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ABSTRACT: The synthesis of calix[4]- and -[6]arene derivatives
P6(H)2

2+·(Cl−)2, V4(H)2
4+·(Cl−)2·(I

−)2, and V6(H)2
4+·(Cl−)2·

(I−)2 bearing N-linked pyridinium (P) and viologen (V) units at
the upper rim is described here. A rare example of an anionic
conformational template is reported for p-pyridiniumcalix[6]arene
P6(H)2

2+, which adopts a 1,3,5-alternate conformation in the
presence of chloride anions. Derivatives P6(H)2

2+·(Cl−)2,
V6(H)2

4+·(Cl−)2·(I
−)2, and V4(H)2

4+·(Cl−)2·(I
−)2 show a negative solvatochromism, while their UV−vis acid−base titration

evidenced that upon addition of a base, new bands appear at 487, 583, and 686 nm, respectively, due to the formation of betainic
monodeprotonated species P6(H)1

+, V6(H)1
3+, and V4(H)1

3+. These new bands were attributable to the intramolecular charge-
transfer (CT) transition from the phenoxide to the pyridinium or viologen moiety and were responsive to the presence of cations. In
fact, the band at 487 nm of P6(H)1

+ was quenched in the presence of a hard Li+ cation, and the color of its acetonitrile solution was
changed from pink to colorless upon addition of LiI. Consequently, this derivative can be considered as a useful host for the
recognition and sensing of lithium cations.

■ INTRODUCTION

Chromogenic molecules1 can respond to external stimuli by
varying their optical properties. In recent years, much effort has
been devoted to the design of chromogenic derivatives as
supramolecular hosts for the sensing of cations and anions2 or
biomedical applications.3 In addition, the study of chromo-
genic molecules with novel optical properties plays a crucial
role in the development of high-performance chromogenic
materials.4 Among chromogenic phenomena, solvatochrom-
ism5 is one of the most studied6 and consists in a change of
absorption and/or emission spectra of a chromophore by
changing the solvent polarity. It is a complex phenomenon in
which the secondary interactions between a solvent and excited
and ground states of a chromophore play a crucial role.
Reichardt and co-workers7 reported the synthesis and the
study of the chromogenic properties of derivatives incorporat-
ing a N-phenoxide pyridinium group (e.g., 1 in Figure 1). This
p-pyridiniumphenoxide shows a betaine structure in which
absorption arises from a charge-transfer band from the
phenoxide donor group to the pyridinium acceptor.7,8

Interestingly, the betaine reported by Reichardt shows a
negative solvatochromism in which a hypsochromic shift is
experienced by increasing the polarity of the solvent. In this
case, the dipole moment of the betaine decreases in the excited
state when compared to the ground state; consequently, the
ground state is energy-stabilized in polar solvents, which can
interact with it by H-bonding and/or dipolar interactions.
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Figure 1. Chemical drawing of derivatives 1, P4(H)2
2+·(Cl−)2,

P6(H)2
2+·(Cl−)2, P6(H)2

2+·(BArF−)2, V4(H)2
4+·(Cl−)2·(I

−)2,
V6(H)2

4+·(Cl−)2·(I−)2, and V6(H)2
4+·(PF6−)4 investigated in the

present work (BArF = tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate).
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In addition to solvatochromism, another noteworthy
chromogenic property is halochromism, which was introduced
for the first time in 1902 by Baeyer and Villiger.8a This
phenomenon is based on a color change of a molecule upon
addition of an acid or base. Successively, Reichardt and co-
workers8b defined as trivial this form of halochromism and
defined true halochromism as a color change of a dye solution
upon addition of an electrolyte not accompanied by a chemical
reaction. They suggested the term negative or positive true
halochromism for a hypsochromic or bathochromic shift,
respectively, of the UV−vis absorption band of a dissolved
molecule on increasing the electrolyte concentration.
Calix[n]arenes9 are versatile macrocycles largely used in

host−guest chemistry.10 Consequently, they have also been
widely used to design chromogenic hosts2,3,10 for molecular
recognition and sensing of cationic and/or anionic guests. Very
recently, we have synthesized p-pyridiniumcalix[4]arene
derivative P4(H)2

2+·(Cl−)2
11 (Figure 1) incorporating two

pyridiniumphenoxide units into the calix[4]arene backbone.
Derivative P4(H)2

2+·(Cl−)2 was obtained by a Zincke
reaction,12 which can be considered as a useful strategy for
introducing pyridinium units at the upper rim of calixarene
macrocycles. P4(H)2

2+·(Cl−)2 shows a negative solvatochrom-
ism,11 and time-dependent density-functional theory (TD-
DFT) quantum chemical calculations indicate that the species
responsible for this phenomenon is the monodeprotonated
betainic form, which is very abundant at the experimental
neutral pH.11

Prompted by these results, we decided to extend our
previous investigation by exploring other members of the
calixarene family and their conjugation with pyridinium (P)
and viologen (V) units (Figure 1). Thus, we report here the
synthesis of derivatives P6(H)2

2+·(Cl−)2, V4(H)2
4+·(Cl−)2·

(I−)2, and V6(H)2
4+·(Cl−)2·(I

−)2 (Figure 1) and their
chromogenic and cation-sensing properties.

■ RESULTS AND DISCUSSION

Synthesis and Conformational Properties of the
Studied Macrocycles. The synthesis of p-pyridiniumcalix-
[6]arene P6(H)2

2+·(Cl−)2 is outlined in Scheme 1. Starting
with the known distal dinitro-derivative 2,13 its nitro groups
were reduced with H2 in the presence of Raney nickel to give
derivative 3 in high yield (96%). At this point, 3 and Zincke’s
salt 414 were reacted under microwave irradiation at 100 °C
and using a mixture of CHCl3/CH3CN/H2O (4:10:1) as a
solvent to give bis(p-pyridinium)calix[6]arene P6(H)2

2+·
(Cl−)2 in 26% yield.
P6(H)2

2+·(Cl−)2 was completely characterized by one-
dimensional (1D) and two-dimensional (2D) nuclear magnetic
resonance (NMR) studies and mass spectrometry. 1D and 2D
NMR studies (Figures S5−S9) clearly indicated that the
calix[6]arene backbone of P6(H)2

