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Preface

Ion recognition continues to attract the interest of researchers all over the world due to

the important role that cations and anions play in biological and chemical systems and in the

environment. Calixarenes, owing to their structural features, are one of the most widely studied

supramolecular hosts. These cyclic oligomers show important host–guest properties, which has led

to numerous applications in a broad range of fields, including organocatalysis, sensing, extraction

and separation, and more recently, biomedical applications. The relatively easy functionalization of

their upper and lower rims, as well as the presence of a pre-organized cavity that is available in

different sizes and conformations, make calixarenes attractive building blocks for the construction of

supramolecular assemblies.

Due to the high participation of the scientific community in the previous Special Issue of

Calixarene Complexes: Synthesis, Properties and Applications, a second one was successfully

undertaken, and this new reprint presents the most recent developments in the calixarene field,

including host–guest properties, as well as new synthetic methods and applications.

Paula M. Marcos

Editor
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Anion Binding by Fluorescent
Ureido-Hexahomotrioxacalix[3]arene Receptors: An NMR,
Absorption and Emission Spectroscopic Study
Alexandre S. Miranda 1,2 , Paula M. Marcos 1,3,* , José R. Ascenso 4, Mário N. Berberan-Santos 2,*
and Filipe Menezes 5

1 Centro de Química Estrutural, Institute of Molecular Sciences, Faculdade de Ciências, Universidade de Lisboa,
Edifício C8, 1749-016 Lisboa, Portugal; miranda.m.alexandre@gmail.com

2 IBB-Institute for Bioengineering and Biosciences, Instituto Superior Técnico, Universidade de Lisboa,
1049-001 Lisboa, Portugal

3 Faculdade de Farmácia, Universidade de Lisboa, Av. Prof. Gama Pinto, 1649-003 Lisboa, Portugal
4 Centro de Química Estrutural, Institute of Molecular Sciences, Instituto Superior Técnico, Complexo I, Av.
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85764 Neuherberg, Germany; filipemmenezes@gmail.com
* Correspondence: pmmarcos@fc.ul.pt (P.M.M.); berberan@tecnico.ulisboa.pt (M.N.B.-S.)

Abstract: Fluorescent receptors (4a–4c) based on (thio)ureido-functionalized hexahomotrioxaca-
lix[3]arenes were synthesised and obtained in the partial cone conformation in solution. Naphthyl
or pyrenyl fluorogenic units were introduced at the lower rim of the calixarene skeleton via a butyl
spacer. The binding of biologically and environmentally relevant anions was studied with NMR,
UV–vis absorption, and fluorescence titrations. Fluorescence of the pyrenyl receptor 4c displays
both monomer and excimer fluorescence. The thermodynamics of complexation was determined in
acetonitrile and was entropy-driven. Computational studies were also performed to bring further
insight into the binding process. The data showed that association constants increase with the
anion basicity, and AcO−, BzO− and F− were the best bound anions for all receptors. Pyrenylurea
4c is a slightly better receptor than naphthylurea 4a, and both are more efficient than naphthyl
thiourea 4b. In addition, ureas 4a and 4c were also tested as ditopic receptors in the recognition of
alkylammonium salts.

Keywords: hexahomotrioxacalix[3]arenes; fluorescent anion receptors; NMR studies; UV–Vis absorp-
tion studies; fluorescence studies; theoretical calculations

1. Introduction

Fluorescence spectroscopy, due to its high sensitivity and simplicity, is an attractive
technique used for the quantitative determination of ions. Lately, a wide range of fluores-
cence sensors based on calixarenes have been used in various applications, namely in the
detection of biologically and environmentally relevant cations and anions [1–3]. Owing
to their structural features, these macrocycle compounds have been widely investigated
as neutral molecule and ion receptors [4,5]. They possess a well-defined hydrophobic
cavity available in different sizes and conformations, and an almost unlimited number of
derivatives can be obtained by functionalisation of their upper and lower rims. Different
fluorophores like naphthalene, anthracene and pyrene are among the most incorporated
in the calixarene framework, leading to fluorescent probes for the recognition of differ-
ent types of analytes. Examples of fluorescent calix[4]arene [6–13], calix[5]arene [14] and
calix[6]arene [15,16] receptors have been reported in the literature.

Anions [17–19] such as fluoride, chloride, and iodide play important roles in many
medical systems, and the carboxylate group is present in several biological molecules.
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Concerning the environment, the treatment of nitrates, sulphates, phosphates, and perchlo-
rates, among other anions, is also a demanding field. Synthetic anion receptors, namely
calixarenes bearing (thio)urea moieties, can form strong and directional hydrogen bonds
between their NH groups and the anions. Some of these calixarenes also behave as ditopic
receptors [20], simultaneously binding both ions of a given ion pair.

As part of our continuous interest on the host–guest properties of homooxacalixarenes
(calixarene analogues in which the CH2 bridges are partly or completely replaced by
CH2OCH2 groups) [21,22], we have reported the anion and ion pair recognition of sev-
eral (thio)ureido-dihomooxacalix[4]arenes [23–25], including fluorescent receptors [26,27].
The ion affinity of hexahomotrioxacalix[3]arenes, a very interesting macrocycle formed
by an 18-membered ring and having only two basic conformations, has also been inves-
tigated [28–33]. Recently, we have extended our research into the study of fluorescent
hexahomotrioxacalix[3]arenes. Thus, this paper describes the synthesis of three new fluo-
rescent derivatives bearing naphthylurea (4a), naphthylthiourea (4b), and pyrenylurea (4c)
residues at the lower rim via a butyl spacer. These compounds were obtained in a partial
cone conformation in solution. Their affinity towards relevant anions and alkylammonium
salts was assessed by proton NMR, UV–Vis absorption and fluorescence spectroscopy. The
thermodynamics of the anion complexation was determined in acetonitrile by absorption
and emission, and computational studies were also performed to bring further insight
about the binding process.

2. Results and Discussion
2.1. Synthesis and Conformational Analysis

Recently, we have reported the synthesis of three hexahomotrioxacalix[3]arene- based
receptors bearing (thio)urea groups linked to the macrocycle lower rim by a butyl spacer [32].
Following this line of research, we prepared three new fluorescent sensors containing (thio)urea
residues and naphthalene or pyrene moieties. Thus, a three-step procedure (already de-
scribed) [32] was undertaken from parent compound p-tert-butylhexahomotrioxacalix[3]arene
1. The alkylation reaction of 1 with N-(4-bromobutyl)phthalimide and K2CO3 afforded
triphthalimide compound 2. The phthalimido groups were further removed with hydrazine,
yielding triamine 3, which reacted with naphthyliso(thio)cyanate or 1-pyrenylisocyanate to
give the corresponding tri(thio)urea receptors (naphthyl urea 4a, naphthyl thiourea 4b and
pyrenyl urea 4c) in the partial cone conformation (Scheme 1).
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These derivatives exhibit symmetric proton and carbon-13 NMR spectra compatible
with a Cs symmetry. 1H NMR spectra in chloroform at room temperature show two
singlets (in a 1:2 ratio) for tert-butyl groups, three AB quartets for the CH2 bridge protons
(CH2OCH2), one pair of doublets and one singlet for the aromatic protons of the calixarene
skeleton, two triplets and two singlets (in a 1:2 ratio) for the NHa and NHb protons,
respectively, besides several multiplets for the –OCH2CH2CH2CH2N– methylene protons
and for the aromatic protons of the naphthyl/pyrenyl groups. The proton assignments
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were confirmed by COSY spectra. 13C NMR spectra show 9 of the expected 10 upfield
resonances arising from the tert-butyl groups and the methylene carbon atoms of the
–OCH2CH2CH2CH2N– group, 5 midfield resonances arising from the CH2OCH2 and the
–OCH2CH2CH2CH2N– groups, and 31 (or 41 in the case of 4c) downfield resonances
arising from the aromatic carbon atoms and the (thio)carbonyl groups. All resonances were
assigned by DEPT experiments.

2.2. Anion and Ion-Pair Recognition
2.2.1. Proton NMR Studies

The binding properties of (thio)ureas 4a–4c toward several relevant anions of spherical
(F−, Cl−, Br−, I−), trigonal planar (NO3

−, AcO−, BzO−) and tetrahedral (HSO4
−, ClO4

−)
geometries were investigated using tetrabutylammonium (TBA) salts in CDCl3 by proton
NMR titrations. The association constants reported as log Kass in Table 1 were determined
following the NH chemical shifts of the (thio)ureido groups through the WinEQNMR2
programme [34].

Table 1. Association constants (log Kass) a of hexahomotrioxa (thio)ureas 4a–4c determined by 1H
NMR in CDCl3 at 25 ◦C.

Spherical Trigonal Planar Tetrahedral

F− Cl− Br− I− NO3− AcO− BzO− HSO4− ClO4−

I. Radius/Å b 1.33 1.81 1.96 2.20 1.79 2.32 — 1.90 2.00

Napht urea 4a 2.91 2.88 2.33 1.83 2.29 3.20 3.09 2.70 1.57
Napht thiourea 4b 2.73 2.00 1.23 1.11 1.40 2.79 2.61 2.05 1.18

Pyr urea 4c 3.31 3.19 2.78 2.23 2.67 3.42 3.45 2.97 1.99
a Estimated error < 10%. b Data quoted in I. Marcus, Ion Properties, Marcel Dekker, New York, pp. 50–51, 1997.

The addition of TBA salts to the receptors resulted in downfield shifts of their NH
protons, clearly indicating hydrogen bonding interactions between the (thio)urea groups
and the anions (see, for example, Figure 1 for 4a + BzO−). A fast exchange rate between
free and complexed receptors was observed on the NMR time scale at room temperature.
The titration curves obtained (Figure S1) indicate the formation of 1:1 complexes, this
stoichiometry being also confirmed by Job plots (Figure S2).

Data presented in Table 1 show that AcO−, BzO− and F− are the best bound anions,
and, in general, the association constants increase with increasing of anion basicity for
all the receptors. A closer analysis of the results indicates that pyrenyl urea 4c is a more
efficient receptor than naphthyl urea 4a, presenting association constants that are in average
0.35 log units higher than those obtained for 4a. This fact may be due to the presence of
the bulkier pyrenyl residue that makes receptor 4c less flexible and consequently more
preorganised compared to naphthyl urea 4a. Concerning spherical halides, ureas 4a and
4c both form strong complexes with F− (log Kass = 2.91 and 3.31, respectively), and the
association constants decrease with decreasing of anion basicity. Complexes with trigonal
planar oxoanions AcO− and BzO− display the highest log Kass values for 4a (3.20 and
3.09, respectively) and for 4c (3.42 and 3.45, respectively), and in the case of the tetrahedral
inorganic oxoanion HSO4

−, reasonably good association constants were also obtained.
Naphthyl thiourea 4b was also studied, and the data reported in Table 1 show that 4b is

a weaker receptor than corresponding urea 4a despite the increased acidity of its NH groups.
Thiourea 4b displays the same trend as urea 4a, the anions being bound according to their
basicity for all the geometry groups. The association constants were 0.85 log units lower on
average than those obtained for 4a, except for the more basic and best bound anions F−,
AcO− and BzO− (∆ log Kass = 0.18, 0.41 and 0.48, respectively). Identical situations were
reported for several homooxacalixarene thiourea receptors [23,27,32]. The larger size of
the sulphur atom that distorts the cis–cis geometry required for anion binding may be the

3
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cause of this effect. As a result, less preorganised and energetically less favourable thiourea
groups are obtained compared to the urea ones [35].
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The calixarene skeletons of these partial cone ureas seem to undergo only slight
conformational changes upon complexation, as observed before for other hexahomotrioxa
derivative analogues [32]. Very small chemical shift variations were observed for the
tert-butyl protons upon the addition of 8 equiv of the salts for both ureas (∆δ ≤ 0.03 ppm).
One of the three aromatic protons also showed small downfield variations (∆δ ≤ 0.07
and 0.09 ppm for 4a and 4c, respectively), while the others are difficult to follow due to
overlapping by the naphthyl/pyrenyl peaks.

Naphthyl and pyrenyl ureas 4a and 4c were also tested in the recognition of n-
propyl and n-butylammonium chlorides in a preliminary study to evaluate their ability as
ditopic receptors.

Proton NMR titrations were carried out by adding increasing amounts (up to two
equiv) of the salts to CDCl3 solutions of receptors 4a and 4c. In the case of 4a, the addition
of one equiv of both guests at room temperature caused broadening of the peaks; while
for 4c this broadening was also followed by the appearance of resonances at high field.
This indicates host–guest interaction with both receptors, and the inclusion of alkyl groups
inside the aromatic cavity of host 4c at room temperature. To better analyse the spectra, the
temperature was lowered to 233 K. For both ureas, peaks have appeared in the negative
region of the spectra (Figure S3), but they remain broad, suggesting that the complexa-
tion/decomplexation process is still fast on the NMR time scale. Given these results, no
other ion pairs were tested.

2.2.2. UV–Vis Absorption and Fluorescence Studies

The proton NMR studies of the interactions between (thio)ureas 4a–4c and the pre-
vious anions were complemented by UV–Vis absorption and fluorescence titrations in
dichloromethane, and also in acetonitrile in the case of urea 4a.

Naphthylurea 4a behaved similarly in both solvents, displaying an absorption band
centred at approximately 301 or 295 nm in CH2Cl2 or MeCN, respectively, but with a
marked shoulder at 330 nm and an onset at about 360 nm. The low-energy part of the
absorption (wavelengths larger than about 300 nm) mainly arises from the naphthalene
moieties, as shown by a comparison with both the spectrum of parent calixarene 1 whose
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lowest energy absorption is benzenoid, peaking at 282 nm and with an onset at about
300 nm, and with the absorption spectrum of naphthyl precursor A, whose absorption
peaks at 300 nm, displays a shoulder at 330 nm, and had the onset at about 360 nm
(Figure 2a). Upon the addition of increasing amounts of F−, Cl−, AcO− and BzO−, this
band decreases in intensity while a new one progressively appears at longer wavelengths.
In the case of F−, the new maximum is reached at approximately 315 or 308 nm, with
red shifts of 14 or 13 nm, respectively in CH2Cl2 or MeCN. Isosbestic points at 263 and
299 nm are observed in both solvents (Figure 3). For the other anions, similar absorption
spectral changes were observed (Figure S4), showing also isosbestic points and red shifts,
albeit smaller (from 9 to 6 nm). Concerning Br−, NO3

−, HSO4
− and ClO4

− anions, their
complexation by receptor 4a induced successive increases of the absorption (except for
Br− in MeCN that decreases as the anion concentration increase), but with no wavelength
shift of the absorption maximum (Figure S5). Naphthyl thiourea 4b showed a different
behaviour for all the anions. In the case of F−, two isosbestic points at approximately
277 and 309 nm can be seen, but no significant shift of the absorption maximum is observed
(Figure S6a). For the other anions, the absorption band decreases as the anion concentration
increases, presenting an isosbestic point around 325 nm (Figure S6b).
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Free pyrenyl urea 4c displays two absorption bands of similar intensity peaking
at approximately 283 and 346 nm, both arising from the pyrenyl groups, as shown by
comparison with the absorption of the isolated moiety precursor B (Figure 2b) and again
considering the benzenoid absorption characteristics of the calixarene backbone. The
titration of 4c with F−, Cl−, AcO− and BzO− anions resulted in an increase of the intensity
of both bands with slight bathochromic shifts of their absorption maxima (Figure 4). These
shifts were higher for the long wavelength pyrenyl band (∆λ = 12 nm for F− and 4 nm for
Cl−) compared to the macrocycle one (∆λ = 3 nm for F− and 1 nm for Cl−). Additions
of Br−, NO3

−, HSO4
− and ClO4

− anions to 4c also induced progressive increases in the
absorption bands, but no shifts in their maxima were observed (Figure S7).
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Figure 2. Normalised absorption spectra of (a) 1 (orange), A (blue) and 4a (black) and (b) 1 (orange), 
B (grey) and 4c (green) in CH2Cl2 at 25 °C. [1] = [A] = 5 × 10  M, [4a] = 2 × 10  M; [B] = 4 × 10  M, [4c] = 1 × 10  M. 
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Figure 3. Changes in the UV spectrum of urea 4a (2.0 × 10–5 M) upon addition of TBA F (up to 10 
equiv.) in (a) CH2Cl2 and (b) MeCN. The arrows indicate the effect of increasing amounts of salt. 

Naphthylurea 4a presents emission bands centred at approximately 375 nm in both 
solvents, as well as nanosecond fluorescence lifetimes and significant quantum yields 
(Table 2 and Figure S8). No intramolecular excimer is observed in the fluorescence spectra, 
pointing to the impossibility of naphthyl group pairs to attain near-sandwich 
configurations. An increase of the emission intensity was obtained upon the addition of 
all anions to 4a in CH2Cl2 (Figure 5a), which was less pronounced for NO3−, HSO4− and 
ClO4− (Figure S9a). In MeCN, an increase of the emission intensity was also observed in 
the case of Cl−, Br−, AcO−, BzO− and ClO4− anions, whereas a quenching of the fluorescence 
intensity was observed for F− (Figure 5b), NO3− and HSO4− (Figure S9b). The lifetimes of 
4a either do not change or change moderately upon complexation (Table S1). At 10 
equivalents, AcO−, BzO− and F−have the strongest effect on the lifetimes of 4a, in agreement 
with the expected associated fractions (see Figure S10). The observed changes both in 
lifetimes and in intensities (hence fluorescence quantum yields) probably resulted from 
conformational modifications mainly affecting the radiative constants. 

Figure 2. Normalised absorption spectra of (a) 1 (orange), A (blue) and 4a (black) and (b) 1 (orange), B
(grey) and 4c (green) in CH2Cl2 at 25 ◦C. [1] = [A] = 5× 10−5 M, [4a] = 2× 10−5 M; [B] = 4 × 10−5 M,
[4c] = 1 × 10−5 M.
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Figure 3. Changes in the UV spectrum of urea 4a (2.0 × 10−5 M) upon addition of TBA F (up to
10 equiv.) in (a) CH2Cl2 and (b) MeCN. The arrows indicate the effect of increasing amounts of salt.

Naphthylurea 4a presents emission bands centred at approximately 375 nm in both
solvents, as well as nanosecond fluorescence lifetimes and significant quantum yields
(Table 2 and Figure S8). No intramolecular excimer is observed in the fluorescence spectra,
pointing to the impossibility of naphthyl group pairs to attain near-sandwich configurations.
An increase of the emission intensity was obtained upon the addition of all anions to 4a in
CH2Cl2 (Figure 5a), which was less pronounced for NO3

−, HSO4
− and ClO4

− (Figure S9a).
In MeCN, an increase of the emission intensity was also observed in the case of Cl−, Br−,
AcO−, BzO− and ClO4

− anions, whereas a quenching of the fluorescence intensity was
observed for F− (Figure 5b), NO3

− and HSO4
− (Figure S9b). The lifetimes of 4a either

do not change or change moderately upon complexation (Table S1). At 10 equivalents,
AcO−, BzO− and F−have the strongest effect on the lifetimes of 4a, in agreement with the
expected associated fractions (see Figure S10). The observed changes both in lifetimes and
in intensities (hence fluorescence quantum yields) probably resulted from conformational
modifications mainly affecting the radiative constants.

Table 2. Photophysical properties of model compounds A and B and ureas 4a and 4c at 25 ◦C.

Solvent λmax,abs
(nm)

ε (M−1

cm−1)
λmax,em

(nm)

Stokes
Shift a

(nm)
τf (ns) ΦF

b kr (ns−1) knr (ns−1)

A CH2Cl2 293 2.5 × 104 372 79 2.61 0.52 0.20 0.18
B CH2Cl2 352 4.7 × 104 412 60 5.70 0.14 0.025 0.15
4a CH2Cl2 301 5.1 × 104 375 74 4.84 0.37 0.076 0.13

MeCN 295 5.6 × 104 374 79 3.67 0.35 0.095 0.18
4c CH2Cl2 283 c 5.6 × 104 398 e 115 1.98 g 0.19 i — —

340 d 498 f 158 25.9 h — —
a Computed as λmax,em − λmax,abs; b Against quinine sulfate ΦF = 0.546 in H2SO4 0.5 M; c Absmax (calixarenic
macrocycle + pyrene band); d Absmax (pyrene band); e Corresponding to the monomer band; f corresponding to
the excimer band; g λem = 398 nm; h λem = 498 nm; i overall (monomer + excimer) emission.
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Figure 4. Changes in UV spectrum of urea 4c (1.0 × 10–5 M) upon the addition of TBA AcO (up to 10 
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The fluorescence of thiourea 4b could not be studied, as this derivative is unstable 
upon irradiation. 

The fluorescence of 4c exhibits both monomer (ca. 400 nm) and excimer (ca. 500 nm) 
bands arising from the pyrene moieties (Table 2 and Figure S8). The overall fluorescence 
quantum yield is significant, and monomer and excimer have very different lifetimes, the 
average monomer lifetime being of the order of 2 ns, significantly shorter than that of 
reference compound B (Table 2), whereas the excimer lifetime is one order of magnitude 
higher. Owing to the close proximity of pyrene pairs, the excimer displays a very short 
risetime (Table S2), indicating that its formation is quite fast. This component is also found 
in the monomer decay (Table S2) along with a component close to that of reference 
compound B. This probably results from the fact that two pyrenyl units engage in excimer 
formation, whereas the third, on account of the partial cone conformation, will exhibit 
isolated monomer behavior. The monomer–excimer double emission, with its associated 
excited-state kinetics and photophysics, precludes a clear-cut evaluation of association 
constants from fluorescence. The average monomer lifetimes of 4c do not change 
significantly upon complexation (Table S2). It is nevertheless observed that complexation 

Figure 4. Changes in UV spectrum of urea 4c (1.0 × 10−5 M) upon the addition of TBA AcO (up to
10 equiv.) in CH2Cl2. Arrows indicate increasing amounts of salt.

Molecules 2022, 27, x FOR PEER REVIEW 8 of 17 
 

 

has a varying effect on excimer photophysics depending on the anion (Figure 6a), showing 
that different conformations of the pyrenylurea arms can be adopted upon complexation. 
It is observed that in some cases the excimer/monomer intensity ratio is essentially 
unaffected by anion binding (Figure S11), whereas in other cases there is a strong effect 
(Figure 6b). 

350 400 450 500 550
0.0

5.0x107

1.0x108

1.5x108

2.0x108

λ / nm

In
te

ns
ity

 (a
.u

.)
 

  
350 400 450 500 550

0.0

4.0x106

8.0x106

1.2x107

1.6x107

 

 λ / nm

In
te

ns
ity

 (a
.u

.)
 

  
(a) (b) 

Figure 5. Changes in the emission spectrum of urea 4a (2.0 × 10–5 M) upon addition of TBA F (up to 
10 equiv) in (a) CH2Cl2 and (b) MeCN. The arrows indicate the effect of increasing amounts of salt. 

In all cases, significant spectral variations were observed for the three receptors, 
allowing the determination of the corresponding binding constants by absorption in 
dichloromethane (Table 3). For naphthyl urea 4a, the constants were also determined in 
dichloromethane and acetonitrile, and using both absorption and fluorescence. The 
association constants obtained for all receptors are on average one log unit higher than 
those obtained by NMR, but follow approximately the same trend. The more dilute 
solutions used in the UV–Vis/fluorescence titrations favour the dissociation of the salts, 
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before (NMR studies), pyrenyl urea 4c is a slightly better receptor than naphthyl urea 4a 
for all the anions, while naphthyl thiourea 4b is the weakest receptor. 

  

Figure 5. Changes in the emission spectrum of urea 4a (2.0 × 10−5 M) upon addition of TBA F (up to
10 equiv) in (a) CH2Cl2 and (b) MeCN. The arrows indicate the effect of increasing amounts of salt.

The fluorescence of thiourea 4b could not be studied, as this derivative is unstable
upon irradiation.

The fluorescence of 4c exhibits both monomer (ca. 400 nm) and excimer (ca. 500 nm)
bands arising from the pyrene moieties (Table 2 and Figure S8). The overall fluorescence
quantum yield is significant, and monomer and excimer have very different lifetimes, the
average monomer lifetime being of the order of 2 ns, significantly shorter than that of
reference compound B (Table 2), whereas the excimer lifetime is one order of magnitude
higher. Owing to the close proximity of pyrene pairs, the excimer displays a very short
risetime (Table S2), indicating that its formation is quite fast. This component is also found
in the monomer decay (Table S2) along with a component close to that of reference com-
pound B. This probably results from the fact that two pyrenyl units engage in excimer
formation, whereas the third, on account of the partial cone conformation, will exhibit
isolated monomer behavior. The monomer–excimer double emission, with its associated
excited-state kinetics and photophysics, precludes a clear-cut evaluation of association con-
stants from fluorescence. The average monomer lifetimes of 4c do not change significantly
upon complexation (Table S2). It is nevertheless observed that complexation has a varying
effect on excimer photophysics depending on the anion (Figure 6a), showing that different
conformations of the pyrenylurea arms can be adopted upon complexation. It is observed
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that in some cases the excimer/monomer intensity ratio is essentially unaffected by anion
binding (Figure S11), whereas in other cases there is a strong effect (Figure 6b).
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Figure 6. (a) Ratio of excimer and monomer peak intensities of urea 4c upon addition of TBA salts, 
(b) Changes in the emission spectrum of urea 4c upon addition of 0 (black), 0.75 (olive), 2 (violet) 
and 10 equiv. (pink) of TBA AcO. The arrows indicate the increasing amounts of salt. [4c] = 1.0 × 10–

5 M in CH2Cl2. 

Table 3. Association constants (log Kass)a of (thio)ureas 4a–4c determined by UV–Vis absorption and 
emission at 25 °C. 

   Spherical Trigonal Planar Tetrahedral 
  Solvent F− Cl− Br− NO3− AcO− BzO− HSO4− ClO4− 

4a Abs CH2Cl2 4.34 3.74 3.43 3.51 4.23 4.28 3.65 2.69 
  MeCN 4.25 3.51 3.26 3.28 4.04 4.01 3.54 2.54 
 Emi CH2Cl2 4.20 3.78 3.29 3.44 4.07 4.13 3.45 2.65 
  MeCN 4.14 3.46 3.18 3.19 3.91 4.06 3.29 2.48 

4b Abs CH2Cl2 3.39 3.00 2.78 2.62 3.28 3.19 2.91 2.26 
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2.2.3. Temperature Dependence of the Association Constants—Thermodynamic 
Analysis and Simulation 

The thermodynamic parameters of the complexation of naphthylurea 4a with F− and 
AcO− in acetonitrile were determined from the dependence of the association constant 
with temperature using the van’t Hoff equation (Figure 7 and Table 4). According to Table 
4, similar results were obtained from both experimental techniques. A general conclusion 
drawn from the data is that the complexation is entropy-driven in the two cases studied, 
which is surprising and was only observed once in similar systems [36]. 

  

Figure 6. (a) Ratio of excimer and monomer peak intensities of urea 4c upon addition of TBA salts,
(b) Changes in the emission spectrum of urea 4c upon addition of 0 (black), 0.75 (olive), 2 (violet) and
10 equiv. (pink) of TBA AcO. The arrows indicate the increasing amounts of salt. [4c] = 1.0 × 10−5 M
in CH2Cl2.

In all cases, significant spectral variations were observed for the three receptors,
allowing the determination of the corresponding binding constants by absorption in
dichloromethane (Table 3). For naphthyl urea 4a, the constants were also determined
in dichloromethane and acetonitrile, and using both absorption and fluorescence. The
association constants obtained for all receptors are on average one log unit higher than
those obtained by NMR, but follow approximately the same trend. The more dilute so-
lutions used in the UV–Vis/fluorescence titrations favour the dissociation of the salts,
providing a higher concentration of the anions available for complexation and resulting in
higher association constants [14]. The data reported in Table 3 show a stronger binding in
dichloromethane than that in acetonitrile for urea 4a, both by absorption and emission, in
agreement with the relative competitive character of the two solvents. As observed before
(NMR studies), pyrenyl urea 4c is a slightly better receptor than naphthyl urea 4a for all the
anions, while naphthyl thiourea 4b is the weakest receptor.

Table 3. Association constants (log Kass) a of (thio)ureas 4a–4c determined by UV–Vis absorption and
emission at 25 ◦C.

Spherical Trigonal Planar Tetrahedral

Solvent F− Cl− Br− NO3
− AcO− BzO− HSO4

− ClO4
−

4a Abs CH2Cl2 4.34 3.74 3.43 3.51 4.23 4.28 3.65 2.69
MeCN 4.25 3.51 3.26 3.28 4.04 4.01 3.54 2.54

Emi CH2Cl2 4.20 3.78 3.29 3.44 4.07 4.13 3.45 2.65
MeCN 4.14 3.46 3.18 3.19 3.91 4.06 3.29 2.48

4b Abs CH2Cl2 3.39 3.00 2.78 2.62 3.28 3.19 2.91 2.26
4c Abs CH2Cl2 4.46 3.97 3.65 3.60 4.29 4.37 3.80 2.92

a Estimated error < 10%.

2.2.3. Temperature Dependence of the Association Constants—Thermodynamic Analysis
and Simulation

The thermodynamic parameters of the complexation of naphthylurea 4a with F− and
AcO− in acetonitrile were determined from the dependence of the association constant
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with temperature using the van’t Hoff equation (Figure 7 and Table 4). According to Table 4,
similar results were obtained from both experimental techniques. A general conclusion
drawn from the data is that the complexation is entropy-driven in the two cases studied,
which is surprising and was only observed once in similar systems [36].
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Figure 7. Linear regression of ln Kass vs. 1000/T using UV–Vis absorption (circles) and fluorescence
(squares) for urea 4a in MeCN (2.0 × 10−5 M) upon addition up to 10 equiv of (a) TBA F and
(b) TBA AcO.

Table 4. Thermodynamic quantities for the complexation of anions with 4a in MeCN at 25 ◦C
determined by UV–Vis and fluorescence.

log Kass ∆G◦ (kJ mol−1) ∆H◦ (kJ mol−1) ∆S◦ (J mol−1K−1)

F− 4.25/4.14 −25/−25 35/32 200/190
AcO− 4.04/3.91 −23/−22 35/32 190/180

To better understand the entropy effect, extensive simulations were carried out. For
this purpose, several main conformations of naphthylurea 4a arms (oriented on the same
side of the macrocyclic ring) were identified, according to the orientation of each urea
NH and naphthyl moieties. Each urea group may exist in a sin (S, both protons in the
same direction) or in an anti (A) orientation, and the naphthyl groups may be π-stacked
(structures marked with a prime or identified by dashed lines, as shown in Figure 8a) or
free (unprimed structures). Figure 8a shows the relative chemical potentials of these species
in acetonitrile solutions, and in Figure 8b is represented the optimised structure for the SS’
conformer. Gas phase thermodynamic data is provided in the Supporting Information.

As expected, π-stacked structures are not as stable in solution as the respective open
forms, mainly due to the reduced solvent accessible surface areas. The exception is con-
former SS’, which benefits from intramolecular hydrogen bonding as well (see Figure 8b).
The open form of conformer SA is also reasonably close in chemical potential to conformers
SS and SS’. SA’ on the other hand, is quite unstable in solution. Unless there are kinetic
factors hindering the interconversion between different species, equilibrium solutions of
the calixarene are expected to be dominated by SS and SS’, with a combined mole fraction
of 95%. The two SA conformers have a weight of 4%, whereas the AA corresponds to only
1%. The combined estimation of weights is based on the conformational search performed
with the program CREST, which showed that primed and unprimed species belong to the
same ensemble.
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Calculated Gibbs energy variations upon binding of F− anion in acetonitrile for
conformers SS are displayed in Figure 9a. This figure shows results where the solvent
participation is implicit (n = 0), as well as hybrid models, where 1 to 4 molecules of
acetonitrile are explicitly included in the system (besides the implicit effects from the
generalised Born model). These molecules are initially attached to the urea moieties by
hydrogen bonding. Calculated gas-phase enthalpies (Figure S12a) and entropies (Figure 9b)
significantly differed from experimental data, stressing the role of the solvent. The gas-
phase calculations predict enthalpies from −123 up to −83 kJ mol−1 and entropy variations
also negative from −206 to −230 J mol−1 K−1 for conformers SS, as one could expect for a
binding process. The experimental average values are positive and of the order of 33 kJ
mol−1 and 195 J mol−1 K−1, respectively (Table 4). The results for the entropy variations
considering an estimation of the conformational effects for conformer SS are also shown in
Figure 9b (denoted as SSconf). These results evidence the relevance of considering the loss
of conformational degrees of freedom when the calixarene binds the anion.

The designed hybrid models help to clarify the role of acetonitrile in the binding pro-
cess. Instead of binding, the formation of adducts between fluoride and 4a is transformed
into exchange reactions. Acetonitrile may bind the calixarene by hydrogen bonding or
dispersion. Though the enthalpy gain for the latter type of interaction is weaker, entropic
penalties for both binding modes are similar. Irrespective of the conformer considered in
the binding process, enthalpies and entropies progressively increase with the number of
added acetonitrile molecules. On the other hand, Gibbs energies progressively decrease
when acetonitrile molecules are explicitly included.

The obtained results clearly show that the explicit inclusion of acetonitrile solvent (as a
few discrete molecules) brings the computed enthalpy and entropy closer to the measured
values. Furthermore, inclusion of conformational effects is essential for the correct predic-
tion of the entropy changes, keeping this state function from reaching unrealistically large
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values. The positive enthalpies and entropies observed experimentally result therefore
from the direct involvement of the solvent in the binding process.
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Figure 9. Variation in (a) Gibbs energy and (b) entropy for the binding F− to 4a with n molecules
(n = 0–4) of MeCN explicitly considered. The reactions considered to generate the plot are summarised
by, e.g., SS : nMeCN + F− 
 nMeCN + SS : F− .

3. Experiments
3.1. General Information

All chemicals were reagent-grade and used without further purification. Chro-
matographic separations were performed on Merck silica gel 60 (particle size 40–63 µm,
230–400 mesh). Melting points were measured (not corrected) on a Stuart Scientific appara-
tus, and FTIR spectra were recorded on a Shimadzu Model IRaffinity-1 spectrophotometer.
1H and 13C NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer with
TMS as internal reference. Conventional COSY 45 experiments were conducted as 256 × 2 K
complex points. Elemental analysis was determined on a Fisons EA 1108 microanalyser.

3.2. Procedure for the Synthesis of Ureas 4a and 4c, and Thiourea 4b

To a solution of amine 3 [32] (0.53 g, 0.67 mmol) in 30 mL of CHCl3 was added
2.01 mmol of the appropriate iso(thio)cyanate. In the case of 1-pyrenylisocyanate, it was
synthesised from 1-pyrene amine in the presence of triethylamine and triphosgene, accord-
ing to reference [37]. The mixture was stirred at room temperature under N2 for 4 h. Evap-
oration of the solvent yielded the crude products that were purified as described below.

7,15,23-Tri-tert-butyl-25,26,27-tri[[(N′-1-naphthylureido)butyl]oxy]-2,3,10,11,18,19-hexaho-
mo-3,11,19-trioxacalix[3]arene (4a): Flash chromatography (SiO2, eluent CH2Cl2/MeOH,
from 99.5:0.5 to 99:1); it was obtained in 53% yield (0.46 g); m.p. 157–159 ◦C; IR (KBr) 3343
cm−1 (NH), 1647 cm−1 (CO); 1H NMR (CDCl3, 500 MHz) δ 0.68 (m, 4H, OCH2CH2CH2CH2-
NHa inverted), 1.25 [s, 18H, C(CH3)3], 1.30 [s, 9H, C(CH3)3 inverted], 1.39 (m, 4H, OCH2-
CH2CH2CH2NHa), 1.53, 1.64 (2m, 4H, OCH2CH2CH2CH2NHa), 2.83 (m, 4H, OCH2CH2CH2-
CH2NHa inverted), 3.23 (m, 4H, OCH2CH2CH2CH2NHa), 3.40, 3.56 (2m, 4H, OCH2CH2-
CH2CH2NHa), 4.14, 4.69 (ABq, 4H, J = 12.1 Hz, CH2OCH2), 4.20, 4.28 (Abq, 4H, J = 11.0
Hz, CH2OCH2), 4.44, 4.83 (Abq, 4H, J = 11.4 Hz, CH2OCH2), 4.99 (t, 1H, NHa inverted),
5.89 (t, 2H, NHa), 7.25, 7.36 (2d, 4H, ArH), 7.32–7.36 (m, 4H, NHb-inverted and Napht),
7.37 (s, 2H, ArH inverted), 7.40, 7.59 (2t, 4H, Napht), 7.50–7.54 (d + t, 4H, Napht), 7.68,
7.76, 7.82, 7.90, 7.96, 7.99, 8.20 (7d, 10H, Napht), 7.71 (s, 2H, NHb); NMR 13C (CDCl3, 125.8
MHz) δ 25.0, 26.3 (OCH2CH2CH2CH2NHa), 27.77, 27.80 (OCH2CH2CH2CH2NHa), 31.4,
31.5 [C(CH3)3], 34.31, 34.33 [C(CH3)3], 40.0 (2C) (OCH2CH2CH2CH2NHa), 64.0, 66.3, 68.4
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(CH2OCH2), 74.8, 75.3 (OCH2CH2CH2CH2NHa), 119.8, 120.9, 121.3, 124.40, 124.43, 125.8,
125.9 (3C), 126.0, 126.1, 126.2, 127.4, 127.6, 128.5, 128.7, 128.8 (ArH), 127.5, 127.6, 129.4, 130.1,
130.3, 133.9, 134.2 (2C), 134.4, 146.3, 146.6, 155.3 (Ar), 156.1, 157.2 (CO). Anal. Calcd for
C81H96N6O9: C 74.97; H 7.46; N 6.48. Found: C 75.04; H 7.82; N 6.24.

7,15,23-Tri-tert-butyl-25,26,27-tri[[(N′-1-naphthylthioureido)butyl]oxy]-2,3,10,11,18,19-hexa-
homo-3,11,19-trioxacalix[3]arene (4b): Flash chromatography (SiO2, eluent CH2Cl2/MeOH,
from 99.9:0.1 to 99.3:0.7); it was obtained in 71% yield (0.64 g); m.p. 132–134 ◦C; 1H
NMR (CDCl3, 500 MHz) δ 0.56 (m, 2H, OCH2CH2CH2CH2NHa inverted), 0.74 (m, 2H,
OCH2CH2CH2CH2NHa inverted), 1.23 [s, 9H, C(CH3)3 inverted], 1.24 [s, 18H, C(CH3)3],
1.37 (m, 8H, OCH2CH2CH2CH2NHa), 2.38 (m, 2H, OCH2CH2CH2CH2NHa inverted), 2.91
(m, 2H, OCH2CH2CH2CH2NHa inverted), 3.36 (m, 4H, OCH2CH2CH2CH2NHa), 3.42 (m,
4H, OCH2CH2CH2CH2NHa), 3.72, 4.36 (Abq, 4H, J = 10.9 Hz, CH2OCH2), 3.73, 3.99 (Abq,
4H, J = 11.0 Hz, CH2OCH2), 3.99, 4.44 (Abq, 4H, J = 10.1 Hz, CH2OCH2), 5.97 (broad t,
1H, NHa inverted), 6.41 (broad t, 2H, NHa), 7.07 (broad s, 4H, ArH), 7.12 (s, 2H, ArH
inverted), 7.43 (d, 2H, Napht), 7.47–7.52 (m, 8H, Napht), 7.57 (m, 2H, Napht), 7.73 (s, 2H,
NHb), 7.74 (s, 1H, NHb inverted), 7.83–7.88 (m, 5H, Napht), 7.90–7.94 (m, 3H, Napht), 8.05
(d, 1H, Napht); 13C NMR (CDCl3, 125.8 MHz) δ 24.2, 25.2 (OCH2CH2CH2CH2NHa), 27.4,
(OCH2CH2CH2CH2NHa), 31.5, 31.6 [C(CH3)3], 34.2 [C(CH3)3], 44.7, 45.3 (OCH2CH2CH2-
CH2NHa), 64.2, 66.3, 68.5 (CH2OCH2), 73.4, 74.7 (OCH2CH2CH2CH2NHa), 122.4, 122.6,
125.2, 125.3, 125.6, 125.7, 126.9, 127.0, 127.3, 127.38, 127.44, 127.8, 128.3, 128.56, 128.59, 128.62
(ArH), 129.5, 130.0, 130.2, 130.9, 132.3, 132.5, 134.6, 145.8, 145.9, 154.4, 155.2 (Ar), 181.6,
181.8 (CS). Anal. Calcd for C81H96N6O6S3: C 72.29; H 7.19; N 6.24; S 7.15. Found: C 71.87;
H 7.16; N 6.21; S 6.86.

7,15,23-Tri-tert-butyl-25,26,27-tri[[(N′-1-pyrenylureido)butyl]oxy]-2,3,10,11,18,19-hexahomo-
3,11,19-trioxacalix[3]arene (4c): Recrystallization from CH2Cl2/n-hexane; it was obtained
in 83% yield (0.85 g); m.p. 191–193 ◦C; IR (KBr) 3318 cm−1 (NH), 1638 cm−1 (CO); 1H
NMR (CDCl3, 500 MHz) δ 0.74 (m, 4H, OCH2CH2CH2CH2NHa inverted), 1.26 [s, 18H,
C(CH3)3], 1.36 [s, 9H, C(CH3)3 inverted], 1.48 (m, 4H, OCH2CH2CH2CH2NHa), 1.57, 1.78
(2m, 4H, OCH2CH2CH2CH2NHa), 2.84 (t, 2H, OCH2CH2CH2CH2NHa inverted), 2.92 (m,
2H, OCH2CH2CH2CH2NHa inverted), 3.19, 3.42 (2m, 4H, OCH2CH2CH2CH2NHa), 3.46,
3.62 (2m, 4H, OCH2CH2CH2CH2NHa), 4.15, 4.31 (Abq, 4H, J = 11.1 Hz, CH2OCH2), 4.19,
4.84 (Abq, 4H, J = 11.5 Hz, CH2OCH2), 4.49, 4.86 (Abq, 4H, J = 11.5 Hz, CH2OCH2), 5.03 (t,
1H, NHa inverted), 5.94 (t, 2H, NHa), 7.26, 7.43 (2d, 4H, ArH), 7.42 (s, 2H, ArH inverted),
7.48, 7.60 (2d, 4H, Pyr), 7.67 (m, 3H Pyr), 7.73–7.80 (m, 4H, Pyr), 7.79 (s, 1H, NHb inverted),
7.85–7.92 (m, 4H, Pyr), 7.89 (s, 2H, NHb), 7.98–8.06, 8.10–8.18 (m, 9H, Pyr), 8.22, 8.42,
8.55 (3d, 3H, Pyr); 13C NMR (CDCl3, 125.8 MHz) δ 25.0, 26.4 (OCH2CH2CH2CH2NHa),
27.7, 27.8 (OCH2CH2CH2CH2NHa), 31.4, 31.6 [C(CH3)3], 34.3, 34.4 [C(CH3)3], 40.1 (2C)
(OCH2CH2CH2CH2NHa), 64.0, 66.4, 68.5 (CH2OCH2), 74.7, 75.2 (OCH2CH2CH2CH2NHa),
120.3, 120.5, 121.5, 121.6, 124.1, 124.6, 124.7, 124.8, 125.3, 125.56, 125.63, 125.7, 126.2, 126.4,
126.7, 126.9, 127.4, 127.5, 127.7, 127.8, 128.8 (ArH), 123.4, 124.2, 124.7, 125.0, 125.5, 127.9,
128.2, 129.4, 130.1, 130.3, 130.4, 131.0, 131.4, 131.5, 146.4, 146.6, 155.2 (Ar), 156.3, 157.5 (CO).
Anal. Calcd for C99H102N6O9: C 78.23; H 6.76; N 5.53. Found: C 78.17; H 6.40; N 5.75.

