completed
U3 100 60 1000 Completed

Table 2
Microwave-assisted reaction and ordinary reaction conditions-yields of benzo-thio
crown ethers.

Ligand Classic Synthesis Method Microwave-assisted Synthesis
Method

Reaction Time (h) Yield (%) Reaction Time (h) Yield (%)

U1 168 36 1 76
U2 168 18 1 36
U3 168 28 1 58
U4 72 52 1 83
U5 72 46 1 87
U6 72 24 1 53
U7 72 37 1 77
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ether, and MLAm is the ion pair containing Mmþ, Ae, and L.

Kex; w ¼ ½MLAm�Org:
MmþwAmwLw

(2)
LðwÞLðOrgÞ (3)

Sf ðMetal1Þ ¼
 
KD ðMetal 1Þ
KD ðMetal 2Þ

!
(4)

Log Sf ðMetal1Þ ¼ Log

 
KD ðMetal 1Þ
KD ðMetal 2Þ

!
(5)

The bare metal ion radii of the metal cations used in this study
are shown in Table 3. Using the synthesised crowns, Table 3 in-
dicates the U1eU7 benzo thio-oxa crown ether extraction per-
centages for Liþ, Zn2þ, Mg2þ, Ni2þ, Co2þ, Pb2þ, Fe2þ, Fe3þ, Cd2þ,
Cr3þ, Naþ, Ca2þ and Kþ ions relative to the ion radii. According to
Table 3, in terms of metal ion, the highest extraction percentage
was for Fe3þ and Cr3þ ions. Pb2þ, Cd2þ, Agþ, Fe2þ and Ca2þ had
moderate extraction percentages. Furthermore, the Fe3þ ion
extraction ability of the ligands was in the order
U6>U3>U1>U7>U2>U5>U4. From these results, the ring cavities
of the synthesised crowns can be estimated. All synthesised ligands
also showed no binding against the small metal ions in the order of
Naþ, Kþ, and Liþ.

From these results, for almost all of the ligands in chloroform,
Fe3þ and Cr3þ resulted in a higher extraction percentage than other
metal ions. For instance, ligand U1 wasextractedbyFe3þbetter than
any other metal ions. There was a connection between heteroatom
rate (S/O) and extraction percentage, as shown in Table 3. Hetero-
atom ratio is related to the fact that crown ethers are relatively hard
base and soft base character. The increase in the number of oxygen



Table 3
Percentage extraction values for ligandsU1eU7with Liþ, Zn2þ, Mg2þ, Ni2þ, Co2þ, Pb2þ, Fe2þ, Fe3þ, Cd2þ, Agþ, Cr3þ, Naþ, Ca2þ, and Kþmetal salts in chloroform, and S/O
(sulphur/oxygen) heteroatom rate for ligands.