2+ adopts a 1,3,5-alternate
conformation (Figures 2 and 3), as evidenced by the presence
of a singlet signal at 4.22 ppm attributable to the ArCH2Ar
groups between two anti-oriented anisole rings15 (Figure 2)
and an AB system at 3.88/3.72 ppm (J = 17.3 Hz) between

Scheme 1. Synthesis of Derivatives P6(H)2
2+·(Cl−)2 and P6(H)2

2+·(BArF−)2

Figure 2. Portion of the 1H NMR spectrum of derivative P6(H)2
2+·(Cl−)2 (CDCl3, 600 MHz, 298 K). (Inset on the right) Significant portions of

the VT 1H NMR spectra of P6(H)2
2+·(Cl−)2 (TCDE, 600 MHz);Tc = 353 K.
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anti-oriented anisole and p-pyridiniumphenol rings (Figure
2).15 Regarding the p-pyridinium group, three signals were
found at 8.99, 8.23, and 7.76 ppm. VT 1H NMR study (Figures
2b−d and S14) of P6(H)2

2+·(Cl−)2 clearly indicated that the
calix[6]arene macrocycle experiences a conformational inter-
conversion by means of rotation around the ArCH2Ar bonds.
Thus, by increasing the temperature of a TCDE solution of
P6(H)2

2+·(Cl−)2, a coalescence of the ArCH2Ar AB system
was detected in its 1H NMR spectrum at 353 K (Figure 2b−
d). From these data, an energy barrier of 17.4 kcal/mol16 was
calculated for the rotation around the ArCH2Ar bonds in
P6(H)2

2+·(Cl−)2.
Impressively, when the chloride anions of P6(H)2

2+·(Cl−)2
were exchanged with BArF (tetrakis [3,5-bis(trifluoromethyl)-
phenyl]borate) anions,17 then the 1H NMR spectrum of the
salt P6(H)2

2+·(BArF−)2 at 298 K in CDCl3 loses the AB
system and shows only a sharp singlet at 3.97 ppm for the
ArCH2Ar groups (Figures 4a and S10). On lowering the
temperature, a broadening of this methylene signal was
observed and a coalescence was detected at 243 K (Figure
S15). Analogously, a broadening and coalescence were
observed for the aromatic signals of P6(H)2

2+. These results
indicated that below the coalescence temperature of 243 K the
rotation around the ArCH2Ar bonds was slowed down and at
183 K a mixture of conformers of P6(H)2

2+ was detected in its
1H NMR spectrum (Figures S14 and S15). From these data, an
energy barrier of 10.8 kcal/mol16 was calculated for the
conformational interconversion of P6(H)2

2+·(BArF−)2, a value
significantly lower than that calculated for the chloride salt
P6(H)2

2+·(Cl−)2.

These results clearly indicate that the chloride anion can act
as a conformational template for bis(pyridinium)calix[6]arene
dication P6(H)2

2+ blocking its skeleton in the 1,3,5-alternate
conformation (Figure 3). To gain insights into the reason for
this amazing anionic template, we performed DFT calculations
at the B3LYP/6-31G(d,p) level of theory.18 The DFT-
optimized structure of P6(H)2

2+·(Cl−)2 (Figure 3) showed a
1,3,5-alternate conformation for its calix[6]arene skeleton. The
distal inverted p-pyridiniumphenol moieties (Figure 3) pointed
in antiparallel orientation and chelated the two chloride anions
by H-bonding and electrostatic interactions (N+···Cl−). In

Figure 3. (a−c) Different views of the DFT-optimized structure of the P6(H)2
2+·(Cl−)2 salt obtained at the B3LYP/6-31G(d,p) level of theory.

The dashed lines indicate H-bonding interactions with chloride anions. (c) DFT-predicted templating mode of the chloride anions involves the
pyridiniumphenol groups as a chelating motif toward the Cl− anions, while the calix[6]arene skeleton adopts the 1,3,5-alternate conformation.

Figure 4. Significant portions of 1H NMR spectra (CDCl3, 600 MHz,
298 K) of (a) P6(H)2

2+·(BArF−)2; (b) 1:1 mixture of P6(H)2
2+·

(BArF−)2 and tetrabutylammonium chloride; (c) 1:3 mixture of
P6(H)2

2+·(BArF−)2 and tetrabutylammonium chloride; and (d)
P6(H)2

2+·(Cl−)2.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c01687
J. Org. Chem. 2021, 86, 13001−13010

13003

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?fig=fig4&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c01687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


detail, the phenolic OH group engaged a H-bonding
interaction with Cl− at an O−H···Cl− distance of 2.9 Å and
an O−H···Cl− angle of 167°. Furthermore, the chloride anion
established a weak H-bonding interaction with the C(β)−H
group on the distal pyridinium ring with a C(β)−H···Cl−
distance of 3.3 Å and a C(β)−H···Cl− angle of 156°. This
chelating motif of two pyridiniumphenol units toward each
chloride anion (Figure 3c) plays a crucial role in the
stabilization of the 1,3,5-alternate conformation of P6(H)2

2+.
Differently, in the P6(H)2

2+·(BArF−)2 salt, the barfate anion
forms a very loose ion pair in solution. As known, BArF− is a
weakly coordinating anion in which the negative charge is
highly disperse, and literature data19 clearly indicate that
BArF− does not have any H-bonding acceptor ability.
Consequently, in an organic solvent, ammonium cations and
barfate anion give very loose ion pairs originating free “naked”
organic cations.17,19

In conclusion, differently with respect to the chloride salt,
when the bis(pyridinium)calix[6]arene dication P6(H)2

2+ is
associated with BArF− anions, no H-bonding interactions can
be established with the phenolic OH groups because of the
poor coordinating abilities of this anion. To corroborate this
conclusion, we performed a 1H NMR titration experiment
(Figure 4) in which the tetrabutylammonium chloride salt was
added to the solution of P6(H)2

2+·(BArF−)2 in CDCl3. Upon
addition of Cl−, changes in the 1H NMR spectrum of
P6(H)2

2+·(BArF−)2 became evident, and finally a singlet and
an AB system for ArCH2Ar appeared (Figure 4c), attributable
to the 1,3,5-alternate conformation of P6(H)2

2+·(Cl−)2.
Differently, the titration of P6(H)2

2+·(BArF−)2 with tetrabu-
tylammonium bromide or iodide did not change the 1H NMR
signals of P6(H)2