3.3. 1H NMR Titrations

The anion association constants (as log Kass) were determined in CDCl3 by 1H NMR
titration experiments. Several aliquots (up to 10 equiv.) of the anion solutions (as TBA
salts) were added to 0.5 mL solution of the receptors (2.5 × 10−3 M) directly in the NMR
tube. The spectra were recorded after each addition of the salts, and the temperature of the
NMR probe was kept constant at 25 ◦C. The association constants were evaluated using the
WinEQNMR2 program [34] and following the urea NH chemical shifts. The Job methods
were performed keeping the total concentration in 2.5 × 10−3 M, the same concentration
used in the ion-pair recognition studies.
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3.4. UV–Vis Absorption and Fluorescence Studies

Absorption and fluorescence studies were conducted using a Shimadzu UV-3101PC
UV-Vis–NIR spectrophotometer and a Fluorolog F112A fluorimeter in right-angle con-
figuration, respectively. Association constants were determined in CH2Cl2 and MeCN
by UV–Vis absorption spectrophotometry and by steady-state fluorescence at 25 ◦C. Ab-
sorption spectra were recorded between 250 and 430 nm, and the emission ones between
320 and 670 nm, and using quartz cells with an optical path length of 1 cm. Several aliquots
(up to 10 equiv.) of the anion solutions (as TBA salts) were added to a 2 mL solution
of the receptors (1.0 × 10−5 − 2.0 × 10−5 M) directly in the cell. Emission spectra were
corrected for the spectral response of the optics and the photomultiplier. Fluorescence
quantum yields were measured using quinine sulphate as the reference (ΦF = 0.546 in
H2SO4 0.5 M). Time-resolved fluorescence intensity decays were obtained using the single-
photon timing method with laser excitation and microchannel plate detection, with the
already described setup [38]. The excitation wavelengths used were at the maximum
absorption of the calixarenes and the emission wavelengths at maximum emission, using a
front-face geometry. The timescale varied from 12.2 to 24.4 ps per channel for derivative 4a,
and 12.2 to 136.7 ps per channel for derivative 4c. The spectral changes were interpreted
using the HypSpec 2014 program [39]. The thermodynamic parameters were obtained
under the same conditions in a temperature range from 5 to 45 ◦C. Details concerning the
photophysical properties determination were already provided [25].

3.5. Computational Details

Geometry optimisations and thermodynamics were calculated using the newly devel-
oped C++ library, ULYSSES [40]. The method of choice was GFN2-xTB [41] using ALPB
for solvation effects [42]. The initial structures of the calixarene were generated with Avo-
gadro [43,44]. Geometries were minimised using the BFGS algorithm along with the dogleg
trust region with convergence criteria of 5 × 10−8 Eh for energies and 2.5 × 10−5 Eh/a0
for gradients. The method of Lindh et al. was used to approximate the Hessian matrix
in the step calculation [45]. As the intramolecular π-stacking interactions of naphthyl
groups are extremely favorable in the gas phase, the resulting geometries were not faithful
representations of the system in solution. Therefore, the structures were always optimised
in the dielectric of acetonitrile. Further details are given in the Supporting Information.

4. Conclusions

The anion binding properties of three fluorescent (thio)ureido-hexahomotrioxaca-
lix[3]arene receptors were investigated by NMR, UV–Vis absorption and fluorescence
titrations. These derivatives, bearing naphthyl or pyrenyl moieties at the macrocycle lower
rim linked by a butyl spacer, were obtained in the partial cone conformation in solution.
Anions of different geometries were bound through hydrogen bonds in a 1:1 stoichiometry.
The results showed that for all the receptors the association constants increase with the
anion basicity and the carboxylates AcO− and Bzo−, and the halide F− were the best bound
anions. Pyrenyl urea 4c is a more efficient receptor than naphthyl urea 4a, as shown by all
the spectroscopic methods used. This may be due to the presence of the bulkier pyrenyl
moiety that makes 4c less flexible and consequently more preorganised. Fluorescence of 4c
displays both monomer and excimer fluorescence. The thermodynamics data obtained in
acetonitrile for 4a with F− and AcO− anions indicated that the binding process is entropy-
driven. The solvation of this type of macrocyclic skeleton, with three oxygen bridges
(CH2OCH2), is expected to be stronger than that of a dihomooxacalix[4]arene, for example,
and may explain the low enthalpy and the high entropy terms obtained [36]. Computational
studies performed showed the critical role of the solvent on the anion-receptor association,
approaching the computed enthalpy and entropy to the experimental values. As ditopic
receptors, ureas 4a and 4c both showed some ion pair recognition, but at low temperature,
the complexation/decomplexation process is still fast on the NMR time scale.
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Abstract: A series of fluorescent calix[4]arene scaffolds bearing electron-rich carbazole moiety conju-
gated at the lower rim have been prepared. Studies of the fluorescence quenching in the presence of
the N-methyl pyridinium guest revealed that the electronic properties of the distal phenolic ring play
a major role in the host–guest complexation. In particular, placing an electron-donating piperidine
fragment at that ring significantly increased the host–guest interactions, while introducing the same
fragment into the proximal phenolic ring weakened the fluorescence response. These results suggest
that the dominant interactions between the guest and calixarene cavity involve the oxygen-depleted
fluorophore-bearing aromatic ring and not the more electron-rich unsubstituted phenolic fragments.

Keywords: calixarene; chemosensors; fluorescence; molecular recognition; π interactions

1. Introduction

Complexation of cationic organic guests within the electron-rich cavity of calix[4]arene
(calixarene) compounds has been at the heart of the host–guest complexation chemistry
for several decades [1]. In particular, multiple calixarene scaffolds have been investigated
in much detail with regard to the complexation of various pyridinium salts and their
derivatives [2]. In addition to common calixarene hosts, these studies involved calixarene
scaffolds adapting various conformations [3], and scaffolds containing two calixarene
cavities (Figure 1) [4]. In the great majority of the studies, 1H NMR spectroscopy was the
method of choice to determine the strength of the host–guest complexation [5], with the
technique typically requiring relatively high concentrations. Surprisingly, to our knowledge,
studies on common electronic effects on this complexation reaction have not been reported.
While the introduction of electron-donating or -accepting substituents in the calixarene
aromatic rings can be viewed as a judicious, albeit synthetically challenging, route to
study these effects, the data analysis can be skewed by the conformational changes of the
host molecule with regard to the guest cation. It is generally accepted that π interactions
(cation-π and/or π-stacking) play an important role in the overall complexation of N-alkyl
pyridinium salts within the calixarene hosts [6]. With nearly all studied calix[4]arene hosts
having four alkyl ether groups at the lower rim, the average C4v conic structure of the
cavity is not optimized for such interactions [7–16]. Naturally, π interactions would be
maximized if a pair of the opposite aromatic groups adopted a parallel disposition, where
two opposite aromatic groups are parallel to each other in a C2v symmetrical conformation
(1d, flattened cone), which for the symmetrically substituted calixarenes can be observed
only at low temperatures [16–18]. A straightforward way to achieve such an arrangement
is the selective 1,3-lower rim dialkylation or acylation of the phenolic oxygens, leading to
the protected phenolic moieties adopting a parallel geometry. Alternatively, a replacement
of an oxygen atom at the lower rim with a non-polar hydrocarbyl group also results in
the oxygen-depleted (formerly) phenolic fragment becoming aligned with the opposite
phenolic ring, as can be deduced from the available structural data (1e) [19,20]. Interestingly,
although these parallel aromatic rings are pre-arranged to participate in π interactions,
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they are less electron rich than the remaining unsubstituted phenolic rings which can
adopt a similar arrangement by sacrificing the stabilizing hydrogen bonding between
the OH groups. Distinguishing between the two different binding modes could be aided
by studying electronic effects of appropriate substituents on the cation complexation.
Surprisingly, no such studies have been reported to the best of our knowledge.
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While studying the chemosensory properties of oxygen-depleted 5,5′-Bicalixarene
scaffolds (1c) bearing an alkyne function at the lower rim [21], we discovered that these
compounds show strong NMR and fluorescence response upon the complexation of N-
methyl pyridinium cation (2) [20,22]. Attachment of electron-donating fluorophores at the
termini of the bicalixarene fragment expectedly increased the host–guest complexation
properties of the scaffolds [23]. Yet, this observation alone does not provide compelling
evidence for the π interactions with the oxygen-depleted part of the calixarene moiety.
Here, we present our studies of model calixarene compounds that support the notion of
the π interactions between the parallel opposing aromatic rings and N-methyl pyridinium
cation playing major role in the host–guest complexation (Figure 2).
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2. Results and Discussion

Although the presence of the electron-donating fluorophores at the termini of the
biphenyl chain in 1c increases the fluorescence response to the host–guest interactions with
2, there is no evidence for this chain being involved in the π interactions. Because the
adjacent free phenolic rings are more electron rich, they potentially can provide stronger
π stabilization to the cationic aromatic guest. As stated above, such strong stabilization
would come at the cost of breaking hydrogen bonding between the phenolic groups at the
lower rim. To establish the pair of the opposing aromatic rings being responsible for the π

interactions with 2, we decided to directly compare its complexation within the cavities of
the substituted mono calixarene hosts 3 (Figure 2).

We hypothesized that if the fluorophore-appended ring A is involved in the π interac-
tions, the substituents in ring C should have major effect on the complexation of 2. On the
other hand, if the phenolic rings B and D are the main contributors to the π interactions,
substitution in ring B will cause some change in the fluorescence response. To verify this
hypothesis, we developed synthetic protocols toward unsymmetrically substituted hosts
3a–d (Schemes 1–3). Moreover, although we earlier reported the synthesis of the parent
compound 3a (Φ = 0.17) [23], we have now modified the procedure to obtain the desired
compound in only three steps (Scheme 1).
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Scheme 3. Synthesis of compound 3d.

To prepare compounds 3b and 3c, bearing, at the C ring, the electron-donating piperi-
dine group and electron-withdrawing cyano group, respectively, the corresponding bromo-
derivative 7 was prepared in three steps [23]. Reacting compound 7 with piperidine under
the Buchwald–Hartwig amination conditions afforded the amino derivative 8 which was
converted to the triflate 9. The Sonogashira coupling with the carbazole alkyne gave 3b in
a 14% overall yield and quantum yield of 30% (Φ = 0.30) (Scheme 2A) [24].

For 3c (Φ = 0.14), compound 7 was converted to the cyano derivative 10 via the
Rosenmund–von Braun reaction with CuCN, followed by the similar protocols for the
installation of the carbazole group at the lower rim (Scheme 2B). To prepare compound
3d, the selective protection of the phenolic groups on rings A, D, and C was performed
followed by the bromination at the para- to the OH position of the remaining unprotected
ring B (compound 12) [25,26]. The removal of the benzylic groups and selective triflation of
the intermediate 13 produced the triflate 14 which was reacted with 4. Finally, the obtained
compound 15 was converted to 3d (Φ = 0.39) via Buchwald–Hartwig amination with piperi-
dine (Scheme 3) [27]. All new compounds were fully characterized by the multinuclear
NMR spectroscopy and HRMS. All compounds 3a–d exhibit strong fluorescence upon
irradiation with the UV light (Figure 3).

With these fluorescent calixarenes in hand, we moved to explore their complexation
properties toward 2. As expected, addition of 2 to a 10 µM solution of a calixarene in
1,2-dichloroethane (DCE) resulted in the fluorescence decrease (Figure 4). Titration of the
solutions of 3 with 1–10 equiv. of 2 allowed measurements of binding constants (Table 1),
which were in the same range reported for calix[4]arene receptors from the UV measure-
ments in chloroform at similar concentrations [10]. The overall numbers (~4000–6000 M−1)
are higher than Kass obtained by the 1H NMR technique (Kass = 162 ± 13 M−1 for 3c) at
higher concentrations. The latter compares well with the literature data for NMP cation
complexation obtained by the 1H NMR technique for calixarene hosts with a single cav-
ity [9,10]. Importantly, the most significant drop in the fluorescence intensity was observed
for compound 3b, bearing an electron-rich piperidine moiety at the ring C opposite to
the fluorophore unit. Calixarene 3a, unsubstituted at the upper rim, showed a weaker
response while 3c, possessing an electron withdrawing cyano group, was the least re-
sponsive among these three compounds. Interestingly, calixarene 3d showed the weakest
response to the presence of the cation 2 despite having an electron-donating substituent at
the upper rim (Figure 5, Table 1). These results suggest that the complexation of 2 within
the calixarene cavity is directed by the π interactions with the aromatic rings A and C. With
the electron-donating piperidine at ring C, the complexation is enhanced, while with the
electron-withdrawing CN at ring C, the complexation is weakened compared with the
parent 3a. On the other hand, an electron-donating piperidine unit at ring B weakens cation
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complexation presumably due to repulsive steric interactions between the piperidine and 2
(Supplementary Materials, Figure S3). Thus, the preset parallel alignment of rings A and
C appears more important in the cation complexation within the calixarene cavity over
higher electron density in rings B and D, which are prevented from maximizing their π
interactions due to hydrogen bonding at the lower rim.
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Figure 3. Absorbance–emission spectra of compounds 3a–d.

Table 1. Emission intensity dependence on the concentration of 2 [a]. % Decrease in Emission
Intensity.

Calixarene 1 Equiv. 2 5 Equiv. 2 10 Equiv. 2 Kass [b]

3a 7% 17% 33% 4392 ± 150 M−1

3b 9% 25% 39% 5935 ± 210 M−1

3c [c] 6% 17% 30% 3900 ± 134 M−1

3d 4% 8% 12% 1182 ± 76 M−1

[a] Solutions of calixarenes 3a–d in DCE (10 µM) were treated with increasing concentrations of NMPT, 2 (0
to 10 equivalents) at 24 ◦C; [b] the binding constants were calculated directly from the Stern–Volmer plots, see
Supplementary Materials for details (page S43); [c] binding constant calculated via NMR measurements was
found to be 162 ± 13 M−1, see Supplementary Materials for details (page S45).
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Figure 4. Fluorescent spectra of carbazole-appended calixarenes 3a–d (DCE, 10 µM) with various
concentrations of NMPT, 2 (0 to 10 equivalents). Excitation wavelength 321 nm.
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Figure 5. Fluorescence quenching in carbazole-appended calixarenes 3a–d (DCE, 10 µM) upon the
addition of N-methylpyridinium triflate (NMPT, 2).
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The fluorescence analysis was further corroborated by the 1H NMR studies of com-
plexation of 2 by 3a–d. Unlike the fluorescence quenching which would likely depend on
the guest orientation within the cavity, the chemical shifts of the host’s protons should only
reflect the strength of the host–guest interactions. At 5 mM concentrations, the 1:1 mixtures
of 2 with 3a or 3b showed significant upfield shift for the N-CH3 group and aromatic
protons (Figure 6, Table 2). On the other hand, the same signals were only slightly shifted
in the case of 3c and 3d, testifying to weaker host–guest interactions. Higher sensitivity of
the aromatic protons in 2 suggests that the aromatic ring is likely partly immersed into the
calixarene cavity with ensuing π–π interactions [10].
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Table 2. Comparative studies of the 1H NMR chemical shifts (δ, ppm) of 2 within the calixarene
cavities (CD2Cl2, 5 mM).

Resonance Signal 2 3a + 2 3b + 2 3c + 2 3d + 2

Me 4.56 4.33 4.36 4.53 4.51
Ha 8.88 8.45 8.47 8.80 8.78
Hb 8.11 7.68 7.71 8.02 8.02
Hc 8.54 8.02 8.05 8.42 8.44

3. Materials and Methods

The synthetic manipulations involving air-sensitive compounds were performed in
a nitrogen-filled Innovative Technology or Vigor glove box. All solvents were degassed
and stored under high-purity nitrogen and activated 4Å molecular sieves. All deuterated
solvents were stored under high-purity nitrogen on 3Å molecular sieves. Commercially
available reagents (Aldrich, Strem, and Fluka) were used as received. The NMR spectra
were recorded on a Bruker Avance 400 MHz spectrometer. 1H and 13C NMR signals are
reported in ppm downfield from TMS. All measurements were performed at 22 ◦C in
CDCl3/CD2Cl2 unless stated otherwise. Mass spectra were recorded on a VG-Autospec M-
250 instrument. UV and fluorescence spectra were recorded on a Vernier fluorescence/UV-
Vis spectrophotometer and Hitachi F-2710 fluorescence spectrophotometer.

Synthesis of 5: A sample of 4.24 g (10.0 mmol) of calix[4]arene 4 and 0.64 g (11.8 mmol)
of NaOCH3 was refluxed in 300 mL of CH3CN for 30 min to monodeprotonate the
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calix[4]arene completely. To this, 2.4 mL (4.18 g, 24.6 mmol) of n-propyl iodide was added,
and the reaction mixture was further refluxed for 12 h. After the completion of the reaction
(monitored by TLC), the reaction mixture was neutralized with a few drops of acetic acid,
and the solvent was removed to leave an off-white residue. The residue was dissolved
in 150 mL CHCl3 and successively washed with H2O and brine. The organic phase was
separated, dried over anhydrous MgSO4, and evaporated. The residue was recrystallized
from CHCl3 with a slow addition of CH3OH to yield the corresponding monoalkylated
calix[4]arene 5. Yield: 3.26 g (70%); White solid; 1H NMR (CDCl3, 400 MHz): δ 10.25 (s,
1H), 9.79 (s, 1H), 9.48 (s, 1H), 7.05–7.13 (m, 6H), 6.93 (t, J = 7.7 Hz, 1H), 6.79 (t, J = 7.0 Hz,
3H), 6.17–6.76 (m, 2H), 4.45 (d, J = 13.4 Hz, 2H), 4.32 (d, J = 13.6 Hz, 2H), 4.18 (t, J = 6.9 Hz,
2H), 3.53 (d, J = 1.7 Hz, 2H), 3.50 (br s, 2H), 2.24 (q, J = 7.3, 14.7 Hz, 2H), 1.34 (t, J = 7.4 Hz,
3H). 13C NMR (CDCl3, 100 MHz): δ 151.58, 150.95, 149.36, 148.91, 134.39, 129.46, 129.11,
128.94, 128.88, 128.56, 128.37, 126.21, 122.38, 122.09, 121.05, 79.16, 32.05, 31.84, 31.56, 23.42,
10.80. ESI-MS calcd for [M+Na]+ C31H30NaO4 489.20, found 489.46.

Synthesis of 6: To a suspension of 1.81 g (3.9 mmol) of mono-propyl ether 5 and
1,8-bis(dimethylamino)naphthalene (proton sponge) (2.16 g, 10.1 mmol) in dry CH2Cl2
(40 mL) at 0 ◦C, trifluoromethanesulphonic anhydride (1.3 mL, 7.8 mmol) was added under
nitrogen. After 2 h of stirring at room temperature, the organic layer was washed twice
with HCl 10% and once with water, dried over MgSO4, and evaporated. The residue
was subjected to column chromatography purification (CH2Cl2/Hexane 3/10 v/v) giving
product 6. Yield: 1.82 g (78%); White solid; 1H NMR (CDCl3, 400 MHz): δ 7.34 (s, 2H), 7.17
(dd, J = 1.4, 7.5 Hz, 2H), 7.09 (dd, J = 1.5, 7.6 Hz, 2H), 7.05 (s, 1H), 7.02 (s, 1H), 6.88–6.92 (m,
3H), 6.79–6.84 (m, 1H), 6.75 (t, J = 7.6 Hz, 2H), 4.50 (d, J = 14.6 Hz, 2H), 4.19 (t, J = 5.5 Hz,
2H), 4.01 (d, J = 13.8 Hz, 2H), 3.58 (d, J = 13.8 Hz, 2H), 3.46 (d, J = 13.8 Hz, 2H), 2.19
(sextet, J = 7.7, 14.2 Hz, 2H), 1.34 (t, J = 7.5 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 152.96,
149.95, 143.37, 133.99, 132.66, 129.96, 129.65, 129.07, 128.89, 128.63, 127.53, 127.07, 125.68,
119.63, 80.26, 31.95, 31.72, 23.19, 10.56. 19F NMR: −74.34 (s). ESI-MS calcd for [M+Na]+

C32H29F3NaO6S 621.15, found 621.41.
Synthesis of carbazole-appended calix[4]arene 3a: To a mixture of Pd2dba3 (0.05 equiv.)

and P(t-Bu)3H+ BF4
− (0.2 equiv.) dissolved in 10 mL of dry DMF, CuI (2.5 equiv.), DBU

(4 equiv.), carbazole alkyne (5 equiv.) and triflate 6 (0.25 mmol) were added and the mixture
was heated at 85 ◦C in an oil bath for 12 h. The solvent was evaporated, and the resulting
crude product was dissolved in CH2Cl2 and washed with brine several times. Drying the
CH2Cl2 extract over MgSO4 followed by solvent removal under vacuum gave the crude
product. The residue was subjected to column chromatography (CH2Cl2/Hexane 4/10
v/v) to obtain the pure compound 3a. Yield: 0.106 g (62%); White solid; 1H NMR (CD2Cl2,
400 MHz): δ 8.53 (d, J = 0.9 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.90 (dd, J = 1.6, 8.5 Hz, 1H),
7.52–7.54 (m, 3H), 7.36 (s, 2H), 7.29–7.33 (m, 1H), 7.22 (dd, J = 1.4, 7.5 Hz, 2H), 7.12 (dd,
J = 1.5, 7.6 Hz, 2H), 7.02–7.04 (m, 2H), 6.87–6.96 (m, 4H), 6.76 (t, J = 7.5 Hz, 2H), 4.93 (d,
J = 12.1 Hz, 2H), 4.39 (t, J = 8.0 Hz, 2H), 4.17 (d, J = 14.7 Hz, 2H), 3.99 (t, J = 5.3 Hz, 2H), 3.69
(d, J = 13.3 Hz, 2H), 3.51 (d, J = 13.3 Hz, 2H), 1.96–2.05 (m, 2H), 1.83–1.92 (m, 2H), 1.04 (t,
J = 7.0 Hz, 3H), 0.87 (t, J = 7.9 Hz, 3H). 13C NMR (CD2Cl2, 100 MHz): δ 153.8, 151.5, 141.7,
141.4, 140.4, 133.2, 129.8, 129.7, 129.5, 129.4, 129.1, 128.5, 128.4, 128.0, 127.7, 127.4, 127.2,
126.1, 125.8, 124.1, 123.0, 122.8, 120.8, 119.4, 114.3, 109.1, 108.8, 98.6, 86.5, 78.7, 44.9, 36.6,
31.9, 23.4, 22.5, 11.9, 10.7. HRMS (ESI-TOF) m/z [M+H]+ calcd for C48H44NO3 682.3321,
found 682.3323.

Synthesis of 8: The reaction was carried out under an inert atmosphere of pure
nitrogen. To a stirred suspension of Pd(OAc)2 (0.014 g, 0.063 mmol), P(t-Bu)3 (0.019 g,
0.095 mmol) and sodium tert-butoxide (0.121 g, 1.26 mmol), in toluene (15 mL) were added
piperidine (0.065 g, 0.75 mmol) and compound 7 (0.343 g, 0.63 mmol). The reaction mixture
was then stirred at 85 ◦C for 48 h. The solvent was evaporated, and the resulting crude
product was dissolved in EtOAc (50 mL), washed with water (5 mL × 2), brine, and
dried over anhydrous MgSO4. Removal of solvent under reduced pressure and column
chromatographic purification with EtOAc/Hexane (2:8 v/v) gave pure compounds 8 in 78%
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yields (0.270 g). Off-white solid: 1H NMR (CD2Cl2, 400 MHz): δ 9.43 (br s, 2H), 6.99–7.09 (m,
7H), 6.63–6.71 (m, 5H), 4.34 (d, J = 12.6 Hz, 2H), 4.26 (d, J = 12.6 Hz, 2H), 4.08 (t, J = 6.1 Hz,
2H), 3.49 (d, J 12.6 Hz, 2H), 3.39 (d, J = 12.6 Hz, 2H), 3.93–3.96 (m, 4H), 2.16–2.19 (m, 4H),
1.61–1.63 (m 4H), 1.49–1.52 (m, 2H), 1.29 (t, J = 6.8 Hz, 3H). 13C NMR (CD2Cl2, 100 MHz): δ
186.42, 177.34, 160.20, 158.22, 151.17, 150.30, 149.44, 144.46, 134.36, 133.99, 130.69, 129.22,
128.85, 128.76, 128.64, 128.52, 128.36, 128.15, 127.26, 126.01, 124.19, 121.90, 120.86, 120.25,
117.74, 117.41, 117.11, 79.18, 78.60, 78.34, 51.21, 51.04, 32.70, 31.87, 30.70, 30.55, 30.43, 26.16,
24.29, 23.43, 10.68. ESI-MS calcd for [M+H]+ C36H40NO4 550.30, found 550.62.

Synthesis of 9: To a suspension of 8 (0.270 g, 0.49 mmol) and 1,8-bis(dimethylamino)
naphthalene (proton sponge) (0.272 g, 1.27 mmol) in dry CH2Cl2 (20 mL) at 0 ◦C trifluo-
romethanesulfonic anhydride (0.276 g, 0.16 mL, 0.98 mmol) was added under nitrogen.
After 2 h of stirring at room temperature, the organic layer was washed once with 10%
HCl and once with water, dried over anhydrous MgSO4, and evaporated. The residue was
purified by column chromatography (silica gel, CH2Cl2/Hexane 4/10 v/v) to give the title
compound as white solid. Yield: 0.244 g (73%); White solid; 1H NMR (CD2Cl2, 400 MHz):
δ 7.65 (br s, 2H), 7.19 (dd, J = 1.5, 7.6 Hz, 2H), 7.14 (dd, J = 1.5, 7.6 Hz, 2H), 7.02 (s, 1H), 6.99
(s, 1H), 6.92–6.94 (m, 1H), 6.75 (t, J = 7.5Hz, 2H), 6.62 (s, 2H), 4.50 (d, J = 12.8 Hz, 2H), 4.17
(t, J = 6.4 Hz, 2H), 3.99 (d, J = 12.8 Hz, 2H), 3.55 (d, J = 12.8 Hz, 2H), 3.48 (d, J = 12.8 Hz,
2H), 2.99 (t, J = 5.3 Hz, 2H), 2.15–2.36 (m, 2H), 1.51–1.67 (m, 4H), 1.52–1.56 (m, 2H), 1.34
(t, J = 7.5 Hz, 3H). 13C NMR (CD2Cl2, 100 MHz): δ 153.03, 150.76, 143.28, 142.51, 134.13,
132.94, 130.04, 129.82, 128.88, 128.79, 128.58, 127.44, 125.93, 120.64, 119.70, 117.47, 117.21,
80.43, 50.44, 32.11, 31.86, 26.02, 24.18, 23.17, 10.36. 19F NMR: −74.74 (s). ESI-MS calcd for
[M+H]+ C37H39F3NO6S 682.25, found 682.47.

Synthesis of carbazole-appended calix[4]arene 3b: To a mixture of Pd2dba3 (0.05 equiv.)
and P(t-Bu)3H+ BF4

- (0.2 equiv.) dissolved in 10 mL of dry DMF, CuI (2.5 equiv.), DBU
(4 equiv.), carbazole alkyne (5 equiv.) and triflate 9 (0.25 mmol) were added and the mixture
was heated at 85 ◦C in an oil bath for 12 h. The solvent was evaporated, and the resulting
crude product was dissolved in CH2Cl2 and washed with brine several times. Drying the
CH2Cl2 extract over anhydrous MgSO4 followed by solvent removal under vacuum gave
the crude product. The residue was subjected to column chromatography (CH2Cl2/Hexane
4/10 v/v) to obtain the pure compound. Yield: 0.090 g (47%); Slightly yellow solid; 1H
NMR (CD2Cl2, 400 MHz): δ 8.52 (d, J = 1.0 Hz, 1H), 8.20 (dd, J = 4.8, 3.9 Hz, 1H), 7.91 (dd, J
= 8.5, 1.6 Hz, 1H), 7.62–7.49 (m, 5H), 7.28–7.34 (m, 1H), 7.22 (dd, J = 7.5, 1.5 Hz, 2H), 7.09
(dd, J = 7.6, 1.6 Hz, 2H), 7.02–6.90 (m, 3H), 6.71 (t, J = 7.5 Hz, 2H), 6.58 (s, 2H), 4.98 (d,
J = 12.8 Hz, 2H), 4.39 (t, J = 7.1 Hz, 2H), 4.08 (d, J = 13.5 Hz, 2H), 3.96 (t, J = 6.6 Hz, 2H), 3.69
(d, J = 12.8 Hz, 2H), 3.46 (d, J = 12.9 Hz, 2H), 3.00–2.95 (m, 4H), 2.06–1.95 (m, 2H), 1.90–1.77
(m, 2H), 1.70–1.59 (m, 4H), 1.52–1.54 (m, 2H), 1.05 (t, J = 7.5 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H).
13C NMR (CD2Cl2, 100 MHz): δ 153.64, 150.28, 143.67, 141.78, 141.10, 140.32, 133.32, 129.53,
129.03, 128.73, 128.51, 128.20, 127.83, 127.23, 127.09, 126.81, 126.09, 123.72, 123.32, 122.90,
122.65, 120.62, 120.18, 119.52, 119.31, 117.28, 114.75, 109.20, 108.97, 97.33, 87.30, 79.50, 50.70,
44.87, 36.33, 32.17, 26.14, 24.26, 23.33, 22.46, 11.64, 10.35. HRMS (ESI-TOF) m/z [M+H]+

calcd for C53H53N2O3 765.4056, found 765.4055.
Synthesis of 10: To a solution of 7 (1.0 g, 1.83 mmol) in DMF (50 mL), CuCN (0.492 g,

5.49 mmol) was added. The resulting heterogeneous mixture was poured into a thick
wall glass pressure round bottom flask and then heated at 180 ◦C for 48 h under vigorous
stirring. After cooling, the solvent was completely evaporated under reduced pressure.
The resulting sticky residue was extracted twice with hot ethyl acetate (2 × 100 mL).
The combined organic phases were then washed twice with brine (2 × 100 mL), dried
over anhydrous MgSO4, and then evaporated to dryness (the separated water phase was
carefully treated with a solution of sodium hypochlorite to destroy the residuals cyanide
ions). Purification of the solid residue by silica column chromatography (CH2Cl2/hexane,
v/v 8:2) gave title compound. Yield: 0.603 g (67%); Slightly yellow solid; 1H NMR (CDCl3,
400 MHz): δ 9.43 (s, 1H), 9.13 (s, 2H), 7.41 (s, 2H), 7.14–7.08 (m, 4H), 7.04 (d, J = 7.6 Hz, 2H),
6.75 (m, 3H), 4.43 (d, J = 13.1 Hz, 2H), 4.29 (d, J = 13.8 Hz, 2H), 4.18 (dt, J = 14.3, 7.0 Hz, 2H),
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3.54 (d, J = 3.7 Hz, 2H), 3.51 (d, J = 3.0 Hz, 2H), 2.30–2.18 (m, 2H), 0.93 (t, J = 6.9 Hz, 3H).
13C NMR (CDCl3, 100 MHz): δ 157.12, 153.92, 152.75, 143.34, 134.69, 133.88, 133.83, 132.95,
132.80, 132.69, 132.46, 130.99, 130.72, 130.29, 129.83, 129.48, 129.09, 128.73, 127.91, 127.69,
127.39, 126.82, 124.75, 120.56, 120.26, 119.84, 118.09, 117.38, 110.75, 80.54, 31.94, 31.45, 23.22,
23.22, 10.38. ESI-MS calcd for [M−H]− C32H28NO4 490.20, found 490.48.

Synthesis of 11: To a suspension of 0.500 g (1.02 mmol) of mono-propyl ether 10 and
1,8-bis(dimethylamino)naphthalene (proton sponge) (0.567 g, 2.65 mmol) in dry CH2Cl2
(20 mL) at 0 ◦C, trifluoromethanesulphonic anhydride (0.34 mL, 2.04 mmol) was added
under nitrogen. After 2 h of stirring at room temperature, the organic layer was washed
twice with 10% HCl and once with water, dried over anhydrous MgSO4, and evaporated.
The residue was subjected to column chromatography purification (CH2Cl2/Hexane 3/10
v/v) giving product 11. Yield: 0.439 g (69%); Off-white solid; 1H NMR (CD2Cl2, 400 MHz):
δ 7.33 (s, 2H), 7.23 (dd, J = 7.5, 1.3 Hz, 2H), 7.11 (dd, J = 7.6, 1.5 Hz, 2H), 6.96–6.84 (m, 3H),
6.81 (t, J = 7.5 Hz, 2H), 6.73 (s, 2H), 4.49 (d, J = 13.5 Hz, 2H), 4.18 (t, J = 6.5 Hz, 2H), 4.08 (d,
J = 14.1 Hz, 2H), 3.61 (d, J = 14.1 Hz, 2H), 3.52 (d, J = 13.5 Hz, 2H), 2.38–2.12 (m, 2H), 1.34 (t,
J = 7.4 Hz, 3H). 19F NMR: −74.21 (s). ESI-MS calcd for [M+Na]+ C33H28F3NNaO6S 646.15,
found 646.49.

Synthesis of carbazole-appended calix[4]arene 3c: To a mixture of Pd2dba3 (0.05 equiv.)
and P(t-Bu)3H+BF4

− (0.2 equiv.) dissolved in 10 mL of dry DMF, CuI (2.5 equiv.), DBU
(4 equiv.), carbazole alkyne (5 equiv.) and triflate 11 (0.25 mmol) were added and the
mixture was heated at 85 ◦C in an oil bath for 12 h. The solvent was evaporated, and the
resulting crude product was dissolved in CH2Cl2 and washed with brine several times.
Drying the CH2Cl2 extract over anhydrous MgSO4 followed by solvent removal under
vacuum gave the crude product. The residue was subjected to column chromatography
(CH2Cl2/Hexane 4/10 v/v) to obtain the pure compound. Yield: 0.053 g (30%); Off-white
solid; 1H NMR (CD2Cl2, 400 MHz): δ 8.53 (s, 1H), 8.20 (d, J = 7.7 Hz, 1H), 7.89 (d, J = 7.5 Hz,
1H), 7.54 (t, J = 7.0 Hz, 2H), 7.35–7.23 (m, 5H), 7.13 (d, J = 7.9 Hz, 2H), 7.04 (s, 2H), 6.97 (s,
3H), 6.85–6.65 (m, 3H), 4.89 (d, J = 13.4 Hz, 2H), 4.39 (t, J = 7.0 Hz, 2H), 4.29 (d, J = 13.5 Hz,
2H), 3.95 (t, J = 6.3 Hz, 2H), 3.77 (d, J = 13.5 Hz, 2H), 3.49 (d, J = 13.5 Hz, 2H), 1.98 (m, 2H),
1.85 (m, 2H), 1.04 (t, J = 7.3 Hz, 3H), 0.87 (t, J = 7.4 Hz, 3H). 13C NMR (CD2Cl2, 100 MHz): δ
155.88, 153.60, 141.62, 141.08, 140.60, 135.31, 133.72, 133.48, 133.22, 130.78, 129.47, 129.42,
129.30, 128.84, 128.56, 128.24, 128.06, 127.93, 127.32, 126.63, 126.23, 126.13, 123.92, 122.47,
122.07, 120.61, 120.56, 119.79, 119.43, 118.52, 113.23, 109.24, 109.06, 99.82, 85.68, 80.50, 78.92,
46.66, 44.82, 36.38, 31.27, 23.39, 22.38, 11.56, 10.29. HRMS (ESI-TOF) m/z [M+H]+ calcd for
C49H43N2O3 707.3274, found 707.3279.

Synthesis of 13: Calixarene 12 [24] (2.00 g, 2.87 mmol) was suspended in CH3CN
(40 mL), and after addition of 48% HBr (10 mL) the mixture was stirred at 60 ◦C for 12 h.
The resulting suspension was diluted with CH2Cl2 and washed twice with water and once
with brine. The organic layer dried over MgSO4 and evaporated. The residue was washed
several times with MeOH to remove benzyl alcohol giving the free phenol. The residue
was recrystallized from CH3Cl/MeOH to give pure calixarene 13. Yield: 1.04 g (70%); Pale
yellow solid; 1H NMR (CDCl3, 400 MHz): δ 9.76 (d, J = 1.0 Hz, 1H), 9.58 (d, J = 1.0 Hz,
1H), 9.38 (d, J = 1.1 Hz, 1H), 7.21 (d, J = 1.0 Hz, 2H), 7.16–7.03 (m, 5H), 7.01–6.92 (m, 2H),
6.80–6.70 (m, 2H), 4.48 (d, J = 12.8 Hz, 1H), 4.36–4.21 (m, 3H), 4.20–4.05 (m, 2H), 3.63–3.25
(m, 4H), 2.31–2.13 (m, 2H), 1.32 (td, J = 7.3, 1.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ
150.56, 150.51, 150.43, 149.38, 134.09, 134.06, 131.20, 131.04, 130.88, 130.69, 129.73, 129.16,
128.90, 128.72, 128.43, 128.37, 128.02, 126.36, 125.59, 125.49, 122.17, 121.47, 119.16, 112.28,
79.24, 31.94, 31.89, 31.86, 3.31, 31.04, 23.38, 10.77. ESI-MS calcd for [M-H]− C31H28BrO4
543.12, found 543.50.

Synthesis of 14: To a suspension of 1.00 g (1.93 mmol) of mono-propyl ether 13 and
1,8-bis(dimethylamino)naphthalene (proton sponge) (1.08 g, 5.02 mmol) in dry CH2Cl2
(40 mL) at 0 ◦C, trifluoromethanesulphonic anhydride (0.65 mL, 3.86 mmol) was added
under nitrogen. After 2 h of stirring at room temperature, the organic layer was washed
twice with 10% HCl and once with water, dried over anhydrous MgSO4, and evaporated.
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The residue was subjected to column chromatography purification (CH2Cl2/Hexane 3/10
v/v) giving product 14.

Yield: 0.938 g (75%); White solid; 1H NMR (CDCl3, 400 MHz): δ 7.43 (s, 1H), 7.30 (s,
2H), 7.27–7.10 (m, 4H), 6.99 (dd, J = 13.1, 7.5 Hz, 2H), 6.91–6.73 (m, 4H), 4.48 (dd, J = 12.6,
9.5 Hz, 2H), 4.17 (t, J = 6.2 Hz, 2H), 3.99 (t, J = 13.0 Hz, 2H), 3.69–3.37 (m, 4H), 2.29–2.06 (m,
2H), 0.92 (t, J = 6.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 152.90, 152.18, 149.91, 134.13,
133.11, 132.69, 131.75, 131.28, 131.13, 130.92, 130.32, 130.00, 129.95, 129.63, 128.96, 128.72,
127.62, 127.18, 125.52, 119.72, 111.09, 80.34, 31.93, 31.72, 31.49, 23.18, 22.78, 14.24, 10.53. 19F
NMR: −74.34 (s). ESI-MS calcd for [M+Na]+ C32H28BrF3O6SNa 699.06, found 699.52.

Synthesis of 15: To a mixture of Pd2dba3 (0.05 equiv.) and P(t-Bu)3H+ BF4
− (0.2 equiv.)

dissolved in 10 mL of dry DMF, CuI (2.5 equiv.), DBU (4 equiv.), carbazole alkyne (5 equiv.)
and triflate 14 (0.25 mmol) were added and the mixture was heated at 85 ◦C in an oil bath
for 12 h. The solvent was evaporated, and the resulting crude product was dissolved in
CH2Cl2and washed with brine several times. Drying the CH2Cl2 extract over anhydrous
MgSO4 followed by solvent removal under vacuum gave the crude product. The residue
was subjected to column chromatography (CH2Cl2/Hexane 4/10 v/v) to obtain the pure
compound. Yield: 0.086 g (45%); Yellow solid; 1H NMR (CDCl3, 400 MHz): δ 8.47 (s, 1H),
8.18 (d, J = 7.8 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.64–7.42 (m, 2H), 7.34 (t, J = 9.3 Hz, 1H),
7.26–7.08 (m, 6H), 7.07–6.92 (m, 3H), 6.80 (m, 5H), 4.90 (t, J = 14.0 Hz, 2H), 4.35 (dd, J = 13.6,
6.6 Hz, 2H), 4.26–3.98 (m, 2H), 3.93 (t, J = 6.4 Hz, 2H), 3.66 (dd, J = 23.6, 11.9 Hz, 2H), 3.43
(dd, J = 25.8, 12.1 Hz, 2H), 1.99 (dd, J = 14.5, 7.2 Hz, 2H), 1.82 (dd, J = 14.0, 7.0 Hz, 2H), 1.03 (t,
J = 7.5 Hz, 3H), 0.86 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3, 100 MHz): δ 153.03, 151.69, 142.00,
141.07, 140.80, 140.46, 133.37, 132.40, 131.51, 131.47, 131.04, 130.97, 130.74, 130.35, 130.23,
129.86, 129.78, 129.68, 129.51, 129.40, 129.29, 129.13, 128.49, 128.28, 128.12, 127.84, 127.60,
127.46, 127.41, 127.25, 126.48, 126.15, 125.84, 124.09, 120.82, 120.50, 119.45, 114.08, 110.94,
109.11, 108.83, 99.00, 86.22, 80.37, 78.66, 44.92, 37.58, 37.35, 36.64, 36.55, 31.95, 31.85, 23.42,
23.36, 22.50, 11.94, 10.64. ESI-MS calcd for [M-H]− C48H41BrNO3 758.23, found 758.50.

