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Abstract: Two new adamantane anion receptors with amidopyrrole side arms were prepared and their anion binding ability in DMSO solutions
with TBA salts (CI5, AcO™ and H.PO4™) was investigated by UV/Vis spectroscopy. After calculating the corresponding association constants of
receptor-anion complexes, it became apparent that only one amidopyrrole side arm was engaged in complexation. These experimental findings
were rationalized using computational tools and the binding mode was proposed. In addition to the found 1 : 1 stoichiometry, we showed that
the studied receptors bind oxo-anions (H2PO4~ and AcO~) more strongly than spherical halogenide (CI7) anions.
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INTRODUCTION

D ESIGN and synthesis of anion receptors has been a
very exciting field of supramolecular chemistry in the
past thirty years.[!l Numerous studies postulated funda-
mental principles of anion binding in solution, enabling
implementation of anion sensors in interdisciplinary areas
of chemistry, biology, medicine and technology.ll Anion
receptor chemistry recently underwent a shift from classi-
cal hydrogen bond domain!? to halogen-bonding!® and
anion-Tt interactions,® as well as from binding environ-
ment consisting of organic solvents to real-life systems like
water.51 The quest for highly selective receptors!® also gave
rise to their miscellaneous application!”! in self-assembly!®]
and molecular architecture,® sensing,[19 catalysis, 1 and
anion transport.[12]

Neutral anion receptors usually incorporate moieties
such as amine,['3] amide,[4] (thio)urea,!*>! pyrrole,[18! etc.,
whereas many receptors combine more than one functio-
nal group to effectively bind anions by taking advantage of
hydrogen bond formation.!L8l Pyrrole as an anion binding
unit is often incorporated into receptor molecules because
of its acidic NH hydrogen that is rather stable in a wide pH
range. Moreover, pyrroles are easily substituted with addi-
tional hydrogen bond donating groups, such as amidelt7.18]

or guanidinium,*¥l and can be incorporated in various cyclic
and acyclic motifs, thus building a library of compounds
potent in complexing anions with higher selectivity and
affinity. One such substituted pyrrole motif much exploited
in the work of Galel'8] js amidopyrrole, a system consisting
of two joined, potent binding sites.

Our research group investigated synthesis and anion
binding properties of pyrrole,29! ureal?ll and guanidinel2]
receptors that contained adamantane as a polycyclic unit in
the structure. We hypothesized that incorporation of a rigid
and bulky adamantane moiety between the symmetrical
binding sites would diminish rotational mobility of the
sensor and in that way somewhat preorganize it for anion
trapping. We showed that even simple systems with two
pyrroles can bind anions effectively (like acyclic
dipyrromethanes),[202<] while solubility issues for cyclic
systems prevented a more detailed examination of their
anion binding properties.l20] Preliminary positive results
prompted us to introduce a phenyl chromophore group
into the binding region of dipyrromethane systems in order
to develop new colorimetric or fluorescent anion sensors.
Introduction of aromatics with different electron-
withdrawing and electron-donating groups later on would
allow us to vary the anion selectivity in the sensor series
and further explore their efficiency.[20d]
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Figure 1. Amidopyrrole receptors 1 and 2.

In this work, the idea was to use two amidopyrrole
subunits in a binding site to enhance anion complexation
due to additional H-bond donor groups. Unlike our
previously prepared receptors containing dipyrromethane
subunits,202.cdl receptors presented herein have a designed
cavity for anion capture with a different binding pattern of
hydrogen bond donors. It is known that amidopyrroles
offer a convergent hydrogen-bonding array, in contrast to
the parallel hydrogen-bonding array seen in bipyrroles or
urea receptors, and there are numerous examples of
various amidopyrrole assemblies in the solid state.[8! In
addition, we designed receptors 1 and 2 (Figure 1) to also
establish the effect of extra methylene groups between a
rigid spacer and the binding site and to study its influence
on the anion-receptor stability constant values. Here we
report preparation of new adamantyl amidopyrroles 1 and
2, data on their anion binding properties (complexation
with CI-, AcO~ and H,P0O,47), and theoretical analysis of the
receptor structure.

EXPERIMENTAL

1H and 3C NMR spectra were recorded on a Bruker
Spectrometer at 300 or 600 MHz. All NMR spectra were
measured in deuterated solvents using tetramethylsilane
as a reference. High resolution mass spectra (HRMS) were
measured on an Applied Biosystems 4800 Plus MALDI
TOF/TOF instrument. IR spectra were recorded on FT-IR
ABB Bonem MB 102 spectrophotometer. The UV/Vis
titration experiments were performed on PG instruments
limited T80+ spectrophotometer equipped with a
thermostating device. Melting points were obtained using
an Original Kofler Mikroheitztisch apparatus (Reichert,
Wien) and are uncorrected. Aminoadamantanes 3231 and
4(23] 35 well as amidopyrrole derivatives 5 and 6 were
prepared according to the respective literature
procedures.[24.23]

Synthesis
1,3-Bis[phenyl-(1H-pyrrole-2,5-dicarboxyamide)]-1,3-
dimethyladamantane (1)
N-hydroxysuccinimide (0.13 g, 1.13 mmol) and N,N'-
dicyclohexylcarbodiimide (0.23 g, 1.1 mmol) were added to

a solution of pyrrole acid 5 (0.24 g, 1 mmol) dissolved in
CH,Cl; (15 mL) and cooled at -5 °C. The reaction mixture
was stirred at =5 °C for 5 hours and left overnight at 4 °C.
The crude reaction mixture was evaporated and crude 6
was used in the next step without further purification.