2+, a clear sign that less significant
interactions occurred between the pyridiniumcalix[6]arene
skeleton and bromide or iodide anions. To further corroborate
the role of the chloride anion as a conformational template, we
performed 1H NMR investigations in polar solvents such as
CD3CN and CD3OD (Figure S44), which have great aptitude
to disrupt ion pairs. In both the solvents, the 1H NMR
spectrum of P6(H)2

2+·(Cl−)2 showed the typical features of a

high conformational mobility (Supporting Information). This
result is indicative of the rupture of the P6(H)2

2+·(Cl−)2 ion
pair in polar solvents and consequently of the loss of the
chloride template effect on the 1,3,5-alternate conformation of
P6(H)2

2+. Even though a cationic conformational template19,20

is widely described for calixarene macrocycles,19,20 this is a rare
example of an anionic conformational template for this class of
hosts.21

With these results in hand, we focused our attention on the
synthesis of calixarenes bearing 4,4′-bipyridinium units at the
upper rim. The known22 derivative V4(H)2

4+ (Figure 1)
bearing two viologen units at the upper rim of the
calix[4]arene scaffold was obtained by following the procedure
reported by Bucher and co-workers.22

In this work, the chloride/iodide salt 623 (see Scheme 2a)
was used for the Zincke reaction with diaminocalix[4]arene 522

and, consequently, a chloride/iodide salt V4(H)2
4+·(Cl−)2·

(I−)2 was formed (Scheme 2a), which adopts a cone
conformation in solution (Figure S16). Analogous conditions22

were employed for the synthesis of p-viologencalix[6]arene
V6(H)2

4+·(Cl−)2·(I
−)2 bearing two 4,4′-bipyridinium units at

the upper rim (Scheme 2b). Diaminocalix[6]arene 3 was
reacted with an excess of dinitrophenyl-bipyridinium 6 in a
mixture of ethanol/THF/methanol (4:2:1) at reflux for 24 h to
afford V6(H)2

4+·(Cl−)2·(I
−)2 in 46% yield, after precipitation

by water. At this point, anion exchange with NaPF6 afforded
derivative V6(H)2

4+·(PF6
−)4 in 84% yield. V6(H)2

4+·(PF6
−)4

was completely characterized by 1D and 2D NMR studies and
mass spectrometry (Figures S24−S27). The 1H NMR
spectrum of V6(H)2

4+·(PF6
−)4 in CD3CN shows the presence

of sharp singlets for ArCH2Ar groups indicative of a fast
conformational interconversion of the calix[6]arene scaffold.

Acid−Base UV−Vis Titrations of Calixarene Deriva-
tives P6(H)2

2+, V4(H)2
4+, and V6(H)2

4+. At this point, the
absorption properties and the acid−base UV−vis titrations of
p-pyridinium- and p-viologencalixarenes were investigated.24

Starting with P6(H)2
2+·(Cl−)2, its absorption spectrum in

acetonitrile shows a band at 326 nm, with a molar extinction
coefficient ε326 = 12 171 M−1 cm−1 (Figure S30). Similarly, the

Scheme 2. (a) Synthesis of Derivative V4(H)2
4+·(Cl−)2·(I−)2and (b) Synthesis of Derivatives V6(H)2

4+·(Cl−)2·(I−)2 and
V6(H)2

4+·(PF6
−)4
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corresponding barfate P6(H)2
2+·(BArF−)2 shows an analogous

absorption band at 326 nm (ε326 = 12 787 M−1 cm−1)
attributable to the pyridiniumphenol unit (Figures S28 and
S31). Barfate is a chromogenic anion that shows absorption
bands in the UV−vis region of our interest, and for this reason,
we decided to continue UV−vis studies on derivative
P6(H)2

2+·(Cl−)2.
Subsequently, the acid−base UV−vis titration of P6(H)2

2+·
(Cl−)2 was investigated. In Figure 5 (top), the UV−vis

titration of P6(H)2
2+·(Cl−)2 with (nBu)4NOH in acetonitrile is

reported. After addition of a base, the absorption band at 326
nm disappears and two new bands appear at 305 and 487 nm
with an isosbestic point at 312 nm (Figure 5, top), attributable
to a first deprotonation with formation of betainic monocation
P6(H)1

+. The band at 487 nm in the UV−vis spectrum of
P6(H)1

+ was simulated by DFT calculations at the TD-CAM-
B3LYP/6-31G(d,p) level of theory.25 An optical transition was
computed at 437 nm (Figures S37 and S38) starting by the
DFT-optimized structure of P6(H)1

+. The corresponding
highest occupied molecular orbital (HOMO)/lowest unoccu-
pied molecular orbital (LUMO) for this transition (S1 ← S0)
is reported in Figure 6 and clearly suggests an intramolecular
charge-transfer (CT) transition from the phenoxide to the
pyridinium moiety (Figure 6a).25 The formation of the
betainic monocation P6(H)1

+ was studied also by a 1H
NMR titration experiment and 2D correlation spectroscopy
(COSY) (Supporting Information). In detail, the CD3CN

solution of P6(H)2
2+·(Cl−)2 was titrated with (nBu)4NOH,

and the formation of P6(H)1
+ was confirmed by the upfield

shift of the signals of the pyridinium units of about 0.5−1.0
ppm (Figures S45−S47). This result confirmed the charge
transfer from the phenoxide to the pyridinium moiety already
discussed by UV−vis experiments and DFT calculations
(Figure 6a).
In a similar way, a study was conducted on p-viologencalix-

[4]arene V4(H)2
4+·(Cl−)2·(I

−)2 whose yellow solution in
acetonitrile shows an absorption band at 367 nm (ε367 =
19 326 M−1 cm−1) (Figures S32 and S35). With the gradual
addition of (nBu)4NOH, a color change of the solution from
yellow to green was observed attributable to the formation of
the monodeprotonated betainic form V4(H)1

3+. Consequently,
the original absorption band at 367 nm disappeared while a
new band at 686 nm (Figure S34) emerged. DFT calculations
at the TD-CAM-B3LYP/6-31G(d,p) level of theory predicted
for betainic trication V4(H)1

3+ a S1 ← S0 transition at 594 nm
(experimental: 686 nm) in which the involved HOMOs/
LUMOs clearly indicated an intramolecular charge-transfer
(CT) transition from the phenolate to the viologen unit
(Figures 6b, S39, and S40).
A further study on p-viologencalix[6]arene V6(H)2

