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Calix[4]arenes bearing urea units at the meta position(s) of the upper rim of the macrocyclic skeleton
were prepared by the reaction of the corresponding amines with aryl isocyanates. As shown by the H
NMR and UV/vis titration experiments, these systems are capable of effectively complexing selected
anions even in a highly competitive environment (such as DMSO-de). While the monoureido derivatives
showed approximately the same complexation ability irrespective of the substitution (para vs. meta
isomers), the bisureas at the upper rim demonstrated interesting differences in complexation. The meta,
meta and para,para isomers were shown to prefer 2:1 complexes (anion : receptor) regardless of the
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anion tested, while the analogous meta,para isomer formed 1:1 complexes with strongly coordinated
anions (e.g. H,PO,47) based on synchronous complexation by both ureido groups. This suggests that the
regioselective introduction of urea units into the upper rim of calix[4]arene brings with it the possibility of
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Introduction

Recognition of anions, their targeted complexation and trans-
port have become one of the cornerstones of modern supramo-
lecular chemistry." Selective complexation of anions is a topic
with enormous application potential, ranging from the
removal of toxic anions from the environment, through
materials chemistry and catalysis to targeted complexation/
decomplexation of anionic species in medicine. It is therefore
not surprising that the research and development of new
receptors for anions is becoming increasingly important, as
evidenced by the huge number of recent articles and reviews>
dealing with this topic.

Anion complexation uses many different basic strategies
and approaches, but generally all receptors can be divided into
charged and neutral systems. The charged ones usually rely on
electrostatic interactions, which, however, are in principle not
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“tuning” the complexation properties depending on the substitution pattern of the functional groups.

very directional. These positively charged molecules can be
exemplified by quaternary ammonium cages, protonated or
alkylated azacrowns, cryptands and azamacrocycles, amidi-
nium- and guanidinium-based receptors, etc.>”

The opposite of these substances are neutral receptors,
based on highly directional interactions, such as hydrogen
bonds (HBs) or halogen bonding.?? Examples include recep-
tors using amides/thioamides,*** sulfonamides, ureas/thiour-
eas,” pyrroles,® triazoles* or molecules with acidic CH bonds
(e.g. bambusurils).”

The effectiveness of these highly directional interactions,
particularly HBs, can be further enhanced by the thoughtful
design of receptors, using several preorganized functional
groups. Although there are a number of such molecules, a
completely irreplaceable role is played by calix[n]arene deriva-
tives, especially systems based on calix[4]arene.® The possi-
bility of tuning their 3D structures by simple alkylations of the
lower rim of the macrocycle (phenolic hydroxyls) makes these
molecules the preferred choice in the design and synthesis of
new receptors.’ The existence of four basic conformations/atro-
pisomers (cone, partial cone, 1,2-alternate, and 1,3-alternate)
together with well-established derivatization procedures makes
calix[4]arene an ideal molecular scaffold for the design of
more complex supramolecular systems, including anion
receptors.'’

Anion receptors based on ureido/thioureido-calixarenes are
very popular because these compounds are synthetically
readily available. In particular, calix[4]arene-based receptors
immobilised in the cone and 1,3-alternate conformations have
been documented many times in the literature* and some of
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these systems show interesting complexation properties
towards selected anions. All receptors described so far have
one common feature - they use para-substituted phenolic sub-
units of calixarenes, which is related to the methods of their
preparation and the general reactivity of calixarenes. Only
recently have direct procedures' for the meta substitution of
the upper rim of calix[4]arene, allowing the introduction of
various functional groups, been described.™

In this context, we realized that no anion receptors bearing
urea groups at the meta position of the calixarene skeleton
have been prepared so far (Fig. 1). It would therefore be inter-
esting to find out whether this type of substitution exhibits the
same behaviour as the already described para-isomers or
whether the meta isomers lead to some new properties. In this
paper, we report the first preparation of meta-ureido calix[4]
arenes and the study of their complexation abilities towards
selected anions in comparison with their para-substituted
analogues.

