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dipyrromethane (DPM) receptors†

Shafieq Ahmad Wagay and Rashid Ali *

Two novel fluorescein as well as benzo-12-crown-4 ether functionalized dipyrromethane receptors (DPM3

and DPM4) have successfully been synthesized. The anion (used as their TBA salts) binding studies of thus

prepared DPM3 and DPM4 receptors were evaluated by the UV-visible spectrophotometric titrations.

Binding affinities as well as the stoichiometry were determined through the UV-visible titrations data with

the involvement of the BindFit (v0.5) package available online at https://supramolecular.org. Moreover,

binding events were validated by means of the comparison of the partial 1H-NMR spectrum of the

simple host molecule with that of the host–guest complex, and the 1 : 1 stoichiometry were further

confirmed by the Job's method of continuous variation. From the results, we observed the binding

constant (Ka) values of DPM3/DPM4 with various tested anions in the range of 516.07 M−1 to 63789.81

M−1, depending upon the nature/shape/size of the anions. Moreover, the anion–p interactions were

confirmed by the partial 1H-NMR spectral data, and further supported by the literature reported systems.

The authors hope that such types of valued receptors will be benefitted in future for the recognizing/

binding of a variety of biologically important anions.
Introduction

In the past decade, supramolecular chemistry has displayed
a promising role by producing a myriad of sensitive as well as
selective articial receptors for recognizing/capturing of various
neutral guest molecules or ionic entities (cations, anions and/or
ion-pairs), which has enormously revolutionized the host–guest
chemistry.1–5 Notably, scientists worldwide are developing the
anion coordination chemistry by presenting a variety of
synthetic receptors for the recognition, sensing, and/or extrac-
tion of the diverse biologically/environmentally signicant
polystructural anionic species.6,7 Although, anions are consid-
ered indispensable components for numerous biological
systems, as many physiological processes are directly or indi-
rectly controlled in the presence of anions of specic impor-
tance.8,9 However, decrease or increase in the concentrations of
the anions from the human body or in the environment causes
several diseases including Bartter's syndrome, Pendred's
syndrome, cystic brosis, dent's disease, osteoporosis, and
terials Research Laboratory, Department

New Delhi 110025, India. E-mail: rali1@

(ESI) available: The original 1H-NMR,
compounds are available in ESI. The
n CH3CN. Snapshot capture of Bindt
on, displaying 1 : 1, 1 : 2 and 2 : 1
t are available in ESI. See DOI:
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pollutants linked with the anionic entities are contamination of
drinking water, carcinogenesis and eutrophication of rivers
etc.10 In this regard, to date, though, a plethora of anionic
receptors have fruitfully been developed, exhibiting selectively
high affinity towards sensing or recognition of the anions by
fabricating changes in the spectroscopic signals.11–19 But, we
believe that, there is still a pressing necessity to develop simple-
to-make yet highly sensitive and selective anion receptors.20–30

Gratifyingly, preorganization leads to the selective as well as
effective binding between the specic receptor and analyte(s).
Moreover, it also upturns the rigidity, which usually hinders the
entree of analyte towards the binding site(s). This can produce
undesirable interruption in the measurement of equilibrium,
and also at the same time retard the kinetic measurements,
hence the receptor rigidity and exibility must be kept in
a proper balance, while designing the receptor(s) of particular
interest. Noticeably, a central requirement for a chemosensors
functioning is the reversible binding of receptor to analyte –

allowing the concentration of the analyte to be measured at the
equilibrium through analytically useful signals. Therefore,
while scheming the supramolecular receptors, certain require-
ments must be kept in mind: (1) choice of chromophore/
uorophore; (2) analyte binding site(s); (3) immobilized
methods and optical signaling mechanism; (4) preorganization
characteristics; (5) lastly, the composed exibility as well as the
rigidity.28,31,32

Undoubtedly, the design and construction of anion receptors
is highly challenging because of: (1) diverse geometries/shapes
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A list of already reported DPMs by different research groups for anion binding.
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View Article Online
of the anions; (2) their large size-to-charge ratio; (3) and the
higher hydration/solvation energies of the anions as compared
to the cationic receptors. Generally, a combination of non-
covalent/supramolecular interactions participates in the anion
recognition chemistry, including coulombic interactions,
halogen bonding, hydrogen bonding, CH–anion, anion–p
interactions, p–p stacking, and other important non-covalent
forces, as well.33–46 However, most frequent moieties consist-
ing of the active hydrogen bonding sites for instance urea,
thiourea, phenol, amide, pyrrole etc., have prominently been
used for the design and synthesis of the anion receptors.47–52