Synthesis of carbazole-appended calix[4]arene 3d: An oven-dried Schlenk tube was
charged with Pd2(dba)3 (0.05 equiv.), JohnPhos (0.1 equiv.), calix halide 15 (0.08 mmol),
amine (0.16 mmol) and toluene (2 mL). The reaction was stirred for few minutes and then
LiHMDS (0.9–1.1 M in Hexanes) (0.18 mL) was added via syringe. The reaction vessel was
sealed and heated at 80 ◦C with stirring for 48 h. The reaction mixture was then allowed
to cool to room temperature, adsorbed on silica, and purified by column chromatography
with EtOAc/hexane (2/8 v/v). Yield: 0.013 g (20%); Off-white solid; 1H NMR (CD2Cl2,
400 MHz): δ 8.33 (s, 1H), 8.16 (d, J = 7.8 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.58–7.45 (m, 3H),
7.42 (d, J = 6.0 Hz, 2H), 7.30 (t, J = 7.2 Hz, 1H), 7.23–7.13 (m, 2H), 7.10 (s, 1H), 7.02–6.76
(m, 4H), 6.66 (s, 1H), 6.56–6.37 (m, 3H), 4.53 (dt, J = 12.1, 5.9 Hz, 2H), 4.35 (t, J = 7.1 Hz,
2H), 4.15 (d, J = 14.1 Hz, 2H), 4.06 (t, J = 6.0 Hz, 2H), 3.58–3.43 (m, 4H), 3.39–2.83 (m, 4H),
2.09–1.93 (m, 4H), 1.81 (s, 4H), 1.72 (s, 2H), 1.26 (t, J = 7.2 Hz, 3H), 1.03 (t, J = 7.3 Hz, 3H).
13C NMR (CD2Cl2, 100 MHz): δ 153.76, 153.37, 151.62, 149.13, 141.05, 140.08, 138.63, 138.11,
133.07, 132.51, 131.60, 131.09, 130.75, 130.60, 129.40, 129.27, 129.18, 129.06, 128.41, 128.31,
127.67, 127.43, 126.15, 125.56, 125.44, 123.56, 123.48, 122.87, 122.41, 120.47, 119.29, 119.03,
114.01, 113.83, 109.15, 109.04, 88.59, 88.02, 78.62, 44.82, 33.93, 33.75, 31.44, 31.24, 27.71, 25.09,
23.35, 22.38, 13.81, 11.57, 10.43. HRMS (ESI-TOF) m/z [M]+ calcd for C53H53N2O3 765.4056,
found 765.4057.

4. Conclusions

In summary, we presented the first studies of the electronic effects on the host–guest
complexation in fluorescent calixarene scaffolds. We found that the introduction of an
electron-donating substituent in the aromatic ring opposing the fluorophore-substituted
ring enhances the complexation of the cationic N-methyl pyridinium guest, while an
electron-withdrawing substituent in the same position decreases this complexation. In
contrast, an electronic donor at the ring adjacent to the fluorophore-substituted one does not
provide stronger binding of the cationic guest. Thus, our results provide strong evidence
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for the planar cationic guest undergoing π interactions with only one pair of the calixarene
aromatic rings which is not involved in the hydrogen bonding at the lower rim. Although
more electron rich, this hydrogen bonding between the unsubstituted phenolic rings is
likely too strong to make them available for the π interactions.

Supplementary Materials: Synthesis and characterization of all new compounds, UV-vis, fluores-
cence and NMR spectra, fluorescence and NMR complexation studies. This information can be
downloaded at: https://www.mdpi.com/article/10.3390/molecules27175689/s1. Reference [28] has
been cited the Supplementary Materials.
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Abstract: The formation of inherently chiral calix[4]arenes by the intramolecular cyclization approach
suffers from a limited number of suitable substrates for these reactions. Here, we report an easy
way to prepare one class of such compounds: calixquinolines, which can be obtained by the reaction
of aldehydes with easily accessible aminocalix[4]arenes in acidic conditions (Doebner–Miller reac-
tion). The synthetic procedure represents a very straightforward approach to the inherently chiral
macrocyclic systems. The complexation studies revealed the ability of these compounds to com-
plex quaternary ammonium salts with different stoichiometries depending on the guest molecules.
At the same time, the ability of enantioselective complexation of chiral N-methylammonium salts
was demonstrated.

Keywords: calixarene; inherent chirality; complexation; mercuration; meta-substitution; quinoline
formation; chiral recognition

1. Introduction

Calixarenes [1–4] are macrocyclic compounds which are widely used in supramolecu-
lar chemistry. The reason for their popularity can be found in the combination of several
factors: easy multi-gram preparation, variable size and tuneable shape of the cavity, simple
derivatization, etc. Depending on the substitution, calixarenes exhibit good complexation
properties towards cations, anions or neutral compounds [5–9]. However, unlike some
other macrocycles (e.g., cyclodextrins, pillararenes), calixarenes themselves are achiral
molecules, which makes them useless as chiral receptors without further derivatization.
One possible solution to chirality issues is to convert calixarenes into so-called inherently
chiral systems [10–12], where the combination of nonplanar molecules with suitable sub-
stitution patterns can lead to chirality without the introduction of stereogenic units. For
example, calix[4]arenes in the cone conformation with WXYZ (Figure 1a) or XY (Figure 1b)
substitution patterns (upper rim or lower rim) exhibit such chirality because the presence of
different substituents gives the system a particular sense of rotation (Figure 1a). Similarly,
the meta substitution [13] of calix[4]arenes yields chiral compounds (Figure 1c) and, as
such, represents the most straightforward approach to such systems. However, an ob-
vious drawback of this approach is the lack of corresponding derivatization techniques
enabling selective substitution of the meta position. In fact, the electrophilic aromatic mer-
curation is so far the only procedure known to provide meta substituted products from an
unsubstituted calix[4]arenes [14].

Intramolecular cyclization represents a different way for the synthesis of inherently
chiral meta substituted calixarenes. This approach consists of two steps: (i) the introduction
of a suitable functional group to the para position of calixarene; and (ii) intramolecular
cyclization, leading to calixarenes with fused rings. As an example, we can mention the
preparation of the naphthalene moiety (A) starting from an aldehyde [15], phenanthrene
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moiety (B) by the photocyclization of stilbene [16], the formation of calixarene-fused
phosphols [17] (C) and the preparation of calixquinazolines (D) (Figure 2) [18]. However,
most of these approaches suffer from a complicated synthesis of starting compounds
or a low-yielding cyclization step. Miao et al. [19] also synthesized calixquinolines (E);
however, this approach required the utilization of bifunctional reagents (crotonaldehyde or
ethyl acetoacetate).
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In this paper, we report on the synthesis of calixquinolines from easily accessible
aminocalix[4]arenes derivatives (both meta- and para-) in the cone conformation by the
tandem reaction with simple aldehydes (acetaldehyde, bromoacetaldehyde). Although the
reaction conditions were initially designed for the Pictet–Spengler condensation [20,21]
of meta-aminocalixarene with aldehydes, the unexpected formation of calixquinolines
(Doebner–Miller reaction) turned out to be general and worked with para-aminocalixarenes
as well. This synthetic procedure represents a very straightforward approach to calixquino-
line derivatives representing the inherently chiral macrocyclic systems.
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2. Results and Discussion

Our original intention was to prepare amine-bridged macrocycles 5 starting from the
meta-aminocalix[4]arenes (Scheme 1). These compounds would represent a reduced form
of our recently reported imine-bridged calixarenes [22,23]. Using the known procedure,
4-aminocalix[4]arenes 2 was prepared in three steps from the starting calixarene 1 (Scheme 1).
Thus, the initial mercuration of 1 with one equivalent of Hg(TFA)2 gave the corresponding
meta HgCl derivative in 65% yield [14]. Subsequent reaction with isoamyl nitrite/HCl gave
nitroso compound (91%) [24], which was finally reduced by N2H4/Ni(R) to the desired
amine 2 (89%) [22].
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Surprisingly, the Pictet–Spengler reaction of calixarene 2 with aliphatic aldehydes did
not provide the expected amine-bridged compounds 5. Conversely, the reaction of amine 2
with acetaldehyde in the presence of TFA in toluene at 80 ◦C gave the quinoline derivative
4a in 46% yield (Scheme 1). Similarly, the same reaction conditions and bromoacetaldehyde
diethyl acetal gave compound 4b in 37% yield. The unexpected hydroxy group was
probably introduced into the molecule by the substitution of the bromine atom during
the workup. The formation of these compounds can be explained by a Doebner–Miller
reaction [25,26] consisting of the initial aldol reaction, followed by the conjugate addition
and the final ring closure. Indeed, benzaldehyde, which does not work as a substrate in
aldol reactions, provided a complex mixture of products. The same holds for the ketones
acetone and acetophenone. These results indicated that only aliphatic aldehydes are
suitable for this type of reaction.

To test the general applicability within the calixarene series, the para-amino-substituted
derivative 3 was prepared by the nitration of starting 1 with 100% HNO3 in the presence of
glacial acetic acid in dichloromethane [27] and the subsequent reduction of nitro intermedi-
ate with SnCl2 [28]. The reaction with acetaldehyde carried out under identical conditions
as for 2 (TFA in toluene at 80 ◦C) provided quinoline derivative 6a in 18% yield (Scheme 1).

The structure of compound 4a was confirmed by the combination of NMR and HRMS
techniques. The 1H NMR spectrum (400 MHz, CDCl3) showed the presence of two sets of
four doublets for the methylene bridge protons at 5.03, 4.66, 4.52, 4.51 and 4.35, 3.37 and 3.19
(2×) with typical geminal coupling constants (~13.5 Hz) consistent with the C1-symmetrical
calix[4]arenes. The spectrum also contained a singlet at 2.76 ppm, revealing the presence
of a methyl group. Moreover, the presence of a significantly downfield-shifted doublet at
8.00 ppm suggested the presence of a strong electron-withdrawing group (nitrogen) within
the aromatic structure. The HRMS ESI+ analysis showed signals at m/z = 658.3892 and
680.3705 corresponding to [M+H]+ (658.3891) and [M+Na]+ (680.3710) predicted for 4a.
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As the above synthetic protocol represents a very straightforward approach to inher-
ently chiral calixarene derivatives, we decided to prepare a library of diaminocalixarenes,
which are synthetically available (Scheme 2).
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The starting tetrapropoxycalix[4]arenes 1 was transformed into diamines 7 and 8 using
the procedure described by our group. Briefly, a reaction with two equivalents of Hg(TFA)2
in chloroform provided a mixture of two distally dimercurated calixarenes: meta,meta and
meta,para isomers [29]. The mixture was reacted with isoamyl nitrite in the presence of
HCl and AcOH in chloroform to yield the corresponding nitroso derivatives, which are
easily separated by column chromatography on silica gel. The resulting amines 7 and 8
were obtained by reduction with hydrazine in the presence of Raney-nickel in refluxing
ethanol [23]. To synthesize the para-diamino derivatives 9 and 10, calix[4]arene 1 was
nitrated with 100% HNO3 in glacial acetic acid and dichloromethane as a solvent [27].
The corresponding distal and proximal dinitro derivatives were separated by column
chromatography and finally reduced by SnCl2 in refluxing toluene [28].

Compound 8 represents a rather unusual structural motif as it contains both para-
and meta-amino groups within the molecule. In order to study possible differences in the
reactivity of the two regioisomeric groups, the substance was reacted with an excess of
(CF3CO)2O in the presence of TEA in THF to form diamide 11 in 94% yield (Scheme 2). A
careful hydrolysis of this compound finally gave monoamines 12 (meta) and 13 (para) in 22
and 17% yield, respectively, after a column chromatography on silica gel [23].

Not all of the amino derivatives shown in Scheme 2 proved useful for the prepara-
tion of calixquinolines. Thus, the reaction of acetaldehyde with calixarene 7 (meta, meta
substitution) gave quinoline 14 in 37% yield (Scheme 3). Unlike the previous example,
the cyclization of amine 8 provided a mixture of the two regioisomers/diastereoisomers
15a and 15b in low yield (14%). Unfortunately, the mixture was not separable using
conventional separation techniques (column chromatography, preparative TLC, flash chro-
matography). On the other hand, the unexpected by-product 15c possessing ethylamino
group in the para-position was also isolated in 10% yield.

Although cyclization of diamines 9 and 10 should provide only 2 or 3 regioisomers,
respectively, in both cases the reaction with acetaldehyde turned out to be much more
complicated, and we were unable to isolate any expected quinoline product from complex
reaction mixtures. In contrast, meta-amine 12 smoothly provided quinoline 16 in 47%
yield (Scheme 3). The cyclization of its para- congener 13 resulted in the formation of two
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regioisomers 17a and 17b, which were isolated by column chromatography on silica gel
in 22% and 17% yields, respectively. The unambiguous proof of the structure of 16 was
obtained from single crystal X-ray analysis. The monocrystals of 16 were obtained from
dichloromethane/MeOH mixture as a methanol solvate (1:1) in the triclinic system, P-1
space group. As shown in Figure 3a,b the macrocycle adopts the pinched cone conformation,
which is common for solid-state structures of the cone isomers. Defining the main plane of
the calixarene by the four bridging carbon atoms (C2, C8, C14, C20), the aromatic moiety
bearing trifluoroacetamide is tilted out of the cavity with the interplanar angle Φ = 131.40◦.
The opposite aromatic subunit with quinoline moiety exhibits similar geometrical parame-
ters (Φ = 127.36◦). The remaining two phenolic subunits cross the main plane at almost right
angles (Φ = 79.48◦ and 84.75◦) and are directed slightly into the cavity. This arrangement
with large substituents on the subunits facing out of the cavity is apparently the result of
steric hindrance minimization (Figure 3b).
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Interesting supramolecular interactions were found within the crystal packing of 16.
As shown in Figure 3c, the opposite enantiomers of 16 are held together via hydro-
gen bond interactions between the carbonyl oxygen and NH groups from amidic func-
tions (NH···O = C distance = 2.128 Å). This bonding is further strengthened by the con-
comitant HB interaction between the carbonyl and ortho hydrogen of aromatic subunit
(CH···O = C = 2.522 Å). Interestingly, methanol is included in the form of dimer with
OH···O distance of 1.817 Å, indicating a strong HB between methanol molecules (Figure 3c).
This dimer is held at both ends by HBs from quinoline nitrogen (N···HO = 2.129 Å) and
from amidic NH moiety (NH···O = 1.927 Å).

Common lower rim peralkylated calix[4]arenes immobilized in the cone conformation
are known to exhibit so called pinched cone—pinched cone interconversion in solution, where
two border conformations mutually equilibrate (Figure 4). The above X-ray analysis
revealed that the introduction of heterocyclic moiety into the upper rim of calix[4]arenes
leads to a single pinched cone conformer in the solid state with substituted aromatic subunits
pointing out of the cavity. This means that only one of the two theoretically possible
pinched cone conformations is preferred, obviously as a consequence of the steric hindrance
minimization within the upper rim.
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To show the general behaviour of our products in solution, compounds 4a and 6a
representing the meta- and para-amino substituted calixarene systems were selected for
dynamic 1H NMR study. As shown in ESI (Figures S45–S50), both compounds 4a and 6a
did not show any changes within the whole temperature range studied (298-173 K, CD2Cl2,
500 MHz). This is strong evidence that both compounds also exist in solution in only one
thermodynamically preferred pinched cone B conformation as a direct consequence of the
attachment of the heterocyclic moiety.
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As all quinoline derivatives described above represent the inherently chiral systems,
we have carried out a study of their possible resolution on a chiral column. On an analyt-
ical scale, the separation of racemic 4a into enantiomers was feasible with Chiralpak IA
(250 × 4.6 ID, 5 µm) column, using heptane/ethyl acetate (95/5, v/v) as a mobile phase.
However, these conditions turned out to be unsuitable for the separation in a preparative
scale. On the other hand, the preparative resolution of compound 6a was successfully
carried out using a polysaccharide column ChiralArt Amylose-SA (250 × 20 mm ID, 5 µm)
with cyclohexane/DCM: 92/8 v/v as a mobile phase. The resulting individual enantiomers
6a_1 and 6a_2 were used for titration study.

Calixquinolines represent systems with enlarged aromatic cavities potentially capable
of interacting with molecules bearing an acidic CH3 group (C-H···π interactions). The 1H
NMR titration experiments revealed the possible use of newly prepared compounds as
receptors for ammonium salt complexation (Figure 5). The complexation constant was
determined by analyzing the complexation-induced shifts (CIS) of host signals (hydrogen
in position 3- of quinolinium moiety) using a nonlinear curve-fitting procedure (program
BindFit) [30]. The titration (C2D2Cl4) of 4a with N-methylquinolinium iodide (NMQI) and
N-methylisoquinolinium iodide (NMII) revealed the formation of 1:1 complexes with com-
plexation constants 12.2 and 16.6 M−1, respectively (Standard deviations for NMR titrations
are generally estimated to be around 10%). Surprisingly, the titration by a structurally
similar N-methylpyridinium iodide (NMPI) showed the formation of complexes with 2:1
stoichiometry and complexation constants K11 = 13.0 M−1 and K21 = 2798 M−1.
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Based on these results, we attempted the enantioselective recognition of (S)-
N-methylnicotinium iodide (NMNI) with separated enantiomers 6a_1 and 6a_2 (Figure 4).
The resulting complexation constants 37.3 M−1 for 6a_1 and 72.1 M−1 for 6a_2 showed the
fairly good ability of our substances in enantioselective recognition of chiral guest molecules.

The presence of a trifluoroacetamide motif in several of our compounds led us to the
idea of testing the anion-binding capacity as well. Indeed, compound 16 was shown to
complex tetrabutylammonium acetate and benzoate in CDCl3 solution with corresponding
constants of K(Ac) = 23.6 M−1 and K(Bz) = 29.9 M−1.

3. Materials and Methods
3.1. General Experimental Procedures

All chemicals were purchased from commercial sources and used without further
purification. Solvents were dried and distilled using conventional methods. Melting
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points were measured on Heiztisch Mikroskop—Polytherm A (Wagner & Munz, Germany).
NMR spectra were performed on Agilent 400-MR DDR2 (1H: 400 MHz, 13C: 100 MHz).
Deuterated solvents used are indicated in each case. Chemical shifts (δ) are expressed in
ppm and refer to the residual peak of the solvent or TMS as an internal standard; coupling
constants (J) are in Hz. The mass analyses were performed using the ESI technique on a
Q–TOF (Micromass) spectrometer. Elemental analyses were carried out on Perkin–Elmer
240, Elementar vario EL (Elementar, Germany) or Mitsubishi TOX–100 instruments. All
samples were dried in the desiccator over P2O5 under vacuum (1 Torr) at 80 ◦C for 8 h.
The IR spectra were measured on an FT–IR spectrometer Nicolet 740 or Bruker IFS66
spectrometers equipped with a heated Golden Gate Diamante ATR–Unit (SPECAC) in KBr.
A total of 100 Scans for one spectrum were co–added at a spectral resolution of 4 cm−1.
The courses of the reactions were monitored using TLC aluminium sheets with Silica gel 60
F254 (Merck). The column chromatography was performed on Silica gel 60 (Merck). HPLC
was performed on Büchi Pure 850 FlashPrep chromatography instrument using Prontosil,
150 × 20 mm, 5 µm column.

3.2. Synthetic Procedures
3.2.1. Quinoline Derivative 4a

Calixarene 2 (0.122 g, 0.20 mmol) was dissolved in 5 mL of toluene at room temperature.
Acetaldehyde (0.020 mL, 0.36 mmol) was added, and the resulting solution was stirred
for 10 min. Then, trifluoroacetic acid (0.13 mL) was added and the colour of the solution
immediately turned red. The reaction mixture was heated to 80 ◦C and stirred for 17 h. The
solution was quenched by saturated NaHCO3 (5 mL). The organic phase was separated,
washed with water (2 × 20 mL) and dried over magnesium sulphate. The solvent was
removed under reduced pressure to yield a crude product, which was further purified by
thin-layer chromatography on silica gel (cyclohexane:ethyl acetate 20:1, v/v) to give the
title compound 4a as a yellow amorphous solid (0.061 g, 46%), m.p. 173–176 ◦C.

1H NMR (CDCl3, 400 MHz, 298 K) δ 8.00 (d, 1H, J = 8.6 Hz, Ar-H), 7.51 (s, 1H, Ar-H),
7.20 (d, 1H, J = 8.2 Hz, Ar-H), 7.16–7.08 (m, 2H, Ar-H), 6.92 (t, 1H, J = 7.4 Hz, Ar-H),
6.22–6.05 (m, 5H, Ar-H), 5.96–5.89 (m, 1H, Ar-H), 5.03 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
4.66 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.52 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.51 (d, 1H,
J = 13.3 Hz, Ar-CH2-Ar), 4.35 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.25–4.13 (m, 2H, O-CH2),
4.13–4.03 (m, 2H, O-CH2), 3.90–3.80 (m, 1H, O-CH2), 3.79–3.69 (m, 3H, O-CH2), 3.37 (d, 1H,
J = 13.3 Hz, Ar-CH2-Ar), 3.24–3.14 (m, 2H, Ar-CH2-Ar), 2.76 (s, 3H, Ar-CH3), 2.11–1.87 (m,
8H, O-CH2-CH2), 1.21–1.09 (m, 6H, O-CH2-CH2-CH3), 0.99–0.87 (m, 6H, O-CH2-CH2-CH3)
ppm. 13C NMR (CDCl3, 100 MHz, 298 K) δ 159.1, 158.1, 157.3, 155.3 (2×), 147.4, 137.4, 137.3,
137.0, 135.6, 134.4, 133.5, 133.0, 132.8, 132.4, 128.9, 128.8, 127.6, 127.4, 127.2, 126.9, 125.5,
122.9, 122.1, 122.0, 121.7, 119.8, 77.1, 76.9, 76.8, 76.5, 31.5, 31.1, 31.0, 26.9, 25.6, 23.6, 23.1,
23.0, 22.8, 10.9 (2×), 9.9 (2×) ppm. IR (KBr) ν 2961.1, 2931.8, 2874.3, 1590.4, 1454.9, 1383.1,
1245.0, 1193.7, 1005.9 cm−1. HRMS (ESI+) calcd for C44H51NO4 658.3891 [M+H]+, 680.3710
[M+Na]+, found m/z 658.3892 [M+H]+ (100%), 680.3705 [M+Na]+ (10%).

3.2.2. Quinoline Derivative 4b

Calixarene 2 (0.101 g, 0.17 mmol) was dissolved in 5 mL of toluene at room temperature.
Bromoacetaldehyde diethyl acetal (0.080 mL, 0.53 mmol) was added, and the resulting
solution was stirred for 10 min. Then, trifluoroacetic acid (0.25 mL) was added and the
colour of the solution immediately turned red. The reaction mixture was heated to 80 ◦C
and stirred for 17 h. The solution was quenched by saturated NaHCO3 (5 mL). The organic
phase was separated, washed with water (2 × 20 mL) and dried over magnesium sulphate.
The solvent was removed under reduced pressure to yield a crude product, which was
further purified by thin-layer chromatography on silica gel (cyclohexane:ethyl acetate
6:1, v/v) to give the title compound 5b as a brown amorphous solid (0.061 g, 37%), m.p.
179–182 ◦C.
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1H NMR (CDCl3, 400 MHz, 298 K) δ 8.24 (s, 1H, Ar-H), 7.41 (s, 1H, Ar-H), 6.98 (dd,
2H, J = 7.4, 1.2 Hz, Ar-H), 6.93 (dd, 1H, J = 7.4, 1.2 Hz, Ar-H), 6.76 (t, 1H, J = 7.4 Hz,
Ar-H), 6.25–6.16 (m, 4H, Ar-H), 6.11 (dd, 1H, J = 6.3, 2.7 Hz, Ar-H), 6.02 (dd, 1H, J = 6.3,
2.7 Hz, Ar-H), 5.30 (s, 1H, CH2-OH), 4.89 (s, 2H, Ar-CH2-OH), 4.74 (d, 1H, J = 13.7 Hz,
Ar-CH2-Ar), 4.65 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.47 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
4.46 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.42 (d, 1H, J = 13.7 Hz, Ar-CH2-Ar), 4.15 (dd, 1H,
J = 8.6, 7.0 Hz, O-CH2), 4.07–3.95 (m, 2H, O-CH2), 3.87–3.66 (m, 5H, O-CH2), 3.37 (d, 1H,
J = 13.3 Hz, Ar-CH2-Ar), 3.16 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 3.15 (d, 1H, J = 13.7 Hz,
Ar-CH2-Ar), 2.06–1.96 (m, 3H, O-CH2-CH2), 1.95–1.84 (m, 5H, O-CH2-CH2), 1.10 (t, 6H,
J = 7.4 Hz, O-CH2-CH2-CH3), 0.93 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), (t, 3H, J = 7.4 Hz,
O-CH2-CH2-CH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K) δ 159.6, 157.7, 155.5 (2×), 154.2,
144.2, 139.2, 138.7, 136.9, 136.5, 134.1, 133.7, 133.5, 132.5, 132.2, 128.7 (2×), 128.0, 127.5, 127.4,
127.3, 125.3, 124.9, 122.1 (2×), 121.8, 113.2, 77.0 (2×), 76.9, 76.5, 63.7, 31.5, 31.1, 31.0, 23.7,
23.5, 23.4, 23.2, 23.1, 10.8 (2×), 10.00 (2×) ppm. IR (KBr) ν 2961.6, 2931.8, 2874.7, 1729.8,
1588.2, 1455.7, 1383.8, 1203.5, 1086.9 cm−1. HRMS (ESI+) calcd for C44H50NBrO5 776.2744
[M+Na]+, 792.2484 [M+K]+, found m/z 776.2748 [M+Na]+ (100%), 792.2476 [M+K]+ (5%).

3.2.3. Quinoline Derivative 6a

Calixarene 3 (0.101 g, 0.14 mmol) was dissolved in 5 mL of toluene at room temperature.
Acetaldehyde (0.020 mL, 0.36 mmol) was added, and the resulting solution was stirred
for 10 min. Then, trifluoroacetic acid (0.11 mL) was added and the colour of the solution
immediately turned red. The reaction mixture was heated to 80 ◦C and stirred for 15 h. The
solution was quenched by saturated NaHCO3 (5 mL). The organic phase was separated,
washed with water (2 × 20 mL) and dried over magnesium sulphate. The solvent was
removed under reduced pressure to yield a crude product, which was further purified by
thin-layer chromatography on silica gel (cyclohexane:ethyl acetate 3:1, v/v) to give the title
compound 6a as a brown amorphous solid (0.019 g, 18%), m.p. 170–173 ◦C.

1H NMR (CDCl3, 400 MHz, 298 K) δ 8.35 (d, 1H, J = 8.6 Hz, Ar-H), 7.79 (s, 1H, Ar-H),
7.26 (d, 1H, J = 9.0 Hz, Ar-H), 7.01 (dd, 1H, J = 7.4, 1.6 Hz, Ar-H), 6.94 (dd, 1H, J = 7.4, 1.2 Hz,
Ar-H), 6.76 (t, 1H, J = 7.4 Hz, Ar-H), 6.22–6.13 (m, 5H, Ar-H), 5.94 (dd, 1H, J = 7.0, 1.6 Hz,
Ar-H), 4.63 (d, 1H, J = 12.9 Hz, Ar-CH2-Ar), 4.60 (d, 1H, J = 13.7 Hz, Ar-CH2-Ar), 4.46 (d,
1H, J = 13.3 Hz, Ar-CH2-Ar), 4.46 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.14 (dt, 1H, J = 10.6,
5.5 Hz, O-CH2), 4.05–3.95 (m, 3H, O-CH2), 3.92 (d, 1H, J = 14.1 Hz, Ar-CH2-Ar), 3.83–3.70
(m, 4H, O-CH2), 3.42 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 3.19–3.13 (m, 2H, Ar-CH2-Ar), 2.75 (s,
3H, Ar-CH3), 2.07–1.86 (m, 8H, O-CH2-CH2), 1.11 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), 1.10
(t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), 0.96–0.89 (m, 6H, O-CH2-CH2-CH3) ppm. 13C NMR
(CDCl3, 100 MHz, 298 K) δ 157.7, 156.1, 155.6, 155.5, 155.4 (2×), 136.8, 136.7 (2×), 133.7
(2×), 133.2, 132.3, 130.3, 128.8, 128.6 (2×), 127.7 (2×), 127.6, 126.8, 125.8, 122.1 (3×), 121.7,
121.0, 76.9 (3×), 76.4, 31.7, 31.1, 30.9, 24.2, 23.5 (2×), 23.4, 23.1, 23.0, 10.8, 10.7, 10.0, 9.9 ppm.
IR (KBr) ν 2960.5, 2920.4, 2874.1, 1455.4, 1383.7, 1208.3, 1086.9 cm−1. HRMS (ESI+) calcd
for C44H51NO4 658.3891 [M+H]+, 696.3450 [M+Na]+, found m/z 658.3894 [M+H]+ (100%),
696.3443 [M+Na]+ (3%).

3.2.4. Bis-Quinoline Derivative 14

Calixarene 7 (0.104 g, 0.17 mmol) was dissolved in 5 mL of toluene at room temperature.
Acetaldehyde (0.040 mL, 0.71 mmol) was added, and the resulting solution was stirred
for 10 min. Then, trifluoroacetic acid (0.22 mL) was added and the colour of the solution
immediately turned red. The reaction mixture was heated to 80 ◦C and stirred for 15 h. The
solution was quenched by saturated NaHCO3 (5 mL). The organic phase was separated,
washed with water (2 × 20 mL) and dried over magnesium sulphate. The solvent was
removed under reduced pressure to yield a crude product which was further purified by
thin-layer chromatography on silica gel (cyclohexane:ethyl acetate 6:1, v/v) to give the title
compound 14 as a yellow amorphous solid (0.061 g, 37%), m.p. 185–188 ◦C.
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1H NMR (CDCl3, 400 MHz, 298 K) δ 8.00 (d, 2H, J = 8.2 Hz, Ar-H), 7.52 (s, 2H, Ar-H),
7.20 (d, 2H, J = 8.2 Hz, Ar-H), 6.21–6.05 (m, 2H, Ar-H), 6.03–5.95 (m, 2H, Ar-H), 5.84 (dd,
2H, J = 6.7, 2.0 Hz, Ar-H), 5.04 (d, 2H, J = 13.3 Hz, Ar-CH2-Ar), 4.67 (d, 2H, J = 13.3 Hz,
Ar-CH2-Ar), 4.35 (d, 2H, J = 13.3 Hz, Ar-CH2-Ar), 4.25–4.16 (m, 2H, O-CH2), 3.90–3.68 (m,
6H, O-CH2), 3.38 (d, 2H, J = 13.3 Hz, Ar-CH2-Ar), 2.75 (s, 6H, Ar-CH3), 2.13–1.85 (m, 8H,
O-CH2-CH2), 1.17 (t, 6H, J = 7.4 Hz, O-CH2-CH2-CH3), 0.91 (t, 6H, J = 7.4 Hz, O-CH2-CH2-
CH3) ppm. 13C NMR (CDCl3, 100 MHz, 298 K) δ 159.2, 157.3, 155.4, 147.4, 137.6, 135.6,
134.7, 133.0, 131.8, 127.5, 126.7, 125.5, 122.9, 122.1, 119.8, 76.9 (2×), 31.5, 25.6, 23.6, 23.1,
22.6, 10.9, 9.9 ppm. IR (KBr) ν 2960.1, 2921.7, 2874.2, 1602.4, 1492.0, 1453.8, 1382.6, 1184.0,
1085.3 cm−1. HRMS (ESI+) calcd for C48H54N2O4 723.4156 [M+H]+, 745.3976 [M+Na]+,
found m/z 723.4156 [M+H]+ (100%), 745.3972 [M+Na]+ (25%).

3.2.5. Quinoline Derivatives 15a and 15b

Calixarene 8 (0.119 g, 0.19 mmol) was dissolved in 5 mL of toluene at room temperature.
Acetaldehyde (0.040 mL, 0.71 mmol) was added, and the resulting solution was stirred
for 10 min. Then, trifluoroacetic acid (0.25 mL) was added and the colour of the solution
immediately turned red. The reaction mixture was heated to 80 ◦C and stirred for 17 h. The
solution was quenched by saturated NaHCO3 (5 mL). The organic phase was separated,
washed with water (2 × 20 mL) and dried over magnesium sulphate. The solvent was
removed under reduced pressure to yield a crude product which was further purified
by thin-layer chromatography on silica gel (cyclohexane:ethyl acetate 4:1, v/v) to give an
inseparable mixture of title compounds 15a and 15b as a yellow amorphous solid (0.020 g,
14%), m.p. 152–155 ◦C.

1H NMR (CDCl3, 400 MHz, 298 K) δ 8.39 (t, 2H, J = 9.0 Hz, Ar-H), 7.98 (d, 2H,
J = 8.6 Hz, Ar-H), 7.87 (s, 2H, Ar-H), 7.51 (s, 2H, Ar-H), 7.29 (d, 2H, J = 9.0 Hz, Ar-H), 7.19
(d, 2H, J = 8.2 Hz, Ar-H), 6.09–5.95 (m, 7H, Ar-H), 5.93 (t, 1H, J = 7.4 Hz, Ar-H), 5.86 (dd,
1H, J = 7.4, 1.6 Hz, Ar-H), 5.81 (dd, 1H, J = 7.4, 1.6 Hz, Ar-H), 5.78–5.71 (m, 2H, Ar-H), 5.03
(d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 5.02 (d, 1H, J = 13.7 Hz, Ar-CH2-Ar), 4.70–4.55 (m, 4H,
Ar-CH2-Ar), 4.33 (d, 1H, J = 12.9 Hz, Ar-CH2-Ar), 4.31 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
4.26–4.00 (m, 8H, O-CH2), 3.94 (d, 1H, J = 14.1 Hz, Ar-CH2-Ar), 3.94 (d, 1H, J = 13.3 Hz,
Ar-CH2-Ar), 3.87–3.68 (m, 8H, O-CH2), 3.45 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 3.44 (d, 1H,
J = 12.9 Hz, Ar-CH2-Ar), 3.36 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 3.35 (d, 1H, J = 13.3 Hz,
Ar-CH2-Ar), 2.76 (s, 3H, Ar-CH3), 2.73 (s, 3H, Ar-CH3), 2.14–1.83 (m, 16H, O-CH2-CH2),
1.19–1.10 (m, 12H, O-CH2-CH2-CH3), 0.97–0.84 (m, 12H, O-CH2-CH2-CH3) ppm. HRMS
(ESI+) calcd for C48H54N2O4 723.4156 [M+H]+, 745.3976 [M+Na]+, found m/z 723.4162
[M+H]+ (100%), 745.3974 [M+Na]+ (20%).

3.2.6. Quinoline Derivative 15c

Calixarene 15c was isolated from the same reaction mixture as compounds 15a and 15b.
The product was obtained as a yellow amorphous solid (0.014 g, 10%), m.p. 163–166 ◦C.

1H NMR (CDCl3, 500 MHz, 298 K) δ 7.98 (d, 1H, J = 8.2 Hz, Ar-H), 7.48 (s, 1H, Ar-H),
7.18 (d, 1H, J = 8.2 Hz, Ar-H), 6.43 (s, 1H, Ar-NH-CH2), 6.26–6.01 (m, 5H, Ar-H), 5.89 (d, 1H,
J = 7.0 Hz, Ar-H), 4.99 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.62 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
4.43 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 4.42 (d, 1H, J = 12.9 Hz, Ar-CH2-Ar), 4.21–4.08 (m,
2H, O-CH2), 3.98–3.89 (m, 2H, O-CH2), 3.83–3.65 (m, 4H, O-CH2), 3.34 (d, 1H, J = 13.3 Hz,
Ar-CH2-Ar), 3.16 (q, 2H, J = 7.0 Hz, NH-CH2-CH3), 3.05 (d, 2H, J = 13.3 Hz, Ar-CH2-Ar),
2.74 (s, 3H, Ar-CH3), 2.10–1.83 (m, 8H, O-CH2-CH2), 1.29 (t, 3H, J = 7.0 Hz, NH-CH2-CH3),
1.12 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), 1.11 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), 0.90 (t,
3H, J = 7.4 Hz, O-CH2-CH2-CH3), 0.87 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3) ppm. 13C NMR
(CDCl3, 125 MHz, 298 K) δ 157.2, 155.3, 155.2, 137.7, 137.3, 135.6, 134.3, 133.5, 132.8, 132.3,
127.6, 127.3, 127.1, 126.8, 125.4, 122.8, 122.0, 121.9, 119.7, 77.0, 76.9, 76.7, 76.6, 31.5, 31.2, 31.1,
29.7, 25.5, 23.6, 23.5, 23.0, 22.9, 15.0, 10.9, 10.8, 9.9 (2×) ppm. IR (KBr) ν 2959.7, 1219.1, 173.9,
1958.3, 1604.5, 1454.2, 1383.3, 1087.7 cm−1. HRMS (ESI+) calcd for C46H56N2O4 701.4313
[M+H]+, 723.4132 [M+Na]+, found m/z 701.4318 [M+H]+ (100%), 723.4134 [M+Na]+ (75%).
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3.2.7. Quinoline Derivative 16

Calixarene 12 (0.101 g, 0.14 mmol) was dissolved in 5 mL of toluene at room temper-
ature. Acetaldehyde (0.020 mL, 0.36 mmol) was added, and the resulting solution was
stirred for 10 min. Then, trifluoroacetic acid (0.09 mL) was added and the colour of the
solution immediately turned red. The reaction mixture was heated to 80 ◦C and stirred
for 17 h. The solution was quenched by saturated NaHCO3 (5 mL). The organic phase
was separated, washed with water (2 × 20 mL) and dried over magnesium sulphate. The
solvent was removed under reduced pressure to yield crude product, which was further
purified by thin-layer chromatography on silica gel (cyclohexane:ethyl acetate 4:1, v/v) to
give the title compound 16 as a yellow amorphous solid (0.051 g, 47%), m.p. 163–166 ◦C.

1H NMR (CDCl3, 400 MHz, 298 K) δ 7.92 (d, 1H, J = 8.2 Hz, Ar-H), 7.72 (br s, 1H,
Ar-H), 7.40 (s, 1H, Ar-H), 7.14 (d, 1H, J = 8.2 Hz, Ar-H), 7.09 (br s, 1H, Ar-H), 6.32–6.07
(m, 6H, Ar-H), 4.92 (d, 1H, J = 12.9 Hz, Ar-CH2-Ar), 4.62 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
4.53–4.42 (m, 1H, Ar-CH2-Ar), 4.34 (d, 1H, J = 12.9 Hz, Ar-CH2-Ar), 4.17–3.93 (m, 4H,
O-CH2), 3.89–3.79 (m, 1H, O-CH2), 3.79–3.67 (m, 3H, O-CH2), 3.35 (d, 1H, J = 13.3 Hz,
Ar-CH2-Ar), 3.17 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar), 3.15 (d, 1H, J = 13.3 Hz, Ar-CH2-Ar),
2.72 (s, 3H, Ar-CH3), 2.07–1.82 (m, 8H, O-CH2-CH2), 1.18–1.03 (m, 6H, O-CH2-CH2-CH3),
1.00–0.85 (m, 6H, O-CH2-CH2-CH3) ppm. 13C NMR (CDCl3, 100 MHz, 298 K) δ 158.8, 158.7,
157.1, 156.0, 155.5 (2×), 137.9, 137.5, 137.2, 136.9, 135.4, 134.8, 134.5, 133.0 (2×), 132.2, 128.6,
128.3, 127.7, 127.6, 126.9, 125.6, 122.9, 122.2, 121.9, 120.8 (2×), 119.7, 117.3, 77.0, 76.9 (2×),
76.1, 31.3, 31.0 (2×), 25.5, 23.5 (3×), 23.1, 23.0, 10.7, 10.0 (2×), 9.6 ppm. IR (KBr) ν 3305.1,
2962.0, 2933.1, 2875.5, 1710.2, 1605.4, 1455.9, 1183.1, 758.4 cm−1. HRMS (ESI+) calcd for
C46H51F3N2O5 769.3823 [M+H]+, 791.3642 [M+Na]+, 807.3382 [M+K]+, found m/z 769.3827
[M+H]+ (100%), 791.3638 [M+Na]+ (30%), 807.3375 [M+K]+ (18%).

3.2.8. Quinoline Derivative 17a

Calixarene 13 (0.124 g, 0.17 mmol) was dissolved in 5 mL of toluene at room temper-
ature. Acetaldehyde (0.020 mL, 0.36 mmol) was added, and the resulting solution was
stirred for 10 min. Then, trifluoroacetic acid (0.11 mL) was added and the colour of the
solution immediately turned red. The reaction mixture was heated to 80 ◦C and stirred
for 17 h. The solution was quenched by saturated NaHCO3 (5 mL). The organic phase
was separated, washed with water (2 × 20 mL) and dried over magnesium sulphate. The
solvent was removed under reduced pressure to yield a crude product, which was further
purified by preparative HPLC to give the title compounds 17a as a yellow amorphous solid
(0.023 g, 17%), m.p. 120–123 ◦C. In the 13C NMR spectrum, the number of signals does not
correspond to the number of carbons due to the low intensity of certain signals.