Results and discussion

The synthesis of the corresponding meta-substituted aminoca-
lix[4]arene 2¢ was accomplished according to published pro-
cedures. Thus, direct monomercuration'** (1 equiv. Hg(TFA),
in CHCl;) of the starting tetrapropoxycalixarene 1 immobilized
in the cone conformation and the subsequent reaction with aq.
HCI provided 2a in 67% yield. The subsequent transformation
(isopentyl nitrite/HCI) of this organomercurial intermediate
into nitroso derivative 2b and the final reduction with
RANEY® nickel and hydrazine afforded amine 2c¢ in a good
overall yield"* (Scheme 1). Target receptors were obtained by
the reaction of 2c with appropriate commercially available aro-
matic isocyanates (p-X-C¢H4-NCS, X = NO,, n-Bu, OMe, CF;) in
dichloromethane at room temperature. Purification by pre-
parative thin layer chromatography on silica gel provided 3a-d
in 33-60% isolated yields.

The structures of receptors 3a-d were confirmed by the
combination of HRMS and NMR techniques. Thus, the HRMS
ESI" of 3a showed a peak at m/z = 973.4101, which is in good
agreement with the [M + Na]" (973.4106) ion predicted for the
product. The multiplicity and splitting pattern of signals in

Fig. 1 Ureido receptors based on calix[4larene: para- vs. meta-
regioisomers.
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2a, R = HgCl (67%) :| ii)
2b, R = NO (87%)
2¢, R = NH, (95%) < iy

I 3a,X=NO, (58%)
{ 3b, X =CF;(60%)
{ 3¢, X =n-Bu(33%) ;) o X (13

3d,X=0Me (42%) pr pr P pr

Scheme 1 Synthesis of meta substituted ureidocalix[4]arenes: (i) (1) Hg
(TFA),/CHCls, (2) HCL; (ii) i-amyl nitrite/HCL; (iii) NH,NH,-H,O/Ni(R); and
(iv) CH,Cl,, RT.

the "H NMR spectrum (400 MHz, DMSO-dg, 298 K) are fully
consistent with the expected C; symmetry. Thus, the presence
of four different signals for the terminal methyl groups (0.89,
0.90, 1.08 and 1.09 ppm) refers to the inherently chiral struc-
ture of the entire system. Also, the presence of two sets of
doublets (2 x 4) for the axial and equatorial protons (with
typical geminal coupling constants ~13-15 Hz) of the CH,
bridges is consistent with the predicted structure. The singlets
at 9.56 and 8.44 ppm (ureido N-H protons) and two doublets
in the aromatic region at 8.19 and 7.70 ppm reflect the pres-
ence of the p-nitrophenylureido moiety within the molecule.

The structure of receptor 3a was further confirmed by
single crystal X-ray studies. Compound 3a crystallized in the
triclinic system with space group P;; the unit cell contained
two molecules of MeOH (crystallization solvent) that formed
the 3a-2MeOH complex. As can be seen in Fig. 2a, the mole-
cule adopts a typical pinched cone conformation, where two
aromatic subunits are slightly tilted towards the interior of the
cavity, while the other two opposing units are directed out-
wards. If we define the main plane of the molecule using the
carbon atoms of the CH, bridging groups, the individual inter-
planar angles @ are 125.75, 77.52, 125.63 and 82.54° starting
clockwise from the subunit bearing the ureido group (see
Fig. 2a). The urea function is located on the phenolic subunit
pointing out of the cavity (@ = 125.75), and the planar urea
group itself is sharply twisted from the plane of the phenol at
an angle of 67.47°.