Remarkably, as can be inspected from the Fig. 1, by utilizing the
hydrogen bonding sites of pyrrolic systems, Sessler's research
group has reported that receptors 8 & 12, displayed high affinity
towards the biologically important dihydrogenphosphate and
pyrophosphate anions (used as their tetrabutylammonium
salts) in chloroform solvent.53–55 On the other hand, the same
research group has also revealed the selective binding of
© 2023 The Author(s). Published by the Royal Society of Chemistry
tetrabutylammonium dihydrogen phosphate over other tested
anionic salts with the pyrene-functionalized tetrakis-(1H-
pyrrole-2-carbaldehyde) (9) in CHCl3.56 Similarly, Bao and co-
workers have reported two novel tweezer-like receptors,
namely, the 2,2′-bis(2-cyano-2-phenylvinyl)-5,5′-dimethyl dipyr-
romethene (10) and 2,2′-bis[2-cyano-2-(4-nitrophenyl)vinyl]-5,5′-
dimethyl dipyrromethane (11), displaying strong and selective
binding towards dihydrogenphosphate and uoride anions
(Fig. 1).57 In a separate report, Zuo and teammates have
described a selective optical and electrochemical sensing of the
uoride anion with the usage of tetrathiafulvalene (TTF) based
boron-dipyrromethene receptor through 1H-NMR titration,
which was further supported by virtue of the Density Functional
Theory (DFT) calculations.58 On the other occasion, Sessler's
team has also achieved worthy outcomes with bipyrrole and
dipyrromethane appended amido-imine hybrid macrocycles,
toward oxoanions in acetonitrile.59 On the other hand, Usty-
nyuk's group has reported impactful results of anion binding
RSC Adv., 2023, 13, 30420–30428 | 30421
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Scheme 1 Synthesis of the fluorescein-based bis-dipyrromethane DPM3.
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View Article Online
studies using polypyrrolic 2,5-diamidothiophene Schiff base
with 1.2 : 1 hydrogen sulfate anions versus nitrate selectivity in
exible dipyrromethane, whereas rigid congener displayed 7.4 :
1 selectivity towards hydrogen sulfate.60

Fluorescein and its congeners have a potential future as
uorescent probes for diverse analytes as well as bio-labeling
reagents. Additionally, exhibiting outstanding uorescence
quantum yields and other photophysical characteristics, such
as the capacity to emit and absorb light at extended wavelengths
and have great light stability.61–65 On the other hand, crown
ethers, cyclic compounds containing various ether groups,
displaying strong binding towards cations by forming
complexes. Crown ethers exhibiting extinction coefficients and
are mostly used for phase transfer catalysis, synthesis of ion/ion
pair receptors, biological/pharmacological applications, and
mechanically interlocked supramolecular systems.66–69
Scheme 2 Synthesis of the benzo fused 12-crown-4 based bis-DPM4 f

30422 | RSC Adv., 2023, 13, 30420–30428
Therefore, bearing the importance of uorescein, crown ethers
and dipyrromethenes (DPMs) containing receptors in mind, in
addition to further extend our work on the DPM-based
systems,70 herewith we envision to construct two novel dipyr-
romethane receptors (DPM3 and DPM4), to investigate their
anion binding affinities. We are in the opinion that these newly
developed receptors, may open several hidden opportunities for
the young researchers, to further advanced the arena of
molecular recognition/sensing in many years to come.
Results and discussion
Synthesis and characterization

Towards the construction of our targeted dipyrromethane
receptors (DPM3 andDPM4), we embarked with the preparation
of DPM1 through the condensation reaction of easily available
rom catechol and 19.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The UV-vis titration of DPM3 with TBAF in CH3CN (a), and binding isotherm fitting of thus obtained data using online Bindfit v0.5
program (b).

Table 1 Binding constant values of DPM3 and DPM4 receptors with
various test anionsa

S. no Anion DPM3 (Ka, M
−1) DPM4 (Ka, M

−1)

1 F− 14923.78 (�5.33) 63789.81 (�9.87)
2 Cl− 12616.17 (�1.63) 12670.68 (�4.78)
3 Br− 5527.42 (�2.70) 8644.5 (�9.96)
4 I− ND ND
5 NO3

− 1900.37 (�0.38) 3640.14 (�1.77)
6 SCN− NA 516.07 (�1.38)
7 AcO− 6018.41 (�3.95) 12935.35 (�4.09)
8 H2PO4

− ND 1838.17 (�1.98)
9 HSO4

− 2825.47 (�1.17) 2121.77 (�0.50)

a Ka values, calculated using the Bindt soware through 1 : 1 binding
model. The errors are in parenthesis with <10%, [DPM3 and DPM4] =
5.0 × 10−6 M, [anions TBA salts] = 1.5 × 10−4 M at T = 32 °C ± 2 °C.
ND = not detectable.
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View Article Online
pyrrole (13) and p-hydroxyacetophenone (14) under a low
melting deep eutectic mixture, using our earlier reported
protocol (Scheme 1).70 Later, the DPM1 was converted into the
long-tailed ether based DPM2 in good yield (69%) by reuxing it
with 1,2-dibromoethane (15) in the presence of K2CO3/MeCN
for overnight. Next, DPM2 was treated with the parent uores-
cein (16) using K2CO3 in reuxing acetonitrile to furnish the
desired DPM3.