1H NMR (CDCl3, 500 MHz, 298 K) δ 7.73 (s, 1H, Ar-H), 7.23–6.73 (m, 8H, Ar-H, Ar-
NH-COCF3), 6.67–6.53 (m, 1H, Ar-H), 6.26–6.05 (m, 2H, Ar-H), 4.84 (d, 1H, J = 14.0 Hz,
Ar-CH2-Ar), 4.61 (d, 1H, J = 13.5 Hz, Ar-CH2-Ar), 4.47 (d, 1H, J = 14.9 Hz, Ar-CH2-Ar),
4.40 (d, 1H, J = 13.5 Hz, Ar-CH2-Ar), 4.01–3.90 (m, 4H, O-CH2), 3.80 (d, 1H, J = 14.6 Hz,
Ar-CH2-Ar), 3.77–3.59 (m, 4H, O-CH2), 3.37 (d, 1H, J = 13.5 Hz, Ar-CH2-Ar), 3.19–3.05 (m,
2H, Ar-CH2-Ar), 2.52 (s, 3H, Ar-CH3), 1.98–1.74 (m, 8H, O-CH2-CH2), 1.10 (t, 3H, J = 7.1 Hz,
O-CH2-CH2-CH3), 1.04 (t, 3H, J = 7.4 Hz, O-CH2-CH2-CH3), 0.92 (t, 3H, J = 7.1 Hz, O-CH2-
CH2-CH3), 1.06–0.81 (m, 3H, O-CH2-CH2-CH3) ppm. 13C NMR (CDCl3, 125 MHz, 298 K)
δ 155.7, 145.1, 132.4, 129.8, 129.1, 129.0, 128.6, 128.4, 122.6, 122.3, 121.9, 118.2, 114.9, 114.1,
77.2, 77.1, 76.9, 76.3, 31.1, 30.9, 29.7, 26.9, 24.6, 23.5, 23.4, 23.1, 21.9, 10.7 (2×), 10.0, 9.6. ppm.
IR (KBr) ν 3360.6, 2961.8, 2920.2, 2875.8, 1729.1, 1454.9, 1203.2, 1157.5 cm−1. HRMS (ESI+)
calcd for C46H51F3N2O5 769.3823 [M+H]+, 791.3642 [M+Na]+, 807.3382 [M+K]+, found m/z
769.3827 [M+H]+ (100%), 791.3638 [M+Na]+ (30%), 807.3375 [M+K]+ (15%).

3.2.9. Quinoline Derivative 17b

Calixarene 17b was isolated from the same reaction mixture as compound 17a. This
product was isolated as a yellow amorphous solid (0.020 g, 15%), m.p. 122–125 ◦C. In the
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13C NMR spectrum, the number of signals does not correspond to the number of carbons
due to the low intensity of certain signals.

1H NMR (CDCl3, 400 MHz, 298 K) δ 8.03 (s, 1H, Ar-H), 7.77 (s, 1H, Ar-NH-COCF3),
7.06–6.99 (m, 2H, Ar-H), 6.83–6.48 (m, 6H, Ar-H), 6.29–5.96 (m, 2H, Ar-H), 4.73 (d, 1H,
J = 14.1 Hz, Ar-CH2-Ar), 4.60 (d, 1H, J = 13.7 Hz, Ar-CH2-Ar), 4.44 (d, 1H, J = 14.4 Hz,
Ar-CH2-Ar), 4.38 (d, 1H, J = 13.8 Hz, Ar-CH2-Ar), 4.04–3.90 (m, 4H, O-CH2), 3.88–3.72
(m, 5H, O-CH2, Ar-CH2-Ar), 3.39 (d, 1H, J = 13.8 Hz, Ar-CH2-Ar), 3.24 (d, 1H, J = 14.5 Hz,
Ar-CH2-Ar), 3.10 (d, 1H, J = 13.8 Hz, Ar-CH2-Ar), 2.60 (s, 3H, Ar-CH3), 2.02–1.77 (m, 8H,
O-CH2-CH2), 1.08–0.92 (m, 12H, O-CH2-CH2-CH3) ppm. 13C NMR (CDCl3, 100 MHz,
298 K) δ 156.0, 144.9, 140.2, 132.8, 130.4, 128.9, 128.3, 127.9, 124.8, 122.4, 121.9, 120.2, 118.7,
117.2, 77.0, 76.8 (2×), 31.7, 31.1, 29.7, 26.9, 24.8, 23.3, 23.2, 22.9, 10.5, 10.4, 10.2 (2×) ppm.
IR (KBr) ν 3352.4, 2961.7, 2920.3, 2875.9, 1728.4, 1454.4, 1203.9, 1157.9 cm−1. HRMS (ESI+)
calcd for C46H51F3N2O5 769.3823 [M+H]+, 791.3642 [M+Na]+, 807.3382 [M+K]+, found m/z
769.3815 [M+H]+ (100%), 791.3635 [M+Na]+ (8%), 807.3375 [M+K]+ (20%).

3.3. Chiral Separation

Chiral separation of 6a was performed using a Büchi Pure 850 FlashPrep chromatogra-
phy instrument consisting of a binary pump module, UV-vis detector, column manager
and fraction collector. The suitable conditions allowing for efficient enantioseparation
were first proven on the analytical scale using chiral polysaccharide column ChiralArt
Amylose-SA (250 × 4.6 mm ID, 5 µm). In preparative mode, a polysaccharide column
ChiralArt Amylose-SA (250 × 20 mm ID, 5 µm) was employed using cyclohexane/DCM:
92/8 v/v as a mobile phase.

3.4. NMR Titrations

In each case, calixarene was dissolved in a specified amount of CDCl3 or C2D2Cl4 and
0.5 mL of calixarene solution was put in an NMR tube. A specific amount of guest was
added to the calixarene solution (0.6 mL), and the aliquots of guest were gradually added
to the NMR tube to achieve different calixarene/guest ratios, ensuring constant calixarene
concentration during the experiment. The complexation constants were determined by an-
alyzing CIS (complexation induced chemical shifts) of calixarene protons using a nonlinear
curve-fitting procedure (program BindFit) [30].

3.5. X-ray Measurements

Crystallographic data for 16. M = 800.94 g·mol−1, triclinic system, space group P-1,
a = 15.52150 (2) Å, b = 18.08924 (3) Å, c = 18.11720 (2) Å, α = 77.920 (3)◦, β = 71.014 (2)◦,
γ = 64.684 (2)◦ Z = 4, V = 4333.46 (9) Å3, Dc = 1.228 g·cm−3, µ(Cu-Kα) = 0.73 mm−1, crystal
dimensions of 0.41 × 0.29 × 0.26 mm. Data were collected at 200 (2) K on a Bruker D8 Ven-
ture Photon CMOS diffractometer with Incoatec microfocus sealed tube Cu-Kα radiation.
The structure was solved by charge flipping methods [31] and anisotropically refined by
full matrix least squares on F squared using the CRYSTALS [32] to final value R = 0.085
and wR = 0.242 using 15,813 independent reflections (θmax = 68.4◦), 1370 parameters and
481 restrains. The hydrogen atoms bonded to carbon atoms were placed in calculated
positions refined with riding constrains, while hydrogen atoms bonded to oxygen and
nitrogen were refined using soft restraints. The disordered functional group positions were
found in difference electron density maps and refined with restrained geometry. MCE [33]
was used for visualization of electron density maps. The occupancy of the disordered
functional group was fully constrained. The structure was deposited into the Cambridge
Structural Database under the number CCDC 2215763.

4. Conclusions

In summary, the construction of inherently chiral calixarenes by the intramolecular
cyclization of suitable intermediates suffers from a limited number of suitable substrates
for these reactions. Here, we report on an easy way to prepare one class of such com-
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pounds: calixquinolines, which can be obtained by the reaction of aldehydes with easily
accessible aminocalix[4]arenes under acidic conditions (Doebner–Miller reaction). The
synthetic procedure represents a very straightforward approach to the inherently chiral
macrocyclic systems. The complexation studies revealed the ability of these compounds
to complex quaternary ammonium salts with different stoichiometries depending on the
guest molecules; moreover, we demonstrated their ability to carry out the enantioselective
complexation of chiral N-methylammonium salts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27238545/s1. Spectral characterization of all new compounds
(1H NMR, 13C NMR, HRMS, IR) and the NMR complexation studies.
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Abstract: Hypoxia accompanies many human diseases and is an indicator of tumor aggressiveness.
Therefore, measuring hypoxia in vivo is clinically important. Recently, complexes of calix[4]arene
were identified as potent hypoxia markers. The subject of this paper is new hypoxia-sensitive
host–guest complexes of thiacalix[4]arene. We report a new high-yield synthesis method for thi-
acalix[4]arene with four anionic carboxyl azo fragments on the upper rim (thiacalixarene L) and
an assessment of the complexes of thiacalixarene L with the most widespread cationic rhodamine
dyes (6G, B, and 123) sensitivity to hypoxia. Moreover, 1D and 2D NMR spectroscopy data support
the ability of the macrocycles to form complexes with dyes. Rhodamines B and 123 formed host–guest
complexes of 1:1 stoichiometry. Complexes of mixed composition were formed with rhodamine 6G.
The association constant between thiacalixarene L and rhodamine 6G is higher than for other dyes.
Thiacalixarene L-dye complexes with rhodamine 6G and rhodamine B are stable in the presence of
various substances present in a biological environment. The UV-VIS spectrometry and fluorescence
showed hypoxia responsiveness of the complexes. Our results demonstrate that thiacalixarene L has
a stronger binding with dyes compared with the previously reported azo-calix[4]arene carboxylic
derivative. Thus, these results suggest higher selective visualization of hypoxia for the complexes
with thiacalixarene L.

Keywords: supramolecular chemistry; thiacalixarene; hypoxia sensing; host–guest complex; cationic
rhodamine dyes

1. Introduction

According to the Global Cancer Statistics 2020, there were approximately 19.3 million
new cancer cases and almost 10 million cancer deaths worldwide in 2020 [1]. Early diagnosis
and treatment of cancer are crucial to reducing global mortality. A common feature of most
tumors is low levels of oxygen–hypoxia [2], the severity of which depends on the type of
cancer [3]. The need for oxygen exceeds the oxygen supply in the intensively proliferating
and growing tumor tissue by increasing the distance in the tissue from the nearest vessel,
which prevents oxygen diffusion [4]. Since the discovery of hypoxic regions in tumors
in the 1950s, hypoxia has become known as a major hallmark of cancer cells and their
microenvironment [5]. Hypoxia facilitates tumor growth, resistance to chemotherapy, and
metastasis [6,7]. Areas with oxygen gradients and acute hypoxia appear in the vascular
system and blood flow in tumor development, which induces resistance to many anticancer
treatments, especially chemotherapy, radiation therapy, and photodynamic therapy [8].
Hypoxic tissues differ from normoxic in physical, chemical, and biological characteristics,
such as low pH, increased expression of hypoxia-inducible factor-1α (HIF-1α), etc. [9–11].

Moreover, one of these features is an increase in the activity of oxidoreductases:
nitroreductase, azoreductase, and quinone oxidoreductase [12]. Most systems proposed in
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the literature for the detection of hypoxia are associated with nitroaromatic and quinone
derivatives [13,14]. The approach using the reduction of azo groups by azoreductase
has proven itself as a promising system for visualizing hypoxia [15]. Sodium dithionite
(SDT) is commonly used as the azoreductase mimic to evaluate the hypoxia-induced
reduction and cleavage of the azo group since SDT can effectively and reductively cleave
to the azo group [16,17]. However, most published data concern the creation of sensors
utilizing a covalent binding of a dye and an azo derivative. Despite their effectiveness in
creating hypoxia-sensitive systems, such sensors have some disadvantages associated with
a complex molecular design, multistage, and expensive synthesis. There is also a risk of
increasing the toxicity of the covalently bound compound due to the presence of a linker
when the dye is introduced, as well as the formation of toxic products during the reduction
of the azo group [18–20].

In this regard, the recently appeared supramolecular approach is of particular inter-
est [21]. It consists of developing the systems based on the host–guest interaction between
host azo derivatives and guest dyes (Scheme 1). The dye preliminarily interacts with azo
derivatives of the macrocycles, forming a host–guest complex. Complex formation leads to
quenching of the dye fluorescence. In hypoxic conditions, the azo groups of the macrocycle
are reduced to amino groups, which leads to the release of four anionic fragments on the
upper rim of the macrocycle and, as a result, the destruction of the host–guest complex and
the restoration of dye luminescence. Given that the resulting amines are easily protonated
in a wide pH range, they are not able to retain a positively charged dye, which has been
shown in a number of works [22,23].
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The use of calix[4]arenes as a synthetic platform for the supramolecular approach
seems promising due to calixarenes offer several advantages over traditional ligands: the
ability to incorporate small organic molecules or a portion of large biomolecules into molec-
ular cavities to form guest–host complexes [24]; the possibility of modification with several
receptor groups and fixing their specific spatial arrangement [25,26]; various possibilities
in their functionalization both at the upper and lower rims by receptor groups of differ-
ent nature [27]; the absence of toxicity of both the calixarene platform and a number of
derivatives of the latter [28–32]. At the same time, a few examples of the use of macrocycles
to create structures capable of detecting and visualizing hypoxia are represented in the
literature [33].

Recently, our research group proposed supramolecular systems for detecting hypoxia
based on calix[4]arenes 1, 2 functionalized with azo groups on the upper rim (Figure 1) [34].
The present work is devoted to new hypoxia-sensitive systems using the thiacalix[4]arene
platform and various rhodamine dyes. The association constant, the stoichiometry of host–
guest complexes, and their absorption-emission properties under normoxic and hypoxic
conditions are discussed.
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2. Results

Scheme 2 shows the synthesis of azo-thiacalix[4]arene derivative L containing azo
benzoic acid fragments. Compound L has been synthesized in reference [35]. However,
our two-stage synthesis method used in this work provided higher yields of the target
product L.
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Scheme 2. Synthetic pathway for thiacalixarene L.

Since the macrocycle L contains negatively charged carboxyl groups, the most common
cationic dyes, rhodamines 6G, B, and 123, were used for complexation (Rh6G, RhB, and
Rh123, Figure 2). The selected dyes are characterized by high luminescence intensity and
photostability [36].
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Figure 2. The structures of rhodamine dyes used in binary thiacalix[4]arene-dye systems.

The fluorescent response for rhodamine dyes upon the addition of the macrocycle L
was determined according to fluorescence spectroscopy data. In all macrocycle–dye binary
systems, quenching of dye emission was observed with an increase in the macrocycle con-
centration, which indicates complex formation (Figure 3). In the complex with rhodamine
6G, an increase in the concentration of the macrocycle leads to a slight hypsochromic shift
of the dye maximum emission band of about 3 nm. No such effect was observed for RhB
and Rh123 (Figure S1).
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Figure 3. Direct fluorescence titration of Rh6G (1.0 µM) with L (up to 10.7 µM) (a) in PBS buffer
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There are two main types of fluorescence quenching mechanisms in the dye-macrocycle
complex–Förster resonance energy transfer (FRET) or photoinduced electron transfer (PET).
Previously, our research group showed that for calix[4]arenes 1, 2 (Figure 1), the PET
quenching mechanism prevailed [34].

Thiacalixarene L showed a similar trend. The linear dependence of I0/I (I0–the emis-
sion intensity of the free dye, I–the emission intensity of the bound dye) on the concentration
of the macrocycle (Figure S2) indicates the predominance of only one type of quenching
mechanism. The FRET mechanism is excluded due to the absence of overlap in the absorp-
tion band of the macrocycle with the emission band of the dye (Figure S3). Therefore, PET
is the most likely quenching mechanism. To find the stoichiometry of the dye-macrocycle
complexes, Job’s plots were built (Figure S4). The binding stoichiometry for complexes
L with RhB and Rh123 was 1:1. In the complex of L with the Rh6G indeterminate com-
position, an increase in the dye proportion was found. In the complexes of calix[4]arenes
1 and 2 [34], the stoichiometry of complexes with all dyes was found as 1:1. Apparently,
the increase in the number of Rh6G molecules (coordinated along the upper rim of the
macrocycle) was affected by an increase in the size of thiacalix[4]arene cavity. It is obvious
that electrostatic interactions are the driving force for the formation of such complexes.
However, the preferred interaction of macrocycle L with Rh6G cannot be explained only
from the standpoint of electrostatic interactions. Taking into account the great difference in
the logP values of Rh6G and Rh123 (6.5 and 1.5), as well as the difference in logD values
(2.1. and 0.5., respectively [37], it can be assumed that the comparatively high hydropho-
bicity of Rh6G favors the interactions with the hydrophobic basket of calixarene. The
association constants (Kass) of azo-thiacalixarene L and rhodamine dyes were determined
by fitting the data of the fluorescence titration (Table 1).

In the carboxylate calixarene series (L and 2) the higher values of association constants
with Rh6G were found for thiacalixarene L, but in absolute units, the highest association
constant was observed in the case of sulfonate derivative 1 with Rh6G. This is associated
with the electric charge distribution and the structure of the sulfate anion [38–40], providing
the best electrostatic interactions with cationic dyes compared to carboxylate.
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Table 1. Association constant (Kass) of thiacalix[4]arene L and calix[4]arene 1,2 complexes with
rhodamine dyes. C(dye) 1 µM, (macrocycle) 0-50 µM, PBS buffer (pH 7.4), 37 ◦C; 1 [34].

System Kass, M−1

L-Rh6G 4.7 ± 0.1 × 106

L-RhB 8.6 ± 0.2 × 104

L-Rh123 5.2 ± 0.4 × 103

1-Rh6G 1 1.5 ± 0.1 × 107

1-RhB 1 7.0 ± 0.1 × 105

1-Rh123 1 5.0 ± 0.3 × 105

2-Rh6G 1 1.0 ± 0.4 × 105

2-RhB 1 2.6 ± 0.1 × 104

2-Rh123 1 2.3 ± 0.6 × 104

A comparison of absorption spectra for complexes with different dyes showed that
Rh6G in the presence of L had a pronounced hypochromic effect and a 5 nm bathochromic
shift of the absorption band of the dye. At the same time, RhB in binary L–dye complex had
only a slight hypochromic shift whereas Rh123 in the presence of a macrocycle practically
had no changes in the absorption spectrum (Figure S5).

The ability of macrocycle L to form complexes with Rh6G was proved by 1H NMR
spectroscopy. In the presence of L, Rh6G protons shifts up-field (Figure 4), which is
associated with shielding by the macrocycle cavity and indicates the formation of a host–
guest complex with partial inclusion of the dye into the macrocyclic core.
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The largest shifts were found for the protons of the ester-containing aromatic fragment
of the Rh6G dye (protons 3, 4, 5, and 6 have ∆δ = 0.44, 0.71, and 0.27 ppm, respectively) as
well as for protons of the ethoxy group (7 and 8 have ∆δ = 0.28 and 0.30 ppm, respectively).
The protons of the aminoethyl and the xanthene fragments also undergo an upfield shift
(protons 9, 10, 12, 13, and 11 have ∆δ = 0.15, 0.20, 0.19, 0.32, and 0.09 ppm, respectively).
Thus, it becomes apparent that the dye is immersed in the cavity of the macrocycle, forming
a guest-host complex. It should be noted that the up-field shifts of dye proton signals
are smaller than those for sulfonate calix[4]arene 1 [34]. However, the thiacalixarene
L complex demonstrated much larger up-field shifts of dye proton signals compared
to the complex of carboxy calix[4]arene 2-Rh123 system previously studied by the Go
group [33]. Thus, the macrocycle L has a stronger binding than calix[4]arene 2 even though
they are both bearing negatively charged carboxyl groups. This may be the result of the
larger ring size of thiacalix[4]arene, which is 15% larger than that of classical calix[4]arene.
Therefore thiacalix[4]arene scaffold is more flexible and easily undergoes conformational
changes during the complexation. Due to the high flexibility of the molecular structure
thiacalixarenes are superior to “classical” calixarenes for the formation of host–guest
complexes [41]. This is consistent with the stability constants of the complexes on the
thiacalix[4]arene platform and indicates a stronger interaction of carboxylate thiacalixarene
L with rhodamine dyes. The interaction of macrocycle L with Rh6G was also confirmed
by the 2D NOESY 1H-1H spectroscopy (Figure S6). The presence of cross peaks between
aromatic protons 1 thiacalixarene L (δ = 7.96 ppm) with the Rh6G protons 3 (δ = 7.79 ppm),
6 (δ = 6.79 ppm) as well as with of protons the xanthate fragment 12-12’ (δ = 6.72 ppm),
11 (δ = 1.98 ppm), protons of the aminoethyl fragment 10 (δ = 1.27 ppm) unequivocally
indicates the formation of the host–guest complex. In addition, cross peaks are observed
between protons 2, 2′ of thiacalixarene L and protons 3, 6, 11-11’, 13-13’, and 12-12’ (δ = 7.50
with 1.98, 6.60, and 6.72 ppm, respectively). This is consistent with the up-field proton
shifts in 1H NMR spectra (Figure 4). Thus, it can be concluded that in the complex with
thiacalixarene L, the Rh6G dye is immersed in the cavity mainly by the xanthic part, while
in the case of calixarene 1 the same xanthic part remains outside in the complex [34].

The strong complexation in the macrocycle–dye system is a positive feature as it
reduces the undesirable slight dissociation of the carrier probe when used in difficult
biological conditions. Therefore, all binary macrocycle–dye systems were tested for the
presence of a fluorescent response toward various biomolecules and metal ions (Figure S7).

The intensity of dye emission does not change when the third component is added to
binary systems with high values of Ka. It indicates the absence of competitive interaction
between the introduced analyte and the dye in the dye–macrocycle system. Thus, systems
based on Rh6G and RhB, which have no competition with bioanalytes and metal ions,
are the most promising. For systems with Rh123, an increase in emission (up to 100%) is
observed due to the displacement of dye from the macrocycle cavity by bioanalytes: lysine,
ATP, BSA, and some metals (Na+, Ca2+).

UV-visible spectroscopy was used to investigate the hypoxia response of the macro-
cycle L. The thiacalixarene L has a broad absorption peak in the range of 300–500 nm,
associated with the n-π* transitions of the azo groups (Figure S3). The addition of an ex-
cess of sodium dithionite (SDT), which acts as a chemical imitator of azoreductase [16,17],
to the macrocycle solution causes the disappearance of azo absorption, which indicates
the occurrence of a reduction reaction. However, visual discoloration was not observed.
Reduction kinetics were quantified by monitoring the absorbance at 370 nm in real time
under normoxic (20% O2) and hypoxic (<0.1% O2) conditions (Figures 5 and S8).

The intensity decay curves were successfully described by the quasi-first-order reaction
decay model. Table 2 presents the calculated values of the reduction constants of the azo
group. For thiacalix[4]arene L in normal conditions, the reduction constant was higher
than for calix[4]arenes 1 and 2. It is noteworthy that hypoxic conditions lead to an increase
in the azo group’s reduction rate.
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Table 2. Reduction kinetics of the macrocycles L, 1, and 2 in the presence of SDT; 1 [34].

Macrocycle k, min−1 (Normoxia) k, min−1 (Hypoxia)

L 0.420 (Adj. R2 > 0.987) 0.497 (Adj. R2 > 0.985)
1 1 0.350 (Adj. R2 > 0.991) -
2 1 0.403 (Adj. R2 > 0.987) -

In passing to binary macrocycle–dye systems, it is anticipated the interaction of the
rhodamine dye itself with SDT would make a significant contribution (as shown earlier [34]),
leading to the quenching of the luminescence (Figure 6).
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C (SDT) = 100 µM, PBS buffer (pH 7.4).

For the RhB–macrocycle L complex, the luminescence was restored to 50% (Figure S9b)
of the intensity of the free dye during the first minutes, after which the luminescence
intensity of the system remained unchanged for 20 min. At the same time, the results
were the same in both normoxia and hypoxia. For the rhodamine-123-macrocycle complex,
an increase in luminescence up to 120% of the intensity of the free dye was observed
at the 8th minute in normoxic conditions and after a minute in hypoxic (Figure S9c).
However, taking into account the weak complexes formation of thiacalixarene L with RhB
and Rh123, the increase in the luminescence intensity of the systems was insignificant
(Figure 6). In the complex L with Rh6G, an increase in the luminescence intensity of the
system was observed within 20 min. However, the luminescence intensity reached only 5%
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of the intensity for the free dye in both normoxia and hypoxia (Figure S9a). At the same
time, the luminescence quenching of the complex L–Rh6G is more pronounced before the
addition of sodium dithionite in hypoxia. The incomplete restoration of luminescence is
apparently due to Rh6G interacting with SDT and partially transforming into the leuco
form [34]. Rh6G luminescence quenching by SDT in the L–Rh6G system is less pronounced
compared with calixarenes 1,2–Rh6G complex [34]. Given the fact that even an incomplete
restoration of luminescence is an 8-fold (in normoxia) and a 14-fold (in hypoxia) increase in
intensity compared with the non-luminescent complex, the thiacalixarene L-Rh6G complex
potentially can be used as a signaling system for hypoxia.

To test the specificity of the response to hypoxia, fluorescence recovery was investi-
gated by replacing SDT with other cellular reductants (cysteine, glutathione, and reduced
nicotinamide adenine dinucleotide phosphate) both in hypoxic and normoxic conditions
(Figure 7). Obtained emission spectra demonstrate no fluorescent changes in the presence
of an excess of selected cellular reductants. The comparison revealed that the binary macro-
cycle L–Rh6G system specifically reacts to SDT, which makes it possible to classify this
system as a candidate for a hypoxia-sensitive sensor.
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hypoxic conditions. Incubation time is 25 min. C (Rh6G) = 10 μM, C (L) = 30 μM, C (reductants) = 
100 μM, PBS buffer (pH 7.4) at 37 °C. 
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The phosphate-buffered saline (PBS) solution with pH 7.4 was prepared by dissolv-
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macrocycles and dyes were prepared by dissolving the corresponding chemicals in PBS 
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Figure 7. Fluorescent responses of Rh6G-L (30/10 µM) at 545 nm (λex = 490 nm) to various re-
ductants. The complex was treated with either SDT or various biological reductants (Cys: Cys-
teine, GSH: glutathione, NADPH: reduced nicotinamide adenine dinucleotide phosphate) under
normoxic or hypoxic conditions. Incubation time is 25 min. C (Rh6G) = 10 µM, C (L) = 30 µM,
C (reductants) = 100 µM, PBS buffer (pH 7.4) at 37 ◦C.

3. Materials and Methods
3.1. Sample Preparation

The phosphate-buffered saline (PBS) solution with pH 7.4 was prepared by dissolving
powder (Sigma P-3813) in 1000 mL of Milli-Q water. The stock solutions (100 µM) of macro-
cycles and dyes were prepared by dissolving the corresponding chemicals in PBS buffer.
The fluorescence titrations were performed by successive addition of known amounts of
macrocycle to the dye solution in a quartz cuvette. Argon gas was bubbled into the solution
for 30 min to create a hypoxic environment.

3.2. Apparatus

The NMR spectra were recorded on Bruker Avance 400, 500, and 600 Nanobay (Bruker
Corporation, Billerica, MA, USA) with signals from residual protons of CD3OD-d4 or
DMSO-d6 solvent as the internal standard. The UV-Vis spectra were recorded in a quartz
cell (light path 10 mm) on a Shimadzu UV-2600 UV-Vis spectrophotometer (Shimadzu Cor-
poration, Kyoto, Japan) equipped with a Cary dual-cell Peltier accessory. The fluorescence
measurements were recorded in a conventional quartz cell (light path 10 mm) on a Fluo-
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rolog FL-221 spectrofluorometer (Horiba, Ltd., Kyoto, Japan) equipped with a single-cell
Peltier accessory. MALDI mass spectra were obtained using an UltraFlex III TOF/ TOF
spectrometer in the linear mode; p-nitroaniline was used as the matrix. Elemental analysis
was performed using a PerkinElmer PE 2400 CHNS/О analyzer.

3.3. Synthesis

All reagents and solvents were purchased from either Acros (Geel, Belgium) or Sigma-
Aldrich (Burlington, VT, USA) and used without further purification. The 5,11,17,23-tetrakis[(4-
carboxyphenyl)azo]-25,26,27,28-tetrahydrothiacalix[4]arene L [35] was synthesized according
to the reported methods. 5,11,17,23-tetrakis-[(4-methoxycarbonyl)-phenylazo]-25,26,27,28-
tetrahydroxy-2,8,14,20-tetrathiacalix[4]arene 4.

NaOH (25 mmol) was added to a solution of 0.248 g (0.5 mmol) of thiacalix[4]arene 3
in 30 mL of a mixture of MeOH and DMF (5:8) with constant stirring in an ice bath. The
diazonium salt was obtained by diazotization of aniline benzoate (3 mmol) in 10 mL of
a mixture of acetic and hydrochloric acids (1:1), water (5 mL), and NaNO2 (3 mmol). The
diazonium salt solution was added dropwise. The reaction mixture was stirred for 3 h at
0–5 ◦C, 10 h at room temperature, and 3 h when heated to 45 ◦C. The reaction product was
precipitated from the reaction mixture by adding a solution of HCl (1:4), washed with water
and methanol, and dried at room temperature for 48 h. Yield 96%. 1H NMR (600 MHz,
DMSO-d6, 25 ◦C) δH ppm: 3.86 (12H, s, –C(O)O-CН3), 7.87 (8H, d, J = 8.2 Hz, Arazo-H),
8.07 (8H, d, J = 8.2 Hz, Arazo-H), 8.17 (8H, s, Ar-H). MALDI TOF (m/z): 1168.0 [M + Н]+.
Found, %: C 55.47; H 4.49; N 10.31. C56H40N8O12S4·3H2O·2(CH3)2NC(O)H. Calculated, %:
C 55.35; H 4.50; N 10.41.

4. Conclusions

In summary, we demonstrated the binary system based on azo-thiacalix[4]arene as
a potential hypoxia sensor. A systematic study of the thiacalixarene–rhodamine binary
system was performed by using UV-visible and fluorescence spectroscopy as well as
NMR techniques. It was established that the binding stoichiometry for complexes with
rhodamines B and 123 was 1:1. In the complex with rhodamine 6G, mixed complexes
of indeterminate composition are formed. The association constants of thiacalixarene-
rhodamine 6G complexes were higher than for other dyes. The stability of macrocycle–dye
complexes with rhodamine 6G and rhodamine B was verified with the addition of analytes
present in a biological environment. It was shown that the azo groups of the macrocycle
are selectively reduced by sodium dithionite, which leads to the release of the dye and the
restoration of its fluorescence intensity. In comparison with the carboxylate analog based on
the classical calix[4]arene, the azo-thiacalix[4]arene has a stronger binding with rhodamine
dyes. We expect that these results could pave the way for highly selective visualization of
hypoxia in living systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28020466/s1, Figure S1. Direct fluorescence titration of
Rh123 (a) and RhB (b) with L (up to 10.7 µM) in PBS buffer (pH 7.4) at 37 ◦C; Figure S2. Volmer plots
for Rh6G, RhB, and Rh123 with thiacalix[4]arene L. C (dye) = 1 µM, PBS buffer (pH 7.4) at 37 ◦C;
Figure S3. Normalized emission spectrum of Rho6G and absorption spectrum of thiacalix[4]arene L in
PBS buffer (pH 7.4) at 37 ◦C; Figure S4. Job’s plot for solutions rhodamine dyes and thiacalix[4]arene
L. C [total] = 2 µM, PBS buffer (pH 7.4) at 37 ◦C; Figure S5. Absorbance spectra of dyes and
binary thiacalix[4]arene L-dye systems. C [dye] = [calixarene] = 10 µM, PBS buffer (pH 7.4) at 37 ◦C;
Figure S6. A fragment of 2D NOESY 1H-1H spectra of thiacalix[4]arene L with Rh6G, 1.25 mM
Rho6G and 2.5 mM of thiacalix[4]arene L in CD3OD-d4 at 25 ◦C; Figure S7. Fluorescent response of
binary dye–thiacalix[4]arene L systems upon the addition of various biologically coexisting species.
I0 and I are the fluorescence intensity before and after the addition of various substances present
in biological media, respectively. In the last right column, I is the fluorescence intensity of the free
dyes. C [dye] = 1 µM, C [L] = 3 µM, C [substance] = 10 µM, PBS buffer (pH 7.4) at 37 ◦C. Figure S8.
Absorbance spectra of L (10 µM) before and after reduction by SDT (1.0 mM) under normoxic (20%
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O2) (a) and hypoxic (less than 0.1% O2) (b) conditions for 15 min, PBS buffer (pH 7.4) at 37 ◦C.
Figure S9. Fluorescent spectra of dye, the complex before the addition of SDT, and after 20 min of
exposure with the addition of SDT for systems with Rh6G (a), RhB (b), and Rh123 (c). C [dye] = 1 µM,
C [L] = 1 µM, C [SDT] = 100 µM, PBS buffer (pH 7.4) at 37 ◦C.
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Abstract: A hydrophobic calix[4]arene derivative was investigated for its iodine (I2) capture efficiency
from gaseous and liquid phase. The iodine uptake was followed by UV-vis spectroscopy. Additionally,
the influence of the calix[4]arene derivative–polyolefin system on the leaching of iodine through
packaging from a povidone-iodine-based (PVP-I) formulation was evaluated. In fact, iodine is a
low-cost, multi-target, and broad-spectrum antiseptic. However, it is volatile, and the extended
storage of I2-based formulations is challenging in plastic packaging. Here, we investigated the
possibility of reducing the loss of I2 from an iodophor formulation by incorporating 4-tert-butylcalix
[4]arene-tetraacetic acid tetraethyl ester (CX) and its iodine complex in high-density polyethylene
(HDPE) or polypropylene (PP) via a swelling procedure. Surface and bulk changes were monitored
by contact angle, thermogravimetric analysis (TGA), and UV-vis diffuse reflectance spectra. The
barrier effect of the different polymeric systems (embedded with CX, iodine-CX complex, or I2) was
evaluated by monitoring the I2 retention in a buffered PVP-I solution by UV-vis spectroscopy. Overall,
experimental data showed the capability of the calix[4]arene derivative to complex iodine in solution
and the solid state and a significant reduction in the iodine leaching by the PP-CX systems.

Keywords: iodine capture; calix[4]arene; povidone-iodine; polyethylene; polypropylene; iodophore;
plastic packaging

1. Introduction

Calix[n]arenes are a family of macrocyclic polyphenols characterized by synthetic ver-
satility and the presence of an aromatic cavity that can host ions and neutral molecules [1].
The p-tert-butyl-calix[4]arene, the smallest oligomer of this family, can be blocked in a
cone conformation by functionalization of the phenolic OH groups at the lower rim of
the macrocycle [2]. The rigid ‘basket’ structure improves the possibilities of preparing
host–guest or inclusion complexes [3]. The capability of the π-electron-rich cavity of the
calix[4]arene macrocycle to complex iodine by halogen-π interactions has been reported.
Calix[4]arene derivatives [4,5] and polymeric calixarenes [6–8] have provided functional
compounds or nanosheets adsorbing iodine in vapor and solution phase with applications
for pollutant removal [9–11].

Iodine has been known as an effective bactericide since 1800. However, its widespread
use was limited by several undesirable factors, such as poor water solubility, limited
chemical stability, and high local toxicity. Therefore, a new class of chemical complexes of
iodine with organic polymers, known as iodophors, were investigated [12]. In particular,
the complex of iodine with polyvinilpirrolidone (PVP-I) is largely utilized clinically due to
its broad range of antimicrobial activity and unknown bacterial resistance. Povidone-iodine
complex consists of PVP units that are linked with iodine via hydrogen bonds between
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two pyrroles and contains triiodide anions and a small amount of non-complexed mobile
iodine (I2-free) that is the active bactericidal agent [13,14].

One of the main problems faced in the pharmaceutical formulations of PVP-I, as
well as other organic iodophor solutions packaged in a plastic container for medical use,
is the leaching of I2 through the packaging itself [15]. This involves both a decrease in
stability and therapeutic capacity of the iodophor solutions. This problem mainly concerns
low-concentration PVP-I solutions necessary for the treatment of delicate organs such as
the eyes [15,16]. Indeed, the loss of iodine is a function of the packaging material for a
given temperature and PVP-I concentration. In particular, the plastic containers in low-
density polyethylene (LDPE) are more permeable to iodine than high-density polyethylene
(HDPE) or polypropylene (PP) [17]. Glass (not permeable to iodine) represents the more
suitable material for a container to store dilute PVP-I solutions. However, not even the glass
containers can totally maintain, for a prolonged period, the stability of dilute solutions
because of the plastic dropper, which may be an important source for the leaching of iodine.

To the best of our knowledge, calixarene derivatives have been employed as efficient
catalysts for the polymerization of propylene [18,19] or stabilizers against PP oxidative
degradation [20]. They have been grafted on PP [21] or mixed with PP [22], but never
embedded in PP by the swelling method. In this study, we successfully investigated the
capacity of a hydrophobic calix[4]arene derivative (tetra(ethoxycarbonyl-methoxy)-4-tert-
butylcalix[4]arene, CX) to capture iodine from gaseous and liquid phase. Moreover, we
explored the possibility of reducing the leaching of I2 through packaging from a PVP-I
solution by embedding CX and its iodine complex in polymer matrices (HDPE or PP)
via a swelling procedure. Comparative tests were carried out including polymer films
embedded with I2 only. Surface and bulk changes were monitored by different analytical
techniques (contact angle, TGA, UV). The barrier effect of the different polymeric systems
(PP embedded with CX, iodine-loaded CX or I2) was evaluated by monitoring the iodine
retention in a buffered PVP-I solution by UV-vis spectroscopy. The iodine complex of CX
embedded in the PP films showed good stability over time and better reduced the leaching
of iodine from the PVP-I buffered solution in comparison with unmodified polyolefin
samples (barrier effect).

2. Results
2.1. Synthesis of Tetra(ethoxycarbonyl-methoxy)-4-tert-butylcalix[4]arene

tetra(ethoxycarbonyl-methoxy)-4-tert-butylcalix[4]arene (CX) was synthesized by fol-
lowing a procedure found in the literature [23]. In brief, the commercial 4-tert-butyl-
calix[4]arene was treated with bromo-ethylacetate in the presence of potassium carbonate
(molar ratio 1:10:10) in acetone as a solvent. CX was characterized by 1H NMR spectrum
whose signals (Figure S1) were consistent with the structure depicted in Figure 1.

2.2. Formation of CX/Iodine Inclusion Complex

Iodine is one of the strongest electron acceptors. In principle, CX can host iodine in its
π-electron-rich cavity and form a charge transfer complex. Accordingly, we explored the
capability of CX to capture iodine in chloroform solution and in the solid state from iodine
water solution (solid–liquid method) and iodine vapor (solid–air method).

2.2.1. Formation of the Complex in Chloroform Solution

To investigate the formation of a complex between CX and iodine, chloroform was
chosen as an ideal solvent. The addition of molecular iodine to a chloroform solution of
CX showed the iodine absorption band at 510 nm and the appearance of a new band at
366 nm (Figure 2) relative to the formation of the CX/iodine complex. This behavior was
reported for other complexes of calix[4]arene derivatives with iodine [4,5]. The absorption
at 366 nm was enhanced by increasing the molar excess of CX (from 1:0.5 to 1:3 molar ratio)
(Figure S2).
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Figure 2. UV-vis spectra of iodine (1.3 × 10−3 M, dashed blue line), CX/iodine 1:1 molar ratio (solid
orange line), and CX alone (inset) in chloroform at 25 ◦C.

Similar to other calix[4]arene derivatives, the binding stoichiometry of the CX/iodine
complex was determined to be 1:1 and a log K of 3.95 was found for the complex formation
constant (see ESI and Figures S3–S5).

2.2.2. Formation of the Complex by Solid CX and Iodine in Water Solution
(Solid–Liquid Method)

The water insoluble CX also showed the capability to capture iodine from an iodine
water solution. When an excess (10:1 molar ratio) of CX (55 mg/mL) was added to a water
solution of iodine (0.3 mg/mL), the white calixarene powder turned orange and the yellow
water solution became discolored (Figure 3, inset). The capture of iodine by CX, visible
by the naked eye, was corroborated by the comparison of the UV-vis spectra of the iodine
water solution before and after the contact with CX (Figure 3). The absorbance of the iodine
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in water was reduced by 98% after the contact with CX. As further evidence of the complex
formation, the UV-vis spectrum of the orange powder dissolved in chloroform showed the
typical spectrum of the complex with absorption at 366 nm and no significant absorption at
510 nm relative to free iodine (Figure 3, inset).

Molecules 2023, 27, x FOR PEER REVIEW 4 of 17 
 

 

Similar to other calix[4]arene derivatives, the binding stoichiometry of the CX/iodine 

complex was determined to be 1:1 and a log K of 3.95 was found for the complex formation 

constant (see ESI and Figures S3–S5). 

2.2.2. Formation of the Complex by Solid CX and Iodine in Water Solution (Solid–Liquid 

Method) 

The water insoluble CX also showed the capability to capture iodine from an iodine 

water solution. When an excess (10:1 molar ratio) of CX (55 mg/mL) was added to a water 

solution of iodine (0.3 mg/mL), the white calixarene powder turned orange and the yellow 

water solution became discolored (Figure 3, inset). The capture of iodine by CX, visible by 

the naked eye, was corroborated by the comparison of the UV-vis spectra of the iodine 

water solution before and after the contact with CX (Figure 3). The absorbance of the io-

dine in water was reduced by 98% after the contact with CX. As further evidence of the 

complex formation, the UV-vis spectrum of the orange powder dissolved in chloroform 

showed the typical spectrum of the complex with absorption at 366 nm and no significant 

absorption at 510 nm relative to free iodine (Figure 3, inset). 

 

Figure 3. UV-vis spectra of iodine water solution (0.33 mg/mL, 1.3 × 10−3 M) before (solid blue line) 

and after stirring with CX (dashed orange line) and CX/iodine complex powder dissolved in chlo-

roform (inset). Pictures of CX (white powder) and its complex with iodine after filtration (orange 

powder). 

The amount of iodine captured from the water solution depends on the CX amount, 

as evidenced by monitoring the reduction in the iodine absorption bands in water at in-

creasing amounts of CX (Table 1 and Figure S6). 

Table 1. Reduction (%) of the absorbance of the iodine bands in water solution at different iodine:CX 

molar ratio. 

Wavelength (nm) Absorbance Reduction% 
 1:2 Molar Ratio 1:6 Molar Ratio 1:10 Molar Ratio 

288 −36.4% −61.0% −93.4% 

352 −35.0% −61.0% −94.3% 

457 −66.3% −92.5 % −97.4% 

Figure 3. UV-vis spectra of iodine water solution (0.33 mg/mL, 1.3 × 10−3 M) before (solid blue
line) and after stirring with CX (dashed orange line) and CX/iodine complex powder dissolved
in chloroform (inset). Pictures of CX (white powder) and its complex with iodine after filtration
(orange powder).

The amount of iodine captured from the water solution depends on the CX amount, as
evidenced by monitoring the reduction in the iodine absorption bands in water at increasing
amounts of CX (Table 1 and Figure S6).

Table 1. Reduction (%) of the absorbance of the iodine bands in water solution at different iodine:CX
molar ratio.