An interesting binding motif was found within the crystal
packing of substance 3a (Fig. 2b). Two methanol molecules
form a dimer by short hydrogen bonding (O-H---O distance =
2.101 A) outside the calixarene cavity. The urea unit is con-
nected by HB interactions of NH bonds to the first methanol;

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 X-ray structure of 3a: (a) top view into the cavity with the corres-
ponding interplanar angles and (b) hydrogen bonding motif of ureido
functions.

the N-H---O distances are 2.182 and 2.150 A. At the same time,
the second methanol molecule is attached to another urea
through HB interaction with the carbonyl (O-H---O=C dis-
tance is 2.057 A) and by the interaction between the ortho CH
bond of the adjacent nitro-substituted aromatic unit and the
CH bond from the methanol (C,~H--H-C = 2.373 A). The
result is an endless belt of interconnected ureidocalixarenes,
which have the same stereochemistry (identical enantiomers).
Since the inherently chiral compound 3a crystallizes as a
racemic mixture, the same arrangement of the opposite enan-
tiomer is found within the crystal (50:50 ratio). Finally, the
opposite homochiral bands point towards each other through
the ureido functions and are interconnected by the n-n inter-
actions between the nitrophenyl units.

After evaluating interactions in the solid state, the pro-
perties of the systems in solution were subsequently moni-
tored. Therefore, the ureido derivatives were studied by
dilution experiments in order to confirm or disprove the poss-
ible self-aggregation behaviour of receptors.'® Here, the insuffi-
cient solubility did not allow us to reach concentrations higher
than 10 mM even in DMSO (e.g. compound 3a did not dissolve
in concentrations exceeding 5 mM). This observation was
general for all mono-meta-substituted receptors. Therefore, the

This journal is © The Royal Society of Chemistry 2024
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complexation abilities of receptors 3a-d towards selected
anions were studied using standard 'H NMR and/or UV/vis
titration experiments in a HB competitive environment. The
anion solution was gradually added to the solution of 3a in
DMSO-d, to obtain various receptor : anion ratios (specific for
each measurement, see the ESIf). In all cases, upon the
addition of the anion, a significant down-field shift of ureido
NH signals was observed, indicating complexation under fast
exchange conditions (for example, see Fig. 3). When the for-
mation of the host-guest complex was monitored by UV/vis, a
redshift of receptor absorbance with a distinctive isosbestic
point was observed.

The calculation of the corresponding complexation con-
stants was based on the analysis of binding isotherms
obtained from the urea NH protons, and/or the parts of the
absorption curves where the changes in absorbance were the
most significant. The non-linear curve fitting of experimental
data was performed using Bindfit software.'® The stoichio-
metry of the complexes was determined by Job plot analysis'’
or it was based on the Bindfit output, where the 1:1 model
provided the best fit among all the stoichiometries (1:1, 1:2,
and 2: 1) tested."®

The complexation properties of receptor 3a are summarized
in Table 1, where they are also compared with the corres-
ponding para isomer 4 (obtained as previously described"®).
The receptors showed no changes in the "H NMR spectra upon
dilution of their DMSO-d, solutions (see Fig. S37 and S387),
which excludes receptor self-aggregation’® under the measure-
ment conditions. As can be seen, the complexation constants
K for benzoate, chloride and hydrogen sulfate anions are
almost identical for both receptors, indicating no influence of
the regioisomers (meta vs. para). The only distinct difference
can be found for acetate and especially for dihydrogen phos-
phate, where the constant for the para isomer 4 is twice that of
the meta analogue 3a (compare Ky po,(4) = 2020 vs. Ky, po,(32)
=1060).

12.5 .
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Fig. 3 'H NMR titration of receptor 3c with TBA* H,PO,~ (DMSO-ds,

400 MHz, 298 K), inset: the titration curve for the same system.
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Table 1 Binding constants of receptors 3a and 4 towards selected
anions determined by *H NMR titration (400 MHz, DMSO-dg, 298 K)

Anion? K 3a K4
H,PO,~ 1060° 2020°
AcO™ 950° 1320°
BzO™ 830 845
Cl™ 50 35
HSO,~ 4 6

“ All anions used as TBA (tetra-n-butylammonium) salts. ? Error, when
estimated, was <10%. °Determined by UV/vis titration in DMSO
(298 K).

As several tested species can be considered as basic anions
(H,PO,~, benzoate, acetate), the interaction of 3a with tetra-
butylammonium hydroxide was also studied. As shown in
Fig. S42,1 deprotonation of the NH bond of receptor 3a leads
to a dramatic shift of the absorbance maximum, corres-
ponding to a wavelength around 480 nm, which we never
observed during the common titration experiments with any of
the above-discussed anions (compare the record for acetate in
Fig. 5421).