Ligand Ext. % (Chloroform) S/O rate

U1 Fe3þ > Pb2þ> Agþ> Cr3þ> Ca2þ>Fe2þ>Cd2þ> Mg2þ> Zn2þ> Ni2þ> Co2þ>Naþ ¼ Kþ¼ Liþ 2.00
U2 Cr3þ> Pb2þ> Cd2þ> Fe3þ> Ca2þ>Fe2þ>Zn2þ> Mg2þ> Ni2þ> Co2þ> Agþ> Naþ ¼ Kþ¼ Liþ 1.33
U3 Fe3þ > Cd2þ>Fe2þ>Cr3þ> Ca2þ> Pb2þ> Agþ> Mg2þ> Ni2þ> Zn2þ> Co2þ>Naþ ¼ Kþ¼ Liþ 1.00
U4 Cr3þ> Pb2þ> Ca2þ> Cd2þ> Agþ> Fe3þ> Ni2þ> Zn2þ> Mg2þ> Co2þ>Fe2þ>Naþ ¼ Kþ¼ Liþ 0.50
U5 Cr3þ> Cd2þ> Fe3þ> Ca2þ> Pb2þ> Mg2þ> Ni2þ> Co2þ> Zn2þ>Fe2þ>Agþ>Naþ ¼ Kþ¼ Liþ 0.40
U6 Fe3þ> Cr3þ> Agþ> Ca2þ> Cd2þ> Pb2þ> Zn2þ> Ni2þ>Fe2þ>Co2þ> Mg2þ>Naþ ¼ Kþ¼ Liþ 0.33
U7 Fe3þ > Agþ> Cr3þ> Ca2þ> Cd2þ> Mg2þ>Fe2þ>Pb2þ> Zn2þ> Ni2þ> Co2þ>Naþ ¼ Kþ¼ Liþ 0.29
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on the molecule elevates the hard base character and the increase
in the sulphur number raises the soft base character. Hard bases are
sensitive to hard acids, soft bases like mild acids [21,22]. The
highest heteroatom rate was 2.00, belonging to U1. This ligand had
a higher extraction percentagewith Fe3þ than any other metal salts.
Normally, a complex is expected to form with soft acids. However,
the Fe3þion is a hard acid, and shows the highest affinity for hard
bases. As opposed to the normal situation, where hard acid and
hard base react with each other, the ligand cavity, ion radius and
solvent effect also played an important role in this work. When the
S/O ratio of decreases forU1 and U4; U2 and U5 ligand-pairs having
similar cavities, the percentage of extraction decreases. The effect S/
O factor replaces with the effect of cavity as U3 and U6 pair is
examined. Because of the steric effect between sulphur and oxygen,
the cavity of U6 is relatively higher than that of U3. Ligand U1 had
too small a ring cavity, such why it could not form a complex with
large-diameter metal ions. Almost all ligands showed similar
extraction percentages for Fe3þ and Cr3þ ions, which were the
highest among the metal ions.

As expected, U2, U3, U4, U5, and U6 had S/O rates of 1.33, 1.00,
0.50, 0.40, 0.33, 0.29, respectively, and had higher extraction
Fig. 1. Competitive extraction change of benzo thio-oxa crown ethersU1eU7 towards Liþ, Zn
in chloroform/water at 25 �C.
percentages for Cr3þ and Fe3þ ions because complex formationwith
iron and chromium ions (hard acids) and the ligands (hardest ba-
ses) were possible. In addition, the increase in the ring cavity
supports this finding. Raising ring cavities between U2 and U3
enhances the binding ratio (Table 3, see Supporting information).
The same is true for the ligands U4, U5 and U6, of which ring
cavities increase, and S/O ratios decrease, respectively. The binding
percentage of Fe3þ ions in these ligands is inversely proportional
with the S/O ratio, and directly proportional to the cavity. The
percentages of binding with the Cr3þ ion in U2, U3, U4, U5, and U6
have generally constant values (see Supporting informationTables 3
and 4). In the Feþ2 extraction works, each ligands show moderate
selectivity. It is explained that the cavity of Fe3þ is larger than that
of Fe2þ.

In additional work to determine which metal cations were more
selective for the synthesised macrocyclic crown ethers, we used a
competitive extraction. For this purpose, 13 metal salts and our li-
gands were mixed in a 1:1 concentration ratio in chloroform/water
at 25 �C. From these extractions, selectivity factors (Sf) were
calculated. Considering the selectivity factor values towards the Liþ,
Zn2þ, Mg2þ, Ni2þ, Co2þ, Pb2þ, Fe3þ, Cd2þ, Cr3þ, Naþ, Ca2þ, and Kþ
2þ, Mg2þ, Ni2þ, Co2þ, Pb2þ, Fe3þ, Cd2þ, Cr3þ, Naþ, Ca2þ, and Kþ ions relative to ion radii
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mixture, ligand U1 was selective for Fe3þ, Cr3þ, and Cd2þ, U2 was
selective for Fe3þ, U6, U5, and U3 were generally selective for Fe3þ

and Cd2þ, and, finally, U4 and U7 ligands were selective for Fe3þ,
Cd2þ and Ni2þ in that order (see in Supporting information Tables 5
and 6). These results were also compatible with the values in Fig. 1,
which contains extraction percentages and ionic radii. Approxi-
mately all synthesised compounds had high selectivity for Fe3þ due
to its the syngeneic effects of ion charge and cavity. The amount of
percentage rate for Cr3þ also decreased when the mixture of metals
with all synthesised ligands were applied to the extraction process.
It could be explained again with the syngeneic effects of ion charge
and cavity. In the competitive extraction, each ligands show no
selectivity against Liþ, Znþ2, Coþ2, Naþ, Pbþ2, and Kþ metals for the
mixture of studied metals (Fig. 1).