To 1,3-bis(aminomethyl)adamantane (3) (0.1 g, 0.5

mmol) and NaHCOs (0.34 g, 4 mmol) dissolved in a solvent
mixture of THF : H,O =1 : 1 (18 mL) was added dropwise a
solution of activated ester 6 dissolved in THF (10 mL). The
reaction mixture was stirred for 24 hours at room
temperature. THF was evaporated and the water layer was
extracted with CH,Cl; (2 x 30 mL). Organic extracts were
collected and dried over anhydrous Na,SOa. After filtration,
the solvent was partially evaporated on a rotary evaporator
and the solution was stored at 4 °C overnight. Precipitated
white solid was filtered off and the filtrate was evaporated
to gain a white solid (0.32 g). After column chromatography
on silica gel using CHCI3 and MeOH in CH,Cl, (1 = 7 %) as
eluent, 0.1 g of product 1 was isolated as a white solid.
1, 32 %; white solid, Rf = 0.41 (5 % MeOH in CH,Cl;), m.p.
above 220 °C; IR (KBr) Jmax/cm1: 2360, 1652, 1384, 1097,
14 NMR (CD30D, 300 MHz) &/ppm: 1.36 (s, 2H), 1.50 (d, 4H,
J=11.8 Hz), 1.55 (d, 4H, J = 11.8 Hz), 1.66 (s, 2H), 2.08 (s,
2H), 3.11 (s, 4H), 6.88 (d, 2H, J = 4.0 Hz), 7.00-7.04 (m, 2H),
7.10-7.15 (m, 2H), 7.30-7.36 (m, 4H), 7.63—7.69 (m, 4H);
13C NMR (CD30D, 75 MHz) 8/ppm: 29.9 (2 x CH), 36.5 (2 x
C), 37.4 (4 x CH,), 40.9 (CH,), 44.2 (CH,), 51.7 (2 x CH,),
113.04 (2 x CH), 113.3 (4 x CH), 122.0 (4 x CH), 125.4 (2 x
CH), 129.8 (2 x CH), 130.1 (2 x C), 130.5 (4 x C), 139.6 (2 x
C), 163.0 (2 x C); HRMS: Anal. Calcd. CsgHasNgOa ([M]*)
619.3027, observed: 619.3014.

1,3-Bis[phenyl-(1H-pyrrole-2,5-dicarboxyamide]-1,3-
diethyladamantane (2)
To 1,3-bis(aminoethyl)Jadamantane dihydrochloride (4 x 2HCI)
(0.13 g, 0.44 mmol) and pyrrole acid 5 (0.21 g, 0.88 mmol)
dissolved in a solvent mixture of CH,Cl,, CHsCN and DMF
(10:10:3 mL) TEA (0.12 mL, 0.88 mmol) was added under
the nitrogen atmosphere. To the resulted mixture HBTU
(0.33 g, 0.88 mmol) in CH,Cl; (10 mL) was added dropwise
during 15 minutes and the reaction mixture was
subsequently stirred for 46 h (monitored by TLC, 5 % MeOH
in CH,Cl, as eluent). Solvent was evaporated and the
saturated ag. solution of NaCl (20 mL) was added to the
crude reaction mixture. The resulted mixture was extracted
two more times using CH,Cl, and Et,0, and the organic
extracts were washed with NaHCO3 and water (20 mL). This
led to the formation of emulsion and ethanol was added to
separate the organic and the water phase. The organic
layer was once washed with citric acid and saturated aqg.
solution of NaCl. Organic extracts were collected and dried
over anhydrous MgS0,. After filtration, the solvent was
evaporated on a rotary evaporator and yellow oil (0.32 g)
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Scheme 1. Synthesis of anion receptors 1 and 2; a) for 1: NHS, DCC, NaHCOs, THF/H,0, b) for 2: HBTU, DMF/CH3CN/CH,Cl,.

was obtained. The crude mixture was purified by
chromatography on silica gel using MeOH in CH,Cl (1 - 7
%) as eluent. Subsequent preparative chromatography on
a silica gel plate using the same eluent furnished 16 mg of
product 2 in the form of white crystals.

2, 5 %; white solid, R¢ = 0.45 (5 % MeOH in CH,Cl,), m.p.
186-192 °C; IR (KBr) Jmax/cm: 2360, 1683, 1558, 1095;
14 NMR (CDs0OD, 300 MHz) 6/ppm: 1.39 (s, 2H), 1.41-1.46
(m, 4H), 1.51 (d, 4H, J = 12.1 Hz), 1.57 (d, 4H, J = 12.1 Hz),
1.67 (s, 2H), 2.05 (s, 2H), 3.36-3.41 (m, 4H), 6.83 (d, 2H, J
=3.9 Hz), 7.00 (d, 2H, J = 3.9 Hz), 7.10-7.13 (m, 2H), 7.31—
7.35 (m, 4H), 7.64-7.68 (m, 4H); 13C NMR (CD30D, 75 MHz)
6/ppm: 30.5 (2 x CH), 33.8 (2x C), 35.6 (CH;), 42.9 (4 x
CH,), 44.3 (CH,), 112.5 (2 x CH), 113.4 (2 x CH), 121.9 (2 x
CH), 125.4 (4 x CH), 129.8 (4 x CH), 141.1 (2 x C); HRMS:
Anal. Calcd. Cs3gH4oNgOs4 ([M]*) 647.3340, observed:
647.3336.

Titration Experiments

The UV/Vis titration experiments were performed on a PG
instruments limited T80+ spectrophotometer at 25 °C. The
receptor was dissolved in spectroscopic grade DMSO (c =
1075 mol dm=3), in the concentration that corresponds to
the maximum of absorbance in the range 0.6-0.9. The
solution of the examined receptor was placed in a quartz
cuvette (/ = 1 cm, V = 0.9 mL), UV/Vis spectrum was
recorded and then small volumes (5-20 uL) of the
corresponding anion solution were added, altogether
between 20-30 additions of anion. DMSO solutions of
tetrabutylammonium salts of the anions were used
(TBAH,PO4, TBAOAC and TBACI), with the concentration
range 1074-10"1 mol dm=3. After each addition of anion
aliquot UV/Vis spectra were recorded and the obtained
spectrometric data was processed using the Specfit
program.[26]

Computations

Conformer search was performed with the Spartan'l4
program27l and selected candidates were then optimized

using DFT computations. All geometry optimizations were
done with the GAUSSIANO9 program package, (28! using the
B3LYP functional?® augmented by Grimme’s D3-dispersion
correction!3% in conjunction with the cc-pVDZ basis set. The
obtained minima were verified by frequency computations
and solvation (DMSO) was accounted for by using the
polarizable continuum model (CPCM).[31