Wavelength (nm) Absorbance Reduction %

1:2 Molar Ratio 1:6 Molar Ratio 1:10 Molar Ratio

288 −36.4% −61.0% −93.4%
352 −35.0% −61.0% −94.3%
457 −66.3% −92.5 % −97.4%

Additionally, in agreement with the 1:1 stoichiometry of the complex, when CX was
added to an excess of iodine (iodine:CX, 2:1 molar ratio) in a water solution, the capture of
iodine by CX reduced the iodine absorbance by 50% (Figure S7a). As a further confirmation,
a reduction by 50% was also found for the absorption of iodine extracted from the water
solution by cyclohexane before and after contact with the CX powder (Figure S7b).

Similar results were obtained in phosphate/citrate buffer solution (pH 6). Decreases
of 37, 73, 72, and 68% were recorded for the iodine absorption bands at 231 nm, 288 nm,
352 nm, and 453 nm, respectively, after contact with CX powder (iodine:CX, 1:2 molar ratio).
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2.2.3. Formation of the Complex by Solid CX and Iodine in Vapor form (Solid–Air Method)

A magnetically stirred powder of CX (50 mg) was placed overnight at 75 ◦C in a closed
container with solid iodine, which sublimates and produces I2 vapor. The powder color
changed from white to orange and color intensity increased over time. The UV-vis spectrum
of the powder dissolved in chloroform showed the typical spectrum of the CX/iodine
complex (Figure S8).

The complex formation was monitored by UV-vis analysis in chloroform at different
interval times. The absorbance values at 366 nm were plotted as a function of time (Figure 4).
The trend in Figure 4 shows that the complex formation proceeded up to 80 min, after
which a reduction in the absorbance was observed. The UV-vis spectrum in chloroform
of the sample at 100 min showed, in addition to the band at 366 nm, a band at 510 nm
relative to free iodine. This behavior, also observed for other iodophors, indicated that after
saturation the adsorption of I2 is accompanied with iodine release [9].

Molecules 2023, 27, x FOR PEER REVIEW 5 of 17 
 

 

Additionally, in agreement with the 1:1 stoichiometry of the complex, when CX was 

added to an excess of iodine (iodine:CX, 2:1 molar ratio) in a water solution, the capture 

of iodine by CX reduced the iodine absorbance by 50% (Figure S7a). As a further confir-

mation, a reduction by 50% was also found for the absorption of iodine extracted from the 

water solution by cyclohexane before and after contact with the CX powder (Figure S7b). 

Similar results were obtained in phosphate/citrate buffer solution (pH 6). Decreases 

of 37, 73, 72, and 68% were recorded for the iodine absorption bands at 231 nm, 288 nm, 

352 nm, and 453 nm, respectively, after contact with CX powder (iodine:CX, 1:2 molar 

ratio). 

2.2.3. Formation of the Complex by Solid CX and Iodine in Vapor form (Solid–Air 

Method) 

A magnetically stirred powder of CX (50 mg) was placed overnight at 75 °C in a 

closed container with solid iodine, which sublimates and produces I2 vapor. The powder 

color changed from white to orange and color intensity increased over time. The UV-vis 

spectrum of the powder dissolved in chloroform showed the typical spectrum of the 

CX/iodine complex (Figure S8). 

The complex formation was monitored by UV-vis analysis in chloroform at different 

interval times. The absorbance values at 366 nm were plotted as a function of time (Figure 

4). The trend in Figure 4 shows that the complex formation proceeded up to 80 min, after 

which a reduction in the absorbance was observed. The UV-vis spectrum in chloroform 

of the sample at 100 min showed, in addition to the band at 366 nm, a band at 510 nm 

relative to free iodine. This behavior, also observed for other iodophors, indicated that 

after saturation the adsorption of I2 is accompanied with iodine release [9]. 

 

Figure 4. Monitoring of the CX/iodine complex formation by solid–air method. The graphic reports 

the absorbance values of the complex (λ = 366 nm) as a function of time. Inset: UV-vis spectrum in 

chloroform of CX/iodine complex after 80 min (solid red line) and 100 min (dashed blue line). 

The complexation of I2 by CX was corroborated by reflectance (%) spectra. Figure 5 

shows the different profile of the reflectance spectra of the solid samples of CX (Figure 

5a), iodine (Figure 5b), and the CX/iodine complex (Figure 5c). Typical bands centered at 

Figure 4. Monitoring of the CX/iodine complex formation by solid–air method. The graphic reports
the absorbance values of the complex (λ = 366 nm) as a function of time. Inset: UV-vis spectrum in
chloroform of CX/iodine complex after 80 min (solid red line) and 100 min (dashed blue line).

The complexation of I2 by CX was corroborated by reflectance (%) spectra. Figure 5
shows the different profile of the reflectance spectra of the solid samples of CX (Figure 5a),
iodine (Figure 5b), and the CX/iodine complex (Figure 5c). Typical bands centered at 238
and 274 nm and at 230, 374, 478, and 636 nm were observed for CX and iodine, respectively.
The spectrum of the complex (Figure 5c) showed reflectance bands at 243 and 275 nm,
ascribable to CX, and 368 and 478 nm, relative to the iodine species.
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2.3. Stability of the CX/Iodine Inclusion Complex

The thermal stability of CX and its iodine inclusion complexes was evaluated by
TGA. Figure 6 shows their weight loss percentage and derivatives as a function of the
temperature. TGA of CX has two degradation steps (Figure 6a), the main being at 344 ◦C.
TGA of both complexes from water solution (Figure 6b) and vapor (Figure 6c) highlighted
an additional degradation step at about 128 ◦C due to iodine (Figure S9).

2.4. Calix[4]arene-Polyolefin Systems

Considering the gas permeation mechanism and assuming that the loss of I2 is the
determining factor for packaging in plastic material, we evaluated different approaches
that could repress or reduce the diffusion of I2, such as the introduction into the packaging
of an additional amount of iodine. The established capacity and stability of CX to complex
iodine suggested testing it in comparison with I2.

Therefore, CX and its iodine inclusion complex were embedded in polymer matrices
(HDPE or PP) via a swelling procedure. Comparative tests were carried out incorporating
I2 in HDPE or PP. Preliminary tests at room temperature and in pure solvent (Figure S10)
were carried out to establish the necessary swelling time.
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Figure 6. TGA and DTG of (a) CX and its complex from iodine, (b) water solution, and (c) vapor.

Consequently, polyolefin film portions were dipped in chloroform solutions of CX,
CX/iodine complex, or I2 for 24 h at room temperature. After solvent evaporation, surface
and bulk changes in the film portions were monitored by contact angle, TGA, and UV-vis.

The embedding of CX in HDPE or PP was performed by dipping the pre-swelled
polymer film (chloroform, 24 h) in a chloroform solution of CX (5% and 10% concentration)
for 24 h at 25 ◦C for both HDPE and PP.

Reflectance (%) spectra (Figure 7a,a’) and TGA analysis (Figure 7b,b’,c,c’) were almost
unchanged in HDPE samples, while they clearly evidenced the inclusion of CX in the PP
polymer. A band at 230 nm and 276 nm and a peak at 348 ◦C relative to CX absorption
(Figure 7a’) and degradation (Figure 7b’,c’), respectively, were observed. According to
TGA, about 2% of the calixarene derivative included in PP was determined for the sample
dipped in the 5% CX solution.
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Figure 7. Reflectance (%) spectra, TGA, and DTG of (a–c) HDPE and (a’–c’) PP films, empty (green
line) and embedded with CX (blue and red lines).

The higher affinity of the CX for PP than the HDPE film could be related to the presence
of CH3 groups in PP that can establish interactions with the CX aromatic rings as well as
to the higher swelling index in CHCl3 (Figure S10). The unchanged values of the SCA in
HDPE embedded with CX at room temperature further confirmed the lower inclusion of
CX in the HDPE matrix. Thus, successive tests were focused on the PP polymer matrix,
using a 5% CX solution.

Two procedures were carried out to incorporate the CX/iodine complex in PP: a one-
step inclusion of the complex and a two-step incorporation, including CX at first and then
forming its complex through the exposure of the CX-loaded PP samples to iodine vapor or
water solution. A comparative test with iodine-loaded PP samples was carried out through
the exposure of the polymer matrices (“empty PP”) to I2 vapor or water solution.

For embedding iodine into the CX-loaded or empty PP, the polymer films were dipped
into a water solution of iodine (1.18 × 10−3 M) or exposed to iodine vapor for 24 h at room
temperature. The embedding of iodine in the polymer films was evident with the naked
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eye from the dark orange coloration and confirmed by reflectance spectra that showed the
typical signals of iodine (Figure 8).
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Figure 8. Reflectance (%) spectra of PP polymer films loaded with iodine (red lines) or CX/iodine
complex by vapor method (black lines) at t0 (full lines) and after 6 months (dashed lines). Insets:
pictures of the samples at t0 and after 6 months.

It was evident by monitoring the samples over time that the adsorbed iodine was
lost from all samples, but a higher amount of I2 was retained in the CX-loaded polymers
(Figure 8 and insets). Similar results were obtained when the empty films and CX-loaded
PP entrapped iodine by treatment with iodine vapors (Figure 8 and insets).

We also investigated the one-step embedding of the CX/iodine complex into PP films.
To these ends, the polymer films, pre-swelled in chloroform, were dipped in a chloroform
solution of the CX/iodine complex or iodine as control (7.5 mg/mL chloroform). After
solvent evaporation, the polymer films with and without CX showed a different coloration
and reflectance spectra (Figure 9, inset). Reflectance spectra confirmed the embedding
of iodine and CX/iodine in the PP films. After 6 months, no significant difference in the
reflectance spectra of CX/iodide-loaded PP film (Figure 9) was observed, evidencing a
good stability of the sample, which is relevant to the evaluation of an eventual barrier effect
over time.

Changes in the wettability of the CX-loaded films, consistent with the presence of
iodine, were observed as well (Figure 10). In Figure 10, the contact angle values for the
embedded PP (Figure 10) samples and unmodified are compared. For PP dipped in the CX
solution at 5%, the SCA value is much higher than that of the unmodified polyolefin. This
agrees with the lower wettability due to the CX hydrophobicity. The SCA of polyolefin
film portions loaded with CX/iodine complex decreased in agreement with the presence of
the iodine.
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Figure 9. Reflectance (%) spectra of PP polymer films loaded with iodine (red lines) or CX/iodine
complex in chloroform solution (black lines) at t0 (full lines) and after 6 months (dashed lines). Insets:
pictures of the samples at t0 and after 6 months.
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Figure 10. SCA of PP strip samples unmodified and embedded with iodine, CX, or its iodine complex.

Figure 11 shows the TGA and DTG of the PP strip samples unmodified and embed-
ded with CX and its iodine complex. Noteworthy, TGA highlighted the presence of a
degradative step related to the CX/iodine included and allowed the determination of the
percentage in the film samples prepared by single- and two-step approaches (Figure 11a).
A higher percentage was detected for the PP strip with the CX/iodine complex embedded
via a single step.
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2.5. Influence of Calix[4]arene Derivative-Polypropylene Systems on Leaching of Iodine through
Packaging from a PVP-I Buffered Solution

A comparative test was carried out to check the influence of CX-polyolefin systems on
the leaching of iodine through packaging from a PVP-I solution (0.3% in buffer, pH = 6)
simulating a low-concentration iodine formulation. The I2 present in the PVP-I solution
was determined by extraction with cyclohexane which, like other organic water-immiscible
solvents, removes only the non-ionic iodine (I2) and not the anionic iodine species present
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in PVP-I solutions. The amount of iodine extracted was determined by UV-vis spectroscopy.
To simulate the plastic dropper of a container, we replaced the Teflon septum in a gas
chromatography vial with PP circular film samples made in the laboratory. To evaluate
the barrier effect, comparative tests were carried out with vials containing 0.8 mL of PVP-I
phosphate citrate buffered solution (pH 6) and with a septum of circle-shaped PP samples,
unmodified and embedded with CX and its iodine complex, as well as I2. The samples
underwent accelerated testing at 40 ◦C for up to 7 days. The amount of iodine present in
the PVP-I solution, at time = 0 and after 7 days at 40 ◦C, was determined by cyclohexane
extraction. In Figure 12, the residual iodine (%) in the PVP-I buffered solution is reported.
The iodine amount in solution decreases for all the samples. However, the residual I2 (%)
in the PVP-I solution covered by Teflon and the circle-shaped unmodified PP is lower than
that found for PP samples embedded with CX and its complexes (PP + CX, PP + CX I2
vapor, and PP + CX/I2, Figure 12). This behavior highlights higher iodine leaching in the
absence of CX. Reasonably, PP + CX absorbs I2 vapor from the PVP-I buffered solution and,
by reproducing the preparation of the PP + CX I2 vapor samples, provides a more valuable
barrier effect in comparison with the PP unmodified sample. As expected, the PP samples
(PP + I2 vapor and PP + I2 water, Figure 12) embedded with iodine, without CX, also show
a higher residual I2 (%) than unmodified PP, rather similar to Teflon.
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Figure 12. Residual iodine (%) determined in PVP-I buffered solution after 7 days at 40 ◦C in vials
closed with cups of PP samples, unmodified and embedded with CX and its complex and I2.

Reflectance spectra of PP circular film samples, unmodified and loaded with iodine or
CX/iodine complex, at t = zero and after 7 days at 40 ◦C, are reported in Figure 13. The
spectra of PP and PP + CX after 7 days clearly highlight a decrease in reflectance (%) in
the iodine absorption region, indicative of the absorption of iodine vapor from the PVP-I
buffered solution, which is also supported by the yellow coloring of the samples. On the
contrary, PP embedded with iodine shows an increase in reflectance and coloring after
7 days at 40 ◦C due to iodine leaching. Remarkably, no significant variation in reflectance is
observed in PP embedded with the CX/iodine complex, since CX successfully retains iodine
in its cavity. In agreement with the results revealed in the extraction of residual iodine
(Figure 12) from the PVP-I buffered solution, the iodine complexed in the CX provides the
more effective barrier effect.
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Figure 13. Reflectance (%) spectra and photographic documentation of PP circular film samples
unmodified and loaded with iodine or CX/iodine complex at t = 0 (dashed blue line) and after 7 days
placed on the cup of a 0.3% PVP-I water solution (solid orange line) at 40 ◦C.

3. Materials and Methods
3.1. Materials

All reagents and solid iodine were purchased from Sigma-Aldrich Chemical Co., Ltd.
(Milan, Italy). PVP-I was obtained from BASF (Milano, Italy). HDPE (PHARMALENE®

MP 90 PH, Versalis, Milano, Italy) and PP (Purell HP371P, Lyondellbasell, Milano, Italy)
were used for film preparation. Tetra(ethoxycarbonyl-methoxy)-4-tert-butylcalix[4]arene
(CX) was prepared as reported in the literature [23].

3.2. Preparation of CX/Iodine Complex in Chloroform

CX was added to a chloroform iodine solution (1 × 10−3 M) in different molar ratios
(from 1:0.5 to 1:3). The mixture was stirred for 15 min at room temperature and analyzed
by UV-vis spectroscopy.

3.3. Preparation of CX/Iodine Complex from Iodine Water Solution

The water-insoluble powder of CX (200 mg) was added to 200 mL of a 0.3 mg/mL
iodine water solution and stirred at room temperature for 24 h. The orange powder of the
complex was recovered by filtration, washed with pure water, and dried.
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3.4. Preparation of CX/Iodine Complex from Iodine Vapors

A magnetically stirred powder of CX was placed in a closed container under iodine
vapors at 75 ◦C. The complex formation was monitored over time.

3.5. Preparation of Polyolefin Films

Polyolefin films (average thickness 500 µm) were obtained by a hot press machine
PM 20/200 (DGTS srl, Verduggio, Monza Brianza, Italy). Polymer pellets (1.5–2 g) were
compressed for 2 min under a pressure of 25–30 bar between two Teflon plates (thickness:
500 µm) containing a spacer (thickness: 500 µm) at 190 ◦C for HDPE and 210 ◦C for PP and
subsequently water-cooled. Rectangular (0.7 × 4 cm) and circular (0.8 cm) film samples for
the different tests were obtained from a cutter. The hot-pressed films were stored at room
temperature for at least three weeks before use to reach equilibrium crystallinity.

3.6. Embedding of CX/Iodine Complex in HDPE/PP Samples

HDPE/PP samples were pre-swelled in chloroform at room temperature overnight
to remove impurities, and then they were dipped in a 5% chloroform solution of the
CX/iodine complex prepared by the iodine water solution method and placed in a shaker
for 24 h.

3.7. Embedding of CX in HDPE/PP Samples

HDPE/PP samples, pre-swelled in chloroform, were dipped in a 5% chloroform
solution of CX (5% or 10%). The sample was placed in a shaker overnight and then dried in
an oven at 40 ◦C.

3.8. Loading of Iodine in the CX-Embedded PP Samples

The loading of iodine into PP samples embedded with CX was performed by two
methods: (A) dipping in a water solution of iodine (0.33 mg/mL) for 24 h and (B) contact
with iodine vapor for 24 h at 40 ◦C.

3.9. Nuclear Magnetic Resonance (NMR)

The 1H NMR spectrum of CX was acquired on a Bruker Avance 400 spectrometer
(400 MHz, CDCl3, 297 K). The spectral signals (Figure S1) were consistent with data reported
in the literature [23].

3.10. UV-Vis Spectroscopy

UV-vis spectra were recorded at room temperature on an Agilent Technologies 8453
UV-Vis spectrophotometer using quartz cuvettes with a path length of 1 cm and Jasco v770
spectrophotometer equipped with an integrating sphere for reflectance measurements.

3.11. Thermogravimetric Analysis (TGA)

Thermogravimetric analyses (TGA) were performed using a thermogravimetric appa-
ratus TGA Q500 (TA instruments, New Castle, DE, USA) under a nitrogen atmosphere at a
10 ◦C/min heating rate, from 50 ◦C to 800 ◦C. Sample weight was approximately 5 mg. The
weight loss percent and its derivative (DTG) were recorded as a function of temperature.

3.12. Contact Angle Measurements

The surface wettability values of samples were measured at room temperature using a
contact angle goniometer (OCA15EC, Dataphysics, Filderstadt, Germany). Static contact
angle (SCA) values were determined by dropping 2 µL of water from a micro syringe onto
the surfaces and analyzing the images taken by the connected video camera with software
(SCA 20). To eliminate interference, the samples were previously equilibrated for 30 min at
40 ◦C and then SCA was measured. At least five measurements were carried out for each
sample to ensure repeatability of the experiments.
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3.13. Determination of Leaching of Iodine through CX-Loaded PP Films

The septum in gas chromatography vials was replaced with PP circular film samples
made in the laboratory. A comparative test was carried out to check the influence of
CX-polyolefin systems on the leaching of iodine through the packaging from a PVP-I
solution (0.3% in phosphate citrate buffer, pH = 6). The I2 present in the PVP-I solution
was determined by extraction with cyclohexane. The amount of iodine extracted was
determined by UV-vis spectroscopy. To evaluate the barrier effect, comparative tests were
carried out with vials containing 0.8 mL of PVP-I buffered solution and modified with
PP circle-shaped samples, unmodified and embedded with CX (PP + CX) and its iodine
complex (PP + CX I2 vapor, PP + CX I2 water), and I2 (PP + I2 vapor, PP + I2 water).
Unmodified PP, PP embedded with CX, or CX-iodine complexes, otherwise known as
iodine, and the original septum in Teflon, used for comparison, were used in triplicate. The
samples underwent accelerated testing at 40 ◦C for up to 7 days. The amount of iodine
present in the PVP-I solution at time = 0 and after 7 days at 40 ◦C was determined by
UV-vis spectroscopy after extraction with cyclohexane (0.8 mL) at λ = 523 nm by referring
to a calibration curve. Weight loss or increase in the PP circular film samples after 7 days
was monitored. Reflectance (%) spectra were recorded at time = 0 and after 7 days at 40 ◦C.

4. Conclusions

The capability of a hydrophobic calix[4]arene derivative blocked in a cone conforma-
tion to complex iodine from vapor as well as water or chloroform solution was demon-
strated by UV-vis spectroscopy. Reducing iodine loss from plastic containers is still a
challenge. Thus, to contribute to the research of new approaches to reduce the loss of I2
from an iodophor solution, the calix[4]arene/iodine complex was embedded in polyolefin
(HDPE and PP) via a swelling procedure. PP showed a higher affinity than HDPE for the
CX. The PP films (unmodified and iodine- and calixarene/iodine-loaded) were character-
ized for surface and bulk changes by contact angle, TGA, and UV-vis diffuse reflectance
spectra. A comparative study showed that the films with CX/iodine complex more effec-
tively reduce iodine leaching from a low-concentration PVP-I solution and successfully
provide a higher barrier effect.

Overall, preliminary results highlight that calixarene-embedded polyolefins could be
promising novel materials to enhance the shelf-life of iodine-based formulations. Further
studies are underway for optimizing the embedding of CX and other iodophor calixarene
derivatives in polyolefin films. This study paves the way for the development of novel
calixarene/polyolefin blends with potential applicability in different fields, including the
development of novel materials with antiseptic properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28041869/s1, Figure S1: 1H NMR spectrum of the
tetra(ethoxycarbonyl-methoxy)-4-tert-butylcalix[4]arene (CX) (400 MHz, CDCl3, 297 K); Figure S2:
UV-vis spectra of iodine CHCl3 solution (1.3 × 10−3 M) in the presence of increasing amounts of
CX (from 0 to 3.9 × 10−3 M); Figure S3: Job’s plot for the determination of the stoichiometry of the
CX/iodine complex; Figure S4: Plot of absorbance change versus mole ratio [CX]/[Iodine] at λ = 366
nm; Figure S5: Benesi-Hildebrand plot of absorption data for the CX/iodine complex; Figure S6: UV-
vis spectra of iodine in water solution (1.3 × 10−3 M) alone and after stirring with increasing amounts
of CX powder (iodine:CX 1:2, 1:6, and 1:10 molar ratio); Figure S7: UV-vis spectra of (a) iodine in
water solution (1.3 × 10−3 M) before (blue line) and after stirring with CX powder (iodine:CX, 2:1
molar ratio) (orange line); (b) iodine extracted by cyclohexane from the water solution of iodine (1.3
× 10−3 M) alone (blue line) and after stirring with CX powder (iodine:CX, 2:1 molar ratio) (orange
line); Figure S8: UV-vis spectrum in chloroform of the CX/iodine complex from solid-air method;
Figure S9: (a) TGA and (b) isothermal at 50 ◦C (60 min) of I2 sample; Figure S10: Swelling index in
CHCl3 vs. time for HDPE and PP strip samples at room temperature.
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Abstract: The binding behaviour of two ureido-hexahomotrioxacalix[3]arene derivatives bearing
naphthyl (1) and pyrenyl (2) fluorogenic units at the lower rim towards selected nitroaromatic
compounds (NACs) was evaluated. Their affinity, or lack of it, was determined by UV-Vis absorption,
fluorescence and NMR spectroscopy. Different computational methods were also used to further
investigate any possible complexation between the calixarenes and the NACs. All the results show
no significant interaction between calixarenes 1 and 2 and the NACs in either dichloromethane or
acetonitrile solutions. Moreover, the fluorescence quenching observed is only apparent and merely
results from the absorption of the NACs at the excitation wavelength (inner filter effect). This
evidence is in stark contrast with reports in the literature for similar calixarenes. A naphthyl urea
dihomooxacalix[4]arene (3) is also subject to the inner filter effect and is shown to form a stable
complex with trinitrophenol; however, the equilibrium association constant is greatly overestimated
if no correction is applied (9400 M−1 vs 3000 M−1), again stressing the importance of taking into
account the inner filter effect in these systems.

Keywords: hexahomotrioxacalix[3]arenes; nitroaromatic compounds; calixarene-nitroaromatic
supramolecular association; explosives sensing; fluorescence inner filter effect

1. Introduction

The detection of explosives continues to be an imperative task for all countries in their
antiterrorist and homeland security activities. These materials, with their huge destruction
potential, can be cheaply and easily prepared. Among them, nitroaromatic compounds
(NACs), such as trinitrotoluene (TNT), dinitrotoluene (DNT) and trinitrophenol (TNP,
also known as picric acid), are common explosives used for military purposes and the
principal components of landmines [1,2]. They are also employed in agrochemical and
pharmaceutical industries, being considered environmental pollutants. Concerning human
health, they can cause skin irritation, eye cataracts, male infertility, kidney and liver damage,
among other diseases [1,2].

Although a wide variety of methods have been used for trace detection of explo-
sives, such as mass spectrometry, ion mobility spectrometry, surface enhanced Raman

72



Molecules 2023, 28, 3052

spectroscopy, gas chromatography coupled with different detectors and nuclear quadruple
resonance, expensive and complex equipment is required, causing limitations for their use
in real-time applications [3]. Therefore, low-cost detection techniques, with high portability,
high sensitivity and selectivity are needed for in-field analyte effective sensing. Among
analytical techniques, luminescence-based methods meet these requirements [4].

Lately, a wide range of fluorescence sensors for monitoring explosives in the solid,
solution and vapor phases have been developed [5], in particular based on calixarenes [6,7].
Owing to their structural features, these macrocycles have been widely investigated as
ion and neutral molecule receptors [8,9]. They possess a pre-organized cavity available
in different sizes and conformations, and they can be functionalised at the upper and
lower rims, leading to an almost unlimited number of derivatives. Fluorophores such as
naphthalene, anthracene and pyrene are among the most incorporated in the calixarene
framework, leading to potential fluorescent probes for NACs [10–16]. The introduction
of calix[4]arene moieties in fluorescent conjugated polymers has also been used to detect
explosives [17,18].

In the course of our recent studies on anion binding by fluorescent homooxacal-
ixarenes [19–21], calixarene analogues in which the CH2 bridges are partly or completely re-
placed by CH2OCH2 groups [22,23], we have extended our research into the recognition of a
different kind of analyte, namely nitroaromatic compounds, by hexahomotrioxacalix[3]arene-
based receptors. These macrocyclic compounds, with an 18-membered ring and having
only two basic conformations, have already been investigated to detect explosives. A
triazole-modified hexahomotrioxacalix[3]arene has been reported as a selective chemosen-
sor for TNP, evidenced by UV-Vis and fluorescence studies [24]. Thus, in this paper, we
investigate the binding behaviour of two ureido-hexahomotrioxacalix[3]arene derivatives
recently obtained and containing naphthyl (1) or pyrenyl (2) residues at the lower rim,
towards selected NACs (Scheme 1). Their affinity, or lack of it, was determined by UV-Vis
absorption, fluorescence and NMR spectroscopy. Different computational methods were
also performed to bring further insights to the analysis of the complex formation between
the calixarenes and the NACs.
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2. Results and Discussion
2.1. Detection of Nitroaromatic Explosives
2.1.1. UV-Vis Absorption and Fluorescence Studies

Recently, we reported the anion binding properties of fluorescent ureido-hexahomo-
trioxacalix[3]arene receptors 1 and 2, obtained in the partial cone conformation [21]. Fol-

73



Molecules 2023, 28, 3052

lowing this line of research, the potential of naphthyl (1) and pyrenyl (2) ureas as chemosen-
sors to detect nitroaromatic explosives was explored by fluorescence titrations. Selected
NACs, 2-nitrotoluene (NT), 2,4-dinitrotoluene (DNT), 2,4,6-trinitrotoluene (TNT), 2,4,6-
trinitrophenol (TNP), 1-nitrobenzene (NB) and 1,3-dinitrobenzene (DNB), were tested in
dichloromethane and, in the case of 1, also in acetonitrile (Figure 1). TNT from a military
grenade was also analysed, showing similar results to the commercially sourced sample.
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Figure 2. Normalised emission spectra of 1 (blue) and 2 (green)  in CH2Cl2 at 25 °C. [1] = 20 μM, 

𝜆   300 nm; [2] = 10 μM,  𝜆   340 nm. 

A decrease in the fluorescence intensity was observed upon addition of all the NACs 

to 1 in both solvents, as shown for NB in Figure 3, as well as upon addition of TNP to 2 in 

dichloromethane (Figure S1). 

Figure 1. Structures of the nitroaromatic compounds studied.

Compound 1 exhibits emission bands at approximately 375 nm in dichloromethane
and acetonitrile, characteristic of the naphthylurea group, while compound 2 presents both
monomer (ca. 400 nm) and excimer (ca. 500 nm) bands in dichloromethane arising from
the pyrene moieties, as reported previously (Figure 2) [21].
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Figure 2. Normalised emission spectra of 1 (blue) and 2 (green) in CH2Cl2 at 25 ◦C. [1] = 20 µM,
λex = 300 nm; [2] = 10 µM, λex = 340 nm.

A decrease in the fluorescence intensity was observed upon addition of all the NACs
to 1 in both solvents, as shown for NB in Figure 3, as well as upon addition of TNP to 2 in
dichloromethane (Figure S1).

As all NAC studied significantly absorb at 300 nm and TNP absorbs also at 340 nm
(Figure 4 and Figure S2) the excitation wavelengths used in the case of naphthyl urea 1 and
pyrenyl urea 2, respectively, it is essential to correct for this inner filter effect (absorption of
the NAC at the excitation wavelength) before concluding on the existence of genuine static
fluorescence quenching (association quenching).
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Figure 4. Electronic absorption spectra of the NACs in CH2Cl2. 
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Figure 3. Relative fluorescence intensity (black circles) of Napht urea 1 (20 µM) upon addition of NB
(up to 20 equiv) in (a) CH2Cl2 and (b) MeCN. F0 is the intensity in the absence of quencher. Also
shown are the intensities corrected for the inner filter effect (red circles). λex = 300 nm.
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Figure 4. Electronic absorption spectra of the NACs in CH2Cl2.

In the case of emission collected only from the centre of the cell, as is the current situa-
tion, the correction of the excitation inner filter effect is straightforward, as it immediately
follows on from Beer’s law (1):

Fcorr = 10∆A/2F (1)

where Fcorr is the corrected fluorescence intensity, F the measured fluorescence intensity, and
∆A = A − A0, where A and A0 are the absorbances (for 1 cm pathlength) at the excitation
wavelength for the solutions of calixarenes 1 and 2 with and without NACs, respectively. The
factor of 1/2 in the exponent accounts for the 0.5 cm effective pathlength of the exciting beam.

As shown in Figures 3 and 5 (see also Figures S3–S7 for the remaining nitroaromat-
ics), it is concluded that the fluorescence quenching by the NACs is only apparent and
merely results from the excitation inner filter effect. The apparent quenching indeed cor-
relates with the absorption coefficient of the NAC (Figure 4). No significant association
thus exists between calixarenes 1 and 2, and the NACs studied, both in dichloromethane
and acetonitrile.
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Figure 6. UV absorption spectra of Napht urea 1 (10 μM) upon addition of DNB (up to 30 equiv.) in 

CH2Cl2. The arrow indicates increasing amounts of DNB. The spectra of the mixtures are the result 

of the sum of the two constituent spectra. 

Figure 5. Absorption and fluorescence in CH2Cl2. Left side (short wavelengths): absorption spectra
of 1 (10 µM) alone (black) and in the presence of 20 equiv. of NB (green). The absorption spectrum
of 20 equiv. of NB is also shown (dashed blue). Right side (long wavelengths): fluorescence spectra
(λex = 300 nm) of 1 (10 µM) alone (black) and in the presence of 20 equiv. of NB, before (green) and
after (dashed red) correction for the inner filter effect.

To further support this conclusion, UV-Vis absorption titrations were carried out with
both urea compounds and all the NACs (see, for example, Figure 6 for 1 + DNB and Figures
S8–S14), in order to evaluate association constants from absorption data.
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Figure 6. UV absorption spectra of Napht urea 1 (10 µM) upon addition of DNB (up to 30 equiv.) in
CH2Cl2. The arrow indicates increasing amounts of DNB. The spectra of the mixtures are the result
of the sum of the two constituent spectra.

The association constants determined (Table 1) for both 1 and 2 are indeed very small,
always lower than 0.1 M−1, with the exception of 1 + TNP in dichloromethane where it
is slightly higher. Thus, the results obtained in all cases indicate only the existence of
statistical complexes [25] of 1 and 2 with all NACs studied.

Table 1. Association constants (Kass/M−1) of ureas 1 and 2 with NACs determined by UV-Vis
absorption at 25 ◦C.

Solvent NT DNT TNT TNP NB DNB

1 CH2Cl2 <0.1 <0.1 <0.1 0.5 <0.1 <0.1
MeCN <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

2 CH2Cl2 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
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The fluorescence decays of 1 can be fitted with a sum of three exponentials only
(Table 2). The complexity of the decay may result from the existence of several different
configurations of this supramolecular entity. All three decay components (and hence
the average lifetimes) show no significant changes (both in lifetimes and amplitudes)
upon NACs addition in substantial amounts (up to 30 equiv.), as shown in Table 2. This
invariability, associated with the apparent quenching of the steady-state fluorescence,
could mean that static quenching was operative. However, given the negligible association
constants found by UV-Vis absorption titrations, the conclusion is simply that no quenching,
either static or dynamic, takes place. Indeed, for a possible dynamic quenching mechanism
with diffusion control, NAC concentrations (always less than 200 µM) are too low for it to
be observable.

Table 2. Two- and three-exponential analysis of fluorescence decays of 1 with 30 equiv. of NACs in
CH2Cl2 at 25 ◦C.

τ1/ns (%) τ2/ns (%) τ3/ns (%)
_
τ/ns

1 * 0.35 (6) 2.6 (59) 9.3 (35) 4.8
1 + NT 0.33 (6) 2.5 (58) 8.6 (36) 4.6

1 + DNT 0.37 (6) 2.6 (59) 9.1 (35) 4.7
1 + TNT 0.39 (6) 2.7 (60) 9.4 (34) 4.8
1 + TNP 0.33 (6) 2.5 (57) 8.7 (37) 4.6
1 + NB 0.35 (6) 2.6 (58) 9.0 (36) 4.7

1 + DNB 0.35 (6) 2.6 (58) 8.8 (36) 4.7
* λex = 300 nm.

The conclusions based on fluorescence are in stark contrast with the claims from
two previous reports on NAC sensing using the fluorescence of calixarenes bearing naph-
thyl [13] and phenylethynylenyl moieties [14]. In these two cases, the excitation inner
filter effect is very likely at play but is not mentioned. Both inner filters, excitation and
emission, are frequently overlooked or entirely ignored in complexation studies based on
fluorescence. Even when not as drastic as in the above-mentioned systems, these effects, if
not accounted for, may result in grossly overestimated association constants [18].

An example of a homooxacalixarene system where this situation is observed is in the
interaction of 3 (Scheme 2) with TNP, with data now presented and analysed. This system
also exhibits a strong inner filter effect (Figure S15). As shown in Figure 7, the excitation
inner filter correction is not enough to restore the intensities to their original value. It is thus
concluded that a genuine quenching exists. Given the concentrations of quencher, dynamic
collisional quenching can be ruled out. This is indeed borne out by lifetime measurements
as displayed in Table 3. It can thus be concluded that the quenching is static, corresponding
to the formation of an association complex.
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Figure 7. Relative fluorescence intensity (black circles) of Napht urea 3 (10 µM) upon addition of
TNP (up to 20 equiv.) in CH2Cl2. F0 is the intensity in the absence of quencher. Also shown are the
intensities corrected for the inner filter effect (red circles). λex = 300 nm.

Table 3. Two- and three-exponential analysis of fluorescence decays of 3 with TNP in CH2Cl2 at 25 ◦C.

τ1/ns (%) τ2/ns (%) τ3/ns (%)
_
τ/ns

3 * 0.26 (10) 2.2 (12) 11.2 (78) 9.0
3 + 4 equiv. TNP 0.25 (10) 2.0 (12) 10.9 (78) 8.7
3 + 10 equiv. TNP 0.24 (10) 2.1 (12) 10.8 (77) 8.6

* λex = 300 nm.

Stern-Volmer plots of uncorrected and corrected fluorescence intensity data are shown
in Figure 8. It is observed that the uncorrected data deviate from linearity for the higher
concentrations, displaying a pronounced upward curvature. Note that, for the sake of
clarity in the comparison with corrected data, the last four points are omitted from Figure 8.
The slopes are the association constants in µM−1. It is thus seen that the uncorrected data
yield an apparent association constant of 9400 M−1, whereas the corrected data yield an
association constant of 3000 M−1 for a 1:1 complex.
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Figure 8. Linear regression of F0/F versus [TNP] (black circles) of Napht urea 3 (10 µM) upon
addition of TNP (up to 20 equiv.) in CH2Cl2. F0 is the intensity in the absence of quencher. Also
shown is the same linear regression for the intensities corrected for the inner filter effect (red circles).
λex = 300 nm.
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A sequential approach to the use of fluorescence in quenching studies, namely with
NACs, is depicted in Scheme 3, stressing the need to check for potential inner filter effects,
both in excitation (absorption by the quencher at the excitation wavelength) and emission
(absorption by the quencher at the emission wavelength). We concentrate here on the
excitation inner filter effect. In some cases, a change in the excitation wavelength suffices
to remove the interference. However, when extensive spectral overlap of the absorption
spectra of the fluorescent compound and quencher (NAC) exists, this may not be possible.
The use of cells with a small optical path can also work, if enough fluorescence intensity
is still obtained, and if the quencher absorption is weak. In any case, a correction should
still be applied, as is done here, even if only to confirm that the inner filter effect is indeed
negligible. Note that the correction depends on the emitting area sampled by the detector. In
many systems, as it happens in this work, only the central part of the cell matters. However,
there are correction formulas in the literature that do not apply to this case [18], so users
should check the situation for the fluorimeter used, in order not to apply inadequate
correction formulas.
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Scheme 3. Simplified sequence for the analysis of fluorescence quenching, highlighting the role of
potential inner filter corrections. To simplify, only the two main types of quenching are considered,
thus discarding situations of mixed quenching.

2.1.2. NMR Studies

Although unlikely, it is conceivable, in principle, that the host and guest can associate
without either the electronic absorption (of both host and guest) or the fluorescence (of the
host in this case) being altered, if chromophores and fluorophores are not directly involved
in the binding or indirectly affected by it. For this reason, the interaction between ureas 1
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and 2 and guests TNP, NB and DNB was also studied by NMR spectroscopy, in an effort to
add further insights into the possible binding of the NACs. Proton NMR titrations were
performed by adding increasing amounts of the NACs (up to 50 equiv.) to CDCl3 solutions
of 1 and 2. Due to the Cs-symmetry of the macrocycles, two sets of naphthyl/pyrenyl
aromatic protons are present in the spectra, resulting in extensive peak overlapping and,
consequently, greater difficulty to follow them during the titrations. However, it is possible
to observe small upfield shift variations (∆δ ≤ 0.06 and 0.15 ppm, respectively, for 1 and 2)
upon addition of TNP to the hosts (see, for example, Figure S16 for 1 + TNP). This shielding
effect may suggest weak interactions between the fluorophore moieties and the guest. No
variations were seen in the NMR spectra of both ureas throughout the titrations with DNB
and NB (see Figure S17 for 1 + DNB).

2.2. Computational Studies
2.2.1. Semiempirical Calculations

To further investigate any possible complexation between hexahomotrioxacalix[3]arene
ureas 1 and 2 and the NACs, they were subjected to computational analysis. The calixarenes,
NAC guests and their complexes were built in Spartan 20 [26] and geometry optimised
using molecular mechanics (MMFF) before gas phase semiempirical calculations (PM6)
were undertaken using our previously published methods [27,28]. The resulting structures
(Figures S18 and S19) indicate the possibility of π–π interactions in some cases, so the
thermodynamics of the systems were calculated.

To investigate the stabilities of these complexes, ∆G(binding) was calculated from (2):

∆G(binding) = ∆G(complex) −
[
∆G(host) + ∆G(binding)

]
(2)

An initial investigation, in which the NACs were bound by the macrocycles, generated pos-
itive values suggesting that the Gibbs energies of binding were unfavourable. Subsequent
calculations, in which the NACs interacted with the macrocycle aromatic substituents,
resulted in very negative values (Table S1). While the data support NAC binding, the
binding energies are, as is not uncommon with semiempirical calculations, unrealistically
large. Consequently, higher level DFT calculations were undertaken.

2.2.2. QM Calculations

The binding of the different guests with naphthyl urea 1 was also studied by a
QM/MM approach. The optimisation of the host shows energy minima structures, where
the two naphthyl urea arms oriented on the same side of the macrocyclic ring (pair P)
interact through π-stacking and hydrogen bonds, while the inverted arm (M) is isolated. In
solution, the guests may interact with the inverted arm (M) or with the pair of arms (P). The
computed binding energies obtained (Table 4) indicated that the guests form very labile
complexes with naphthyl urea 1, as shown by the positive or almost zero values, except for
TNP for which the Gibbs energy suggests some binding.

Table 4. QM/MM computed ∆G(binding) (kJ·mol−1) for complexes of 1 with NAC guests.

1

M P

NT 9.2 3.3
DNT −0.4 3.3
TNT 2.1 1.7
TNP −1.7 −13.0
NB 12.6 8.8

DNB 9.6 2.5
M denotes inverted urea arm. P denotes pair of urea arms on the same side of the macrocycle.
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Further refinement of the structures using DFT methods and analysis of interaction
modes between naphthyl urea 1 and a given guest (i.e., DNB) were performed using
B3LYP/6-31G(d,p) optimisations in the gas phase, resulting in twenty different initial
positions of the guest, leading to fourteen different minimised conformations. Optimised
structures and energies of free 1 and DNB ⊂ 1 are given in Figures S20, S21 and Table S2.

The most stable conformation of free 1 possesses intramolecular H-bonds between the
two urea groups oriented on the same side of the macrocyclic ring, and it is more stable
than the two other minima by about 37–42 kJ·mol−1 (Figure S20). The QM optimisations
of the DNB ⊂ 1 display a great variety of structures and interaction modes between the
calixarene and the guest (Figure S21). All the conformations are within an energy range
of 50 kJ·mol−1 and show typical host···guest interactions that can be either (i) H-bonding
between the oxygen atoms of one or two nitro groups of DNB and the hydrogen atoms from
one or two urea groups (see, for example, conformations 10, 8, 7 or 6); (ii) π···π interactions
between the aromatic phenyl moiety of DNB and the naphthyl group (conformations 12 or
13); (iii) inclusion of the DNB in the calixarene upper rim (conformations 3 or 4); (iv) CH
. . . π interactions between the aromatic ring of DNB and the urea oxygen (conformations
13 or 14). Complexation energies were calculated taking into consideration the most stable
conformation of 1 (conformation 3 in Figure S20), which explains the energy differences
obtained for interactions of similar nature, as for example the conformations 10 and 6 which
both display a NH···ONO2 interaction but differ in the conformation of the calixarene and
thus conducted to ∆E of −51.9 vs +3.4 kJ·mol−1. These QM calculations clearly show the
large variety of loose pairs that can be formed between 1 and DBN molecules.