In order to demonstrate the effect of the substitution of the
aryl residue on the complexation of the anions, a series of
meta substituted receptors were further expanded to include
3b-d and their binding abilities towards the dihydrogen phos-
phate anion were examined. As shown in Table 2, the strength
of complexation is proportional to the electronic effect of the
chosen substituent. Thus, the nitro group (the strongest EWG)
exhibits the highest complexation constant Ky po,(3a) = 1060,
while the weakest binding was found for the methoxy deriva-
tive (EDG) Ky, po,(3d) = 300.

It is interesting that the chemical shift of the urea NH
signal of the receptor (Table 2) can be correlated with the
strength of the complex - the higher the shift, the higher the
complexation constant. By plotting the complexation constants
K against the chemical shift § of the attached hydrogen, we
even observed a linear dependence (see Fig. 4). A simple pre-
diction of the binding constant for receptors of the same struc-
tural type, based on the chemical shift of urea NH signals, can
be advantageous, e.g. in determining the correct choice of
titration conditions for a new receptor.

Table 2 Binding constants of receptors 3a—d towards the H,PO,~
anion (*H NMR titration, 400 MHz, DMSO-dg, 298 K) and the NMR shifts
of the corresponding NH signals

Receptor K¢ Snu [ppm]
3a 1060° 9.56
3b 750 9.21
3¢ 470 8.73
3d 300 8.61

“ Error, when estimated, was <10%. ? Determined by UV/vis titration in
DMSO (298 K).
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Fig. 4 Dependence of the K values on the chemical shifts of NH (com-
pounds 3a-d).

In order to study the effect of system preorganization on
the complexation behaviour, we attempted to introduce two
urea functionalities into the upper rim of calix[4Jarene using
an organomercury protocol described by our group.'?? Briefly,
the starting tetrapropoxycalix[4Jarene 1 was reacted with two
equivalents of Hg(TFA), in chloroform to provide a mixture of
two distally dimercurated calixarenes: meta,meta 5a and meta,
para 6a isomers in an approx. 3:2 ratio (Scheme 2). Without
any isolation, the crude reaction product was reacted with
isoamyl nitrite/aq. HCI to yield a mixture of nitroso derivatives
5b and 6b, which was smoothly separated by column chrom-
atography on silica gel.”° The resulting amines 5¢ and 6¢ were
obtained by reduction with hydrazine hydrate in the presence
of RANEY®-nickel. Since the corresponding nitro derivative 3a

P 7
Pr Pr P"opr Pr Pr P"opr

5a, R = HCl (35%) — iy

. 6a, R = HgCl (22%) i
m i 5b,R=NO (65%) m

6b, R = NO (85%)

5¢, R = NH, (92%) i 6c, R = NH, (87%) iy

9 : 7a (64%) 8a (50%)

Scheme 2 Synthesis of meta substituted diureidocalix[4]arenes 7a and
8a: (i) (1) Hg(TFA),/CDCls, (2) HCL (i) isoamyl nitrite/HCL; (iii)
NH>NH>-H,O/Ni(R); and (iv) CH,Cl,, RT.

This journal is © The Royal Society of Chemistry 2024
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showed the highest complexation constants, the reaction with
p-nitrophenyl isocyanate was used in both cases. The respect-
ive distally substituted diureido isomers 7a and 8a were iso-
lated in 64 and 50% yields, respectively.

The "H NMR spectra of compounds 7a and 8a (400 MHz,
DMSO-dg, 298 K) reflect the expected symmetry of the mole-
cules well. Thus, receptor 7a shows 2 x 2 doublets for the CH,
bridging groups (J ~ 13 Hz) together with two NH signals (9.59
and 8.54 ppm) of urea groups, suggesting the C, symmetry of
7a. On the other hand, the splitting pattern and number of
signals in the "H NMR spectrum of 8a (e.g. 2 x 4 doublets for
equatorial and axial CH bonds of the bridging CH, units, four
different signals for NH bonds (9.55, 9.36, 8.65 and 8.42 ppm))
are consistent with the predicted C; symmetry.