RESULTS AND DISCUSSION

We prepared novel amidopyrroles 1 and 2 and studied their
anion binding affinity. The strategy for synthesis of 1 and 2
was to prepare the corresponding building blocks,
aminoadamantanes and the pyrrole carboxylic acid,
followed by amide bond formation between the prepared
fragments (Scheme 1). Aminoadamantane derivatives 3
and 4 were obtained from 1,3-adamantanedicarboxylic32]
and 1,3-adamantanediacetic acid,3! respectively vig the
corresponding adamantyl cyanides.!34 Synthesis of pyrrole
precursors 5 and 6 is known and very well described in the
literature (see Supporting information for more
details).[25:35-37]

The key reaction step in the synthesis of
amidopyrroles 1 and 2 is formation of the amide bond
between the two fragments, the corresponding
aminoadamantanes 3 or 4 and the pyrrole acid 5 or its
activated ester 6. First we employed DCC induced coupling
and compound 1 was obtained in a moderate yield of 31 %.
However, difficulties arose with the removal of dicyclo-
hexylurea, a byproduct formed from DCC. Recrystallization
and several column chromatographies were needed to
obtain a high purity of 1 necessary for titration experiments
since the urea byproduct would compete with the prepared
receptor in anion complexation. Therefore, we turned our
attention to HBTU, another activator used in peptide
chemistry. HBTU requires mild reaction conditions; the
reaction time is shortened while the yield of the reaction is
usually increased. The most important feature, however, is
water solubility of the HBTU byproduct, making product
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Table 1. Association constants (log 8 + ¢ (log 8)) of the
complexes of receptors 1 and 2 with anions determined by
UV/Vis titrations. @)

Receptor H2PO4~ AcO~ CI-
1 3.25+0.04 ~3.50+0.08 <2b
2 3.29+0.03 ~3.40+0.09 <2b

@ Titrations were performed at 25 °C in a DMSO solution and anions were
added as TBA salts. The complexes were formed in 1 : 1 stoichiometry
giving 8 / mol~ dm?3.

() Changes in the UV/Vis spectra were small, resulting in difficult fitting and
an estimate of log 8 values.

isolation facile. Unfortunately, repeated chromatographies
were still necessary to obtain analytically pure 2.

Binding studies of receptors 1 and 2 were performed
with the TBA salts of Cl-, AcO~ and H,PO4~ anions by means
of UV/Vis spectrophotometric titration. Acetonitrile would
have been the solvent of choice for the planned titrations;
however, precipitation of the formed complexes that
occurred upon anion addition prevented its use. To
determine reliable concentrations of species present in
equilibrium, we turned to DMSO that is more polar, but
unfortunately is also highly competitive in the binding
process. Dependencies of the UV/Vis spectra on anion
concentrations were processed by multivariate non-linear
regression analysis using the Specfit program.[2¢l
Determined complex stoichiometries and stability
constants are presented in Table 1 and an illustrative
example of a titration course is depicted in Figure 2.

Compounds 1 and 2 dissolved in DMSO (¢ = 10> mol
dm~3) show clear absorption spectra in the 270-340 nm
region. Addition of TBA salts to the DMSO solution of
receptors induced moderate spectral changes in case of
H,PO4, while addition of AcO~ and CI- had a small impact
on the appearance of the spectra. Furthermore, small
spectral changes in case of AcO~ and CI- prevented us from
determining complexation stability constants with high
precision (Figures S1-S5). This is especially apparent for CI-
where fitting was rather difficult and the calculated stability
constant is inaccurate (log B values were estimated to be <
2). Addition of HPO4~ to the DMSO solution of 1 resulted in
a decrease of absorbance at 295 nm (Figure 2). Formation
of isosbestic point at 310 nm indicates a presence of two
colored species in equilibrium, i.e., the formed complex and
free receptor 1.

After considering the results obtained by UV/Vis
study and by fitting experimental data to a 1 : 1 stoichio-
metry model, we determined that more stable complexes
are formed with more basic anions, regardless of their
differing geometry. Since all studied complexes follow a 1 :
1 stoichiometry, we concluded that anion binding is
accomplished only on one side of the receptor. Although
our intention was to design receptors with two active side

0.0

T T T T
280 300 320 340 360

21 nm

Figure 2. UV/Vis titration spectra of the DMSO solution of 1
(c=4.5%10°mol dm=3) upon addition of H,PO4™ anion. The
spectra were corrected for dilution. Inset: absorbance of the
DMSO solution of 1 at 300 nm vs. mole ratio of H,PO47/1
(= exp. values, — calcd. values).

arms that would form a central cavity suitable for anion
placement, such binding site cooperation appears to be
energetically unfavorable and does not occur in a polar
DMSO solution. Since DMSO is an electron donor and an
acceptor of hydrogen bonds, it comes as no surprise that it
competes strongly for the anion and diminishes
complexation capabilities of receptors 1 and 2. In
accordance with this, the observed values of the
equilibrium constants are lower than expected when
accounting for the number of possible binding sites.

In order to gain more insight into the non-
cooperative behavior of receptor side arms during the
complexation process in a polar solution, we also
conducted theoretical studies on compound 1. Note that
both receptors 1 and 2, despite being in principle directed
by a rigid adamantane backbone, still possess a significant
degree of freedom when considering their side arm
flexibility. As a result, one can expect a large number of
conformers to be present in a solution. Indeed,
conformational analysis of even somewhat less flexible
compound 1 yielded a large dataset since, as explained, the
side chains present in the structure can adopt a wide range
of orientations. That is why we focused our attention only
on selected stable conformers of 1 that can feasibly engage
in binding interactions with anions in order to shed some
more light on the obtained 1 : 1 stoichiometry. We chose
conformers for DFT computation based on criteria of NH
group directionality, i.e., by distinguishing whether all H
atoms bound to nitrogen atoms point towards the same or
opposite direction of the amidopyrrole moiety (Figure 3).
This gives structures with an alternating NH pattern, where
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Figure 3. The most stable conformer (C2) of receptor 1 in
the computed series, a) side view, b) top view.

the pyrrole H is pointing in opposite direction with regard
to the two amide H atoms; and with equally oriented NH
pattern, where all three H atoms form a concave
amidopyrrole  substructure. The two  described
directionality types are in connection with the binding
ability of the receptor since one would expect that the
concave shape is more likely to engage in anion binding due
to more opportunities for directed hydrogen bond
formation.