2.2.3. MD Simulations

MD simulations were also performed in order to better understand the structure and
dynamics of the interactions between naphthyl urea 1 and the guests in solution. Systems
containing one host and either TNP, DNB or NT guests were simulated during 50 ns in
dichloromethane and acetonitrile solvent. Figure 9 shows initial and final configurations of
urea 1 with 20 DNB molecules in both solvents.

In solution, 1 always displays intramolecular H-bonds between the two urea arms
oriented on the same side of the macrocyclic ring. Meanwhile, the inverted naphthyl urea
arm is very flexible and has multiple conformations over time. In this case, as with the two
other guests, the DNB molecules are dispersed in the simulation box and display, during
the simulation, close contact with the calixarene. In both solvents, free guests remain either
isolated or involved in small loose pairs formed via π···π or CH···π interactions. TNP, DNB
and NT also interact with the calixarene during the simulation, as illustrated in Figure 10 by
snapshots of typical host···guest aggregates. NACs display close contact with the naphthyl
groups via π···π bonds, thus forming dimers or trimers with the naphthyl moiety.

In all the simulated systems, the global calixarene···guest interaction energies were
evaluated as a function of the nature of both guest and solvent (Table 5). The influence of
guest is the same in acetonitrile and dichloromethane. Total interaction energies obtained
from three independent MD runs show the same trends with TNP interacting more than
10 times more strongly than NT and 2–3 times than DNB. These variations correlate with
the number of urea arm···guest interactions observed during the simulations, which follow
the order TNP > DNB > NT in both solutions (Table 5). In acetonitrile, the interactions
are quite weak as the average number of urea arm···guest interactions is always below
1 and the lifetimes of the species are around 12–35 ps. Conversely, in dichloromethane,
the higher interaction energies are linked to more frequent urea arm···guest contacts with
longer lifetimes (up to 110 ps). On average, for all the guests and solvents, MD simulations
show the lability and slight interactions between the calixarene and the NACs in direct
connection with the experimental results.
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Figure 9. Initial (top) and final (bottom) snapshots of a box with one calixarene and 20 DNB molecules
in acetonitrile (left, in cyan) and in dichloromethane (right, in yellow).
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    0.74/0.41/0.50 ± 0.58 (20–34)  0.32/0.23/0.44 ± 0.47 (20–35)  0.17/0.16/0.17 ± 0.43 (14–15) 

    0.30/0.37/0.97 ± 0.53 (24–28)  0.24/0.27/0.17 ± 0.51 (25–30)  0.19/0.17/0.17 ± 0.41 (12–15) 

CH2Cl2  E  −246 ± 97  −86 ± 50  −17 ± 20 

    −336 ± 60  −59 ± 39  −18 ± 19 

    −247 ± 71  −93 ± 61  −35 ± 29 

  N  1.98/1.53/1.38 ± 0.68 (50–90)  0.58/0.33/0.83 ± 0.50 (21–37)  0.27/0.21/0.22 ± 0.42 (12–15) 

    1.30/1.69/1.79 ± 0.60 (50–110)  0.33/0.51/0.23 ± 0.52 (15–30)  0.20/0.19/0.26 ± 0.40 (14–16) 

    1.39/1.10/1.56 ± 0.55 (40–85)  0.43/0.51/0.54 ± 0.45 (28–40)  0.32/0.21/0.27 ± 0.42 (14–16) 

a Napht urea 1∙∙∙20 molecule guests in MeCN and CH2Cl2 (3 separate runs). 
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Figure 10. Typical calixarene . . . guest aggregates observed during the simulations (guest in orange).
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Table 5. Host···guest interaction energies and fluctuations (in kJ·mol−1), number of urea arm···guest
interaction (N) per arm and fluctuations (arm 1/arm 2/arm 3) and average lifetimes (in ps) a.

TNP DNB NT

MeCN E −110 ± 75 −29 ± 35 −11 ± 15
−123 ± 52 −31 ± 31 −13 ± 16
−123 ± 52 −22 ± 26 −12 ± 16

N 0.54/0.34/0.82 ± 0.68 (24–35) 0.30/0.26/0.30 ± 0.52 (22–35) 0.21/0.18/0.13 ± 0.42 (14–15)
0.74/0.41/0.50 ± 0.58 (20–34) 0.32/0.23/0.44 ± 0.47 (20–35) 0.17/0.16/0.17 ± 0.43 (14–15)
0.30/0.37/0.97 ± 0.53 (24–28) 0.24/0.27/0.17 ± 0.51 (25–30) 0.19/0.17/0.17 ± 0.41 (12–15)

CH2Cl2 E −246 ± 97 −86 ± 50 −17 ± 20
−336 ± 60 −59 ± 39 −18 ± 19
−247 ± 71 −93 ± 61 −35 ± 29

N 1.98/1.53/1.38 ± 0.68 (50–90) 0.58/0.33/0.83 ± 0.50 (21–37) 0.27/0.21/0.22 ± 0.42 (12–15)
1.30/1.69/1.79 ± 0.60 (50–110) 0.33/0.51/0.23 ± 0.52 (15–30) 0.20/0.19/0.26 ± 0.40 (14–16)
1.39/1.10/1.56 ± 0.55 (40–85) 0.43/0.51/0.54 ± 0.45 (28–40) 0.32/0.21/0.27 ± 0.42 (14–16)

a Napht urea 1···20 molecule guests in MeCN and CH2Cl2 (3 separate runs).

These conclusions are also consistent with the QM analysis (see above) and with
the value of the calculated electrostatic potential maps (Figure S22) that indicate a better
affinity between a naphthyl group, which has roughly a −50 kJ·mol−1 potential, and TNP
with a highly positive potential (+165 kJ·mol−1) compared to DNB (+95 kJ·mol−1) and NT
(+12 kJ·mol−1), thus explaining the large differences observed during the MD simulations.

3. Materials and Methods

The naphthyl (1) and pyrenyl (2) ureido-hexahomotrioxacalix[3]arene compounds
studied in this work were previously synthesised [21], as well as the naphthyl urea diho-
mooxacalix[4]arene 3 [20].

3.1. UV-Vis Absorption and Fluorescence Studies

Absorption and fluorescence studies were carried out using a Shimadzu UV-3101PC UV-
Vis-NIR spectrophotometer and a Fluorolog F112A fluorimeter in right-angle configuration,
respectively. The studies were made in CH2Cl2 and MeCN at 25 ◦C. The absorption spectra
were recorded between 225 and 400 nm and the emission ones between 320 and 550 nm and
using quartz cells with an optical path length of 1 cm. The excitation wavelengths used were
at the maximum absorption of the calixarenes, using a right-angle geometry. The titrations
were performed cell by cell with different concentrations of nitroaromatic compounds
up to 30 equiv. and with a constant concentration of the receptors (10–20 µM). Emission
spectra were corrected for the spectral response of the optics and the photomultiplier. In
addition, the emission spectra were further corrected for the internal filter effect. The
spectral changes were interpreted using the HypSpec 2014 program [29]. Time-resolved
fluorescence intensity decays were obtained using the single-photon timing method with
laser excitation and microchannel plate detection, with the set-up already described [30].
The excitation wavelength used was at the maximum absorption of the calixarene and the
emission wavelength at the maximum emission, using a right-angle geometry. Decay data
analysis with a sum of exponentials was achieved by means of a Microsoft Excel spreadsheet
specially designed for lifetime analysis that considers the convolution with the IRF.

3.2. 1H NMR Studies

Several aliquots (up to 50 equiv.) of the nitroaromatic compounds (TNP, NB and
DNB) in CDCl3 were added to CDCl3 solutions of the hosts (1.25 × 10–3 M) directly in the
NMR tube. The spectra were recorded on a Bruker Avance III 500 spectrometer after each
addition of the NAC’s, and the temperature of the NMR probe was kept constant at 25 ◦C.
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3.3. Computational Details
3.3.1. QM/MM Calculations

All QM/MM calculations were performed with a Gaussian 09 program [31] using an
ONIOM approach [32]. The QM part was carried out at a DFT level of theory with wB97XD
functional [33], which includes dispersion corrections. Atoms were described by Pople’s
basis set 6-31+G** [34]. The MM part was described by the Universal Force Field UFF [35].
Calculations were performed in solution and the solvent (DCM) described by a PCM [36].
Full geometry optimisations were performed, followed by a frequency calculation. Gibbs
free energies were extracted from this frequency calculation.

3.3.2. DFT Calculations

Geometry optimisations were performed with the Gaussian 09 program [31] with the
B3LYP density functional [37] and with the 6-31G(d,p) basis set. Starting structures for
geometry optimisation were constructed by hand with Spartan [26]. All reported structures
were confirmed as energy minima, with no negative eigenvalue in the Hessian matrix.
Electrostatic potential maps were performed with Spartan [26]. Details concerning the
molecular dynamics simulations are given in the Supporting Information.

4. Conclusions

The recognition of several nitroaromatic compounds by two fluorescent ureido-
hexahomotrioxacalix[3]arenes bearing naphthyl or pyrenyl residues at the lower rim was
investigated by different analytical and theoretical methods. As inferred from electronic
absorption, fluorescence, NMR spectroscopy and computational studies, naphthyl urea 1
and pyrenyl urea 2, both containing aromatic moieties, have no significant interaction with
nitroaromatic compounds in both dichloromethane and acetonitrile solutions. DFT calcu-
lations performed suggest the formation of very weak and labile complexes between the
calixarenes and the NACs, this being corroborated by MD simulations. On the other hand,
the observed fluorescence quenching is spurious and can be entirely ascribed to an excita-
tion inner filter effect, whereby the fluorescence decrease results from significant absorption
of the excitation radiation by the NAC. This is in stark contrast with the conclusions from
some previous reports on NAC sensing using the fluorescence of calixarenes bearing long
wavelength absorbing aromatic moieties. A naphthyl urea dihomooxacalix[4]arene (3) in-
vestigated is also subject to the inner filter effect but forms a stable complex with TNP;
however, the equilibrium association constant is largely overestimated (9400 M−1 vs 3000
M−1) if no correction to the inner filter effect is applied, again stressing the importance of
taking into account this effect.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/molecules28073052/s1, UV-Vis absorption spectra and
fluorescence intensity plots; NMR titration spectra; semiempirical calculations; details of molecular
dynamics simulations; DFT calculations. References [38–44] cited in the Supplementary material.
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Abstract: Azocalixarenes functionalized with cation binding sites are popular chromoionophores
due to the ease of synthesis and the large complexation-induced shifts of their absorption band that
originate from an azo-phenol–quinone-hydrazone tautomerism. Despite their extensive use, however,
a thorough investigation of the structure of their metal complexes has not been reported. We describe
herein the synthesis of a new azocalixarene ligand (2) and the study of its complexation properties
with the Ca2+ cation. Through a combination of solution (1H NMR and UV-vis spectroscopies) and
solid-state (X-ray diffractometry) techniques, we demonstrate that metal complexation induces a shift
of the tautomeric equilibration towards the quinone-hydrazone form, while deprotonation of the
complex results in the reversion to the azo-phenol tautomer.

Keywords: chromoionophores; calix[4]arenes; azo-phenol–quinone-hydrazone tautomerism; Ca2+

complexation

1. Introduction

Chromoionophores are synthetic molecular receptors that combine in their structure
an ionophoric site for the complexation of an ion analyte and a chromogenic moiety that
changes color in response to the recognition event. Crucial for the correct functioning
of chromoionophore-based sensors is the connection between the sensing and reporting
units. In the case of chromoionophores for the optical detection of metal cations, a fast
and strong response can generally be achieved if a portion of the chromogenic moiety
takes part in the coordination site. In this way, upon complexation, the excited state of
the chromophore can be stabilized or destabilized more strongly than the ground state,
resulting in a bathochromic or hypsochromic shift, respectively, of the electronic absorption
band [1].

Calixarene-based chromoionophores represent one of the first and most successful
applications of calixarene chemistry. Thanks to the ease of functionalization of the two rims,
the calixarene scaffold can be equipped with both cation binding sites and chromophoric
reporter units that undergo a color change upon metal ion complexation [2–9].

Azocalixarenes, which have the phenylazo (-N=N-Ph) group linked to the para-
position of one (or more) phenol rings, are among the most studied chromogenic calixarenes.
The popularity of these compounds can be ascribed to the synthetically appealing one-step
diazo-coupling reaction that, pioneered in 1989 by Shinkai [10], gives good results on the
calixarene phenol rings. Moreover, in azocalixarenes, the resulting 4-phenylazophenol chro-
mophore can directly participate in cation complexation with the phenol oxygen atom as a
donor site. A vast number of azocalixarene chromoionophores have been reported, with
different additional binding sites for cations and different numbers and functionalizations
of the 4-phenylazophenol moieties [5,7,9,11–21].

The 4-phenylazophenol moiety is well known to undergo a tautomeric equilibration
between the azo-phenol and quinone-hydrazone forms (Figure 1), which depends on the
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substituents of the phenyl ring and on the solvent [22]. Electron-donating substituents
generally stabilize the azo-phenol tautomer, while electron-withdrawing ones favor the
quinone-hydrazone form. Moreover, due to the stronger hydrogen-bonding ability of
the OH group of the azo-phenol compared to the NH group of the quinone-hydrazone,
hydrogen-bonding acceptor solvents (such as pyridine and acetone) usually stabilize the
former, while hydrogen-bonding donor solvents (such as acetic acid and chloroform) favor
the latter form.
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Figure 1. Azo-phenol–quinone-hydrazone tautomerism of 4-phenylazophenol.

The two tautomeric forms can be easily distinguished by UV-vis spectroscopy. The
absorption band of the azo-phenol tautomer is typically displayed around 400 nm, while it
is bathochromically shifted to ~480 nm for the quinone-hydrazone form [22–25].

When azocalixarenes form complexes with metal cations, large shifts of the absorption
band of the azo-phenol moiety are observed, which have been attributed, in some cases,
to a cation-induced stabilization of the quinone-hydrazone form [14,17,26,27] and, in
others, to a metal-induced deprotonation of the ligand [18,21]. Despite their large use as
chromoionophores, the characterization of the complexes is mostly achieved exclusively
by UV-vis spectroscopy. In just a few papers, the complexes have also been studied by
1H NMR [7,13,21], and only one crystal structure of an azocalixarene metal complex is
present in the literature [20].

To fill this gap, we report herein the synthesis of a new azocalixarene chromoionophore
(2) and the thorough characterization of its complex with the Ca2+ cation both in solution
and in the solid state. In 2, the binding site for the cation at the calixarene lower rim is
constituted by two phenoxyacetamide groups linked to two distal phenol rings, which
provide two phenolic and two carbonyl oxygen donors, and by the two phenol OH groups
of the 4-nitrophenylazophenol moieties. This coordination environment has been shown
in the literature to be very efficient for the complexation of hard metal cations such as
Mg2+ [8], Ca2+ [6,18], Fe3+ [28], or trivalent lanthanide ions [28,29]. Thanks to the combined
use of UV-vis and 1H NMR spectroscopies and X-ray diffractometry, we have been able not
only to confirm the high affinity of this ligand for the Ca2+ cation but also to shed light on
the structure of the complex and on the tautomeric equilibration.

2. Results and Discussion
2.1. Synthesis and Characterization of 2

Azocalixarene 2 was synthesized in only two steps, following the reaction pathway
reported in Scheme 1. First, diamidocalix[4]arene 1 was obtained in good yield from the
alkylation of calix[4]arene with 2-chloro-N,N-diethylacetamide, carried out according to the
literature [30]. Subsequently, calixarene 1 was subjected to a diazonium coupling reaction
with p-nitroaniline following a procedure adapted from [16].
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indicated by the absorption band centered around 400 nm. The strong intramolecular 
hydrogen bonds that the phenol OH groups can donate either to the neighboring ethere-
al oxygen atoms or to the carbonyl C=O groups are most likely responsible for the stabi-
lization of the azo-phenol tautomer. Similar calix[4]arene derivatives containing two 4-
nitrophenylazophenol moieties in a distal position display analogous absorption spectra, 
confirming the shift of the tautomeric equilibration towards the azo-phenol form when 
this unit is embedded in the calixarene skeleton [12,21]. 
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1H NMR spectroscopy (Figure 3) shows that in acetonitrile, DMSO, and chloroform, 
calixarene 2 adopts the cone geometry, with the typical AX pattern of the axial and equa-
torial protons of the methylene bridges around 4.5 and 3.5 ppm, respectively. The signals 
of the hydrogen-bonded OH protons around 9.8 ppm in acetonitrile and DMSO confirm 
the sole presence of the azo-phenol tautomer. In chloroform, where the OH signal is 

Scheme 1. Synthesis of compound 2.

Figure 2 displays the absorption spectra of azocalixarene 2 in different solvents. De-
spite the presence of the electron-withdrawing nitro groups, both 4-nitrophenylazophenol
moieties of 2 are present exclusively in the azo-phenol form, as indicated by the absorption
band centered around 400 nm. The strong intramolecular hydrogen bonds that the phenol
OH groups can donate either to the neighboring ethereal oxygen atoms or to the carbonyl
C=O groups are most likely responsible for the stabilization of the azo-phenol tautomer.
Similar calix[4]arene derivatives containing two 4-nitrophenylazophenol moieties in a
distal position display analogous absorption spectra, confirming the shift of the tautomeric
equilibration towards the azo-phenol form when this unit is embedded in the calixarene
skeleton [12,21].
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Figure 2. Normalized absorption spectra of 2 (1 × 10−5 M) in DMSO (red line), dichloromethane
(blue line), and acetonitrile (orange line).

1H NMR spectroscopy (Figure 3) shows that in acetonitrile, DMSO, and chloroform,
calixarene 2 adopts the cone geometry, with the typical AX pattern of the axial and equato-
rial protons of the methylene bridges around 4.5 and 3.5 ppm, respectively. The signals of
the hydrogen-bonded OH protons around 9.8 ppm in acetonitrile and DMSO confirm the
sole presence of the azo-phenol tautomer. In chloroform, where the OH signal is missing
due to chemical exchange, the same form is suggested by the invariance of all the signals
with respect to those in acetonitrile and DMSO solutions.
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Figure 3. 1H NMR spectra of 2 in different solvents. From top to bottom: CD3CN-CDCl3 5:1 (v/v),
DMSO-d6, CDCl3.

The X-ray structure analysis of crystals of 2 grown from a mixture of chloroform,
methanol, and hexane (Figure 4, left) shows a flattened cone conformation of the calixarene,
with the phenol rings of the phenylazophenol moieties almost parallel, having a dihedral
angle of 12.5◦, and with a minimum distance between the nitrophenyl rings of 3.68 Å,
indicative of weak π–π interaction between the two aromatic moieties. The two phenol
rings functionalized with the amide groups are tilted outward, having a dihedral angle
of 67.4◦. This conformation is stabilized by two strong hydrogen bonds between the
phenol OH groups and the amide C=O groups (O1···O5 of approximately 2.62 Å). In the
Ar-OH aromatic ring, the C-C distances vary in the 1.38–1.41 Å range, the C-O distance is
1.35 Å, and the N-N distance of the azo moiety is 1.24–1.29 Å (by taking into account the
two disordered fragments, Figure S12). Taken together, these geometric parameters are
suggestive of a single Ar-O bond and a double N=N bond for the azo group, pointing to
the azo-phenol tautomer also in the solid state.
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Figure 4. Molecular structure of 2 (left) and of 2·CaCl2 (right). Thermal ellipsoids are depicted at
the 30% probability level.

Interestingly, in the crystal packing, the nitro groups exchange O···HC interactions
with the amide methyl groups of a neighboring molecule, thus giving rise to supramolecular
chains that run parallel to the b crystallographic axis, as shown in Figure S6.
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2.2. Ca2+ Complexation Studies

The complexation properties of chromoionophore 2 for the Ca2+ cation were investi-
gated in acetonitrile solution by 1H NMR titrations (Figure 5), with the aim of shedding light
on the possibility of a metal ion-induced azo-phenol–quinone-hydrazone tautomerism
or metal-induced deprotonation of the ligand. The addition of increasing amounts of
Ca(ClO4)2 to a CD3CN-CDCl3 (6:1, v/v) solution of 2 resulted in the appearance of a new
set of resonances consistent with the Ca2+ complex of ligand 2, accompanied by the gradual
disappearance of the signals of 2. In the titration conditions, the complexation equilibrium
is slow compared to the NMR timescale. After the addition of 1 equivalent of Ca2+, the
signals of free 2 are barely visible, while they have completely disappeared in the presence
of 2 equivalents of the guest. This quasi-saturation behavior is indicative of strong binding
of the cation by receptor 2, with a binding constant that can be estimated as >104 M−1.
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binding cavity [7,13], in our opinion they are clearly indicative of the shift of the tauto-
meric equilibration towards the quinone-hydrazone moiety: (i) the hydrazone NH pro-
ton (a′), more deshielded than the phenol OH, gives rise to the singlet at 10.87; (ii) the 
C=N double bond is responsible for the loss of symmetry of the quinone rings and the 
consequent splitting of the resonances of the quinone protons (b′) that are now no longer 
equivalent; (iii) for the same reason, the four axial protons of the methylene bridges (c) 
become chemically non-equivalent in pairs and resonate as two separate doublets (c′) at 
a chemical shift around 4.0 ppm, which is typical for calix[4]arene diquinones [9,31]. 

The addition of 2 equivalents of triethylamine to the last sample of the NMR titra-
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Figure 5. Partial 1H NMR spectra (400 MHz, CD3CN-CDCl3 6:1, v/v) of ligand 2 (1.4 mM) upon
addition of (from bottom to top) 0, 0.5, 1, 2 equiv. of Ca(ClO4)2, and 2 equiv. of Ca(ClO4)2 + 2 equiv.
of TEA. For the assignment of the peaks to protons a-f, a′–f′ and b′ ′–f′ ′ cfr. the calixarene structures at
the top of this figure.
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Besides assessing the efficiency of the complexation process, however, this experi-
ment is particularly informative regarding the structural features of the complex and the
tautomeric equilibrium. Three resonances of ligand 2 undergo significant modifications
upon complex formation: (i) the signal of the phenol OH, originally seen at 9.82 ppm
(a in Figure 5), is shifted to 10.87 ppm (a′); (ii) the singlet of the aromatic protons ortho
to the azo group (b) is split into two signals (b′), one downfield shifted by 0.23 ppm and
the other upfield shifted by 0.09 ppm; (iii) the doublet of the axial methylene bridge pro-
tons at 4.65 ppm (c) is split into two new doublets (c′), both significantly upfield shifted
(∆δ = 0.54 and 0.64 ppm). Although similar shifts upon metal complex formation have
been previously reported for analogous chromoionophores [7,13,21] and assigned to the
non-symmetrical structure of the complex, with the cation occupying a lateral position
of the binding cavity [7,13], in our opinion they are clearly indicative of the shift of the
tautomeric equilibration towards the quinone-hydrazone moiety: (i) the hydrazone NH
proton (a′), more deshielded than the phenol OH, gives rise to the singlet at 10.87; (ii) the
C=N double bond is responsible for the loss of symmetry of the quinone rings and the
consequent splitting of the resonances of the quinone protons (b′) that are now no longer
equivalent; (iii) for the same reason, the four axial protons of the methylene bridges (c)
become chemically non-equivalent in pairs and resonate as two separate doublets (c′) at a
chemical shift around 4.0 ppm, which is typical for calix[4]arene diquinones [9,31].

The addition of 2 equivalents of triethylamine to the last sample of the NMR titra-
tion resulted in a color change from orange to deep purple and in modifications of the
spectrum compatible with the deprotonation of the quinone-hydrazone moieties and with
the consequent shift of the tautomeric equilibration back to the azo form: (i) the signal of
the hydrazone NH proton (a′) disappears; (ii) the two peaks of the quinone ring at 8.04
and 7.71 ppm (b′) are replaced by a single resonance at 7.85 (b”); (iii) the signals of the
methylene bridge revert to the typical AX doublets (c” and d”). Overall, the spectrum of
the deprotonated complex is characterized by the same pattern of signals as the spectrum
of free 2, with small shifts due to the presence of the complexed cation.

UV-vis spectroscopy (Figure 6) confirmed the metal complexation-induced tautomerism
of the azophenol moieties: upon addition of one equivalent of Ca(ClO4)2 to a 1 × 10−5 M
acetonitrile solution of 2, the absorption band centered at 397 nm was replaced by a
new band having a maximum at 494 nm, a typical value for the quinone-hydrazone tau-
tomer [22]. Further additions of Ca2+ did not produce any modification of the spectrum,
indicating a Ka > 106 M−1. The addition of 5 equivalents of TEA to the 1:1 (2:Ca2+) solution
produced a bathochromic shift of the absorption maximum to 549 nm. Interestingly, the
spectrum of a 1 × 10−5 M solution of 2 containing a large excess (~50,000 equiv.) of TEA
contained two separate absorption bands, one with a maximum at 400 nm, correspond-
ing to the azophenol moiety, and the other centered at 620 nm, due to the deprotonated
azophenol group. In the absence of the cation, a weak base such as TEA is therefore able to
deprotonate only one phenol group. As expected, the presence of the cation complexed
at the calixarene lower rim enhances the acidity of the ligand [15,21]. The hypsochromic
shift of the absorption band of the deprotonated complex (centered at 549 nm) with respect
to the deprotonated azophenol in metal-free 2 (centered at 620 nm) is likely due to the
presence of the cation, which hinders the negative charge delocalization from the Ar-O− to
the nitro group.

Single crystals of the Ca2+ complex of 2 were obtained from the slow evaporation of
a 1:1 solution of 2 and CaCl2 in a mixture of chloroform, methanol, and hexane. In the
complex, the cation is coordinated by the six oxygen atoms at the lower rim of the calixarene
(the four Ar-O and the two C=O) and by two methanol molecules of crystallization (Figure 4,
right). The metal geometry is distorted square antiprismatic, with Ca-O bond lengths in
the 2.35–2.65 Å range (Figure S11).
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As a consequence of the cation complexation, the conformation of the calixarene
scaffold undergoes considerable modification. The two aromatic rings functionalized with
the azo groups, which were almost parallel in 2, in 2·CaCl2 are tilted outwards with a
dihedral angle of 84.7◦. This conformational change is required to bring the phenol oxygen
atoms at a shorter distance to the cation. As a result, the other two rings, which were
divergent in 2, became almost parallel (dihedral angle of 27.1◦). The overall macrocycle
conformation can be described as a flattened cone that is inverted in terms of the orientation
of the calixarene aromatic rings with respect to the one displayed by 2.

The most important feature of this structure, however, is the evidence that, also in the
solid state, the complexation of the cation induces the shift of the tautomeric equilibration
towards the quinone-hydrazone moiety. According to the difference Fourier map, the two
N atoms of the azo groups (N2 and N5) are protonated, with the hydrazone NH hydrogen
atoms hydrogen bonded to the Cl− anions (N2···Cl1 3.24 Å and N5···Cl2 3.28 Å, Table S3).
Moreover, the bond distances within the quinone-hydrazone units are indicative of a C=O
double bond (1.23 and 1.24 Å) conjugated to the two C=C double bonds of the quinone ring
(in the 1.33–1.35 Å range) and to the C=N bond (1.31 and 1.32 Å) of the hydrazone group
(Figure S12). The conjugation, however, does not extend to the nitrophenyl ring, which
exhibits bond lengths similar to those of 2.

Attempts to crystallize 2 in the presence of both CaCl2 and triethylamine were unsuc-
cessful. We, therefore, prepared the neutral 22−·Ca2+ complex by treating a dichloromethane
solution of 2 with a saturated water solution of Ca(OH)2. The organic phase, whose color
had changed immediately from orange to deep purple, was divided into two batches and let
evaporate to grow crystals in the presence of hexane for the first batch and methanol for the
second. Both solutions yielded crystals suitable for X-ray diffractometry. The two structures
(2·Ca-A and 2·Ca-B, respectively), albeit similarly consisting of the doubly deprotonated
calixarene bound to the metal cation, present some differences.

The asymmetric unit of 2·Ca-A comprises two calixarene units and two calcium cations
that exhibit a slightly different coordination environment (Figure 7). Both cations (Ca1
and Ca2) are coordinated by the six oxygen atoms at the lower rim of the calixarene (the
four Ar-O and the two C=O), but while the seventh coordination site of Ca1 is occupied
by an oxygen atom of a nitro group of the second calixarene moiety, Ca2 coordinates a
water molecule instead (Figure S11). The metal geometry for both cations is distorted
pentagonal bipyramidal, with Ca-O bond lengths in the 2.17–2.57 Å range. The shortest
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Ca-O distances are found between the metal and the deprotonated oxygen atoms of cal-
ixarene (2.17–2.25 Å range). The analysis of the bond lengths within the phenolate moiety
(Figure S13) is consistent with the possible resonance forms that can accommodate the
negative charge (Scheme S1). The N-N distances (in the range 1.21–1.29 Å) are consistent
with a double N=N bond and support the NMR evidence that, upon deprotonation, the
tautomeric equilibration reverts to the azo-phenol form.
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The presence of the water molecule bound to Ca2 leads to the formation of a supramolec-
ular tetramer sustained by two hydrogen bonds per water molecule (Figure S10). One
of the nitrophenyl groups gives rise to a CH···O interaction with the aliphatic chains of
an adjacent amide group and a π–π interaction with a symmetry-related aromatic ring.
Overall, the system forms a supramolecular structure formed by two antiparallel chains
(Figure 7, bottom).

In the asymmetric unit of 2·Ca-B, two independent but very similar Ca-calixarene
moieties are present, both comprising the Ca2+ cation bound to the lower rim of the
deprotonated calixarene and without water molecules bound to the metal (Figure 8). The
calixarene conformation is analogous to that found in 2·CaCl2 and in 2·Ca-A. The metal
ion adopts a pentagonal bipyramidal geometry and is bound by six oxygen atoms of one
calixarene, with the seventh position occupied by a bridging nitro group (Figure S11).
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According to the bridging behavior of one of the nitrophenyl groups, two interpene-
trated supramolecular chains represent the main packing feature. The bond lengths are
consistent with the previously described resonance structure found for 2·Ca-A.

3. Materials and Methods
3.1. General

Solvents and reagents were obtained from commercial sources and used without
further purification. Analytical TLC was performed using prepared plates of silica gel
(Merck 60 Merck KGaA, Darmstadt, Germany F-254 on aluminum). 1H and 13C NMR
spectra were recorded on a Bruker Billerica, MA, USA AV400 spectrometer. All chemical
shifts are reported in parts per million (ppm) using the residual peak of the deuterated
solvent, whose values are referred to tetramethylsilane (TMS, δTMS = 0), as internal standard.
13C NMR spectra were performed with proton decoupling. Mass spectra were recorded
in ESI mode on a single quadrupole instrument, SQ Detector, Waters (capillary voltage
3.7 kV, cone voltage 30–160 eV, extractor voltage 3 eV, source block temperature 80 ◦C,
desolvation temperature 150 ◦C, and cone and desolvation gas (N2) flow rates 1.6 and
8 L/min, respectively). UV-vis spectra were recorded on a Thermo Scientific Waltham,
MA, USA Evolution 260 Bio spectrophotometer. Melting points were determined with a
Gallenkamp apparatus.

Diamidocalix[4]arene 1 was synthesized according to a literature procedure [30].

3.2. Synthesis of Compound 2

A solution of calixarene 1 (0.3 g, 0.46 mmol) in a mixture of THF (25 mL) and pyridine
(12 mL) was added dropwise to a solution of 4-nitroaniline (0.25 g, 1.81 mmol) and NaNO2
(0.25 g, 3.62 mmol) in 2M HCl (20 mL) cooled to 0 ◦C with an ice bath. The mixture was
stirred at 0 ◦C for 2 h, then 1M HCl (20 mL) was added, and the resulting precipitate
was filtered on a Buchner funnel and washed with methanol. Recrystallization of the
solid from CH2Cl2-methanol yielded compound 2 as a dark orange powder in 36% yield
(0.157 g, 0.16 mmol). M.p. > 300 ◦C (dec.) 1H NMR (400 MHz, CDCl3): δ 8.34 (d, J = 8.9 Hz,
4H, ArHo-NO2), 7.93 (d, J = 8.9 Hz, 4H, ArH m-NO2), 7.75 (s, 4H, ArH), 7.12 (d, J = 7.6 Hz,
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4H, ArH), 6.87 (t, J = 7.6 Hz, 2H, ArH), 4.92 (s, 4H, OCH2), 4.67 (d, J = 13.1 Hz, 4H,
ArCH2Ar), 3.57–3.50 (m, 8H, ArCH2Ar and NCH2), 3.42 (q, J = 7.2 Hz, 4H, NCH2), 1.31
(t, J = 7.1 Hz, 6H, CH3), 1.24 (t, J = 7.1 Hz, 6H, CH3). 13C NMR (100 MHz, CDCl3): δ 167.4
(C=O), 158.2 (ArH), 156.5 (ArH), 153.9 (ArH), 147.8 (ArH), 145.6 (ArH), 133.4 (ArH), 129.5
(ArH), 128.9 (ArH), 125.7 (ArH), 124.8 (ArH), 124.7 (ArH), 122.8 (ArH), 73.1 (OCH2), 41.0
(NCH2), 40.3 (NCH2), 31.7 (ArCH2Ar), 14.3 (CH3), 13.0 (CH3). ESI-MS (m/z): calcd. for
C52H52N8O10Na+ ([M + Na]+) 971.37, found 971.62; calcd. for C52H52N8O10K+ ([M + K]+)
987.34, found 987.61. ([M + K+]).

3.3. X-ray Data Collection

Single crystal data were collected with a Bruker D8 PhotonII area detector diffractome-
ter using microfocus radiation sources (Mo Kα: λ = 0.71073 Å, and Cu Kα: λ = 1.54178 Å).
Complete datasets were obtained by merging several series of exposure frames collected at
200 K. An absorption correction was applied with the program SADABS [32] for 2, 2·CaCl2
and 2·Ca-A. Data measured for 2·Ca-B were indexed, integrated with a twinning matrix,
and scaled using CrysAlis Pro software (version 42.49) accessed on: 12 May 2023 [33]. The
structures were solved with ShelxT [34] and refined on F2 with full-matrix least squares
(ShelxL [35]), using the Olex2 software package (version 1.5) [36]. Non-hydrogen atoms
were refined with anisotropic thermal parameters for all compounds.

In 2, both amide and phenylazo moieties were found disordered over two distinct sites
(65:35 occupancy) and refined with a series of SIMU and DFIX restraints. The hydrogen
bonded to phenol oxygen was located from the residual electron density map and refined
with DFIX restraint.

The asymmetric unit of 2·CaCl2 comprised the calcium cation complexed by the cal-
ixarene, one chloride anion positioned on an inversion center, a second chloride anion
disordered over two sites having site occupancy factors of 0.5 each, and a third chloride
anion disordered over two sites and exchanging hydrogen bond interactions with disor-
dered methanol molecules. According to the refinement, two chloride anions were present
overall. One coordinated methanol molecule was split over two sites and refined with
DFIX, DANG, and SIMU restraints. The hydrogen atoms bound to the nitrogen atoms of
the azo moieties (N5 and N2) could be located from the difference Fourier map, and they
were then placed at the calculated positions and refined. The other two partially occupied
methanol molecules were pinpointed in the asymmetric unit, while the residual electron
density (112 electrons in a volume of 504 Å3 for the unit cell) was modelled according to
the MASK program. Hence, the masked electron density was taken into account as eight
methanol molecules of crystallization for the unit cell.

In 2·Ca-A, one of the phenylazo-4-phenol moiety was found disordered over two
distinct sites, refined with a 60:40 site occupancy factor and employing a series of SIMU
restraints.

In 2·Ca-B, owing to poor data quality and twinning, HKL5 was used for the final
refinement, and several DFIX, DANG, SIMU, and ISOR restraints and AFIX66 constraints
were required. The MASK program was used to model the residual electron density, which
corresponded to 290 electrons and 1137 Å3 per unit cell. The volume and residual electron
count were consistent with the presence of four methanol molecules of crystallization per
formula unit.

Crystal data and structure refinement details are provided in the supporting informa-
tion, Table S1. CCDC 2261451–2261454 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/structures accessed on: 12 May 2023.

4. Conclusions

A new member of the azocalix[4]arenes family (2) was conveniently synthesized in
only two steps from commercially available calix[4]arene and studied as a chromoionophore
for the Ca2+ cation. Thanks to a combination of solution phase and solid-state investigation
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techniques, we have been able to thoroughly characterize the 2·Ca2+ complex in light of
the azo-phenol–quinone-hydrazone tautomeric equilibration both in neutral and basic
conditions. In acetonitrile, the complexation of Ca2+ induces a shift of the tautomeric
equilibration of the azo-phenol groups towards the quinone-hydrazone form without
deprotonation of the ligand. The same structure is observed in the solid state, where,
in addition, the counteranion Cl− is hydrogen bonded to the hydrazone NH group. The
addition of a weak base such as TEA to the acetonitrile solution of the complex results in the
deprotonation of the two quinone-hydrazone moieties, which revert to the azo-phenolate
tautomers. The X-ray structure of the neutral complex obtained by treating ligand 2 with
Ca(OH)2 confirms the restoration of the double N=N bond and the consequent localization
of the negative charge on the phenolate ring, in close contact with the cation.

Due to the widespread use of the phenylazophenol moiety as a reporter unit in
chromoionophores, we believe our results will be useful for the design of new optical
sensors for metal cations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28124704/s1p; Scheme S1: Resonance forms of azo-
phenol moiety; Figure S1: 1H NMR spectra of ligand 2 upon addition of Ca(ClO4)2 and TEA; Table S1:
Crystal data and structure refinement details for the measured compounds; Figure S2: Thermal ellip-
soid representation of 2; Figure S3: Thermal ellipsoid representation of 2·CaCl2; Figure S4: Thermal
ellipsoid representation of 2·Ca-A; Figure S5: Thermal ellipsoid representation of 2·Ca-B; Figure S6:
Packing view of 2; Figure S7: View of intermolecular interactions for 2; Table S2: Selected intra and
intermolecular interactions for 2; Figure S8: View of 2·CaCl2 showing hydrogen bond interactions
involving chloride anions; Figure S9: View of 2·CaCl2 showing supramolecular interactions; Table S3:
Selected supramolecular interactions for 2·CaCl2; Figure S10: View of 2·Ca-A showing supramolecu-
lar interactions; Table S4: Selected supramolecular interactions for 2·Ca-A; Figure S11: Coordination
bond lengths and geometries for Ca complexes 2·CaCl2, 2·Ca-A and 2·Ca-B; Figure S12: Selected
bond lengths for 2 and 2·CaCl2; Figure S13: Selected bond lengths for 2·Ca-A.
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Abstract: Hexahexyloxycalix[6]arene 2b leads to the endo-cavity complexation of linear and branched
alkylammonium guests showing a conformational adaptive behavior in CDCl3 solution. Linear
n-pentylammonium guest 6a+ induces the cone conformation of 2b at the expense of the 1,2,3-alternate,
which is the most abundant conformer of 2b in the absence of a guest. In a different way, branched
alkylammonium guests, such as tert-butylammonium 6b+ and isopropylammonium 6c+, select the
1,2,3-alternate as the favored 2b conformation (6b+/6c+⊂2b1,2,3-alt), but other complexes in which 2b
adopts different conformations, namely, 6b+/6c+⊂2bcone, 6b+/6c+⊂2bpaco, and 6b+/6c+⊂2b1,2-alt,
have also been revealed. Binding constant values determined via NMR experiments indicated that
the 1,2,3-alternate was the best-fitting 2b conformation for the complexation of branched alkylam-
monium guests, followed by cone > paco > 1,2-alt. Our NCI and NBO calculations suggest that
the H-bonding interactions (+N–H···O) between the ammonium group of the guest and the oxygen
atoms of calixarene 2b are the main determinants of the stability order of the four complexes. These
interactions are weakened by increasing the guest steric encumbrance, thus leading to a lower binding
affinity. Two stabilizing H-bonds are possible with the 1,2,3-alt- and cone-2b conformations, whereas
only one H-bond is possible with the other paco- and 1,2-alt-2b stereoisomers.

Keywords: conformation; calixarene; molecular recognition; alkylammonium guests

1. Introduction

Molecular recognition [1] is a fundamental process in living systems, and due to our
understanding of the secondary interactions that stabilize the ligand@protein complexes,
it has been possible to design novel biomimetic guest@host supramolecular systems. A
natural process such as protein–substrate binding often involves conformational changes,
which can occur prior to the binding event (‘conformational selection model’ [2,3]) or during
the binding event (‘induced-fit model’ [4,5]). According to the conformational selection model,
the protein conformational changes may take place prior to ligand binding, and then the
stabilization of a specific protein structure is caused by its complexation with the substrate.
In contrast, in the induced-fit binding model, the conformational change takes place upon
substrate binding [6].

The design of artificial ammonium receptors is an exciting topic of research in supramolec-
ular chemistry, which takes inspiration from natural systems [7,8]. Thus, the recogni-
tion of ammonium guests by macrocycles such as calixarenes [9], pillararenes [10,11],
prismarenes [12–14], cucurbiturils [15], naphthotubes [16], oxatubarene [17], cyclopara-
phenylenes [18], and saucerarenes [19], has received substantial attention in recent years.
In particular, very recently, Jiang [17] reported a new class of macrocycles named ox-
atub[4]arenes, which showed biomimetic conformational adaptation behavior [20,21]. In
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fact, oxatubarenes can take on four interconvertible conformations through the flipping of
naphthalene rings. Jiang showed that according to the “conformational selection model”, a
specific ammonium guest can select the best-fitting oxatubarene conformer, altering the
initial equilibrium distribution of the conformers. Calix[2]naphth[2]arene [22] macrocycle,
which we reported in 2020, is composed of two phenol and two naphthalene rings and can
adopt five potential conformations, but the 1,2-alternate conformation is the only one that
achieves the best binding when alkali metal cations are present.

Additionally, calix[5]arene macrocycles can show conformational response to ammo-
nium guests [23]. In fact, very recently, we showed that the cone and partial cone are the
best-fitting conformers of a calix[5]arene for secondary ammonium cations.