Once again, solubility issues play an important role, limit-
ing the range of values of potential binding constants under
correct conditions (for the corresponding dilution experiments
in DMSO-d,, see Fig. S39-S41%). For receptor 7a, the clear solu-
tion was not obtained until the concentration decreased below
2 mM; therefore only strongly interacting anions were studied.
The 'H NMR titrations of compound 7a (meta,meta) and the
Job plot analysis revealed that 2 : 1 complexes (anion : calix) are
formed for all anions investigated (H,PO,~, BzO™ and AcO"). It
is therefore obvious that the individual ureido groups function
independently and there is no mutual cooperation between
them. Thus, each urea grabs its own anionic species, leading
to the aforementioned 2:1 stoichiometry. As shown in
Table 3, the corresponding binding constants K (1:1) and the
overall binding constants f (2 : 1) were calculated using a non-
cooperative model as the most appropriate choice.

The corresponding para,para isomer 9'° was used for direct
comparison of the complexation properties of the receptors. As
shown in Table 3, this isomer behaves very similarly to the pre-
ceding one. Although dihydrogen phosphate is captured some-
what more strongly, even in this case, a 2: 1 complex is formed
with independent complexation of both urea moieties.

Finally, the complexation study of receptor 8a (meta,para)
yielded unexpected results. With basic anions, this isomer has
been shown to form complexes with a 1:1 stoichiometry
(Table 4). This suggests that in this case there is a cooperative
binding of one anion by both urea units. This leads to the fact
that the complexation constant towards dihydrogen phosphate
Ki1,po,(8a) = 13600 is by far the highest among all measured

Table 3 Binding constants K (1:1) and the overall binding constants g
(2:1) of receptor 7a towards selected anions® (*H NMR titration,
400 MHz, DMSO-ds, 298 K)

Anion* K[1:1] pl2:17

H,PO,~ 1660 6.89 x 10°
BzO~ 1440 5.18 x 10°
AcO™ 1160 3.36 x 10°
Comp 9/H,PO,~ 3350 2.81 x 10°

“Used as TBA (tetra-n-butylammonium) salts. ?2:1 stoichiometry
(anion : calix), fitted by a non-cooperative model.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Binding constants K (1:1) and the overall binding constants g

(2:1) of receptor 8a towards selected anions® (*H NMR titration,
400 MHz, DMSO-dg, 298 K)

Anion® K[1:1] pl2:1)
H,PO,~ 13 600° —
BzO~ 2450° —
AcO~ 4170° —

cl- 60 900
HSO,~ 15 56

“Used as TBA (tetra-n-butylammonium) salts. ?2:1 stoichiometry
(anion : calix), fitted by a non-cooperative model. ¢ Determined by UV/
vis titration in DMSO (298 K).

receptors — essentially an order of magnitude higher than that
of the corresponding monoureido receptor 3a (Ky,po,(3a) =
1060). The same trend can be seen for the acetate anion
although the effect was not so pronounced. The results for
BzO™ were somewhat in the middle (between cooperating and
independent action of urea’s sites). However, as no mathemat-
ical tool was able to combine these actions in a single fitting
process, we decided to fit the raw data by a simple 1:1 stoi-
chiometry. On the other hand, anions that cannot be captured
synchronously from both functional groups (chloride and
hydrogen sulphate, Table 4) again clearly form complexes with
a 2:1 stoichiometry (Fig. 5).

All meta-substituted receptors represent inherently chiral
systems that could be useful for chiral anion recognition. To
test this hypothesis, we attempted to resolve racemic mixtures
of compounds 3a, 7a, and 8a using chiral phase chromato-
graphy. Unfortunately, all our efforts did not lead to the goal
and it was not possible to separate the urea derivatives into
pure enantiomers.