When comparing the five computed conformers of
1, one notices that the most stable conformer is C2, closely
followed by C1 (Table 2, Figure S6). Both have the
alternating NH pattern and the two side chains are not in
close contact with each other. C1 is completely spread out
and has a Cs symmetry while in C2 one side arm is a bit
tilted. It is obvious that the rigid adamantane backbone
cannot completely enforce side arm stiffness and the
methylene groups connecting the polycyclic framework
with amidopyrrole units indeed control the subtle
conformational differences. The overall preference for an
alternating pattern comes as no surprise since the NH
groups can be easily stabilized with the DMSO solvent
molecules and, moreover, the structures of C1 and C2 are
quite unhindered and consequently energetically
favorable.

Conformers C3 and C4 adopt the pattern of equally
oriented NH groups of amidopyrrole subunits, making
them more likely candidates for stronger anion binding.

Table 2. Relative energies, AG(298 K), of selected
conformers for receptor 1 computed at the B3LYP-D3/cc-
pVDZ level of theory in DMSO using the polarizable
continuum model (CPCM)

Conformer AG(298 K) / kcal mol?
c1 0.8
C2 0.0
Cc3 12.2
c4 6.4
C5 18.3

Unfortunately, when compared to C1 and C2, it becomes
apparent that such amidopyrrole orientation is not
necessarily the most stable in terms of intramolecular
interactions. Bending of amidopyrrole side arms can lead to
a very crowded central area of the molecule, as is the case
for conformer C4. Although interactions between benzene
rings somewhat alleviate the crowding and stabilize the
structure, which is reflected in the relative energy value for
C4 (Table 2, Figure S6), the resulting cavity is nevertheless
unsuitable for feasible anion accommodation and side arm
cooperativity during binding. Important to note is the
energetic difference between €3 and C1 or C2. These
conformers are all spread out, with no significant
interaction between the side arms, but conformer C3 with
concave amidopyrroles is markedly less stable that the
other two with an alternating NH pattern. It therefore
appears that conformers of receptor 1 with amidopyrrole
orientation more suitable for anion binding (concave
pattern) are less stable in a DMSO solution than their
alternating analogues, which is also in agreement with the
observed lower values of equilibrium constants.

Conformer C5 is the least stable structure in the
studied series, with an amidopyrrole pattern different from
the two described until now. Both of its side arms have one
amido NH group (the one nearer to the adamantane
backbone) pointing in opposite direction when compared
to the pyrrole and the remaining amido NH group. Such
orientation is highly unfavorable but also does not
contribute to the coordinated side arm binding event so we
did not pursue such type of conformers any further.

Noteworthy is that more effective stabilization of
structures with spread out side arms agrees well with the
experimental observation of a 1 : 1 stoichiometry binding
model with anions, meaning that cooperation between
amidopyrroles upon binding is unlikely due to
overcrowding and only a single side arm interacts with the
anion. The observed lower constant values reflect a failure
of stable central cavity formation and the receptor
consequently behaves as if it had only one binding subunit
instead of the two it actually possesses.

DOI: 10.5562/cca3248
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CONCLUSION

In summary, we prepared amidopyrroles 1 and 2, novel
adamantane-containing anion receptors, and examined
their binding with anions (Cl-, AcO~ and HP047) using
UV/Vis spectroscopy. We showed that receptors 1 and 2
form complexes with a 1 : 1 stoichiometry and that their
affinity for oxo-anions is more pronounced than for the
chloride. Such affinity is most likely due to the formation of
multiple hydrogen interactions with the anion, meaning
that oxo-anions benefit more from the formed hydrogen
bond network on accounts of their higher basicity, and
regardless of their individual geometry. Experimentally
observed binding behavior and the 1 : 1 stoichiometry
binding mode was further confirmed and rationalized using
DFT computations. Although cooperativity between
amidopyrrole side arms does not take place during the
binding event, we could nevertheless show that the
prepared receptors still engage in anion complexation,
albeit with only one amidopyrrole subunit.
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1. Synthesis of Pyrrole and Aminoadamantyl Precursors

Adamantantyl precursors were prepared by reaction of corresponding adamantyl diacids'
with CH;CN in acidic media that yielded intermediate adamantyl cyanides,” followed by

subsequent hydrogenation to desired amines 3° and 4° (Scheme S1).

NH
COOH (M COOH
@ 1. CHLCN, H* 1. CHsCN, H* COOH
COOH 2. H2, PtOZ nNH2 2. H2, PtOZ,

3n= 1 CH4Cl, HCI
4x2HCIn=2

Scheme S1. Synthesis of aminoadamantanes 3 and 4.

Synthesis of pyrrole precursors 5-10 (Scheme S2) started by formylation reaction of pyrrole
to 2-(trichloroacetyl)pyrrole (7) in 91 % yield.* The trichloroacetyl group allows facile
conversion to the methyl ester under basic conditions and the resulting compound 8 was
obtained in 94 % yield. Vilsmayer-Hack reaction then gave two aldehyde isomers 9a and 9b
that were separated by column cromatography.’ The oxidation of isomer 9a was achieved by
KMnO, in a moderately good to excellent yield (40—88 %) and was very dependent on the
amount of the starting material used.® Acid 10 was quantitatively converted with thionyl
chloride to acyl chloride 11, from which the amide ester 8 was formed in the coupling
reaction with aniline in 75 % yield.” Amide ester 12 was then readily hydrolyzed in basic

conditions to afford acid 5% in 81 % yield.
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H
J\ 1.CIOCCl3/Et,0  j\ o _NaOMe _ U\fo POCI3 o%o . I\ o
N 2. K,CO N "MeOH N N
H 2 H ccl H H OMe N Ome
7 9a 9b
1. KMnOy,, acetone:H,0 = 2:1
2. 6M HCI
O}/@\{/O aniline O}/ﬂ\{/o SOCl, OYU\/(O
N CH,Cl,, TEA N toluene N
Cl H OMe HO H OMe