In 2010 [24], our group showed that conformationally mobile hexamethoxycalix[6]arene
macrocycle 2a forms pseudorotaxane complexes via threading with dialkylammonium cations
coupled with the weakly coordinating barfate anion (BArF− = tetrakis [3,5-bis
(trifluoromethyl)phenyl]borate) (Chart 1). The endo-cavity complexation of linear and branched
alkylammonium cations, as barfate salts, was also observed with calix[5]arene 1 [23], doubly
bridged calix[7]arene 3 [9], dihomooxacalix[4]arene 4 [25,26], and calix[4]arene 5 [27].
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Chart 1. Structures of calix[n]arene derivatives 1–5 and alkylammonium 6a−d+[B(ArF)4]− salts.

The calix[6]arene macrocycle can adopt eight distinct conformations (Figure 1), includ-
ing cone, partial cone, 1,2-alternate, 1,3-alternate, 1,4-alternate, 1,2,3-alternate, 1,2,4-alternate,
and 1,3,5-alternate [28–30], and conformational interconversion between them occurs by
means of “oxygen-through-the-annulus” or/and “tert-butyl-through-the-annulus” passage.

As previously reported by us [30], the 1H NMR spectrum of hexahexyloxycalix[6]arene
2b in CDCl3 at 298 K (Figure 2a) shows broad signals indicative of a slow conformational
mobility of the macrocycle with respect to the NMR time scale. We showed that after
lowering the temperature to 233 K, the 1H NMR resonances of 2b decoalesced to form sharp
signals compatible with the presence of 1,2,3-alternate (favored) and cone conformations
of 2b. Based on these considerations, hexahexyloxycalix[6]arene 2b is the ideal candidate
for studying the conformational response of the calix[6]arene skeleton to the presence of
ammonium guests. The question to address now is specifically whether linear and branched
alkylammonium cations 6a–c+ can form complexes with 2b, as well as the possibility of
complexation-induced selection of the 1,2,3-alternate/cone or alternative conformations of
hexahexyloxycalix[6]arene 2b.
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(a) 1H NMR spectrum of 2b; (b) 1H NMR spectrum of an equimolar solution of 2b and 6a+[B(ArF)4]−

(3 mM); (c,d) enlargements of two different portions of (b); (e,f) portions of the COSY-45; and
(g) HSQC spectrum (CDCl3, 600 MHz, 298 K) of the solution in (b).

Consequently, prompted by these considerations, we decided to investigate the molec-
ular recognition properties of 2b toward linear and branched alkylammonium ions 6a–c+

as barfate salts [B(ArF)4]– (Chart 1).

2. Results and Discussion
2.1. Binding Ability of 2b toward n-Pentylammonium Guest 6a+[B(ArF)4]–

The complexation ability of 2b toward 6a+[B(ArF)4]– (Chart 1) was investigated at
298 K via 1D and 2D NMR experiments. The 1H NMR spectrum of an equimolar (3 mM)
solution of 2b and 6a+[B(ArF)4]– in CDCl3 at 298 K showed typical features [24] of the
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presence of the endo-cavity 6a+⊂2b complex (Scheme 1). In particular, the formation of
the complex was ascertained based on the appearance of a new set of slowly exchanging
signals in the up-field negative region of the spectrum (Figure 2) attributable to the n-pentyl
chain of 6a+ shielded inside the cavity of the calix[6]arene macrocycle.
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Scheme 1. Formation of the 6a+⊂2bcone complex.

The NMR signals of 6a+ complexed inside the cavity of 2b were assigned via a COSY-45
experiment (Figure 2e). As a result, the NH3

+ signal at 5.99 ppm correlated with the
α-protons at –0.06 ppm, which coupled with the β-methylene group at –0.81 ppm. This, in
turn, showed a cross peak with the γ-protons at –0.99 ppm. The γ-protons were coupled
with the δ-methylene group at –0.81 ppm, which was correlated with the ε-methyl group
at –0.28 ppm. The COSY-45 spectrum of the 6a+⊂2b complex revealed the presence of an
AX system (Figure 2f) at 3.47/4.48 ppm (∆δ = 0.99 ppm), which correlated in the HSQC
spectrum with a 13C resonance at 28.4 ppm, attributable to the ArCH2Ar groups. In
agreement with Gutsche’s “1H NMR” rule [28,30] and the “13C NMR single rule” of de
Mendoza [29,30], these results are only compatible with the formation of the endo-cavity
6a+⊂2bcone complex, in which the calix[6]arene adopts a cone conformation. In conclusion,
the pentylammonium cation 6a+ selected the cone as the best-fitting 2b conformation at
the expense of the 1,2,3-alternate, which was the most abundant species in the initial
conformational equilibria of 2b [30].

The calculation of the binding constant for the formation of the 6a+⊂2bcone complex
through direct peak integration was not possible, as the 1H NMR signals (Figure 2b) of
the free 2b and guest 6a+ were not detected in the 1H NMR spectrum of their 1:1 mixture,
shown in Figure 2b. Consequently, a binding constant calculation was performed by means
of a competition experiment in which 1 equiv of pentylammonium 6a+ was mixed with
a 1:1 mixture of 2b and n-butylammonium (in CDCl3) as barfate salt. Previously, we
reported on the formation of the n-BuNH3

+⊂2bcone complex in CDCl3 with a Kass value of
8.3 ± 0.1 × 106 M–1 [12,13,24,31]. After the mixing of 2b, n-BuNH3

+, and 6a+ (1/1/1 molar
ratio), the n-BuNH3

+⊂2bcone complex was preferentially formed over the 6a+⊂2bcone

one in a 1.6:1.0 ratio. Thus, from these data, a binding constant of 5.2 ± 0.1 × 106 M–1

was calculated for the formation of the 6a+⊂2bcone complex in CDCl3 at 298 K (see the
Supplementary Materials for further details).

The DFT-optimized structure of the 6a+⊂2bcone complex (Figure 3), calculated on the
B3LYP/6-31G(d,p) theoretical level, revealed that the N+ atom of 6a+ sits 0.30 Å above
the mean plane of the ethereal oxygen atoms of 2b. H-bonding interactions were detected
between the +NH3−ammonium group of 6a+ and the oxygen atoms of 2b, with a +N···O2b

average distance of 2.83 Å and an average +N-H··· O2b angle of 165.1◦. In addition, CH···π
interactions were detected between the aromatic rings of 2b and the pentyl chain of 6a+

confined inside the cavity of 2b (Figure 2a–c), with an average C−H···πcentroid distance of
2.99 Å. A second-order perturbation theory SOPT analysis [32] of the Fock matrix in the
NBO [33] basis and NCI (non-covalent interactions) studies were conducted in order to
rationalize the energy contribution of secondary interactions.
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Interestingly, the SOPT analysis conducted on 6a+⊂2bcone indicated that a network
of +N–H···O2b hydrogen bonding and C-H···π interactions stabilized the complex. We
identified two lone-pair (LP) interactions between the oxygen atoms of 2b and the N–H
antibonding orbitals (i.e., H-bonding interactions, Figure 3) of 6a+ in the 6a+⊂2b complex,
which provided a 78% energetic contribution to the total stabilization energy of the complex.

2.2. Binding Ability of 2b toward Tert-Butylammonium Guest 6b+[B(ArF)4]–

With these results in hand, we focused our attention on a branched alkylammonium
guest such as tert-butylammonium 6b+[B(ArF)4]–, which revealed a very different be-
haviour compared to 6a+[B(ArF)4]–. Close inspection of the 1H NMR spectrum (CDCl3,
600 MHz, 298 K) of the equimolar mixture 2b/6b+ (3 mM) in Figure 4 showed typical
signals indicative of the endo-cavity complexation of 6b+ inside the cavity of 2b (Scheme 2).
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Figure 4. The 1D and 2D NMR spectra (CDCl3, 600 MHz, 298 K) for the complexation of 6b+ by 2b.
(a) 1H NMR spectrum of an equimolar solution of 2b and 6b+[B(ArF)4]–(3 mM). (b,c) Enlargements
of two different portions of (a). (d,e) Portions of the COSY-45 and HSQC spectra (CDCl3, 600 MHz,
298 K) of the solution in (a).
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Closer inspection of the methylene region (4.5–3.4 ppm) in the COSY-45 spectrum of
the equimolar mixture 2b/6b+ (3 mM) showed the presence of several AX systems (marked
in red, blue, yellow, and green in Figure 4), which correspond to the formation of various
6b+⊂2b complexes in which the calix[6]arene macrocycle adopts different conformations.
The 1D and 2D NMR analyses of the equimolar mixture 2b/6b+ (3 mM), supported with
DFT calculations, made it possible to identify four complexes, namely, 6b+⊂2b1,2,3-alt,
6b+⊂2bcone, 6b+⊂2bpaco, and 6b+⊂2b1,2-alt (Scheme 2), in which the calix[6]arene host
adopts the 1,2,3-alternate, cone, partial cone, and 1,2-alternate conformations, respectively.

The integration of the 1H NMR signals attributable to 6b+⊂2b1,2,3-alt, 6b+⊂2bcone,
6b+⊂2bpaco, and 6b+⊂2b1,2-alt revealed that the four complexes were present in a 6:3:2:1 ra-
tio. From these data and through a quantitative 1H NMR experiment, using trichloroethy-
lene (TCE) as the internal standard (see the experimental section for further details), the fol-
lowing apparent association constants were calculated: 2.6 ± 0.2 × 103 M–1 (6b+⊂2b1,2,3-alt);
1.8 ± 0.2 × 103 M–1 (6b+⊂2bcone), 8.1 ± 0.2 × 102 M–1 (6b+⊂2bpaco), and 4.3 ± 0.2 × 102 M–1

(6b+⊂2b1,2-alt).
These values clearly demonstrated that the binding of the branched tert-butylammonium

cation is generally less favored than that of linear n-pentylammonium, probably due to the
greater steric encumbrance of the t-Bu group.

For the sake of clarity, hereafter, we report on the analysis of the 1D and 2D NMR
spectra in Figure 4, supporting the identification of the four complexes formed upon mixing
2b and 6b+ in an equimolar ratio (3 mM) in CDCl3 at 298 K.

6b+⊂2b1,2,3-alt: The presence of an ArCH2Ar AX system at 3.49/4.49 ppm and an
AB system at 3.86/3.77 ppm provides evidence of the 6b+⊂2b1,2,3-alt complex, in which
the calix[6]arene adopts a 1,2,3-alternate conformation. The HSQC correlations of these
ArCH2Ar signals with carbon resonances at 28.3 and 33.7 ppm (Figure 4e) confirmed the
presence of the calixarene host in the 1,2,3-alternate conformation, according to Gutsche’s
“1H NMR” rule [28,30] and the “13C NMR single rule” of de Mendoza [29,30]. Finally, the
tert-butyl singlet of 6b+ shielded inside the cavity of 2b1,2,3-alt was detected at −1.15 ppm
(marked in green), a value significantly up-field-shifted as compared to the analogous
signals of 6b+ hosted inside the cone-shaped cavity of 6b+⊂2bcone (−0.92 ppm, marked in
red) and the 6b+⊂2b1,2-alt complex (−0.91 ppm, marked in blue) (vide infra).

6b+⊂2bcone: The methylene region of the 1H NMR spectrum in Figure 4a,b showed the
presence of an AX system (COSY spectrum, indicated in red in Figure 4d) at 3.52/4.34 ppm
(∆δ = 0.82 ppm), which correlated in the HSQC spectrum (Figure 4e) with a carbon reso-
nance at 28.0 ppm, attributable to carbon atoms between syn-oriented aromatic rings. These
signals can be assigned to the 6b+⊂2bcone complex, in which calix[6]arene 2b adopts the
cone conformation. Interestingly, the tert-butyl signal of 6b+ shielded inside the aromatic
cavity of 2bcone was found at −0.92 ppm (marked in red in Figure 4c).
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6b+⊂2bpaco: The 1H NMR spectrum in Figure 4a,b showed the presence of two
less intense AX systems (COSY spectrum, Figure 4d) in a 1:1 ratio at 3.48/4.45 ppm
(∆δ = 0.97 ppm) and 3.51/4.35 ppm (∆δ = 0.84 ppm), which correlated in the HSQC spec-
trum (Figure 4e) with carbon resonances at 28.3 and 28.6 ppm, respectively, attributable
to ArCH2Ar carbon atoms between syn-oriented aryl rings. In addition, an AB system
(COSY spectrum) was detected at 3.86/3.99 ppm, attributable to ArCH2Ar groups between
anti-oriented aryl rings, which correlated with a carbon resonance at 33.8 ppm. According
to the application of Gutsche’s and de Mendoza’s rules, these data were indicative of the
presence of a 6b+⊂2bpaco complex in which the calix[6]arene adopted the partial cone
conformation. Additionally, in this case, a singlet was detected at −1.51 ppm (marked in
yellow in Figure 4), attributable to the -C(CH3)3 group of 6b+ shielded inside the cavity
of 2bpaco.

6b+⊂2b1,2-alt: The presence of the 6b+⊂2b1,2-alt complex was confirmed by three
ArCH2Ar AX systems (COSY spectrum, Figure 4d) at 3.49/4.30, 3.51/4.20, and 3.51/4.36 ppm
(∆δ = 0.81, 0.69, and 0.85 ppm, respectively) in a 1:1:2 ratio, which correlated in the HSQC
spectrum with carbon signals at 28.5, 28.6, and 28.4 ppm, respectively, and an AB ArCH2Ar
system at 3.86/3.96 ppm, which correlated with a carbon resonance at 33.6 ppm. In this
case, in the negative region of the 1H NMR, we observed the tert-butyl singlet of 6b+ at
–0.90 ppm (marked in blue in Figure 4c).

To investigate the energy contribution of noncovalent interactions, a SOPT analysis of
the Fock matrix in the NBO basis was carried out on the DFT-optimized structures of the
four 6b+⊂2b complexes.

The DFT-optimized structure of the 6b+⊂2b1,2,3-alt complex indicated the presence
of stabilizing H-bonding and C−H···π interactions between the guest 6b+ and 2b1,2,3-alt.
A SOPT analysis indicated that the stabilization energy was mainly due to the formation
of two +N–H···O2b H-bonding interactions, which contributed 80% of the total binding
energy (Table 1). This value is significantly higher than that calculated for the +N−H···O2b

H−bonding interactions of the 6b+⊂2bcone complex, which was 61% of the total energy
of non-covalent interactions (Table 1) for this complex. The DFT-optimized structure of
the 6b+⊂2bcone complex calculated on the B3LYP/6-31G(d,p) theoretical level (Figure 5a)
showed the presence of two +N−H···O interactions with an average +N···O2b distance
of 2.95 Å, being longer and weaker than that calculated for the 6b+⊂2b1,2,3-alt complex
(+N···O2b average distance of 2.80 Å), while an average +N–H···O2b angle of 165.1◦ was
calculated for the 6b+⊂2bcone complex (163.3◦ calculated for 6b+⊂2b1,2,3-alt). Additionally,
C−H···π interactions were detected between the tert-butyl group of 6b+ and the aromatic
rings of 2b, with an average C-H···π centroid distance of 2.95 Å and an average C-H···π
centroid angle of 153.3◦.

Table 1. Contribution of +N–H···O hydrogen-bonding interactions to the total binding energy, as
calculated via SOPT analysis of the Fock matrix in the natural bond orbital (NBO) basis for the
complexes between 6b+ and 2b in different conformations.

Complex Kass

+N–H···O
H-Bonding

Percentage of Total Binding Energy (%)

6b+⊂2b1,2,3-alt 2.6 ± 0.2 × 103 M–1 80
6b+⊂2bcone 1.8 ± 0.2 × 103 M–1 61
6b+⊂2bpaco 8.1 ± 0.2 × 102 M–1 53
6b+⊂2b1,2-alt 4.3 ± 0.2 × 102 M–1 36
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Concerning the DFT-optimized structure of 6b+⊂2bpaco (Figure 5b), a single H-bonding
interaction was detected between the NH3

+ group of 6b+ and an oxygen atom of 2bpaco,
with a distance of 2.88 Å and an angle of 166.6◦. The SOPT analysis revealed a lower value
for the contribution of the +N–H···O2b hydrogen-bonding interaction (53%, Table 1).

Similarly, the DFT-optimized structure of the 6b+⊂2b1,2-alt complex (Figure 5c) sug-
gested the existence of a single H-bonding interaction between the ammonium group
of 6b+ and an oxygen atom of 2b1,2-alt. Here, the SOPT analysis also revealed a lower
36% contribution of the +N–H···O2b hydrogen-bonding interaction (Table 1) to the total
binding energy.

These results clearly indicate that the tert-butylammonium guest 6b+ prefers the
1,2,3-alt–2b as the best-fitting host conformation to a greater extent than the other con-
formations. In addition, the NCI analysis suggests that the stabilization induced by the
H-bonding interactions between the ammonium group of 6b+ and the oxygen atoms of the
calixarene 2b (+N–H···O) plays a crucial role in determining the thermodynamic stabilities
of the four complexes shown in Scheme 2. A careful comparison of the DFT-optimized
structures of the 6a+⊂2b and 6b+⊂2b complexes reveals significant differences in the bind-
ing modes of the two guests. In particular, the greater steric requirements of the tert-butyl
group of 6b+ force it to occupy a deeper position inside the calix[6]arene cavity (in each of
the four conformations), leading to greater deformation of the host, which, in turn, implies a
higher energetical cost and a lower binding constant. In this way, the deeply positioned 6b+

guest is able to form two stabilizing H-bonds with the 1,2,3-alt- and cone-2b conformations,
whereas only one H-bond is possible with the other paco- and 1,2-alt-2b isomers.

2.3. Binding Ability of 2b toward Isopropylammonium Guest 6c+[B(ArF)4]–

The endo-cavity complexation of the isopropylammonium guest 6c+[B(ArF)4]– showed
very similar features to those observed in the complexation of the tert-butylammonium
guest 6b+ with 2b. In fact, the 1D and 2D NMR analysis of an equimolar mixture of
6c+[B(ArF)4]– and 2b resulted in the formation of a well-defined mixture of stereoiso-
meric complexes in which the calix[6]arene adopted different conformations, namely,
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6c+⊂2b1,2,3-alt, 6c+⊂2bcone, 6c+⊂2bpaco, and 6c+⊂2b1,2-alt (Figure 6). The four complexes
were found in a 9:3:2:1 ratio according to the integration of their 1H NMR signals.
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Through a quantitative 1H NMR (CDCl3, 600 MHz, 298 K) experiment, using TCE as
the internal standard, four binding constants were calculated for the slowly exchanging
complexes: 3.1 ± 0.2 × 104 M−1 for 6c+⊂2b1,2,3-alt, 9.1 ± 0.2 × 103 M−1 for 6c+⊂2bcone,
6.1 ± 0.2 × 103 M−1 for 6c+⊂2bpaco, and 1.2 ± 0.2 × 103 M−1 for 6c+⊂2b1,2-alt (SI).

These results clearly confirmed the role of the steric encumbrance, since the bind-
ing of the more branched tert-butylammonium cation is less favored than that of the
less branched i-propylammonium, which, in turn, is less favored with respect to lin-
ear n-pentylammonium.

The 1H NMR spectrum (600 MHz, 298 K, Figure 6a–c) of a 1:1 mixture of 6c+[B(ArF)4]–and
2b (3 mM) in CDCl3 showed a series of doublets shielded at the negative values of chemical
shifts and attributable to endo-cavity complexed β–CH3 groups of 6c+: −1.50 (J = 6.8 Hz),
−1.23 (J = 6.8 Hz), −1.13 (J = 6.8 Hz), −0.68 (J = 6.8 Hz) ppm, assigned to 6c+⊂2b1,2-alt,
6c+⊂2b1,2,3-alt, 6c+⊂2bpaco, and 6c+⊂2bcone, respectively.

6c+⊂2b1,2,3-alt: The formation of the 6c+⊂2b1,2,3-alt complex, in which the calix[6]arene
adopts a 1,2,3-alternate conformation, was ascertained according to the presence of an AX
system at 3.47/4.46 ppm (∆δ = 1.00 ppm; HSQC: 1J correlation with an Ar13CH2Ar signal
at 28.3 ppm) and an AB system at 3.73/3.81 ppm (∆δ = 0.08 ppm; HSQC: 1J correlation
with an ArCH2Ar signal at 34.0 ppm, marked in green in Figure 6).

6b+⊂2bcone: The formation of the 6b+⊂2bcone complex was established based on the
presence of an AX system at 3.48/4.41 ppm, which correlated in the HSQC spectrum
(Figure 6e) with a carbon resonance at 28.0 ppm, attributable to carbon atoms between
syn-oriented aromatic rings (red marked in Figure 6).
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6c+⊂2bpaco: The 1H NMR and COSY-45 spectra of the 6c+⊂2bpaco complex showed
two AX systems at 3.54/4.29 ppm (∆δ = 0.75) and 3.53/4.29 ppm (∆δ = 0.76) in 1:1 ratio,
which correlated in the HSQC spectrum (Figure 6e) with carbon resonances at 28.3 and
28.6 ppm, respectively. Moreover, the HSQC spectrum of the complex showed a correlation
between a carbon resonance at 34.0 ppm and an AB system at 3.81/4.01) ppm, attributable
to ArCH2Ar groups between anti-oriented Ar rings.

6c+⊂2bpaco: The presence of three ArCH2Ar AX systems (COSY spectrum, Figure 6d)
at 3.47/4.40, 3.52/4.34, and 3.57/4.20 ppm (∆δ = 0.93, 0.82, and 0.63 ppm, respectively)
in a 1:1:2 ratio (indicated in blue in Figure 6) is compatible with the presence of the
6c+⊂2b1,2-alt complex.

The H-bonding contribution to the total binding energy calculated for the four 6c+⊂2b
complexes (Table 2) is in agreement with their thermodynamic stability order evaluated
based on Kass values in CDCl3 at 298 K: 6c+⊂2b1,2,3-alt > 6c+⊂2bcone > 6c+⊂2bpaco >
6c+⊂2b1,2-alt. These results clearly indicate that, once again, the 1,2,3-alt-2b was selected
as the best-fitting host conformation in the presence of a branched alkylammonium guest
such as 6c+. The stability order of the 6c+⊂2b complexes is in full agreement with that
observed in the presence of the tert-butylammonium guest 6b+. The natural bond orbital
and noncovalent interaction analyses indicate that H-bonding interactions between the
ammonium group of 6c+ and the oxygen atoms of the calixarene 2b (+N–H···O) provide
the key stabilization factor for the 6c+⊂2b complexes. In fact, they account for 87%, 77%,
66%, and 52% of the total binding energy for the 6c+⊂2b1,2,3-alt, 6c+⊂2bcone, 6c+⊂2bpaco,
and 6c+⊂2b1,2-alt complexes, respectively (Table 2).

Table 2. Contribution of +N–H···O hydrogen-bonding interactions to the total binding energy, as
calculated via SOPT analysis of the Fock matrix in the natural bond orbital (NBO) basis for the
complexes between 6c+ and 2b in different conformations.

Complex Kass

+N–H···O
H-Bonding

Percentage of Total Binding Energy (%)

6c+⊂2b1,2,3-alt 3.1 ± 0.2 × 104 M–1 87
6c+⊂2bcone 9.1 ± 0.2 × 103 M–1 77
6c+⊂2bpaco 6.1 ± 0.2 × 103 M–1 66
6c+⊂2b1,2-alt 1.2 ± 0.2 × 103 M–1 52

At this point, it was important to verify whether the thermodynamic stability of the
individual conformational complexes was in accordance with the Expanding Coefficient
(EC) parameter recently proposed by our group [34]. In fact, it was found that the EC
parameter can be conveniently correlated with the thermodynamic stability of supramolec-
ular complexes obeying the induced-fit or conformational selection models and governed
by weak secondary interactions. EC is defined as the ratio between the volume of the host
cavity after complexation and that of the host cavity before complexation [34].

The EC values were thus calculated from the cavity volumes of the complexed and
free host using the above DFT-optimized structures and that of the 1,2,3-alternate ground
2b host for all the 6b+⊂2b and 6c+⊂2b complexes (SI) with the Caver software [35–37]. In
detail, taking the 6c+⊂2b complexes as an example, the EC values of 6.03, 6.37, 4.84, and
6.03 were found for 6c+⊂2b1,2,3-alt, 6c+⊂2bcone, 6c+⊂2bpaco, and 6c+⊂2b1,2-alt, respectively,
whose log Kapp values were 4.49, 3.96, 3.79, and 3.08, respectively (SI). As is clearly evident,
the previously observed linear correlation between the EC and log Kapp [34] is not a factor
here [30]. This can be easily explained by considering the number of H-bonding interactions,
which, as stated above, is the main determinant of the thermodynamic stability of these
complexes. Thus, if we only consider those complexes with two H-bonding interactions,
6c+⊂2b1,2,3-alt (EC = 6.03, log Kapp = 4.49) and 6c+⊂2bcone, (EC = 6.37, log Kapp = 3.96), we
find a good correlation between an increasing EC and decreasing log Kapp. In the same way,
considering only those complexes with one H-bonding interaction, 6c+⊂2bpaco (EC = 4.84,
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log Kapp = 3.79) and 6c+⊂2b1,2-alt (EC = 6.03, log Kapp = 3.08), we again find a good
correlation between an increasing EC and decreasing log Kapp. Therefore, these findings are
in accordance with our previous statement [34] that “the EC parameter can be considered
of general applicability in all those instances in which no new strong intermolecular
interactions (e.g., H-bonds) are generated during the induced-fit process”.

3. Conclusions

This study clearly shows that hexahexyloxycalix[6]arene 2b can complex alkylam-
monium guests and shows a conformational adaptive behavior. Thus, in the presence
of n-pentylammonium 6a+, the cone-2b is the best-fitting conformation at the expense of
the 1,2,3-alternate-2b, which is the most abundant conformer in the absence of a guest.
In a different way, branched alkylammonium guests, such as tert-butylammonium 6b+

and isopropylammonium 6c+, select a combination of conformers of 2b. Four complexes
were revealed and characterized using 1D and 2D NMR spectra, in which 2b adopted dif-
ferent conformations, namely, 6b+/6c+⊂2b1,2,3-alt, 6b+/6c+⊂2bcone, 6b+/6c+⊂2bpaco, and
6b+/6c+⊂2b1,2-alt. The binding constant values determined through NMR experiments
indicated that the 1,2,3-alternate was the best-fitting 2b conformation for the complexation
of branched alkylammonium guests, followed by cone > paco > 1,2-alt. The NCI and
NBO calculations suggest that the H-bonding interactions between the ammonium group
of the guest and the oxygen atoms of the calixarene 2b (+N–H···O) played a crucial role
in determining the thermodynamic stability order of the four complexes. In addition, it
was found that an increase in branching from n-Pent to i-Pr and in t-Bu groups leads to a
corresponding decrease in binding affinity. Therefore, it can be concluded that higher steric
encumbrance leads to weaker H-bonding interactions and, hence, to a lower binding energy.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules28124749/s1, Supplementary Materials containing the procedure
for the formation of alkylammonium@calixarene complexes; 1D and 2D NMR spectra of complexes
(Figures S1–S21); details of DFT, NBO/NCI, calculations and stability constant determination [38].
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Methoxy Ester Self-Assembled Monolayers: Experimental and
Density Functional Theory Study
Shofiur Rahman 1,* , Mahmoud A. Al-Gawati 1,2, Fatimah S. Alfaifi 2, Wadha Khalaf Alenazi 2, Nahed Alarifi 2,
Hamad Albrithen 1,2, Abdullah N. Alodhayb 1,2,* and Paris E. Georghiou 3,*

1 Biological and Environmental Sensing Research Unit, King Abdullah Institute for Nanotechnology,
King Saud University, P.O. Box 2455, Riyadh 11451, Saudi Arabia

2 Department of Physics and Astronomy, College of Science, King Saud University, P.O. Box 2455,
Riyadh 11451, Saudi Arabia; falfaifi@ksu.edu.sa (F.S.A.)

3 Department of Chemistry, Memorial University of Newfoundland, St. John’s, NL A1C 5S7, Canada
* Correspondence: mrahman1@ksu.edu.sa (S.R.); aalodhayb@ksu.edu.sa (A.N.A.); parisg@mun.ca (P.E.G.)

Abstract: Quartz tuning forks (QTFs), which were coated with gold and with self-assembled
monolayers (SAM) of a lower-rim functionalized calix[4]arene methoxy ester (CME), were used
for the detection of benzene, toluene, and ethylbenzene in water samples. The QTF device was
tested by measuring the respective frequency shifts obtained using small (100 µL) samples of
aqueous benzene, toluene, and ethylbenzene at four different concentrations (10−12, 10−10, 10−8,
and 10−6 M). The QTFs had lower limits of detection for all three aromatic hydrocarbons in the
10−14 M range, with the highest resonance frequency shifts (±5%) being shown for the correspond-
ing 10−6 M solutions in the following order: benzene (199 Hz) > toluene (191 Hz) > ethylben-
zene (149 Hz). The frequency shifts measured with the QTFs relative to that in deionized wa-
ter were inversely proportional to the concentration/mass of the analytes. Insights into the ef-
fects of the alkyl groups of the aromatic hydrocarbons on the electronic interaction energies for
their hypothetical 1:1 supramolecular host–guest binding with the CME sensing layer were ob-
tained through density functional theory (DFT) calculations of the electronic interaction energies
(∆IEs) using B3LYP-D3/GenECP with a mixed basis set: LANL2DZ and 6-311++g(d,p), CAM-
B3LYP/LANL2DZ, and PBE/LANL2DZ. The magnitudes of the ∆IEs were in the following or-
der: [Au4-CME⊃[benzene] > [Au4-CME]⊃[toluene] > [Au4-CME]⊃[ethylbenzene]. The gas-phase
BSSE-uncorrected ∆IE values for these complexes were higher, with values of −96.86, −87.80, and
−79.33 kJ mol−1, respectively, and −86.39, −77.23, and −67.63 kJ mol−1, respectively, for the corre-
sponding BSSE-corrected values using B3LYP-D3/GenECP with LANL2dZ and 6-311++g(d,p). The
computational findings strongly support the experimental results, revealing the same trend in the
∆IEs for the proposed hypothetical binding modes between the tested analytes with the CME SAMs
on the Au-QTF sensing surfaces.

Keywords: quartz tuning fork; calix[4]arene; self-assembled monolayer; aromatic hydrocarbons;
density functional theory

1. Introduction

The aromatic hydrocarbons benzene, toluene, ethylbenzene, and xylene, which are
collectively and commonly referred to as BTEX, are components of gasoline hydrocarbons.
They are also part of the general grouping of volatile organic compounds (VOCs), which
are found ubiquitously in our global environment [1]. BTEX compounds are released into
the environment by a variety of different sources, which Yu et al. have classified as either
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being pyrogenic or petrogenic or arising from processed products [2]. As examples, BTEX
compounds are released into the atmosphere as a result of the incomplete combustion of
gasoline by motor vehicles and also from the combustion of organic materials or biomass,
as well as other fossil fuels, including coal and crude oil. All of these are examples of
pyrogenic sources. Oil seepages, which can occur naturally or from accidental oil spills,
also discharge numerous VOCs, including BTEX [1,2], into the environment. These and
other less-volatile polycyclic aromatic hydrocarbons (PAHs) can pose a significant threat
both to the environment and directly to human health [3] in many parts of the world. These
effects have been well researched and documented in the scientific literature [1–6]. Fur-
thermore, crude oil processing has been reported to contribute up to 16% of hydrocarbon
VOC emissions [7]. The preceding are all examples of petrogenic sources. In addition to
being released into the atmosphere, many of these compounds appear in soil and potable
water supplies, through the contamination of either aquifers or the water supply, e.g., lakes,
rivers, or dams themselves. Although they are generally considered to be water-immiscible,
the reported data on the water solubilities of benzene, toluene, and ethylbenzene are
1.80 g/L [8], 0.519 g/L [9], and 0.015 g/100 mL [10], respectively. These levels are signifi-
cantly higher than the U.S. Environmental Protection Agency (EPA)’s maximum permissible
levels of 5 µg/L, 1 mg/L, and 700 µg/L, respectively [11]. As an example of petrogenic
environmental water contamination, Adeniran et al. provided a comprehensive review
of groundwater contamination by crude oil spillages [12]. On the other hand, in addition
to the fact that BTEX compounds enter the environment through the sources referred
to above, other sources include industrial activities, and BTEXs have been found to be
common groundwater contaminants at 1 to 3 µg/L [13]. This is because they are the
most-frequently produced petrochemical intermediate chemicals, which, in addition to
their use in gasoline, are also widely used as solvents in rubber, chemical, coating, dyeing,
glue, printing, pesticides, paints, fuel additives, pharmaceutical industries, etc. These are
examples of the third and “processed” sources of BTEX referred to by Yu et al [2]. Benzene
is essential for producing products such as polystyrene from its ethylbenzene derivative,
detergents, medications, paints, and pesticides, but it is particularly toxic by itself [14].
Ethylbenzene’s dehydrogenation into styrene contributes to 85% of the total of styrene
manufactured [15]. Toluene is extensively used in paint products [2], but it is not as toxic as
benzene and ethylbenzene, so it is used indoors, where, initially, relatively high air levels
can be measured [16].

Unfortunately, the concentrations of BTEX in the environment have increased sig-
nificantly over the years, due to the main sources described above. This pollution has
led to aquifer, groundwater, and surface-water contamination [2], which have also had a
significant impact on marine organisms, even at low levels. Therefore, developing efficient,
high-performance, and environmentally friendly techniques that allow the ultrasensitive
and precise detection of BTEX on small samples without requiring significant preparation
times is highly desirable.

Many analytical techniques have been used to quantify the concentration of benzene,
toluene, and ethylbenzene in water at trace levels, including gas chromatography–mass
spectrometry (GC-MS) [17], headspace-gas chromatography–mass spectrometry (HSGC-
MS) [18], high-performance liquid chromatography (HPLC) [19], UV–laser-induced fluo-
rescence spectroscopy [20], and polymer-based quartz crystal microbalance (QCM) sen-
sors [21]. Although many of these methods have excellent detection limits and are capable
of multi-element analysis, they also have some limitations in relation to the precise detec-
tion of trace amounts of aromatic compounds, such as benzene, toluene, and ethylbenzene.
These limitations include expensive equipment facilities, knowledgeable and skilled per-
sonnel, and time-consuming and complex sample preparation.

Microcantilever sensors [22] and quartz tuning fork (QTF) sensors [23] based on
micro-electromechanical systems (MEMSs) have been successfully used for detecting trace
amounts of chemical species in aqueous media. These sensors can be used for various
purposes, such as environmental monitoring, chemical warfare and the detection of ex-
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plosives, and also, in medical research. It is important to note that each method has its
own advantages and disadvantages, including differences in sensitivity, selectivity, cost,
complexity, and the required sample preparation. The choice of method depends on the
specific needs of the analysis, such as having a suitable sensing layer, the desired detection
limit, the sample matrix, and available resources.

Calixarenes have been extensively studied for their versatile properties as stable
building blocks upon which functional groups can be fine-tuned to form supramolecular
complexes with diverse analytes in both aqueous and organic solutions [24]. Zeybek et al.
reported the use of a QCM sensor coated with a lower-rim substituted diamide calix[4]arene
for the detection of gas-phase benzene, toluene and m-xylene [25]. We previously employed
a lower- and upper-rim-functionalized calix[4]arene methoxy ester (CME) as a sensing layer
on gold (Au)-coated microcantilevers to detect metal ions and their counterions in aqueous
solutions [26,27]. The study presented herein extends the application of the same calixarene
as a sensing layer on Au-coated QTFs to detect the aromatic hydrocarbons benzene, toluene,
and ethylbenzene in dilute water solutions. The experimental results were augmented with
a quantum chemical density functional theory (DFT) study to provide an insight into the
nature of the hypothetical interactions between the individual aromatic hydrocarbons and
the CME receptor molecule.

2. Results
2.1. Resonance Frequency Measurements

Resonance frequency measurements obtained with Au-coated QTFs functionalized
with THE calix[4]arene methoxy ester sensing layer (Figure 1) were used to quantitatively
and qualitatively detect the presence of benzene, toluene, and ethylbenzene in water
solutions. The resonance frequency of the QTF was scanned from 30.9 to 35.0 kHz using the
software control of the system previously described by us [22]. Each cycle was completed
in a maximum of approximately 30 s. The resonance frequency shifts were calculated using
Equation (1) [22,23], and the results are shown in Figure 1d.

∆ f = fre f − fa (1)

where fref and fa are the resonance frequencies of the distilled water control and the tested
analytes at the 10−12, 10−10, 10−8, and 10−6 M concentrations.

Figure 1a–d show the comparison of the resonance frequency responses of the coated
QTFs when immersed in the different concentrations (10−12 to 10−6 M) of the individual
analytes benzene, toluene, and ethylbenzene in deionized water (DI) solutions. Figure 1a
shows that the largest resonance frequency shift, ∆f = 198 Hz, is the decrease of the
resonance frequencies from 32,494 Hz to 32,296 Hz measured after immersion in the 10−6 M
solution of benzene in DI. Smaller, linear shifts were recorded for the more-diluted solutions.
Resonance frequency decreases were also observed for the other analyte solutions, as
shown in Figure 1b,c and a detailed discussion follows in Section 3. The highest resonance
frequency shift for the corresponding 10−6 M solutions was in the following order: benzene
(198 Hz) > toluene (191 Hz) > ethylbenzene (149 Hz). The responses of the Au-coated
QTFs without the CME SAMs showed very small frequency shifts in the following order:
benzene (35 Hz) > toluene (34 Hz) > ethylbenzene (31 Hz), as shown in Figure S3.

2.2. Quantum Chemical DFT Calculations

To gain a better understanding of the interaction between the CME with each of
the three analytes, quantum chemical density functional theory (DFT) calculations were
conducted using Gaussian 16, Revision C.01 [28], with the CAM-B3LYP [29] and PBE [30]
functionals with the LANL2DZ basis set [31], in the gas phase and water solvent system.
Furthermore, the B3LYP-D3/GenECP and LanL2DZ [31] basis sets were used for Au, and
the 6-311++g(d,p) basis set was used for all other atoms. The electronic interaction energy
(∆Eint kJ mol−1) values were calculated using Equations (2) and (3) for the components
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of the modeled hypothetical 1:1 supramolecular complexes formed by the Au-bonded
receptor CME with the respective analytes. These results are discussed in further detail in
the Section 3.2.

∆Eint for CME⊃Analyte = E[CME]⊃[Analyte] − (E[CME] + E[Analyte]) (2)

∆Eint for [Au4-CME]⊃Analyte = E[Au4-CME]⊃[Analyte] − (E[CME] + E[Analyte]) (3)

where E[CME]⊃[Anayte] = optimized energy of the CME complex(es) with the specific analyte;
E[Au4-CME]⊃[Analyte] = optimized energy of the Au4-CME 1:1 supramolecular complex(es)
with the specific analyte; E[Au4-CME] = optimized electronic energy of the Au-receptor Au4-
CME; E[CME] = optimized electronic energy of the free receptor CME; E[Analyte] = optimized
electronic energy of the specific benzene, toluene. or ethylbenzene analyte.
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Figure 1. Comparison of the resonance frequency responses of the CME-functionalized Au-coated
QTFs with the different concentrations (10−12 M to 10−6 M) of each of the aqueous solutions of
(a) benzene, (b) toluene, and (c) ethylbenzene; (d) is a summary histogram showing the relative
resonance frequency shifts (∆f) +/− ~5% of the three aromatic hydrocarbons tested.

The DFT-calculated electronic binding interaction energies (∆IE kJ mol−1) are sum-
marized in Tables 1–3. The negative ∆IE values represent stronger interactions between
the CME receptor with the analytes, which correlates with our experimental results.
Table 1 shows the electronic binding interaction energies (∆IE kJ mol−1) with uncor-
rected BSSE values with the CAM-B3LYP/LAN2DZ and PBE/LANL2DZ function-
als in the water solvent system. The calculated gas phase and water solvent system
∆IEs with the CAM-B3LYP/LAN2DZ and PBE/LANL2DZ functionals were in the fol-
lowing order: [CME⊃[Benzene] > [CME]⊃[Toluene] > [CME]⊃[Ethylbenzene] −51.99,
−45.66, and −41.92 kJ mol−1, respectively, in the gas phase and −32.12, −31.28, and
−30.5 kJ mol−1, respectively, in the water solvent system. A similar trend was also ob-
served with PBE/LANL2DZ in the gas phase and the water solvent system. The results
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from both methods were consistent. The DFT-calculated results strongly supported the
experimentally obtained results.

Table 1. Comparison of DFT-calculated electronic binding interaction energies (∆IE kJ mol−1)
for 1:1 complexes of the receptor CME with benzene, toluene, and ethylbenzene with the CAM-
B3LYP/LANL2DZ and PBE/LANL2DZ functionals/basis sets, in the gas phase.

Complex

∆IEs (kJ mol−1) of the Hypothetical 1:1 Supramolecular Structures of CME with
Benzene, Toluene, and Ethylbenzene

CAM-B3LYP/LANL2DZ PBE/LANL2DZ

Uncorrected BSSE Corrected BSSE Uncorrected BSSE Corrected BSSE

[CME]⊃[Benzene] −51.99 −34.19 −48.18 −31.08

[CME]⊃[Toluene] −45.66 −30.66 −44.91 −29.95

[CME]⊃[Ethylbenzene] −41.92 −25.06 −43.08 −26.13

[Au4-CME]⊃[Benzene] −71.42 −48.60 −61.53 −44.18

[Au4-CME]⊃[Toluene] −65.40 −44.85 −59.40 −42.57

[Au4-CME]⊃[Ethylbenzene] −54.39 −42.38 −51.57 −41.14

Table 2. Comparison of DFT-calculated electronic binding interaction energies (∆IE kJ mol−1) for 1:1
complexes of CME with benzene, toluene, and ethylbenzene with the CAM-B3LYP/LANL2DZ and
PBE/LANL2DZ functionals/basis sets, in water solvent system.

Complex

∆IEs (kJ mol−1) of the Hypothetical 1:1 Supramolecular Structures of CME with
Benzene, Toluene, and Ethylbenzene

CAM-B3LYP/LANL2DZ PBE/LANL2DZ

Uncorrected BSSE Uncorrected BSSE

[CME]⊃[Benzene] −32.12 −29.77

[CME]⊃[Toluene] −31.28 −28.80

[CME]⊃[Ethylbenzene] −30.55 −28.34

[Au4-CME]⊃[Benzene] −60.45 −53.31

[Au4-CME]⊃[Toluene] −58.06 −50.93

[Au4-CME]⊃[Ethylbenzene] −55.47 −47.19

Table 3. Comparison of DFT-calculated electronic binding interaction energies (∆IE kJ mol−1) for the
hypothetical 1:1 supramolecular complexes of Au4-CME with benzene, toluene, and ethylbenzene
using B3LYP-D3/GenECP and LanL2DZ basis sets for Au and the 6-311++g(d,p) basis set for all other
atoms in water solvent system.