Therefore, we focused on other properties of these recep-
tors. Since our compounds carry the -NO, group in their struc-
ture, we tried to evaluate their electrochemical reduction. The
combination of steady state (RDE) and dynamic methods (CV)
provided sufficient information about the reduction transform-
ation. Receptors 3a and 4 were shown to be reduced in three
well-separated steps (Fig. 6a and S531), regardless of the sub-
stitution (meta vs. para).

This behaviour has been already reported for various com-
pounds bearing acidic hydrogens together with a nitro group

o o
.
0.08 - T e
.
. ° .
0.06 D
. ° 01 [-e s
. 0
0.04
.
® 005 (®
0.02 i
5 3
5 5
80 ) o0 .
© 9 02 04 06 08 1 0 0.2 04 06 038 1

8a/(8a+H,PO,) b) 8a/(8a+Cl)

a)

Fig. 5 Job plot (*H NMR, 400 MHz, DMSO-dg, 298 K) recorded for
receptor 8a (a) with H,PO,4~ and (b) with Cl™ anions.
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Fig. 6 Linear sweep voltammetry of 3a (9 x 10™* M) in DMSO (0.1 M
TBAPFg) (W = RDE = glassy carbon — @ 1 mm, Ref = SCE, Aux = Pt)
recorded with a scan rate of 10 mV s™* using a rotating rate of 100 s
(a) in the absence of any anion and (b) in the presence of H,PO,™.

within the same structure. The mechanism describing this
transformation is known in the literature as the self-protona-
tion mechanism.>' Interestingly, we found out that the urea’s
hydrogens might be “protected” upon the addition of an anion
(H,PO, ™), when a strong complex is formed by means of hydro-
gen bonds from the urea unit (NH). This suppresses the possi-
bility of self-protonation, which results in the common two-
step reduction (Fig. 6b).?*> This property could therefore be
used for electrochemical sensing of phosphates.

Conclusions

In conclusion, calix[4]arenes bearing ureido units at the meta
position(s) of the upper rim of the calixarene skeleton were
prepared. The "H NMR and UV/vis titrations proved that these
systems are capable of effectively complexing selected anions
even in a highly competitive environment (such as DMSO-dg).
The monoureido derivatives showed approximately the same
complexation ability irrespective of the substitution (para vs.
meta isomers). On the other hand, the bisureas at the upper rim
demonstrated interesting differences in complexation. While the
meta,meta and para,para isomers preferred 2:1 complexes (e.g.
with the dihydrogen phosphate anion), a similar meta,para
isomer formed a 1:1 complex based on the synchronous com-
plexation of the anion by both ureido groups. This suggests that
the regioselective introduction of a urea moiety into the upper
rim of calix[4Jarene brings with it the possibility of “tuning” the
complexation properties depending on the mutual arrangement
of the functional groups (substitution pattern).

Experimental
General experimental procedures

All chemicals were obtained from commercial sources and
used as received without further purification. Solvents were
dried and distilled using conventional methods. TLC was per-
formed on Merck foil sheets with silica gel 60 F254 (Merck).
Column chromatography was performed on silica gel 60 with
particle size 0.063-0.200 mm (Merck). Preparative thin-layer
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chromatography was performed on self-prepared glass plates
(25 x 25 cm) covered by silica gel 60 GF,s54 containing CaSO,
(Merck). 'H and *C NMR spectra were obtained using Agilent
400-MR DDR2, JEOL-ECZL400G ('H: 400 MHz, "*C: 100 MHz)
and Bruker Avance DRX 500 (*H: 500 MHz, *C: 125 MHz) spec-
trometers at 298 K. Deuterated solvents used are indicated in
each case. Chemical shifts are reported as § values in parts per
million (ppm) and were referenced to the residual peak of the
solvent or TMS as an internal standard; coupling constants (J)
are expressed in Hz. NMR data were processed and displayed
using MestReNova and TopSpin software. Melting points were
measured on a Heiztisch Mikroskop - Polytherm A (Wagner &
Munz, Germany) and are not corrected. The mass spectra ana-
lyses were performed on a Q-TOF (Micromass) spectrometer,
using ESI ionisation in positive mode. Infrared spectra were
measured on an FT-IR spectrometer Nicolet iS50 (Thermo-
Nicolet, USA) connected with a heatable Golden Gate
Diamante ATR-Unit GladiATR (PIKE, USA) in KBr. 64 Scans for
one spectrum were co-added at a spectral resolution of 4 cm™".
The spectra were processed using Omnic 9 (Thermo-Nicolet
Instruments Co., USA) with baseline correction.