®/NH H OMe

12, 1 10
5 R= 1) KOH/MeOH

Scheme S2. Synthesis of pyrrole precursors 5-10.
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2. '"H NMR and *C NMR Spectra of Receptor 1

1,3-bis[phenyl-(1H-pyrrole-2,5-dicarboxyamide)]-1,3-dimethyladamantane (1)
NP

NEENERRN \J bl | 2

T T T T T T T T T T T T T T T T T T T T T
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3."H NMR and “C NMR Spectra of Receptor 2

1,3-bis[phenyl-(1H-pyrrole-2,5-dicarboxyamide]-1,3-diethyladamantane (2)

@)

H
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N 1
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4. UV-Vis Titration Studies of Amidopyrrole Receptors 1 and 2

0,754
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Figure S1. UV/Vis titration spectra of the DMSO solution of 1 (¢ = 4.5 x 10~ mol dm™)
upon addition of AcO anion. The spectra were corrected for dilution. Inset: absorbance of
the DMSO solution of 1 at 295 nm vs. concentration of AcO ( exp. values, — calcd values).
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Figure S2. UV/Vis titration spectra of the DMSO solution of 1 (¢ =4.5 x 10~ mol dm™)
upon addition of CI” anion up to ¢ =7 x 10~ mol dm . The spectra were corrected for
dilution.
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Figure S3. UV/Vis titration spectra of the DMSO solution of 2 (¢ = 1.5 x 10~ mol dm™)
upon addition of H,PO, anion. The spectra were corrected for dilution. Inset: absorbance of
the DMSO solution of 2 at 295 nm vs. concentration of H,PO, (¢ exp. values, — calcd
values).
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Figure S4. UV/Vis titration spectra of the DMSO solution of 2 (¢ = 1.5 x 10 mol dm™)
upon addition of AcO anion. The spectra were corrected for dilution. Inset: absorbance of
the DMSO solution of 2 at 300 nm vs. concentration of AcO (e exp. values, — calcd values).
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Figure S5. UV/Vis titration spectra of the DMSO solution of 2 (¢ = 1.5 x 10 mol dm™)
upon addition of CI” anion up to ¢ =5 x 10 mol dm . The spectra were corrected for
dilution.





4. Computational Details

conformer C1 conformer C2

conformer C3 conformer C4 conformer C5

Figure S6. Optimized structures of selected conformers of receptor 1 computed at the B3LYP-D3/cc-pVDZ level of theory in DMSO using the
polarizable continuum model (CPCM).
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Table S1. Energies of conformers C1-CS5 in hartree computed at B3LYP-D3/cc-pVDZ level
of theory in DMSO using the polarizable continuum model (CPCM).

Conformers E ZPVE H G
C1 —2024.489993 0.696302 —2023.753548 —2023.873369
C2 —2024.490111 0.696091 —2023.753787 —-2023.874619
C3 —2024.471096 0.696165 —2023.734754 —2023.855256
C4 —2024.488811 0.696952 —2023.752272 -2023.864482
C5 —2024.468935 0.697669 —2023.731795 —-2023.845437

Table S2. Geometries in Cartesian coordinates in A computed at the B3LYP-D3/cc-pVDZ
level of theory in DMSO using the polarizable continuum model (CPCM).

C1

6  -0.000001000 -0.305428000  0.463725000
-0.000001000  -0.776207000  1.930457000
-0.000001000  -2.316032000  1.972185000
-1.257261000  -2.847419000  1.259286000
-1.275615000  -2.381953000 -0.214496000
-1.257804000  -0.837234000 -0.247176000

1.257803000 -0.837233000 -0.247175000
1.257260000 -2.847418000  1.259286000
0.000000000  -2.904474000 -0.910685000
1.275614000 -2.381953000 -0.214495000
2.501820000 -2.946392000 -0.959236000
3.783931000 -2.529917000 -0.409055000
-2.501821000  -2.946393000 -0.959237000
-3.783932000  -2.529918000  -0.409056000
4.516928000 -1.511864000 -0.928558000
-4.516928000 -1.511865000 -0.928559000
-5.768409000 -1.173787000 -0.212993000
5.768409000 -1.173787000 -0.212992000

e le Ne ie e NEN LN Ble) o) Se) Sie Jie cJie)Ne) o) Se NN e N )l le lie) i) le) o) fie) o) Jio))

4.193233000

-0.880542000

-1.943482000

-4.193233000 -0.880543000 -1.943483000
-6.400175000 -1.645775000  0.943641000
-7.583554000 -0.892827000  1.112227000
-7.647890000  0.023610000  0.054649000
-6.541631000 -0.172745000 -0.721840000
6.541631000 -0.172744000 -0.721840000
7.647890000  0.023610000  0.054649000
7.583554000 -0.892827000  1.112227000
6.400175000 -1.645774000  0.943642000
8.595716000  1.079117000 -0.355459000
-8.595715000  1.079117000 -0.355458000
-9.689229000  1.230445000  0.459113000
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-9.743825000
9.743827000
10.109868000
12.055139000
13.820086000
13.608289000
11.670813000
-11.670815000
-13.608291000

1.230443000
1.752447000
1.752447000
2.139933000
2.139934000
3.084474000
3.947018000
3.890182000
2.949558000
2.081996000
2.081996000
2.949557000
3.890182000
3.947019000
3.084477000
0.796834000
-0.383574000
-0.383574000
-2.660603000
-2.482699000
-3.951127000
-0.489155000
-0.445353000
-0.489155000
-0.445352000
-2.482698000
-3.951127000
-2.587629000
-4.009592000
-4.047775000
-2.619427000
-2.992783000
-2.619427000
-4.047776000
-2.992784000
-2.441282000
-1.008541000
0.354109000
0.354110000
-1.008542000
-2.441281000
0.606403000
0.606402000
3.132416000
4.675767000
4.569646000
2.887730000
1.351007000
1.351005000
2.887728000