Complex

∆IEs (kJ mol−1) of the Hypothetical 1:1 Supramolecular Structures of CME with
Benzene, Toluene, and Ethylbenzene

Gas Phase Water Solvent

Uncorrected BSSE Corrected BSSE Uncorrected BSSE

[Au4-CME]⊃[Benzene] −96.86 −86.39 −84.98

[Au4-CME]⊃[Toluene] −87.80 −77.23 −75.25

[Au4-CME]⊃[Ethylbenzene] −79.33 −67.63 −66.28
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3. Discussion
3.1. Analysis of the Resonance Frequency Measurements

The Au-coated QTFs were functionalized with CME as previously described (Figure 1).
The resonance frequency changes that were measured at increasing concentrations of the
analytes in DI showed that the methodology was sufficiently sensitive to detect concen-
trations of the three aqueous analyte solutions as low as 10−12 M. All experiments were
conducted in triplicate, separately, at four different concentrations (10−12, 10−10, 10−8, and
10−6 M) for each of the analytes, benzene, toluene, and ethylbenzene. All replicates were
within SD of +/− ~5%. QTF sensor measurements were performed between each solute
measurement with Milli-Q DI water as control experiments. Furthermore, measurements
were conducted using Au-coated QTFs without any of the sensing CME to confirm that
there were no frequency changes, thus indicating that no interactions of the analytes oc-
curred with the Au-coated QTFs’ surfaces alone. Figure 1a shows the largest resonance
frequency shift, ∆f = 199 Hz, which was measured with the CME-functionalized QTF in
aqueous 10−6 M benzene solution. Figure 1b,c show the corresponding largest resonance
frequency shifts of ∆f = 191 Hz and 149 Hz, for the aqueous 10−6 M toluene and aqueous
ethylbenzene solutions, respectively. Figure 1d illustrates the resonance frequency shifts
for the corresponding 10−6 to 10−12 M solutions of the three analytes, and in all cases,
the order was as follows: benzene > toluene > ethylbenzene. Their limits of detection
(LODs) [32–34] were 3.47 × 10−14 M, 9.43 × 10−14 M, and 1.75 × 10−13 M, respectively, as
calculated from their respective linear fit curves by plotting the logarithm concentration
versus the frequency shift using Equation (4) and shown in Figure 2.

Log (LOD) = (
3.3 σ

m
) (4)

where σ = standard deviation of the intercept and m = slope of the fit curve.
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Figure 2. Comparison of the LODs of the CME-functionalized Au-coated QTFs with the differ-
ent concentrations (10−12 M to 10−6 M) of each of the aqueous aromatic hydrocarbon solutions:
(a) benzene, (b) toluene, and (c) ethylbenzene. These black dots reflect error bars of approx 5%.

3.2. DFT Calculations

The initial molecular structures of all of the examined structures were drawn using
GaussView 6.0.16 [35], and all computations were conducted using Gaussian 16, Revision
C.01 [28]. Vibrational frequency analyses were conducted for each optimized structure to
ensure that they each had a vibrational minimum energy and no imaginary frequencies.
We hypothesized that by immersing a Au-coated QTF into the CME solution (at a concen-
tration of 1.0 × 10−6 M) and then incubating it for 1 h, self-assembled monolayers (SAMs)
of the CME would form on the gold surfaces of the QTFs. This would be due to the for-
mation of the covalent S-Au bond and the acetyl (CH3C=O) fragments, as we previously
showed [22,27,36,37]. A schematical illustration is shown on the left side in Figure 3. The
methoxy ester group of the calixarene was further hypothesized to form supramolecular
1:1 complexes with each of the analytes, by electrostatic noncovalent “host–guest” inter-
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actions, as depicted in Figure 3a–d. To simplify the quantum chemical calculations and
reduce the computation time, DFT calculations with the CAM-B3LYP/LANL2DZ and
PBE/LANL2DZ functionals were also conducted using a single molecule of the CME
bonded onto a gold cluster (Au4) for the complexation, as shown in Figure 3e–h, with the
analytes, first in the gas phase and, then, also, in the water solvent system. Furthermore,
the geometries of the hypothetical Au4-CME ([Au4-CME]) structures as their complexes
with the analytes were conducted with B3LYPD3/GenECP and two different basis sets;
the 6-311++g(d,p) basis set was used for the C, O, S, and H atoms (Equation (5)), and the
LANL2DZ basis set was used for the Au atoms (Equation (6)), in both the gas phase and
water solvent system. In order to access both basis set functions, the GenECP keyword
was used. The Los Alamos National Laboratory 2 double ζ (LANL2DZ) effective-core-
potential (ECP)-type basis set has been employed for heavy metal atoms, as is widely
accepted [38], so employing the LANL2DZ for the gold (Au) was effective at reducing
the computational resources. To avoid basis set superposition errors (BSSEs) [39–42] in
the non-covalent interactions between receptor molecules and analytes, counterpoise
(CP) corrections were made in the gas phase at the same level of theory. The binding
interaction energies were calculated using the following equations:

∆EBSSE (CME⊃Analyte) = E([CME]⊃[Analyte]) − E([CME]) − E([Analyte]) (5)

∆EBSSE ([Au4-CME]⊃Analyte) = E([Au4-CME]⊃[Analyte]) − E([Au4-CME]) − E([Analyte]) (6)

where E([CME]⊃[Analyte]) = optimized energy of the CME complex(es) with the specific analyte;
E([Au4-CME]⊃[Analyte]) = optimized energy of the receptor Au4-CME 1:1 complex(es) with each
of the analytes; E([Au4-CME]) = optimized electronic energy of the free receptor Au4-CME;
E([CME]) = optimized electronic energy of the free receptor CME; E([Analyte]) = optimized
electronic energy of the specific benzene, toluene, or ethylbenzene analyte.

The DFT-calculated electronic binding interaction energies (∆IE kJ mol−1) are sum-
marized in Tables 1–3. Table 1 shows the gas phase uncorrected BSSE and corrected BSSE
electronic ∆IE values using CAM-B3LYP/LANL2DZ and PBE/LANL2DZ. The ∆IEs for
the hypothetical 1:1 [Au4-CME]⊃analyte complexes were higher than the correspond-
ing [CME⊃analyte] complexes. The 1:1 [Au4-CME]⊃[benzene], [Au4-CME]⊃[toluene]
and [Au4-CME]⊃[ethylbenzene] complexes had the highest BSSE-uncorrected ∆IE values,
−71.42, −65.40, and −54.39 kJ mol−1, respectively, and −48.60, −44.85, and −42.38 kJ
mol−1, respectively, for the respective BSSE-corrected values with CAM-B3LYP/LANL2DZ
in the gas phase. The same trends, albeit of lower energies, were also observed with
PBE/LANL2DZ in the gas phase. Table 2 shows similar trends as for Table 1 for the elec-
tronic binding interaction energies with the CAM-B3LYP/LANL2DZ and PBE/LANL2DZ
functionals and basis sets, in the water solvent system. The system with the former gave bet-
ter results compared with PBE/LANL2DZ for both the gas phase and water solvent system.

Table 3 shows the computed data for the gas phase and water solvent system for
the [Au4-CME]⊃[benzene], [Au4-CME]⊃[toluene], and [Au4-CME]⊃[ethylbenzene] 1:1
complexes using B3LYP-D3/GenECP with LanL2DZ for Au and 6-311++g(d,p) for all
other atoms. The highest BSSE-uncorrected ∆IE values were obtained with this func-
tional/basis set: −96.86, −87.80, and −79.33 kJ mol−1, respectively, and −86.39, −77.23,
and −67.63 kJ mol−1, respectively, for the corresponding BSSE-corrected values in the gas
phase. The highest BSSE-uncorrected ∆IE values were −84.98, −75.25, and −66.28 kJ mol−1

in the water solvent. The DFT-calculated results strongly supported the experimentally
obtained results, and although the same trends were seen with either functionals or basis
sets, the B3LYP-D3/GenECP afforded the best results, i.e., gave the most-energetically
favored electronic binding interaction energies. Uddin et al. reported the use of both CAM-
B3LYP/LAN and PBE/LANL2DZ along with other levels of theory to identify variations
with functionals and basis sets [43].
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Figure 3. Geometry-optimized structures: (a) receptor molecule CME; (e) receptor Au4-CME; 1:1 bind-
ing modes of (b) CME⊃benzene, (c) CME⊃toluene, (d) CME⊃ethylbenzene, (f) Au4-CME⊃benzene,
(g) Au4-CME⊃toluene, and (h) Au4-CME⊃ethylbenzene. Color code: carbon = gray (except benzene,
toluene, and ethylbenzene carbon = green); gold = orange; oxygen = red; sulfur = yellow; hydrogen
atoms = white for benzene, toluene, and ethylbenzene (other hydrogen atoms are omitted for clarity).

To gain additional understanding of the nature of the interactions and stabilities
between the free and Au-bound CME molecules with the three analytes, frontier molecular
orbitals (FMOs) [44] were examined. These were based on the most-stable geometries
generated for these molecules and their respective highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals (LUMOs), as shown in Figure 4.

Koopmans’ theorem considers that the energy levels of the HOMOs and LUMOs
are related to their nucleophilic and electrophilic properties, respectively [45]. Large
HOMO–LUMO gaps are indicative of the chemical species’ high stability and low reactivity.
Table 4 shows that the HOMO–LUMO value for Au4-CME in the gas phase (7.050 eV) was
lower than the water solvent system (7.319 eV). The lower HOMO–LUMO gap value of
the receptor Au4-CME, therefore, understandably had a higher binding ability with the
analytes in the gas phase compared with the water solvent system and the DFT-calculated
binding energies as more negative for the gas phase. Presumably, the solvation of each
molecule in the water solvent prevented their effective interactions. The solvation energy in
water is more complex with hydrogen bonding having significant effects on the solvation
energies in water. The HOMO–LUMO energy gaps for the complexes were in the following
order: [Au4-CME⊃[benzene] > [Au4-CME]⊃[toluene] > [Au4-CME]⊃[ethylbenzene]. The
HOMO–LUMO energy values for the CME, Au4-CME, each of the analytes, and their
complexes are reported in Tables S1 and S2 (Supporting Information) and can be used to
calculate a number of other significant and valuable quantum chemical properties such as
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the global hardness (η), global softness (S), electrophilicity index (ω), electronegativity (χ),
and chemical potential (µ), which all measure chemical reactivity. These were generated
using GaussView 6.0.16 [35]. The chemical potential (µ), hardness (η), softness (S), and global
electrophilicity index (ω) of the receptor molecules CME, Au4-CME, analytes, and their
complexes were calculated using the HOMO and LUMO energies. The formulas used for
these calculations are given as follows: η = (ELUMO − EHOMO)/2; µ = (EHOMO − ELUMO)/2;
S = 1/η andω = µ2/2η.
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Figure 4. Geometry-optimized structures of Au4-CME and its 1:1 supramolecular complexes with
benzene, toluene, and ethylbenzene (a–d) and their respective HOMO (e–h) and LUMO (i–l) FMOs.
Color code: carbon = purple; gold = orange; oxygen = red; sulfur = yellow; hydrogen atoms = white.
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4. Materials and Methods
4.1. Chemicals and Materials

Benzene, toluene, ethylbenzene, dichloromethane, and ethanol were procured from
Sigma-Aldrich, St. Louis, MI, USA. The synthesis of the receptor sensing CME was previ-
ously reported by us [27]. All aqueous solutions of the aromatic compounds were prepared
as saturated solutions using deionized (DI) water with a resistivity of 18.6 MΩ·cm. The pH
of the deionized water was 6.82. The analyte solutions had a pH of 6.85. The Au-coated
QTFs were purchased from Forien Inc., Edmonton, AB, Canada (https://www.fourien.
com/). They were coated with Au using a vacuum evaporation method; the thickness of
the gold coating was around 100 nm. The resonance frequency of the QTFs was 32.768 kHz;
the spring constant was ~20 kN/m; the load capacitance was 12.5 pF. A 10−6 M solution of
the CME was used to functionalize the Au-coated QTFs.

4.2. Experimental Setup and Instrumentation

The frequencies of QTF resonance were measured with a Quester Q10 instrument made
by Fourien Inc. The Quester Q10 contains an impedance analyzer that performs frequency
sweeps and measures the impedance response’s real and imaginary components. To
resonate the QTFs at specific frequencies, the proportional–integral–differential technique
was used in this system. The system can keep the QTF at a fixed distance from any analyte
solute when combined with a translation stage. The data collected were analyzed using
MATLAB or the Origin Lab program. The system is illustrated in Figure 5, which includes
a schematic of the methoxy ester CME SAM-functionalized Au-coated QTFs. A detailed
description of the instrumental setup and software integration can be found in our previous
study and elsewhere [22,23].
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Figure 5. Schematical illustration of the QTF measurement system used and the Au-coated QTFs
functionalized with CME and its hypothetical 1:1 supramolecular complex with benzene; (a) is
a typical output showing the resonance frequency responses (in kHz) to the aqueous benzene
solutions of different concentrations (10−6–10−12 M). Color code: carbon = gray (except benzene
carbon = green); hydrogen = white; sulfur = yellow; oxygen = red; hydrogen atoms = white.
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4.3. Experimental Methods

The gold-coated QTFs self-assembled monolayers (SAMs) of calix[4]arene were pre-
pared by incubating the QTFs for 1 h in a solution of CME (1.0 × 10−6 M) at room temper-
ature in a 1:9 dichloromethane:ethanol solvent. The QTFs were then washed three times
with the same solvent mixture to remove any unbonded CME and were then dried using a
nitrogen gas stream. The resonance frequency of the functionalized QTFs was measured
in DI water for reference. Finally, the functionalized QTFs were exposed to different con-
centrations (10−12, 10−10, 10−8, and 10−6 M) of saturated aqueous (DI) solutions of the
analytes (benzene, toluene, and ethylbenzene) for ten minutes, after which time, their
resonance frequencies were measured to determine their sensitivity. To maintain consistent
experimental conditions, the QTFs were directly immersed at a depth of 25 µm in a small
droplet of a 100 µL volume of the respective analyte solutions.

5. Conclusions

In this study, we investigated the effectiveness of using a CME as a sensing receptor
molecule for forming stable SAMs on the gold surfaces of QTFs. Our findings suggested
that these SAMs have the potential for rapidly detecting the aromatic hydrocarbons
benzene, toluene, and ethylbenzene in water samples, at very low analyte concentrations
(10−12 M) and using small amounts of aqueous solutions (100 µL). Among the analytes
that were tested, benzene had the highest effect on the QTF responses, with frequency
shifts in the following order: benzene (199 Hz) > toluene (191 Hz) > ethylbenzene
(149 Hz). This trend is consistent with the trends observed by Zeybek et al. for the
vapor-phase BTX detections using a QCM with a thin-film layer of a calix[4]arene with a
different functional group [25].

In our study, the limits of detection for benzene, toluene, and ethylbenzene were calcu-
lated to be 3.5 × 10−14 M, 9.4 × 10−14 M, and 1.8 × 10−13 M, respectively. Utilizing density
functional theory (DFT), the interaction energies (∆IEs) were calculated for the hypothetical
1:1 supramolecular complexes formed between the analytes within the methoxy ester moi-
eties of the gold-bonded CME. The DFT-calculated ∆IE values for the 1:1 supramolecular
analyte complexes with the Au-bonded Au4-CME receptor showed higher values compared
to the free CME. Among the density functionals we tested, the B3LYPD3/GenECP func-
tional with the effective core potential LANL2DZ for Au atoms and the 6-311++g(d,p) basis
set for C, H, O, and S atoms showed the optimal binding interactions of the receptor CME
with the analytes. The complexes of [Au4-CME]⊃[benzene], [Au4-CME]⊃[toluene], and
[Au4-CME]⊃[ethylbenzene] had the highest BSSE-uncorrected and BSSE-corrected binding
interaction (∆IE) values, which were −96.86, 87.80, and −79.33 kJ mol−1, respectively,
and −86.39, −77.23, and −67.63 kJ mol−1, respectively, for the respective BSSE-corrected
values at the B3LYPD3/GenECP with the LANL2dZ and 6311++g(d,p) level of theory in
the gas phase. Similar trends were observed when considering the hypothetical Au-CME
complexes with the analytes, using both the CAM-B3LYP/LANL2DZ and LANL2DZ/PBE0
levels of theory in the gas phase and water solvent system. The DFT results showed that
there was consistency in the ∆IE values obtained from the three above-mentioned meth-
ods. The ∆IE values of the selected DFT functionals along with the LANL2DZ and the
6-311++g(d,p) basis sets were in the following order: B3LYPD3 > CAM-B3LYP > PBE0. The
results obtained through DFT calculations, considering both uncorrected and corrected
BSSE values, strongly supported the experimental findings on the proposed binding modes
between the analytes (benzene, toluene, and ethylbenzene) and the CME SAMs on the
Au-QTF sensing surfaces.
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Supplementary Materials: The following Supporting Information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28196808/s1, Figure S1. Geometry-optimized struc-
tures: (a) Receptor molecule CME; (e) Receptor Au4-CME; 1:1 binding modes of (b) CME⊃benzene;
(c) CME⊃toluene; (d) CME⊃ethylbenzene; (f) Au4-CME⊃benzene; (g) Au4-CME⊃toluene; and
(h) Au4-CME⊃ethylbenzene; Figure S2. Comparison of the resonance frequency responses of the
Au-coated QTFs (without functionalized calix[4]arene) with the different concentrations (10−12 M
to 10−6 M) of each of the aqueous of aromatic hydrocarbons solution; Table S1. Calculated global
scalar properties of benzene, toluene, ethylbenzene, calix[4]arene methoxy ester, Au4-calix[4]arene
methoxy ester and it’s 1:1 complex in the gas phase; Table S2. Calculated global scalar properties of
benzene, toluene, ethylbenzene, calix[4]arene methoxy ester, Au4-calix[4]arene methoxy ester and it’s
1:1 complex with analytes (benzene, toluene and ethylbenzene) at the CAM-B3LYP/LANL2DZ level
of theory in water solvent system; Table S3. Calculated global scalar properties of benzene, toluene,
ethylbenzene, calix[4]arene methoxy ester, Au4-calix[4]arene methoxy ester and it’s 1:1 complex
with analytes (benzene, toluene and ethylbenzene) at the PBE0/LANL2DZ level of theory in the gas
phase; Table S4. Calculated global scalar properties of benzene, toluene, ethylbenzene, calix[4]arene
methoxy ester, Au4-calix[4]arene methoxy ester and it’s 1:1 complex with analytes (benzene, toluene
and ethylbenzene) at the PBE0/LANL2DZ level of theory in water solvent system.
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chemical sensor chip for detection of aromatic hydrocarbons’ vapors. J. BAUN Inst. Sci. Technol. 2021, 23, 291–300. [CrossRef]
26. Georghiou, P.E.; Rahman, S.; Assiri, Y.; Valluru, G.K.; Menelaou, M.; Alodhayb, A.N.; Braim, M.; Beaulieu, L.Y. Development of

calix [4]arenes modified at their narrow- and wide-rims as potential metal ions sensor layers for microcantilever sensors: Further
studies. Can. J. Chem. 2022, 100, 144–149. [CrossRef]

27. Georghiou, P.E.; Rahman, S.; Valluru, G.; Dawe, L.N.; Rahman, S.S.; Alodhayb, A.N.; Beaulieu, L.Y. Synthesis of an upper-and
lower-rim functionalized calix [4] arene for detecting calcium ions using a microcantilever sensor. New J. Chem. 2013, 37, 298–1301.
[CrossRef]

28. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian 16, Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2019.

29. Yanai, T.; Tew, D.; Handy, N. A new hybrid exchange-correlation functional using the Coulomb-attenuating method (CAM-B3LYP).
Chem. Phys. Lett. 2004, 393, 51–57. [CrossRef]

30. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865. [CrossRef]
[PubMed]

31. Check, C.E.; Faust, T.O.; Bailey, J.M.; Wright, B.J.; Gilbert, T.M.; Sunderlin, L.S. Addition of polarization and diffuse functions to
the LANL2DZ basis set for p-block elements. J. Phys. Chem. A 2001, 105, 8111–8116. [CrossRef]

32. Armbruster, D.A.; Pry, T. Limit of blank, limit of detection and limit of quantitation. Clin. Biochem. Rev. 2008, 29 (Suppl. 1),
S49–S52.

33. Theodorsson, E. Limit of Blank, Limit of Detection and Limit of Quantitation. Available online: https://www.eflm.eu/files/efcc/
Zagreb-Theodorsson_2.pdf (accessed on 15 September 2023).

34. Shrivastava, A.; Gupta, V.B. Methods for the determination of limit of detection and limit of quantitation of the analytical methods.
Chron. Young Sci. 2011, 2, 21–25. [CrossRef]

35. Dennington, R.; Keith, T.A.; Millam, J. GaussView, Version 6.0.16; Semichem Inc.: Shawnee Mission, KS, USA, 2019.

126



Molecules 2023, 28, 6808

36. Mandler, D.; Kraus-Ophir, S. Self-assembled monolayers(SAMs) for electrochemical sensing. J. Solid State Electrochem. 2011, 15,
1535−1558. [CrossRef]

37. Valluru, G. Synthesis and Applications of Some Upper and Lower Rim Functionalized Calix[4] Arenes and Calix [4] Naphthalene
Derivatives. Ph.D. Dissertation, Memorial University of Newfoundland, St. John’s, NL, Canada, August 2015.

38. Hay, P.J.; Wadt, W.R. Ab initio effective core potentials for molecular calculations. Potentials for K to Au including the outermost
core orbitals. J. Chem. Phys. 1985, 82, 299–310.

39. Boys, S.; Bernardi, F. The calculation of small molecular interactions by the differences of separate total energies. Some procedures
with reduced errors. Mol. Phys. 1970, 19, 553–566. [CrossRef]

40. Kestner, N.R.; Combariza, J.E. Basis set superposition errors: Theory and practice. In Reviews in Computational Chemistry;
Wiley-VCH, John Wiley and Sons, Inc.: New York, NY, USA, 1999; Volume 13, p. 99.

41. Muhammad, S.; Irfan, A.; Al-Sehemi, A.G.; Al-Assiri, M.S.; Kalam, A.; Chaudhry, A.R. Quantum chemical investigation of
spectroscopic studies and hydrogen bonding interactions between water and methoxybenzeylidene-based humidity sensor.
J. Theor. Comput. Chem. 2015, 14, 1550029. [CrossRef]

42. Muhammad, S.; Liu, C.; Zhao, L.; Wu, S.; Su, Z. A theoretical investigation of intermolecular interaction of a phthalimide based
“on–off” sensor with different halide ions: Tuning its efficiency and electro-optical properties. Theor. Chem. Acc. 2009, 122, 77–86.
[CrossRef]

43. Uddin, K.M.; Ralph, D.; Henry, D.J. Mechanistic investigation of halopentaaquachromium (III) complexes: Comparison of
computational and experimental results. Comput. Theor. Chem. 2015, 1070, 152–161. [CrossRef]

44. Fukui, K.; Yonezawa, T.; Shingu, H. A molecular orbital theory of reactivity in aromatic hydrocarbons. J. Chem. Phys. 1952, 20,
722–725. [CrossRef]

45. Luo, J.; Xue, Z.Q.; Liu, W.M.; Wu, J.L.; Yang, Z.Q. Koopmans’ theorem for large molecular systems within density functional
theory. J. Phys. Chem. A 2006, 110, 12005–12009. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

127



Citation: Chen, Z.; Canard, G.;

Grauby, O.; Mourot, B.; Siri, O.

Breaking Azacalix[4]arenes into

Induline Derivatives. Molecules 2023,

28, 8113. https://doi.org/10.3390/

molecules28248113

Academic Editors: Roman Dembinski

and Paula M. Marcos

Received: 16 November 2023

Revised: 7 December 2023

Accepted: 12 December 2023

Published: 15 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Article

Breaking Azacalix[4]arenes into Induline Derivatives
Zhongrui Chen , Gabriel Canard , Olivier Grauby , Benjamin Mourot and Olivier Siri *

Centre Interdisciplinaire de Nanoscience de Marseille (CINaM), UMR 7325 CNRS Aix-Marseille Université,
Campus de Luminy, Case 913, F-13288 Marseille, France; zhongrui.chen@buct.edu.cn (Z.C.);
gabriel.canard@univ-amu.fr (G.C.); olivier.grauby@univ-amu.fr (O.G.); benjamin.mourot@cnrs.fr (B.M.)
* Correspondence: olivier.siri@univ-amu.fr

Abstract: Tetraamino-tetranitro-azacalixarene 5 is at the crossroad of two different families of com-
pounds depending on the conditions and the agent used to reduce the NO2 groups: (1) azacalixphyrin
7 in neutral medium, or (2) phenazinium of type 8 in acidic medium. The key role of the N-substituted
amino functions at the periphery is highlighted by investigating octaaminoazacalixarene as a model
compound, and by using the corresponding tetrahydroxy-tetranitro-azacalixarene 15 as a precursor,
which behaves differently.

Keywords: azacalix[4]arenes; macrocycles; phenazinium; nanostructure

1. Introduction

Calix[n]arenes have been the focus of much attention in supramolecular chemistry for
decades due to their specific molecular structure, which allows the formation of host–guest
complexes [1–3]. Considerable effort is now devoted to derivatizing the basic backbones
of calixarenes, and the most recent developments concern the preparation of analogues
by replacing methylenic bridges with heteroatoms in order to tune and improve their
properties [4]. Among the various types of heterocalixarenes, thiacalixarenes incorporating
sulfur bridge atoms have been the most extensively studied, as their syntheses can be
performed using simple and versatile one-step procedures [5–8]. The introduction of sulfur
in place of CH2 bridges has opened up a wide range of possibilities, offering many new
features compared with “classical” calixarenes. For intance, thiacalix[4]arenes with one
bridge oxidized to sulfoxide (1) can react with organolithium compounds to form cleaved
linear structures 2 that are otherwise very difficult to access [9].
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The special functionalities conferred by heteroatoms have stimulated research progress
in the field of other heterocalixarenes such as oxacalixarenes [10–13] and afterwards aza-
calixarenes, which have been studied in less detail to date. Although the first paper on
azacalixarenes 3 was reported in 1963 by Smith (X-ray structure determination) [14], it
was not until the late 90s and the reported Buchwald–Hartwig amination (Pd catalyzed)
that the synthesis of analogues appeared in the literature [15–21]. The introduction of
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nitrogen-bridging atoms on the calix[4]arene scaffold has numerous consequences such
as in supramolecular chemistry with assemblies of azacalixarenes [20–22]. N-Alkylation
of 3 was also a powerful tool to build more sophisticated receptors [23] or introducing
inherent chirality [24]. The use of the nitrogen bridge as a spin-bearing site was on the other
hand described (upon oxidation) to produce stable radical cations, high-spin diradicals, or
polycationic species [25–31].
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At the end of the 2000s, another approach based on aromatic nucleophilic substitu-
tions between a 1,3-diaminobenzene derivative and an electron-poor aryl (typically 1,3-
difluoro-4,6-dinitrobenzene) allowed the extending of the library of molecules (4) [32–34],
opening up a wide range of applications [35]. One of the most striking characteristics
of tetranitroazacalixarenes 4 is the strong conjugation of the nitrogen lone pair of each
bridge with the NO2 groups which is responsible for the exclusive 1,3-alternate confor-
mation adopted by these macrocycles so far [36]. This smart and stable conformation
produces a close spatial proximity between the appended substituents that were exploited
in common recognition processes [34]. Next, the introduction of amino functions at the
periphery of tetranitroazacalixarenes (5) was considered, as the macrocycle then possesses
two tetraaminobenzene-type subunits, well known to be oxidized to the corresponding
benzoquinonediimine due to their extremely rich electronic character [37]. This approach
led to a new family of macrocycles of type 6, called azacalixquinarenes, via an oxidation
reaction with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (Figure 1). The resulting
molecule consists of two diaminobenzoquinonediimine units linked by dinitrobenzene
moieties [37].
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Figure 1. Versatility of tetranitro-tetraaminoazacalixarenes 5.
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Interestingly, the electron-withdrawing nature of the dinitrobenzene moieties in 6 can
trigger the intramolecular H-transfer, generating zwitterionic-ground state quinones. The
nature of the N-substituents and the polarity of the solvent appear also to have a crucial
impact on the equilibrium between the canonical and zwitterionic forms, which exhibit
distinct optical and electrochemical properties. Beyond the interest of its oxidation, the
reduction reaction of the same molecule 5 appeared also particularly attractive. Tetranitro-
tetraaminoazacalixarene 5 alone is indeed remarkably specific as the reduction of its NO2
groups with hydrogen on Pd/C leads to the formation of the corresponding, extremely
unstable octaaminoazacalixarene (not isolated), which oxidizes in air to form a new class of
porphyrin analogs 7 known as azacalixphyrins [38].

Herein, we wish to describe that when the same precursor 5 was instead reduced
with SnCl2/HCl, the formation of a pink solid, highly emissive in solution, was observed.
Spectroscopic investigations demonstrated that azacalixarene 5 is in fact at the crossroad
of two different families of dyes depending on the experimental conditions of reduction:
the known azacalixphyrins 7 [38] or a triamino-phenazinium 8. The key role of the amino
functions at the periphery of the macrocycle was demonstrated by investigating two
analogues with different functions at the periphery.

2. Results

Compound 5 was prepared as described in the literature [39]. Its reduction was carried
out with SnCl2·2H2O (32 equiv.) in the presence of HCl (12N) under air (reflux overnight).
After neutralization with NaHCO3 and anion exchange reaction, 8 was obtained as a dark
red solid in a 62% yield (Scheme 1). Mass spectrometry revealed a peak at m/z = 450.4 for
compound 8, reflecting a “breaking” in the macrocycle (a peak corresponding to m/z = 923.3
was expected for the macrocycle 7). The 1H NMR spectrum of 8 confirmed this hypothesis,
notably with the presence of three aromatic protons showing a doublet signal featuring the
substitution pattern indicated in Figure 2 (Ha, Hb, and Hc). Interestingly, the signals of the
Hd and He protons in 8 at δ = 7.17 and 7.00 ppm, respectively, undergo a very significant
shielding effect (Hd = 6.25 ppm and He = 5.91 ppm) after addition of NaOD (40 wt. %
in D2O).
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Figure 2. 1H NMR spectra of 8 (top) and 9 (bottom, after addition of NaOD) in MeCN (the window
between δ = 5.7 ppm and 0 ppm has been omitted for clarity).
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This observation is consistent with a quinoidal (i.e., non-aromatic) rearrangement of
the molecule [40–42]. In other words, molecule 8 is capable, in basic medium, of sacrificing
its aromatic character in favor of a non-aromatic species (Figure 2).

The UV-Vis absorption spectrum of phenazinium 8 in acetonitrile presents bands in the
high energy range and a broad band in the green region covering the 400–600 nm domain
and peaking at 538 nm, with a shoulder at λ = 460 nm (Figure 3). In the presence of DBU
(up to 4 equiv.), the complete disappearance of 8 is monitored in favor of the formation of
neutral quinoidal form 9, exhibiting a broad blue-shifted absorption in the blue region at
λ = 460 nm. Molecule 8 is also emissive (fluorescence) at λem = 621 nm in MeCN (excitation
at λ = 560 nm) (Figure 3). Upon addition of DBU, the fluorescence is blue-shifted to a
dual emission at 552 and 585 nm (formation of 9) and significantly quenched (excitation at
λ = 475 nm). These optical data are consistent with similar triamino-phenaziniums recently
reported in the literature [41], except for the presence of a dual emission for 9, due probably
to excited-state intramolecular proton transfer [42].
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Figure 3. Normalized absorption (top) and emission (bottom) spectra of 8 (black) and 9 (blue, after
addition of DBU) in MeCN.

3. Discussion

Molecule 8 belongs to the induline 3B family 10, which has a long history in the field
of textile and paint pigments [43–45]. Although described in 1923 [43,44], induline 3B (10)
was little studied until 2012, when a study by Roy et al. revisited its chemistry to describe
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various N-aryl substituted analogues using a similar approach (self-condensation of aniline
derivatives) [43].
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When we started to screen reaction conditions with the hope of finding an experimental
procedure for the hydrogenation of azacalixarene 6, we first avoided the use of acids and
used hydrogenation on Pd/C and direct air-oxidation which led to molecule 7. Previous
works on macrocyclic chemistry reported that in the presence of acids, possible competition
between degradation and hydrogenation might occur [46]. Here, we screened conditions
for hydrogenation in acidic medium and we indeed observed a competing ring-opening
reaction. The mechanism by which the macrocycle 5 breaks up is difficult to determine but
it is wise to hypothesize a breakup within the corresponding azacalixquinarene A bearing
amino/iminium bridges to form intermediate B. The protonation of this latter would afford
C, which can then undergo a transamination reaction to form a tricyclic intermediate D,
which will aromatize to 8 by proton migration (Scheme 2).
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Scheme 2. Suggested mechanism to convert 5 into 8.

To investigate the key role of the oxidizing agent and of the N-substituents, we
considered the same reaction from the unsubstituted analogue 11 [38] in the absence of
air. Remarkably, its reduction using SnCl2·2H2O (32 equiv.) in the presence of HCl (12N)
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(same conditions as for 5) but in a sealed tube (preventing oxidation steps) furnished
the macrocycle 12•nHCl as a yellow powder (no ring opening, Scheme 3). The degree
of protonation of 12 was impossible to determine but it is reasonable to consider the
protonation of at least 4 sites in order to reduce the electron density of the aromatic rings
and consequently prevent oxidation of the tetraaminobenzene units.
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Scheme 3. Synthesis of 12•nHCl.

This degree of protonation was confirmed by the 1H NMR proton of 12•nHCl in
D2O which shows only two signals at 6.31 and 7.28 ppm (see Figure S4, Supplementary
Materials) in agreement with a highly symmetrical system in solution. Interestingly, when
12•nHCl (as powder) was mixed with 10 mL of concentrated HCl and dropwise deionized
water was added to dissolve all the solid under argon flux, spherical aggregates were
formed after four days (see Figure S3).

In order to highlight the importance of the heteroatom (N vs. O) at the periphery in
the reactivity of the azacalixarene, we next considered the reduction of compound 15 under
the same conditions. Tetrahydroxy-tetranitro-azacalixarene 15 was first synthesized by con-
densation of the commercially available diaminoresorcinol 13 and difluorodinitro-benzene
14 (1 equiv.) in THF. After stirring during two days, the resulting solid in suspension was
isolated by filtration affording macrocycle 15 in one step as a brown solid in a 70% yield
(Scheme 4).
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The 1H NMR spectrum of 15 shows an unusual high-field chemical shift of the intra-
annular aromatic protons at δ 5.70 ppm that suggests a 1,3-alternate conformation, in which
these protons are located inside the anisotropic shielding. This observation confirms the
high stability of this specific conformation in tetranitrocalixarenes even in the presence
of H donor/acceptor sites inherent to the presence of the OH groups. The structure of 15
could be fully established by X-ray analysis, which confirmed its 1,3-alternate conformation
stabilized by intramolecular hydrogen bonds involving the protons of the NH bridges of
the macrocycle and the NO2 groups, but also the participation of two hydroxy functions
which interact with the nitrogen atom of the bridge (Figure 4). One of the most striking
features of this structure is the sp2 hybridation adopted by all the nitrogen bridging atoms
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that are conjugated with their adjacent dinitrobenzene rings, as already observed in related
tetranitro-azacalixarenes [36].
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Figure 4. Three views of the single-crystal X-ray structure of 15; (a) H-bonding interaction, (b) side
view, (c) top view.

We then considered the reduction of compound 15 as for 5 as well as using many others
using alternative reducing agents and/or conditions. In all cases, a full degradation of the
reaction products, giving a complex mixture whose constituents could not be identified.
This observation clearly confirms the key role of the amino functions at the periphery in
the breaking of azacalixarenes into induline derivatives.

4. Materials and Methods

All reagents and solvents were purchased and used without purification. Liquid
Nuclear Magnetic Resonance spectra were recorded on a Brucker advance 250 MHz (250
MHz for 1H NMR and 62 MHz for 13C) or on a JOEL Eclipse 400 MHz spectrometer.
Chemical shifts are given in ppm relative to the signal (residual peak) of the solvent. The
abbreviations used correspond to br = broad, s = singlet, d = doublet, t = triplet, and m
= multiplet. Solid 13C NMR were recorded on a Bruker Avance III WB 400 spectrometer.
UV-Visible spectra were recorded at room temperature with a Varian Cary 50 UV-Vis
spectrophotometer. High-resolution mass spectrometry (HRMS) analysis was performed
by the “Spectropole” of Aix-Marseille University. Absorptions were performed in quartz
cells of 1 cm and 1 mm. Emission spectra were measured using a Horiba-Jobin Yvon
Fluorolog-3 spectrofluorometer equipped with a three-slit double-grating excitation and a
spectrograph emission monochromator with dispersions of 2.1 nm mm-1 (1200 grooves
per mm). A 450 W xenon continuous wave lamp provided excitation. The luminescence of
diluted solutions was detected at right angle using 10 mm quartz cuvettes.

Compound 8: to a solution of compound 5 (50 mg, 0.048 mmol, 1.0 eq) in absolute
EtOH (50 mL), SnCl2·2H2O (343 mg, 1.52 mmol, 32 eq) and HCl (12N, 0.13 mL) were
added. The mixture was allowed to reflux overnight, then neutralized with NaHCO3
before the addition of EtOH (30 mL) and water (20 mL). After concentration, the residue
was extracted with DCM/EtOH (3/1, v/v). The red organic phase was washed with an
aqueous solution of HPF6 (1%w/w in water, 4 × 150 mL) and brine (100 mL), dried with
MgSO4 and concentrated under vacuum to afford 8 as a dark red solid (35 mg, 0.059 mmol,
62% yield). 1H NMR (400 MHz, CD3OD): δ 7.68 (d, J = 9.2 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H),
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6.99 (s, 1H), 6.93 (s, 1H), 6.45 (br s, 1H), 4.53 (t, J = 7.6 Hz, 2H), 3.29 (m, 2H), 1.91 (quint,
J = 7.2 Hz, 2H), 1.74 (quint, J = 7.2 Hz, 2H), 1.63 (quint, J = 7.2 Hz, 2H), 1.47–1.23 (m, 18H),
0.93–0.88 (m, 6H). 13C NMR (100 MHz, CD3OD): 154.8, 152.1, 141.1, 139.6, 136.8, 134.2,
132.8, 132.1, 121.6, 108.8, 93.7, 90.3, 44.4, 33.1, 33.1, 30.7, 30.6, 29.8, 28.5, 28.0, 27.6, 23.8,
14.5. HRMS (ESI-TOF): m/z [M + NH4]+ for C28H44N5

+ calcd. 450.3591, found 450.3592,
err. < 1 ppm.

Compound 12•nHCl: precursor 11 (50 mg) and SnCl2 (500 mg, 32 eq) were mixed
in a screw-cap vial with 10 mL of 37% HCl. The vial was then sealed with a Teflon-lined
cap and placed in an oil bath at 70 ◦C with agitation for 20h. The clear yellow suspension
was then cooled to room temperature. A volume of 40 mL of HCl (12N) was then mixed
in the suspension and placed in an ultrasound bath for 10 min. The resulting solid was
collected by filtration and washed successively with a mixture of MeCN and conc. HCl
(40 mL/10 mL) and 2 × 20 mL of Et2O. The crude vanilla powder 12•nHCl (70 mg) was
dried by flux of argon and stored at −20 ◦C. 1H NMR (250 MHz, D2O): 7.28 (s, 4H), 6.31 (s,
4H). Solid state 13C NMR spectrum: 130–100 (m, sp2 C-C), 132–148 (m, sp2 C-N). Further
characterization could not be carried out because of its high instability.

Compound 15: to a solution of 1,5-difluoro-2,4-dinitrobenzene 14 (172.5 mg, 0.845 mmol,
0.9 eq) in THF (45 mL), 4,6-diaminoresorcinol dihydrochloride 13 (200 mg, 0.939 mmol,
1.0 eq) was added. The flask was sealed and degassed by 3 times of pump-argon cycling.
Then, under an inert atmosphere, degassed N,N-diisopropylethylamine (DIPEA) (1.3 mL,
7.51 mmol, 8.0 eq) was added dropwise by a syringe at 0 ◦C. The solution was maintained
at 0 ◦C for 6 h, and then allowed to warm at room temperature for 2 days. The resulting
solid in suspension was isolated by filtration and washed with HCl (6N), EtOH and Et2O
to afford the desired product 15 as an orange solid (177.7 mg, 0.292 mmol, 70% yield).
1H NMR (400 MHz, DMSO-d6): 9.71 (br s, 4H), 9.12 (br s, 4H), 9.01 (s, 2H), 6.83 (s, 2H),
6.51 (s, 2H), 5.50 (s, 2H). 13C NMR (100 MHz, DMSO-d6): 153.7, 148.9, 129.4, 128.0, 124.4,
115.8, 104.2, 94.0. HRMS (ESI-TOF): m/z [M + H]+ for C24H17N8O12

+ calcd. 609.0960, found
609.0956, err. < 1 ppm.

5. Conclusions

We showed that depending on the reduction conditions, tetranitroazacalixarene 5 is
at the crossroad of two different families of dyes including triamino-phenazinium 8 that
results from a competing ring-opening reaction. The mechanism by which the macrocycle
5 breaks up is difficult to determine but we were able to highlight the key role of the amino
functions at the periphery of the macrocycle and the need of an oxidizing agent (air). We
are aware that the degradation of a sophisticated macrocycle (5) is not an efficient strategy
to access induline derivatives by comparison with the straightforward synthesis recently
described based on stepwise nucleophilic aromatic substitutions [41]. This work is more
concerned with describing the versatility of azacalixarene-type macrocycles, beyond their
“classical” use in supramolecular chemistry.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28248113/s1. 1H and 13H NMR data. Crystal data for
complex 15 has been deposited in the CCDC database as deposition number 2308474 and can be
accessed from there. The cif file for 15 is available as supplementary information on request.
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