Synthetic procedures

General procedure for the synthesis of mono- and diureido-
calix[4Jarenes. The corresponding calixarene was dissolved in
7-12 mL of DCM under an argon atmosphere. The isocyanate
(2.1 eq. for disubstituted derivatives, 1.1 eq. for monosubsti-
tuted derivatives) was added to the solution. The mixture was
stirred overnight at 25 °C and then 5 mL of methanol was
added. The reaction mixture was stirred another 20 minutes at
25 °C. The solvent was removed under reduced pressure from
the reaction mixture. The crude product was isolated by pre-
parative thin layer chromatography on silica gel.

4-{N'-(4-Nitrophenyl)ureido}-25,26,27,28-tetrapropoxycalix[4]
arene (cone) (3a). Calixarene 3a was prepared according to the
general procedure for ureido derivatives by reacting calixarene
2c¢ (0.141 g, 0.230 mmol) and 4-nitrophenylisocyanate (0.041 g,
0.253 mmol) in 10 mL dry DCM. The product was purified by
preparative TLC (eluent acetone : cyclohexane 10:90) to give
the title compound 3a as a yellow solid (0.102 g, 58%),
m.p. 143-146 °C. 'H-NMR (500 MHz, DMSO-d): 6 9.54 (s, 1H,
-NH-), 8.43 (s, 1H, -NH-), 8.18 (d, J = 9.10 Hz, 2H, Ar-H), 7.68
(d, J = 9.10 Hz, 2H, Ar-H), 7.20 (d, J = 8.2 Hz, 1H, Ar-H), 7.07
(td, J = 7.0 Hz, J = 1.5 Hz, 2H, Ar-H), 7.06 (d, J = 8.0 Hz, 1H,
Ar-H), 6.85 (t,J = 7.5 Hz, 1H, Ar-H), 6.23 (t, J = 7.5 Hz, 1H, Ar-
H), 6.18 (t,J = 7.5 Hz, 1H, Ar-H), 6.16 (d, J = 7.5 Hz, 1H, Ar-H),
6.11 (dd, J = 7.5 Hz, J = 1 Hz, 1H, Ar-H), 6.08 (dd, J = 7.5 Hz, ] =
1 Hz, 1H, Ar-H), 6.04 (d, J = 7.5 Hz, 1H, Ar-H), 4.34 (d, J = 13.5
Hz, 1H, Ar-CH,-Ar), 4.33 (d, J = 13.0 Hz, 1H, Ar-CH,-Ar), 4.31
(d, J = 13.5 Hz, 1H, Ar-CH,-Ar), 4.15 (d, J = 13.5 Hz, 1H, Ar-
CH,-Ar), 4.00-3.87 (m, 4H, -O-CH,-), 3.65-3.59 (m, overlap,
4H, -O-CH,-), 3.49 (d, J = 13.5 Hz, 1H, Ar-CH,-Ar), 3.16 (d,
1H + 2H, Ar-CH,-Ar), 2.02-1.88 (m, 4H, -O-CH,-CH,-), 1.83
(sextet, J = 7.2 Hz, 4H, -O-CH,-CH,-), 1.08 (t, J = 7.3 Hz, 3H,
-0-(CH,),-CH3), 1.07 (t, J = 7.3 Hz, 3H, -O-(CH,),~CH3), 0.90
(t,J = 7.5 Hz, 3H, -O—(CH,),-CHj,), 0.88 (t, J = 7.5 Hz, 3H, -O-
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(CH,),-CHj). “C{1H} NMR (125 MHz, DMSO-d¢): § 157.7,