0.459112000
-1.367294000
-1.367294000

0.348216000
0.348217000
-0.689075000
-0.714171000
0.271633000
1.301577000
1.342118000
1.342117000
1.301576000
0.271632000

-0.714170000

-0.689073000

0.428444000

2.454962000

2.454962000

3.019652000

1.777183000
1.300213000

-1.293317000

0.245255000
-1.293317000

0.245255000

1.777183000

1.300213000
-1.969185000
-0.906156000
-0.942386000
-2.008300000

0.426974000
-2.008301000
-0.942387000

0.426974000

1.596581000

1.918133000
-1.560494000
-1.560493000

1.918133000

1.596582000

1.256511000
1.256510000
-1.457364000
-1.524428000

0.239579000

2.082350000

2.150716000

2.150714000

2.082347000
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1
1
1

-13.820085000
-12.055136000
-10.109864000

4.569646000
4.675770000
3.132420000

0.239577000
-1.524426000
-1.457361000

2

C
6
6
6
6
6
6
6
6
6
6
6
7
6
7
6
6
6
6
8
8
6
6
6
7
7
6
6
6
6
6
7
7
8
8
6
6
6
6
6
6
6
6
6
6
6

-0.079794000
-0.741790000
-0.728105000
-1.508984000
-0.861260000
-0.861586000
1.374550000
0.726148000
0.602286000
1.407086000
2.852962000
3.614656000
-1.599497000
-3.001663000
4.493817000
-3.443832000
-4.893170000
5.161333000
4.753177000
-2.709002000
-5.966572000
-7.119903000
-6.724827000
-5.380806000
6.078013000
6.595081000
5.981715000
5.079019000
7.609638000
-7.415578000
-8.768501000
8.099241000
7.960870000
-6.778517000
9.063471000
-9.700758000
9.701469000
10.646420000
10.971501000
10.335099000
9.390546000
-11.046060000
-12.027221000
-11.687844000
-10.352437000

-2.573382000
-3.892164000
-4.887319000
-4.290413000
-2.963090000
-1.977233000
-2.844202000
-5.155870000
-3.243055000
-3.841618000
-4.158252000
-3.004259000
-2.374288000
-2.063516000
-2.338017000
-0.812418000
-0.675632000
-1.163256000
-2.666327000
0.183547000
-1.569699000
-0.811563000
0.529403000
0.574556000
-0.492959000
0.562483000
0.573180000
-0.512932000
1.397861000
1.803490000
1.700718000
2.437498000
1.139444000
2.860773000
3.404507000
2.714555000
3.455890000
4.455765000
5.407844000
5.353520000
4.363089000
2.325176000
3.270747000
4.620471000
5.005937000

1.850699000
2.292035000
1.116360000
-0.069290000
-0.524289000
0.665614000
1.424052000
0.687901000
-0.930307000
0.244399000
-0.186114000
-0.642893000
-1.742583000
-1.503649000
0.148752000
-1.216429000
-0.946295000
-0.456562000
1.314191000
-1.178026000
-0.856962000
-0.555437000
-0.466552000
-0.705027000
0.297983000
-0.397650000
-1.657063000
-1.693351000
0.275695000
-0.183963000
0.019210000
-0.473675000
1.431169000
-0.144333000
-0.127723000
0.315358000
1.126035000
1.376959000
0.406093000
-0.839596000
-1.106779000
0.466808000
0.763065000
0.913866000
0.762830000
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-9.355853000
-0.086298000
-0.200730000
-1.779784000
-1.199269000
-2.556865000
-1.523982000
-0.415062000
-1.899259000
1.860307000
1.955713000
1.291922000
0.747259000
1.073026000
0.625417000
2.835406000
3.401410000
3.467669000
-1.109807000
-1.544385000

4.071088000
-1.856542000
-4.318032000
-3.705788000
-5.835314000
-4.112599000
-5.004116000
-1.018776000
-1.762977000
-1.900583000
-3.251039000
-5.601578000
-5.884983000
-2.301719000
-3.939684000
-4.901039000
-4.592659000
-2.677335000
-1.441046000
-3.087752000

0.465579000
2.688751000
3.154617000
2.617811000
1.424751000
0.226827000
-0.912414000
0.351677000
0.969473000
1.125720000
2.268322000
1.524766000
-0.141542000
-1.263862000
-1.788177000
-1.000183000
0.661577000
-1.589757000
-2.054940000
-2.580859000

-3.669933000 -2.823684000 -1.522603000
-5.924796000 -2.648547000 -0.987720000
-8.124317000  -1.204698000 -0.414641000
-4.818194000  1.419269000 -0.700034000
6.336303000 -0.745855000  1.246366000
6.159969000  1.282747000 -2.462100000
4.438494000 -0.786643000 -2.528495000
-9.163305000  0.769812000 -0.057133000
7.723478000  2.529319000 -1.410948000
9.452609000  2.718572000  1.883482000
11.134546000  4.484946000  2.354037000
11.711126000  6.183077000  0.615689000
10.573757000  6.086991000 -1.612946000
8.899168000  4.327907000 -2.082955000
-11.320955000  1.273306000  0.350824000
-13.064301000  2.947248000  0.876388000
-12.455740000  5.361045000  1.145920000
-10.071730000  6.055667000  0.877192000
-8.320083000  4.375691000  0.348530000
C3
6 0.870893000 -3.285534000  2.270957000
6 0.474627000 -2.234892000  3.325434000
6  -0.575293000 -1.280653000  2.725446000
6 0.017409000 -0.572570000  1.493258000
6 0.422970000 -1.611574000  0.423813000
6 1.462988000 -2.576086000  1.038559000
6  -0.375033000 -4.087188000  1.851538000
6  -1.819604000 -2.084320000  2.306069000
6  -0.827816000 -2.425915000  0.026811000
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-1.440380000
-2.667544000
-3.729107000
0.974207000
2.144180000
-3.925193000
2.053488000
3.323342000
-4.956329000
-3.289869000
0.987643000
3.465745000
4.849179000
5.528232000
4.586029000
-5.420833000
-6.370437000
-6.515761000
-5.615738000
-7.083677000
6.992916000
7.436390000
-6.473280000
-8.143517000
7.731481000
-6.928666000
8.749408000
-6.045726000
-6.427871000
-7.696104000
-8.572067000
-8.203989000
8.929140000
10.194888000
11.303520000
11.123529000
9.861571000
1.622483000
0.066534000
1.364424000
-0.863252000
0.898938000
-0.711432000
1.770965000
2.367634000
-0.098518000
-0.796139000
-2.266706000
-2.582421000
-0.567316000