On the other hand, synthesis of the DPM4 was achieved from
the commercially available tri-ethyleneglycol (17), p-toluene-
solfunyl chloride (18), and the catechol (20). In this regard, rst
we prepared the ditosylated compound (19) by reacting 17 with
18 using KOH in dichloromethane (DCM), which was then
treated with catechol (20) in the presence of NaOH to yield the
benzo-12-crown-4 ether (21) in low yield (Scheme 2). Further-
more, the reaction of benzo-12-crown-4 (21) with
Fig. 3 The UV-vis titration of DPM4 with TBAF in CH3CN (a), and binding isotherm fitting of thus obtained data using online Bindfit v0.5
program (b).

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 30420–30428 | 30423
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Fig. 4 The UV-vis titration of DPM3 with TBAOAc in CH3CN (a), and binding isotherm fitting of thus obtained data using online Bindfit v0.5
program (b).
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View Article Online
paraformaldehyde and HBr in DCM afforded the 4,5-dibromo-
methyl benzo-12-crown-4 (22) in 55% yield. Next, the compound
22 was treated with the DPM1 to provide the anticipated DPM4
in respectable yield (Scheme 2). Thus, prepared DPM receptors
were characterized and identied by means of NMR spectros-
copy and mass spectrometry (see ESI†).
Anion binding studies through UV-vis titrations

Aer successful synthesis and characterization of the targeted
DPM3/DPM4 (5.0 × 10−6 mol L−1), next we performed the UV-
vis titration experiments using them with a variety of anions
for example, HSO4

−, NO3
−, SCN−, AcO−, H2PO4

−, F−, Cl−, Br−,
and I−, used in the form of their tetrabutylammonium salts
Fig. 5 UV-vis titration of receptor DPM4 with TBAOAc in CH3CN (a), an
program (b).

30424 | RSC Adv., 2023, 13, 30420–30428
(1.5 × 10−4 mol L−1) in CH3CN solvent. Both the newly
synthesized bis-dipyrromethanes i.e., DPM3 and DPM4, dis-
played maximum spectral change in complex (anion + receptor)
form (increase in absorbance by increasing the concentration of
guest), and different binding affinities with the test anions.
Towards the rst stage of the experiment, UV-vis spectra of the
free DPM3 and DPM4 (5.0 × 10−6 M) in MeCN solution was
recorded, then the guest molecule TBAF (1.5 × 10−4 M) was
added in portionwise (5 mL and 10 mL) till the saturation
established. From the inspection of the Fig. 2a, it can clearly be
seen that the spectra of DPM3 and DPM4 showed the bands
with maximum wavelength at ca. 275 nm, and 277 nm respec-
tively. Noticeably, upon successive addition of 5 mL of TBAF to
d binding isotherm fitting of UV-vis titration data by using Bindfit v0.5

© 2023 The Author(s). Published by the Royal Society of Chemistry
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DPM3, the decrease in the absorbance values were observed at
275 nm. Whereas, upon the successive addition 10 mL TBAF to
DPM4, the increase in the absorbance values was observed at
275 nm, which continues till the saturation point is obtained
(Fig. 2a and 3a). Data obtained were tted in the Bindt v0.5
soware at 275 nm and 258 nm, respectively for the DPM3 and
DPM4 with the uoride anion, the 1 : 1 stoichiometry were
observed for both the receptors with the binding constant
values of K1:1 14923.78 M−1 and 63789.81 M−1, respectively
(Fig. 2 and 3). Moreover, the linear acetate anion also showed
good results with both the receptors, stoichiometry (1 : 1) and
binding constants K1:1= 6018.41 M−1 for DPM3@AcO− and K1:1

= 12935.35 M−1 for DPM4@AcO− (<5% error). The stoichiom-
etry and binding constant values of the bis-dipyrromethanes
with various other tested anions were calculated in similar
manner, using Nelder–Mead t method from online supramo-
lecular Bindt v0.5 soware (see ESI†). From the calculations of
the binding constants (K1:1, K1:2, and K2:1), we observed that the
in all the cases, the 1 : 1 stoichiometry was obtained with
satised value of K1:1 within error <10, whereas for the data
tting to 1 : 2, and 2 : 1 stoichiometry, negative or unsatised
Fig. 6 Comparative 1H-NMR spectra of DPM3 receptor and complex fo