4+·(Cl−)2·
(I−)2 (Figure 5, bottom) evidenced an absorption band at 386
nm (ε385 = 18 975 M−1 cm−1, Figure S33). Similarly, the
corresponding hexafluorophosphate V6(H)2

4+·(PF6
−)4 gave no

substantial variation in the absorption spectrum confirming
that the UV−vis properties (ε385 = 17 324 M−1 cm−1, Figure
S34) are not influenced by the anion (Figure S29). When an
acetonitrile solution of V6(H)2

4+·(Cl−)2·(I
−)2 was titrated with

(nBu)4NOH, a color change from yellow to blue (inset in
Figure 5, bottom) was observed. Consequently, the original
absorption band at 386 nm disappeared, while a new band
appeared at 583 nm, with an isosbestic point at 459 nm,
attributable to a first deprotonation with formation of betainic
trication V6(H)1

3+ (Figure 5, bottom). DFT calculations at the
TD-CAM-B3LYP/6-31G(d,p) level of theory predicted for
V6(H)2

3+ a S1 ← S0 transition at 607 nm (experimental: 583
nm) in which the involved HOMOs/LUMOs clearly indicated
an intramolecular charge-transfer (CT) transition from the
phenoxide to the viologen unit (Figures 6c, S41, and S42).

Solvatochromic Properties of Betainic Calixarenes
P6(H)1

+, V4(H)1
3+, and V6(H)1

3+. In accord with data
previously reported by us for calix[4]arene derivative
P4(H)2

2+·(Cl−)2,
11 p-pyridiniumcalix[6]arene P6(H)2

2+·
(Cl−)2 also showed a negative solvatochromism. The UV−vis
spectrum of betainic monocation P6(H)1

+ in dimethyl
sulfoxide (DMSO) shows a band at λ = 515 nm (Figure 7a).
When the solvent was changed to methanol, this band
underwent a significant blue shift to 432 nm (Figure 7a).
Similar solvatochromic studies on betainic trication

V4(H)1
3+ evidenced a color change from green in acetonitrile

to blue in water (Figure 7b). This corresponds to a blue shift
of the absorption band of V4(H)1

3+ (686 → 585 nm) as the
polarity of the solvent increases (CH3CN → H2O) (Figure
7b), in accord with a negative solvatochromism. p-
Viologencalix[6]arene betainic trication V6(H)3+ shows a
band at λ = 680 nm in DMSO, which experienced a
hypsochromic shift at 580, 550, and 510 nm in isopropanol,
methanol, and water, respectively (Figure 7c). Thus, also in
this case, a negative solvatochromism is observed, with a
corresponding color change from green to pink (Figure 7c).
The observed solvatochromism was studied by DFT

Figure 5. (Top) Color change of p-pyridiniumcalix[6]arene
P6(H)2

2+·(Cl−)2 upon addition of (nBu)4NOH in acetonitrile
(inset) and the UV−vis titration of P6(H)2

2+·(Cl−)2 (6 × 10−5 M)
with (nBu)4NOH in acetonitrile. (Bottom) Color changes of p-
viologencalix[6]arene V6(H)2

4+·(Cl−)2·(I−)2 upon addition of
(nBu)4NOH in acetonitrile (inset) and the UV−vis titration of
V6(H)2

4+·(Cl−)2·(I−)2 (4 × 10−5 M) with (nBu)4NOH in
acetonitrile.
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calculations at the TD-CAM-B3LYP/6-31G(d,p) level of
theory by reproducing the UV−vis spectra of V6(H)3+. Its
simulated UV−vis spectrum shows an absorption band at 607
nm (Figure S42). At this point, we calculated the HOMO/
LUMO transition for V6(H)3+ in which a methanol molecule
was H-bonded to its phenoxide group The simulated band was
shifted at 563 nm (Figure S43), and the formation of the
ArO−···HOCH3 H-bonding interaction (Figure 8b) induced a
stabilization of the HOMO (Figure 8b) of the low-energy
excitation (S1 ← S0). Similarly, when a water molecule was H-

bonded to the phenoxide group, the simulated absorption band
was shifted at 553 nm (Figure S43). In this case, the formation
of an ArO−···HOH hydrogen bond between the water
molecule and the phenoxide group induced a further
stabilization of the HOMO (Figure 8a). These results clearly
suggested that the ground state of betainic trication V6(H)1

3+

is energy-stabilized in polar solvents, such as methanol and
water, by H-bonding interactions (Figure 7c).
Finally, calculation of the HOMO−LUMO energy differ-

ence associated with the S1 ← S0 transition for V6(H)1
3+

Figure 6. Isodensity surface plots of the frontier Kohn−Sham molecular orbitals of (a) betainic monocation P6(H)1
+, (b) betainic trication

V4(H)1
3+, and (c) betainic trication V6(H)1

3+.

Figure 7. Solvatochromic properties of derivatives (a) P6(H)1
+, (b) V4(H)1

3+, and (c) V6(H)1
3+ upon dissolution in solvents with different

polarity and H-bonding donor abilities.
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indicated a ΔE value of 3.34 eV in the presence of a water
molecule (Figure 8a), which is significantly higher than that
calculated in the presence of a methanol molecule (ΔE = 2.13
eV) (Figure 8b), in agreement with the experimentally
observed negative solvatochromism (Figure 7c).
Cation Sensing with Betainic Calixarenes P6(H)1

+,
V4(H)1

3+, and V6(H)1
3+. Finally, the so-called true hal-

ochromism, as defined by Reichardt and co-workers,8b was also
studied for betainic p-pyridinium- and p-viologen-calixarenes.
The UV−vis band of pyridiniumphenoxide derivatives is
generated by an intramolecular charge-transfer (CT) transition
from the phenoxide to the pyridinium moiety. Consequently,
by adding cations to the solutions of betainic P6(H)1

+,
V4(H)1

3+, and V6(H)1
3+, a change of this CT band is expected

because of the possible O−···M+ interactions.
Five different alkaline salts were tested with betainic

monocation P6(H)1
+, namely, LiI, NaI, KI, RbI, and CsI. A

chromatic response was observed with a consequent variation
of the absorption spectrum (Figure 9).