-3.145041000
-3.982017000
-3.203507000
-0.932155000
-0.090217000
-3.174042000
1.261527000
1.979502000
-2.234315000
-3.877847000
1.882222000
3.264575000
3.546772000
2.428227000
1.474590000
-1.129811000
-0.483268000
-1.199505000
-2.286240000
0.758048000
2.271074000
0.970703000
1.525035000
1.056490000
3.256704000
2.716257000
0.493968000
3.362884000
4.536770000
5.086678000
4.443196000
3.266590000
0.902958000
-1.453260000
-0.623190000
0.763243000
1.331843000
-3.972657000
-2.733460000
-1.665919000
-0.526100000
0.018849000
0.134733000
-3.320450000
-2.017633000
-4.856716000
-4.616076000
-2.581148000
-1.401838000
-3.167980000

1.248324000
0.837185000
0.211845000
-0.845794000
-0.630108000
-1.137566000
-0.464817000
-0.207282000
-1.636122000
-1.928851000
-0.524915000
0.307590000
0.373136000
-0.102232000
-0.432720000
-0.959700000
-1.720931000
-2.908043000
-2.862350000
-1.352202000
-0.222730000
-0.323958000
-0.383756000
-1.903905000
-0.218045000
0.219246000
-0.517822000
1.105712000
1.754182000
1.533283000
0.653951000
-0.006399000
-0.517954000
-0.716711000
-0.920856000
-0.921578000
-0.721207000
2.693643000
4.221545000
3.645949000
3.476323000
1.789967000
1.064155000
0.282866000
1.335246000
1.109261000
2.724628000
3.185286000
1.893423000
-0.747711000
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1.716429000
1.397814000
-0.024046000
0.240324000
2.384230000
1.723465000
-1.152406000
-2.286158000
-1.833450000

2.146757000
-3.137434000
-2.756816000

2.212411000

3.186105000
-4.008717000
-3.544935000
-2.753561000
-1.482072000

2.198186000
-0.899672000
-1.067540000
2.094027000
2.180666000
-0.087730000
-0.856116000
-1.145130000
-1.491505000

1 -1.576864000  -1.749410000 -0.418273000
1 -3.081713000 -4.484637000  1.725908000
1 -2.365445000  -4.754868000  0.116581000
1 -4.387645000 -2.733310000  0.819839000
1 0.198118000  -0.292185000 -1.287575000
1 1.241392000 -1.706413000 -1.583716000
1 3.007661000 -0.555823000 -0.377079000
1 2.639214000  3.899266000  0.614280000

1 5.330527000  4.447213000  0.744277000

1 4.773233000  0.664980000 -1.013841000

1 -5.126430000  -0.854085000 -0.030990000
1 -7.194002000 -0.926083000 -3.711410000
1 -5.448713000  -3.048443000 -3.618115000
1 6.753749000  0.244733000 -0.135958000

1 -5.517347000  1.282075000 -0.148711000
1 -5.054519000  2.937889000  1.286417000

1 -5.727528000  5.022608000  2.437155000

1 -7.996080000  6.005683000  2.040632000

1 -9.564945000  4.860761000  0.470719000

1 -8.885337000  2.776628000 -0.695594000
1 8.067229000 -1.558039000 -0.363973000
1 10.312557000 -2.539125000 -0.712743000
1 12.294774000 -1.053383000 -1.076773000
1 11.979406000  1.423998000 -1.078497000
1 9.729027000  2.409673000 -0.714033000

C4

6 6.542276000 -0.288501000 -0.100647000

6 6.386220000  0.883130000 -1.088251000

6 4.888597000  1.153765000 -1.323518000

6 4.223562000 -0.105513000 -1.907875000

6 4.371715000 -1.293989000 -0.930345000

6 5.876352000 -1.547316000 -0.688374000

6 5.866680000  0.073936000  1.235794000

6 4.210883000  1.511296000  0.011396000

6 3.713861000 -0.916362000  0.414318000

6 4.361824000  0.347718000  1.018023000

6 3.715991000  0.694641000  2.373946000

7 2.274355000  0.908611000  2.311556000

6 3.733559000 -2.570705000 -1.511513000

7 2.291163000 -2.467590000 -1.684009000

6

6

6

6

8

8

6

6

6
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-0.454689000
-0.605308000
-1.909897000
-1.891401000
-0.544990000
-3.101524000
-2.661913000
-2.039246000
-2.936795000
-4.150734000
-3.829124000
-3.858305000
-2.536880000
-3.559377000
-4.387483000
-5.529455000
-5.828693000
-5.008186000
-3.761068000
-4.160761000
-3.366470000
-2.148899000
-1.735131000
7.612276000
6.875288000
6.883458000
4.768645000
4.683413000
3.155313000
6.000664000
6.366183000
5.994006000
6.348011000
4.653398000
3.142108000
3.804420000
2.637583000
4.170800000
3.904571000
1.678107000
3.910689000
4.198081000
1.944844000
-1.130772000
-3.331579000
0.156124000
-0.303539000
-2.776323000
-0.154797000
-1.148823000