Additionally, wavelength scanning was carried out using UV/
visible (UV/vis) spectrophotometry of the synthesised compounds
to explore their chromophore properties in chloroform (see in
Supporting information Scheme 1). The synthesised compounds
absorbed UVevisible light (detailed in the supporting information,
Table 1). The influence of solvent and protonation on the photo-
physical properties of the compounds was studied using this UV/
Vis method. Based on the UV/VIS wavelength scanning results,
various compounds showed chromophore characteristics that
could potentially be applied in new studies.

4. Conclusions

In this paper, novel macrocyclic benzo-thio crown ethers were
synthesised in high yields, and utilised in extraction studies. Pyri-
dine was used as a catalyst and high dilution procedure, classified
as esterification-cyclisation reaction, was applied in classical
method. The synthesis of benzo-thio crown ethers under micro-
wave irradiation can have certain benefits over conventional
heating. Microwave assisted synthesis has higher yields, shorter
reaction times, simpler reaction conditions, and low rate of by-
product. The synthesised benzo-thio crown ethers U1eU7 were
characterised using FT-IR, 1H NMR, 13C NMR, LC-MS spectra, and
microanalyses. As the synthesised molecules have many advan-
tages in terms of functionality (e.g., substituted benzene, thioester,
ether), they could be used as complexion agents for metal ions.
That's why, the metal ions used in this study are very important in
the human body. Generally, all of these compounds showed a
strong affinity for metal ions. These novel crown ethers also dis-
played reasonably high binding properties and extraction per-
centages. Furthermore, the synthesised molecules could be very
important in the separation of metals from mixtures as a metal
sensor. Finally, they could have future uses in metal complexation,
biological activity, antimicrobial and antifungal studies, and more.

That was attempted to discuss the selectivity factors for all
synthesised compounds. Hence, the metal salts used in this work
exhibited results corresponding with compound cyclic cavity. From
these results, it can be stated that the synthesised compounds were
selective for metals with ion radii between 78 and 100 p.m. (e.g.,
Fe3þ, Cd2þ, and Ca2þ). If the ion radius was too high (e.g., Naþ, Pb2þ,
and Kþ), or between 74.0 and 74.5 p.m. (e.g., Zn2þ, Mg2þ, and Co2þ),
ligands showed no selectivity (bare ion radii are given in the
supporting information, Table 2). However, an interesting result
occurred with Ca2þ, which has a huge ion radius. That can be
explained by the stability of the complex formed via ion-dipole
interactions between the calcium ions and ligands. Another inter-
esting result was that Ni2þ ions are attracted to ligand U4, which
was explained byU4being the smallest compound synthesised.
Moreover, whole ligands, as noted previously, did not generally
show large differentials, except for Fe3þ, Cd2þ, and Ni2þ. This situ-
ation for Fe3þ ions changes with the sulphur/oxygen rate of the
ligand forming the complex. When this rate increased, the attrac-
tion to Fe3þ increased.

As a result, reported microwave-assisted synthesis benefits
include decreased reaction times, reduced energy consumption,
improved yield and selectivity, and decreased solvent amounts,
which helps to develop the green chemistry reactions.
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KD The ratio of the metal concentration in the organic phase
to the metal concentration in the aqueous phase

Ext% Extraction percentage
DG Gibbs energy
KExt Extraction equilibrium constant
Sf Selectivity factor
Mmþ

(w) Free metal concentration in the water phase at
equilibrium

A�
(w) Free anion concentration in the water phase at

equilibrium
L(w) Free ligand concentration in the water phase at

equilibrium.
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