In detail, a lowering of the intensity of the absorption band
at 487 nm of P6(H)1

+ was observed, which is correlated with
the strength of O−···M+ association. Thus, the smaller cations
Na+ and Li+ give rise to a stronger lowering of the band at 487
nm with respect to the other bigger alkaline cations. Upon
addition of LiI, the acetonitrile solution of P6(H)1

+ changed

from pink to colorless and the CT band at 487 nm was
completely quenched (Figure 9).
Interestingly, the affinities of P6(H)1

+ toward Li+ and Na+

cations were evaluated by determining their association
constants through Benesi−Hildebrand plots of UV−vis data
(Supporting Information). The association constant for the
formation of the Li+@P6(H)1

+ complex was found to be
1.7±0.2 × 103 M−1 (Supporting Information). This value is
higher than that measured for the formation of the Na+@
P6(H)1

+ complex of 6.5±0.2 × 102 M−1, and consequently, a
selectivity ratio S = Li+/Na+ of 2.6 was calculated for P6(H)1

+.
On the other hand, when betainic p-viologen-calixarene

trications V4(H)1
3+ and V6(H)1

3+ were tested with the above
alkaline salts, no chromatic response was observed (Figure
S36). Probably, in this case, the stronger electron-withdrawing
effect of the doubly charged viologen unit on the phenoxide
group weakens the O−···M+ interactions.

■ CONCLUSIONS

In conclusion, we have here reported the synthesis of calix[4]-
and -[6]arene derivatives N-linked with pyridinium and
viologen units at the upper rim [P6(H)2

2+·(Cl−)2, V4(H)2
4+·

(Cl−)2·(I
−)2, and V6(H)2

4+·(Cl−)2·(I
−)2] by coupling an

appropriate Zincke’s salt to the corresponding diaminocalixar-
ene. The conformational properties of p-pyridiniumcalix[6]-
arene P6(H)2

2+ in the presence of chloride and barfate counter
anions were studied by 1H VT NMR and rationalized by DFT
calculations. A peculiar anion templation was observed on the
conformation of the P6(H)2

2+ skeleton: the chloride anion is
able to template the 1,3,5-alternate conformation of the
calix[6]arene macrocycle through H-bonding and electrostatic
interactions. An energy barrier of 17.4 kcal/mol was calculated
by VT NMR studies for the conformational interconversion of
P6(H)2

2+·(Cl−)2 by rotation around the ArCH2Ar bonds. This
barrier dramatically decreases at 10.8 kcal/mol when the
noncoordinating barfate anion is associated with P6(H)2

2+.
UV−vis acid−base titrations evidence that upon addition of a
base, a new band appears due to the formation of betainic
monodeprotonated species P6(H)1

+, V4(H)1
3+, and V6(H)1

3+

at 487, 686, and 583 nm, respectively. DFT calculations
indicate that these new bands are attributable to intramolecular
charge-transfer (CT) transitions from the phenoxide to the

Figure 8. Isodensity surface plots of the frontier Kohn−Sham HOMOs/LUMOs of monodeprotonated betainic form V6(H)1
3+ H-bonded to (a)

the water molecule and (b) the methanol molecule.

Figure 9. UV−vis spectra of betainic monocation P6(H)1
+ in

acetonitrile without a salt (purple), with 10 equiv of LiI (red), with
10 equiv of NaI (green), with 10 equiv of KI (pink), with 10 equiv of
RbI (orange), and with 10 equiv of CsI (blue).
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pyridinium moiety. The band at 487 nm of P6(H)1
+ is

selectively quenched in the presence of a hard Li+ cation by
virtue of a strong O−···Li+ interaction, which switches off the
CT transition. Thus, upon addition of LiI, the color of the
acetonitrile solution of P6(H)1

+ changes from pink to
colorless. Regarding p-viologencalix[4]- and -[6]arene
V4(H)1

3+ and V6(H)1
3+, the respective bands at 686 and

583 nm are insensible to the presence of Li+. Probably, in this
case, the stronger electron-withdrawing effect of the doubly
charged viologen unit on the phenoxide group weakens the
O−···M+ interactions. Betainic monodeprotonated species
P6(H)1

+, V4(H)1
3+, and V6(H)1

3+ show a negative solvato-
chromism. This behavior has been rationalized by DFT
calculations, which indicate an energy stabilization of the
ground state in polar solvents, such as methanol and water, by
H-bonding interactions. We believe that the results here
described could pave the way for the design of novel
chromogenic supramolecular hosts based on pyridinium or
viologen units for selective molecular recognition and sensing.

■ EXPERIMENTAL SECTION
General Information. Anhydrous reactions were conducted

under an inert atmosphere (nitrogen) using dry solvents. Commercial
reagents were purchased from Merck and TCI Chemicals and were
used without further purification. The reactions were controlled by
thin-layer chromatography (TLC) with Merck plates coated with
silica gel (0.25 mm) and fluorescence indicator UV254 and visualized
using UV light and nebulization with an indicator solution of H2SO4−
Ce(SO4)2. For reactions that require heating, the heat source used
was oil bath. The reaction temperatures were measured externally
using electronic thermometers. The reaction products were purified
by Macherey−Nagel silica gel chromatography (60, 70-230 mesh).
The syntheses of derivatives 2,13 4,14 5,26 and 623 have been reported
in the literature. NMR spectra were recorded on a Bruker Avance-600
spectrometer [600 (1H) and 150 MHz (13C)] and a Bruker Avance-
400 spectrometer [400 (1H) and 100 MHz (13C)]. Chemical shifts
are reported relative to the residual solvent peak (CHCl3: δ 7.26,
CDCl3: δ 77.16; CH3CN: δ 1.94, CD3CN: δ 1.32, 118.26; CH3OH: δ
3.31, CD3OD: δ 49.00).27 Standard pulse programs, provided by the
manufacturer, were used for 2D NMR experiments. HR MALDI mass
spectra were recorded on a Bruker Solarix FT-ICR mass spectrometer
equipped with a 7T magnet. The samples recorded in MALDI were
prepared by mixing 10 μL of analyte in chloroform or methanol (1
mg/mL) with 10 μL of a solution of 2,5-dihydroxybenzoic acid (10
mg/mL in methanol). The mass spectra were calibrated externally,
and a linear calibration was applied. Optical absorption spectra were
measured on a Cary 50 UV−vis spectrophotometer from Varian. The
extinction coefficients of derivatives were calculated by measuring the
slope of the Lambert−Beer plot, and the data were analyzed by linear
regression analysis. Details of DFT calculations are reported in the
Supporting Information, page S34.
Synthesis of Derivative 3. Derivative 2 (130 mg, 0.129 mmol)