-1.505335000
1.148713000
1.599880000
2.972361000
3.355616000
0.768422000

-0.296231000
0.918746000

-0.582116000
1.284132000

-0.418283000

-1.625267000
2.218207000

-2.881653000

-3.977030000

-3.836525000

-2.583935000

-1.476773000
2.483732000
3.809543000
4.877277000
4.607414000
3.291327000

-0.489177000
1.786197000
0.642318000
1.991818000

-0.365551000
0.097565000

-2.399512000

-1.826041000

-0.750943000
0.965992000
2.427302000
1.721673000

-1.760543000

-0.738185000
1.611780000

-0.122473000
0.105488000

-3.420104000

-2.804641000

-1.897309000

-4.581862000

-3.034869000

-0.735410000
0.227813000
3.600883000
4.346706000
0.900201000

-1.445092000
1.857241000
1.803270000
2.031573000
2.216892000
1.539548000

-1.785393000

-1.587129000
1.758432000
1.154147000

-2.159478000
1.529657000

-1.813757000
2.086991000
1.844895000

1.047707000
0.501966000
0.735092000

-2.453063000

-2.648420000

-2.218751000

-1.582832000

-1.382004000
0.073253000

-0.684321000

-2.043638000

-2.029993000

-2.877446000

-2.097478000
0.002737000

-1.637889000
1.959070000
1.673507000
0.436153000

-0.156405000
1.121337000
0.260624000
2.775093000
3.087929000
2.464619000

-0.837921000

-2.483782000

-2.445843000
-0.533071000
-1.065831000

-1.688995000
1.561417000
2.062439000
2.428677000

-1.104020000
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-2.114211000
-2.660202000
-4.134323000
-6.177628000
-6.713898000
-5.231957000
-4.387048000
-5.114307000
-3.691900000
-1.514741000
-0.788573000

-0.857248000
-3.002151000
-4.946309000
-4.693641000
-2.460503000
-0.514549000
1.657764000
4.004519000
5.907618000
5.425423000
3.089974000

2.284268000
2.696709000
2.279785000
0.854938000
-0.126268000
0.286455000
-2.777078000
-3.144771000
-2.375183000
-1.234321000
-0.874022000

5

C
6
6
6
6
6
6
6
6
6
6
6
7
6
7
6
6
6
6
8
8
6
6
6
7
7
6
6
6
6
6
7
7
8
8
6
6
6

0.045365000
0.645700000
0.080313000
0.444497000
-0.142931000
0.421040000
-1.489771000
-1.450133000
-1.672760000
-2.073704000
-3.605759000
-4.404086000
0.221228000
-0.459139000
-4.849380000
-0.246191000
1.018172000
-4.695471000
-5.357281000
-1.116390000
1.148973000
2.499048000
3.173218000
2.253453000
-4.453432000
-4.276090000
-4.396225000
-4.659737000
-3.861935000
4.603926000
4.942289000
-3.165697000
-4.110454000
5.404988000
-2.432228000
6.214459000
-1.648276000

-3.907328000
-3.031483000
-1.603435000
-1.007741000
-1.880608000
-3.313121000
-3.948709000
-1.651565000
-1.934330000
-2.521905000
-2.526928000
-3.215024000
-1.344320000
-0.119558000
-2.833626000
1.198090000
1.648609000
-1.438615000
-3.667644000
2.041627000
2.790133000
2.874265000
1.788745000
1.041664000
-0.293606000
0.776763000
0.306487000
-1.081678000
2.135768000
1.460417000
0.153372000
2.161283000
3.122018000
2.316931000
3.219177000
-0.454960000
2.914568000

1.369325000
2.485235000
2.370660000
0.997446000
-0.133942000
-0.000332000
1.510066000
2.519589000
0.035356000
1.404177000
1.609349000
0.597874000
-1.536650000
-1.960011000
-0.639324000
-1.661957000
-1.032563000
-1.125163000
-1.398496000
-1.906241000
-0.244294000
0.163577000
-0.388604000
-1.097681000
-0.394435000
-1.244105000
-2.547056000
-2.471646000
-0.820605000
-0.222857000
-0.500112000
0.368721000
-1.509133000
0.153864000
0.939767000
-0.485841000
2.069037000
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-0.867198000
-0.854554000
-1.640551000
-2.432648000
6.262798000
7.484382000
8.679232000
8.629875000
7.413339000
0.445159000
0.403459000
1.745632000
0.504141000
1.540502000
0.056244000
0.017274000
1.518836000
-1.925499000
-1.767319000
-1.722767000
-1.867737000
-2.110695000
-2.077511000
-3.825844000
-3.960462000
-4.535983000
1.309714000
-0.049465000
-1.391002000
0.329861000
2.953976000
2.499859000
-4.617671000
-4.252084000
-4.775670000
4.174530000
-2.913040000
-1.640505000
-0.258918000
-0.239154000
-1.640552000
-3.032136000
5.334566000
7.499582000
9.635940000
9.553871000
7.380114000

3.897515000
5.202080000
5.505111000
4.531259000
-1.843591000
-2.515960000
-1.818376000
-0.439964000
0.249594000
-4.931870000
-3.456627000
-3.011421000
-0.968638000
-0.944379000
0.021250000
-3.947163000
-3.295861000
-4.588270000
-4.392236000
-2.061062000
-0.630069000
-2.538356000
-0.918690000
-3.024688000
-1.496973000
-4.212437000
-1.230331000
-2.106778000
-0.253164000
3.451034000
3.617908000
0.340138000
-0.203515000
0.911874000
-1.783246000
-0.495089000
1.254174000
1.894804000
3.637251000
5.971921000
6.519108000
4.765370000
-2.396123000
-3.593083000
-2.344244000
0.118149000
1.318926000

2.674933000
2.167817000
1.051201000
0.434733000
-0.716830000
-0.731822000
-0.518722000
-0.290325000
0.269832000
1.444378000
3.474260000
2.399103000
3.166001000
0.891174000
0.922040000
-0.809082000
-0.118825000
0.723316000
2.482195000
3.507843000
2.473970000
-0.776561000
-0.070063000
2.566439000
1.738394000
0.741201000
-1.605997000
-2.283334000
-2.347021000
0.021977000
0.811846000
-1.784817000
0.599670000
-3.437416000
-3.292525000
-0.632766000
0.741452000
2.462987000
3.543750000
2.637348000
0.644347000
-0.439996000
-0.886985000
-0.912239000
-0.530362000
-0.121501000
-0.083443000
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