Fig. 7 1H-NMR spectra of DPM4 & complex (DPM4@F−) recorded in CD

© 2023 The Author(s). Published by the Royal Society of Chemistry
values with more errors were observed (Table 1). Noticeably,
similar results were obtained by Pakkirisamy and co-workers
with various dipyrromethane towards different anions using
UV-vis, uorescence, NMR spectroscopy besides the DFT
studies.71 On the other hand, Ganguly's and Majerski's research
groups, independently, have reported similar studies using
different dipyrromethane receptors with varied anions (Fig. 4
and 5).72,73
1H-NMR interpretation and the Job's method of continuous
variation

To further support the results of UV-vis spectroscopy, obtained
from the online supramolecular Bindt program, partial 1H-
NMR spectra of the DPM3 and DPM4 were compared with
that of the complexed ones (DPM3/DPM4@TBAF). From the
inspection of the Fig. 6, it could be clearly noticed that a peak at
10.37 ppm, attributed to the pyrrolic NH-protons, and the peaks
in the range of 8.20–6.55 ppm relates to the aromatic protons,
whereas the signals appeared ca. at 5.89 ppm and 5.58 ppm
belongs to the beta-pyrrolic protons. From the spectrum of the
complexed one (DPM3@F−), it could be seen that the pyrrolic
rm (DPM3@F−) recorded in the recorded in DMSO-d6 solvent.

Cl3 solvent.

RSC Adv., 2023, 13, 30420–30428 | 30425
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Fig. 8 Job's plot of DPM3 & DPM4 with TBAF in acetonitrile at ambient temperature.

Fig. 9 The probable complex structures of the novel bis-dipyrromethane receptorsDPM3 andDPM4with different anions in 1 : 1 stoichiometric
ratio.
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N–H protons shis downeld from 10.37 ppm to 10.87 ppm
with Dd = 0.50 ppm, whereas the aromatic ring protons as well
as the beta-pyrrolic protons moved towards upeld. Therefore,
it could be pointed out that the DPM3 binds with uoride anion
through both NH-anion as well as anion–p interactions (Fig. 6).
On the other front, it could be inspected from the Fig. 7 that in
the case of theDPM4, pyrrolic N–H protons largely shi towards
the low eld (downeld) i.e., from 7.80 ppm to the 10.83 ppm
(Dd= 3.03 ppm) (Fig. 6). Herein, it was observed that the overall
binding constants results were obtained from combination of
four N–H-anion hydrogen bonding as well as through anion–p
interactions (Fig. 7).74–77

The Job's method of continuous variation was performed to
authenticate the stoichiometric results acquired from the
online Bindt v0.5 soware for DPM3@anions and
DPM4@anions. In this method, the titration was performed
between the host molecule (DPM3 & DPM4) and guest molecule
(uoride & acetate) in acetonitrile solution at ambient temper-
ature. However, the concentrations of both the host and guest
30426 | RSC Adv., 2023, 13, 30420–30428
molecules were held constant (5.0 × 10−6 M), whereas their
mole fractions were varied. Furthermore, the graph was plotted
between change in the absorption at lmax and the mole fraction
of DPM3/DPM4 vs. the mole fraction of TABF-DPM3 or TABF-
DPM4. From the inspection of the Fig. 8, it was conrmed that
the complex concentration of DPM3@F− and DPM4@F−

appeared maximum at value 0.5, thereby conrming the 1 : 1
host–guest complex formation. Along similar lines, for
DPM3@CH3COO

− as well as DPM4@CH3COO
−, we noticed the

1 : 1 stoichiometry (see ESI†). From the results of various tech-
niques such as UV-vis titrations, Bindt v0.5 program, 1H-NMR
analysis, and Job's plot, 1 : 1 stoichiometry is conrmed besides
the N–H/anions (H-bonding) and anion–p interactions
(Fig. 9).
Conclusions and future prospects

Two novel uorescein and benzo-12-crown-4 ether based
dipyrromethane receptors DPM3 and DPM4 were successfully
© 2023 The Author(s). Published by the Royal Society of Chemistry
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synthesized, and evaluated for anion-binding assay through UV-
vis spectrophotometric titrations. The binding constants of
both the DPM3 and DPM4 with different anions were deter-
mined in acetonitrile using online supramolecular Bindt v0.5
program, displaying 1 : 1 stoichiometry for all the examined
anions, were further valuated by Job's plots. The comparative
study of 1H-NMR spectra revealed that the anions are captured
through both hydrogen bonding and anion–p interactions. The
ion-pair studies of these DPMs are underway, and will be pub-
lished in due course. Moreover, benzo-12-crown-4 ether in
addition to other higher analogous crown ethers based strapped
calix[4]pyrroles (C4Ps) are also under investigations, and will be
published shortly. Hopefully, these outcomes will guide to the
researchers to develop even more interesting crown ether-based
systems for varied applications in future studies.
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