was dissolved in 200 mL of DMF. Subsequently, Raney Ni (previously
activated) was added to the reaction mixture. Finally, vacuum/H2
cycles were carried out. The suspension was stirred for 24 h at room
temperature. Afterward, the reaction mixture was filtered on celite,
and the solvent was evaporated. Derivative 3 was obtained in 96%
yield as an amorphous pink solid (117 mg, 0.124 mmol). 1H NMR
(CDCl3, 300 MHz, 298 K): δ 7.85 (s, −OH, 2H), 7.03 (overlapped,
ArH, 8H), 6.09 (s, ArH, 4H), 3.96 (s, −ArCH2Ar-, 4H), 3.81 (s,
−ArCH2Ar−, 8H), 3.18 (s, −OCH3, 12H), 1.21 (s, −C(CH3)3, 36H).
13C{1H} NMR (CDCl3, 100 MHz, 298 K): δ 153.7, 147.0, 145.2,
138.9, 134.5, 132.4, 129.3, 127.0, 126.7, 115.3, 61.7, 34.6, 31.8, 31.8,
31.3, 30.1; HRMS: m/z [M + H]+ calcd for C62H79N2O6

+ 947.5933,
found = 947.5971; [M + Na]+ calcd for C62H78N2NaO6

+ 969.5752,
found = 969.5818, [M + K]+ calcd for C62H78KN2O6

+ 985.5491,
found = 985.5531.

Synthesis of Derivative P6(H)2
2+·(Cl−)2. Derivative 3 (31 mg,

0.033 mmol) and Zincke’s salt 4 (64 mg and 0.26 mmol) were
dissolved in a mixture of chloroform, acetonitrile, and water (4/10/1,
15 mL). The solution was stirred for 3 h under microwave irradiation
(300 W) at 100°C. After cooling, the solvent was evaporated. The raw
product was purified by a chromatography column using as eluents a
mixture of CHCl3/CH3OH (8/2). An amorphous pink solid was
obtained in 26% yield (10 mg, 0.009 mmol). 1H NMR (CDCl3, 400
MHz, 298 K): δ 8.99 (br, py-H, 2H), 8.23 (br, py-H, 4H), 7.76 (br,
py-H, 4H), 7.33 (s, ArH, 4H), 6.88 (s, ArH, 4H), 5.91 (s, ArH, 4H),
4.22 (s, −ArCH2Ar−, 4H), 3.90 and 3.73 (AX system, J = 15.9 Hz,
−ArCH2Ar−, 8H), 3.56 (s, −OCH3, 12H), 1.25 (s, −C(CH3)3, 36H).
13C{1H} NMR (CDCl3, 100 MHz, 298 K): δ 156.1, 155.0, 147.9,
147.4, 140.4, 132.7, 132.3, 130.7, 128.2, 127.4, 126.8, 119.7, 60.0,
34.4, 31.6, 29.8. HRMS: m/z [M − H]+ calcd for C72H83N2O6

+

1071.6246; found = 1071.6232.
Synthesis of Derivative P6(H)2

2+·(BArF−)2. P6(H)2
2+·(Cl−)2

(41 mg, 0.036 mmol) was dissolved in 10 mL of methanol, and
Na(BArF) (63 mg, 0.072 mmol) was added. The mixture was stirred
overnight at room temperature. Subsequently, the solvent was
evaporated, and the crude product was triturated with water (10
mL), filtered, and dried under vacuum to give P6(H)2

2+·(BArF−)2 in
80% yield (80 mg, 0.029 mmol). 1H NMR (CDCl3, 400 MHz, 298
K): δ 9.57 (s, −OH, 2H) 8.33 (d, J = 6.4 Hz, py-H, 4H), 7.98 (t, J =
6.4 Hz, py-H, 2H), 7.69 (s, BArF-H, 16H), 7.55 (t, J = 6.4 Hz, py-H,
4H), 7.48 (s, BArF-H, 8H), 7.04 (s, ArH, 8H), 6.88 (s, ArH, 4H),
3.96−3.93 (overlapped, ArCH2Ar, 12H), 3.37 (s, −OCH3, 12H), 1.16
(s, −C(CH3)3, 36H).

13C{1H} NMR (CDCl3, 100 MHz, 298 K): δ
162.1, 161.4, 148.2, 145.4, 143.1, 134.9, 134.3, 134.0, 131.6, 130.1,
129.5, 129.3, 129.1, 128.9, 128.4, 128.0, 127.3, 126.3, 125.5, 123.7,
122.1, 121.9, 117.7, 61.5, 34.4, 31.8, 31.3, 29.9. HRMS: m/z [M −
H]+ calcd for C72H83N2O6

+ 1071.6246; found = 1071.6264; [M +
BArF]+ calcd for C104H96BF24N2O6

+ 1935.6973; found = 1935.6895.
Synthesis of Derivative V4(H)2

4+·(Cl−)2·(I−)2. Derivative 5
26 (50

mg, 0.093 mmol) and Zincke’s salt 6 (279 mg, 0.557 mmol) were
dissolved in a mixture of ethanol/methanol/tetrahydrofuran (3:1:2,
60 mL). The solution was stirred for 24 h at 70 °C. After cooling the
solvent was evaporated. The crude was purified by precipitation from
water to give V4(H)2

4+·(Cl−)2·(I−)2 as a pink amorphous solid in 44%
yield (48 mg, 0.041 mmol). 1H NMR (600 MHz, CD3CN, 298 K): δ
9.48 (s, −OH, 2H), 9.16 (d, J = 6.9 Hz, bipy-H, 4H), 8.93 (d, J = 6.8
Hz, bipy-H, 4H), 8.59 (d. J = 6.9 Hz, bipy-H, 4H), 8.53 (d, J = 6.8 Hz,
bipy-H, 4H), 7.71 (s, ArH, 4H), 7.26 (d, J = 7.5 Hz, ArH, 4H), 6.95
(t, J = 7.5 Hz, ArH, 2H), 4.44 (s, −ArCH2Ar-, 6H), 4.43 and 3.71
(AX system, J = 13.3 Hz, −ArCH2Ar−, 8H) 4.10 (t, J = 5.9 Hz,
−OCH2CH2CH3,4H), 2.12 (m, −OCH2CH2CH3, 4H), 1.39 (t, J =
7.4 Hz −OCH2CH2CH3, 6H).

13C{1H} NMR (CD3OD, 100 MHz,
298 K): δ 151.0, 148.0, 146.7, 133.6, 131.7, 130.9, 130.3, 128.4, 128.3,
128.2, 128.0, 126.8, 125.3, 124.5, 120.4, 79.9, 49.6, 31.8, 24.6, 11.5.
HRMS: m/z [M − H]+ calcd for C56H56N4O4

+ 848.4296; found
848.4318.

Synthesis of Derivative V6(H)2
4+·(Cl−)2·(I−)2. Derivative 3 (50

mg, 0.053 mmol) and Zincke’s salt 6 (159 mg, 0.317 mmol) were
dissolved in a mixture of ethanol/tetrahydrofuran/methanol (4:2:1 35
mL). The reaction was stirred for 24 h under reflux (70 °C). Then the
solvent was removed by a rotary evaporator, and the crude product
was triturated with water, filtered, and dried under vacuum to give
V6(H)2

4+·(Cl−)2·(I
−)2 in 46% yield (38 mg, 0.024 mmol) as a red

amorphous solid. 1H NMR (CD3OD, 600 MHz, 298 K): δ 9.23 (s,
−OH, 2H), 8.99 (overlapped, bipy-H, 8H), 8.75 (overlapped, bipy-H,
8H), 8.17 (d, ArH, 12.0 Hz, 2H), 7.13−6.92 (overlapped, ArH, 12H),
4.55 (s, −NCH3, 6H), 4.19−3.86 (overlapped, ArCH2Ar, 12H), 3.53
(s, −OCH3, 12H), 1.26 (s, C−(CH3)3 36H). 13C{1H} NMR
((CD3)2SO, 150 MHz, 298 K): δ 155.1, 150.1, 146.6, 135.4, 132.4,
129.6, 129.0, 127.3, 126.7, 126.4, 125.9, 123.7, 120.0, 70.0, 59.9, 34.1,
31.5, 29.1. HRMS: m/z [M − H]+ calcd for C84H95N4O6

+ 1255.7235;
found 1255.7243; [M + I]+ calcd for C84H96IN4O6

+ 1383.6375; found
1383.6359.

Synthesis of Derivative V6(H)2
4+·(PF6−)4. V6(H)2

4+·(Cl−)2·
(I−)2 (30 mg, 0.019 mmol) was dissolved in 30 mL of acetonitrile,
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and NaPF6 (13 mg, 0.076 mmol) was added. The mixture was stirred
for 15 h at room temperature. The formation of a precipitate was
observed, and subsequently, it was filtered. The acetonitrile solution
was evaporated, and 29 mg (0.016 mmol) of derivative V6(H)2

4+·
(PF6

−)4 was obtained with a yield of 84% as an orange amorphous
solid. 1H NMR (CD3CN, 600 MHz, 298 K): δ 9.49 (s, −OH, 2H),
8.88 (overlapped, bipy-H, 8H), 8,45 (overlapped, bipy-H, 8H), 7.24−
7.13 (overlapped, ArH, 12H), 4.43 (s, −NCH3, 6H), 4.06−4.01
(overlapped, ArCH2Ar, 12H), 3.64 (s, −OCH3, 12H), 1.16(s, C−
(CH3)3 36H).

13C{1H} NMR (CD3CN, 150 MHz, 298 K): δ 125.9,
149.7, 149.2, 147.6, 147.3, 146.6, 144.9, 134.2, 130.3, 130.2, 127.4,
127.0, 126.8, 126.4, 123.2, 61.5, 48.7, 34.0, 30.7, 29.4. HRMS
(MALDI): m/z [M − H]+ calcd for C84H95N4O6

+ 1255.7235; found
1255.7244; [M + PF6]

+ calcd for C84H96PN4O6F6
+ 1401.6955; found

1401.6916.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687.

Details of 1D and 2D NMR spectra, HR mass spectra,
UV−vis data, and DFT calculations; UV−vis titrations;
and details of the calculation of association constants
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Carmen Talotta − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy; orcid.org/0000-0002-2142-6305;
Email: ctalotta@unisa.it

Placido Neri − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy; Email: neri@unisa.it

Authors
Veronica Iuliano − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy; orcid.org/0000-0001-9787-5441

Paolo Della Sala − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy; orcid.org/0000-0002-6379-0332

Luca Liguori − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy

Giovanni Monaco − Department of Chemistry and Biology
“A. Zambelli”, University of Salerno, I-84084 Fisciano,
Salerno, Italy

Ermelinda Tiberio − Department of Chemistry and Biology
“A. Zambelli”, University of Salerno, I-84084 Fisciano,
Salerno, Italy

Carmine Gaeta − Department of Chemistry and Biology “A.
Zambelli”, University of Salerno, I-84084 Fisciano, Salerno,
Italy; orcid.org/0000-0002-2160-8977

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.1c01687

Author Contributions
V.I.: synthesis, UV−vis measurements, data analysis, and
manuscript writing; P.D.S.: UV−vis measurements and data
analysis; E.T., G.M., and L.L.: synthesis; C.T.: supervision and
manuscript writing; C.G.: manuscript writing; and P.N.:
conceptualization, supervision, and manuscript writing.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the University of Salerno (FARB
2020 and Ph.D. funding). The authors acknowledge the
Regione Campania (POR CAMPANIA FESR 2007/2013
O.O.2.1, B46D14002660009, “Il potenziamento e la riqualifi-
cazione del sistema delle infrastrutture nel settore dell’istru-
zione, della formazione e della ricerca”) for the FT-ICR mass
spectrometer facilities and the Centro di Tecnologie Integrate
per la Salute (CITIS, Project PONa3_00138) for the 600
MHz NMR facilities.

■ REFERENCES
(1) (a) Brooker, L. G. S.; Keyes, G. H.; Sprague, R. H.; VanDyke, R.
H.; VanLare, E.; VanZandt, G.; White, F. L. Studies in the Cyanine
Dye Series. XI. 1 The Merocyanines. J. Am. Chem. Soc. 1951, 73,
5326−5332. (b) Bures,̌ F. Fundamental Aspects of Property Tuning
in Push−Pull Molecules. RSC Adv. 2014, 4, 58826−58851.
(c) Hadjoudis, E.; Mavridis, I. M. Photochromism and Thermo-
chromism of Schiff Bases in the Solid State: Structural Aspects. Chem.
Soc. Rev. 2004, 33, 579−588. (d) Udhayakumari, D. Chromogenic
and Fluorogenic Chemosensors for Lethal Cyanide Ion. A
Comprehensive Review of the Year 2016. Sens. Actuators, B 2018,
259, 1022−1057.
(2) (a) Bicker, K. L.; Wiskur, S. L.; Lavigne, J. J. Colorimetric Sensor
Design. In Chemosensors; Wang, B.; Anslyn, E. V., Eds.; John Wiley &
Sons, Inc.: Hoboken, NJ, 2011; pp 275−295. (b) You, L.; Zha, D.;
Anslyn, E. V. Recent Advances in Supramolecular Analytical
Chemistry Using Optical Sensing. Chem. Rev. 2015, 115, 7840−
7892. (c) McNaughton, D. A.; Fares, M.; Picci, G.; Gale, P. A.;
Caltagirone, C. Advances in Fluorescent and Colorimetric Sensors for
Anionic Species. Coord. Chem. Rev. 2021, 427, 213573−213617.
(d) Gale, P. A.; Caltagirone, C. Fluorescent and Colorimetric Sensors
for Anionic Species. Coord. Chem. Rev. 2018, 354, 2−27. (e) Manna,
U.; Das, G. An Overview of Anion Coordination by Hydroxyl, Amine
and Amide Based Rigid and Symmetric Neutral Dipodal Receptors.
Coord. Chem. Rev. 2021, 427, 213547−213568. (f) Kumar, R.;
Sharma, A.; Singh, H.; Suating, P.; Kim, H. S.; Sunwoo, K.; Shim, I.;
Gibb, B. C.; Kim, J. S. Revisiting Fluorescent Calixarenes: From
Molecular Sensors to Smart Materials. Chem. Rev. 2019, 119, 9657−
9721. (g) Kim, H. N.; Ren, W. X.; Kim, J. S.; Yoon, J. Fluorescent and
Colorimetric Sensors for Detection of Lead, Cadmium, and Mercury
Ions. Chem. Soc. Rev. 2012, 41, 3210−3244. (h) Sedgwick, A. C.;
Brewster, J. T.; Wu, T.; Feng, X.; Bull, S. D.; Qian, X.; Sessler, J. L.;
James, T. D.; Anslyn, E. V.; Sun, X. Indicator Displacement Assays
(IDAs): The Past, Present and Future. Chem. Soc. Rev. 2021, 50, 9−
38. (i) Tomasulo, M.; Sortino, S.; White, A. J. P.; Raymo, F. M.
Chromogenic Oxazines for Cyanide Detection. J. Org. Chem. 2006,
71, 744−753.
(3) (a) Sun, X.; Dahlhauser, S. D.; Anslyn, E. V. New Autoinductive
Cascade for the Optical Sensing of Fluoride: Application in the
Detection of Phosphoryl Fluoride Nerve Agents. J. Am. Chem. Soc.
2017, 139, 4635−4638. (b) Klymchenko, A. S. Solvatochromic and
Fluorogenic Dyes as Environment-Sensitive Probes: Design and
Biological Applications. Acc. Chem. Res. 2017, 50, 366−375.
(c) Zhang, T.; Anslyn, E. V. Using an Indicator Displacement
Assay to Monitor Glucose Oxidase Activity in Blood Serum. Org. Lett.
2007, 9, 1627−1629. (d) Sierra, A. F.; Hernández-Alonso, D.;
Romero, M. A.; González-Delgado, J. A.; Pischel, U.; Ballester, P.
Optical Supramolecular Sensing of Creatinine. J. Am. Chem. Soc. 2020,
142, 4276−4284.
(4) (a) Lötzsch, D.; Eberhardt, V.; Rabe, C. Ullmann’s Encyclopedia
of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2016. (b) Granqvist, C. G.; Green, S.;
Niklasson, G. A.; Mlyuka, N. R.; von Kræmer, S.; Georén, P.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.1c01687
J. Org. Chem. 2021, 86, 13001−13010

13009

https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.1c01687/suppl_file/jo1c01687_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmen+Talotta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2142-6305
mailto:ctalotta@unisa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Placido+Neri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:neri@unisa.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Veronica+Iuliano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9787-5441
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paolo+Della+Sala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6379-0332
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Liguori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanni+Monaco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ermelinda+Tiberio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carmine+Gaeta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2160-8977
https://pubs.acs.org/doi/10.1021/acs.joc.1c01687?ref=pdf
https://doi.org/10.1021/ja01155a095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01155a095?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4RA11264D
https://doi.org/10.1039/C4RA11264D
https://doi.org/10.1039/b303644h
https://doi.org/10.1039/b303644h
https://doi.org/10.1016/j.snb.2017.12.006
https://doi.org/10.1016/j.snb.2017.12.006
https://doi.org/10.1016/j.snb.2017.12.006
https://doi.org/10.1021/cr5005524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5005524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2020.213573
https://doi.org/10.1016/j.ccr.2020.213573
https://doi.org/10.1016/j.ccr.2017.05.003
https://doi.org/10.1016/j.ccr.2017.05.003
https://doi.org/10.1016/j.ccr.2020.213547
https://doi.org/10.1016/j.ccr.2020.213547
https://doi.org/10.1021/acs.chemrev.8b00605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C1CS15245A
https://doi.org/10.1039/C9CS00538B
https://doi.org/10.1039/C9CS00538B
https://doi.org/10.1021/jo052096r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.6b00517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol070280o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol070280o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12071?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.1c01687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Advances in Chromogenic Materials and Devices. Thin Solid Films
2010, 518, 3046−3053. (c) Zakirullin, R. S. Chromogenic Materials
in Smart Windows for Angular-Selective Filtering of Solar Radiation.
Mater. Today Energy 2020, 17, No. 100476. (d) He, J.; Chen, J. S. The
Solvatochromic Materials: A Progress Review.Mater. Sci. Forum 2018,
914, 182−192.
(5) (a) Reichardt, C. Solvatochromic Dyes as Solvent Polarity
Indicators. Chem. Rev. 1994, 94, 2319−2358. (b) Reichardt, C.
Solvents and Solvent Effects: An Introduction. Org. Process Res. Dev.
2007, 11, 105−113. (c) Marini, A.; Muñoz-Losa, A.; Biancardi, A.;
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