157.3, 154.9, 154.8, 152.7, 146.7, 136.3, 136.2, 134.7, 132.9,
132.83, 132.80, 132.6, 132.5, 130.3, 128.7, 128.6, 127.9, 127.3,
127.2 [2><), 126.7, 125.2 [2><), 121.9, 121.64, 121.59, 118.3, 117.2
(2x), 76.6, 76.4, 76.1, 75.9, 30.2, 30.1, 29.9, 24.0, 23.1, 23.0,
22.6, 22.5, 10.69, 10.67, 9.77, 9.76. HRMS ESI': (C,,H5;N;0,)
mfz caled 794.3776 [M + Na]", found 794.3783 [M + Na]". IR
(KBr) v 2961, 2931, 2874, 1717, 1667, 1594, 1504, 1455, 1329,
1300, 1245, 1207, 1175, 1111, 1087, 1037, 1005, 964, 850, 753,
691 cm ™.
4-{N'-(4-TrifluoromethylphenylJureido}-25,26,27,28-tetrapro-
poxycalix[4]arene (cone) (3b). Calixarene 3b was prepared
according to the general procedure for ureido derivatives by
reacting calixarene 2¢ (0.116 g, 0.190 mmol) and 4-trifluoro-
methylphenylisocyanate (0.03 mL, 0.21 mmol) in 7 mL dry
DCM. The product was purified by preparative TLC (eluent
DCM: cyclohexane 90:10) and then once again (eluent
acetone : cyclohexane 15 : 85) to give the title compound 3b as a
white solid (0.09 g, 60%), m.p. 170-173 °C. "H-NMR (500 MHz,
DMSO-dq): § 9.22 (s, 1H, -NH-), 8.32 (s, 1H, -NH-), 7.65 (d, J =
7.8 Hz, 2H, Ar-H), 7.61 (d, J = 7.8 Hz, 2H, Ar-H), 7.21 (d, J = 8.2
Hz, 1H, Ar-H), 7.07 (td, J = 7.7 Hz, J = 1.1 Hz, 2H, Ar-H), 7.06
(d,J = 8.2 Hz, 1H, Ar-H), 6.85 (t, ] = 7.5 Hz, 1H, Ar-H), 6.22 (t, ]
= 7.5 Hz, 1H, Ar-H), 6.17 (t, J = 8.5 Hz, 1H, Ar-H), 6.16 (d, J =
7.6 Hz, 1H, Ar-H), 6.10 (d, J = 7.6 Hz, 1H, Ar-H), 6.08 (d,J = 7.6
Hz, 1H, Ar-H), 6.03 (d, J = 7.6 Hz, 1H, Ar-H), 4.34 (d, J = 13.5
Hz, 1H, Ar-CH,-Ar), 4.33 (d, J = 13.5 Hz, 1H, Ar—~CH,-Ar), 4.31
(d, J = 13.5 Hz, 1H, Ar-CH,-Ar), 4.14 (d, J = 13.5 Hz, 1H, Ar-
CH,-Ar), 4.03-3.86 (m, 4H, -O-CH,-), 3.63 (t, J = 6.3 Hz, 2H,
-0-CH,-), 3.62 (t, ] = 6.3 Hz, 2H, -O-CH,-), 3.50 (d, J = 13.5
Hz, 1H, Ar-CH,-Ar), 3.16 (~d, overlap, 1H + 2H, Ar-CH,-Ar),
2.01-1.88 (m, 4H, -O-CH,-CH,-), 1.82 (sextet, J = 7.2 Hz, 4H,
-0-CH,-CH,-), 1.08 (t, J = 7.2 Hz, 3H, -O-(CH,),-CH3), 1.07 (t,
J = 7.2 Hz, 3H, -O-(CH,),-CH3), 0.89 (t, / = 7.6 Hz, 3H, -O-
(CH,),-CH3), 0.88 (t, ] = 7.6 Hz, 3H, -O~(CH,),-CH3). "*C{'H}
NMR (125 MHz, DMSO-dg): 5 157.7, 157.3, 154.9, 154.8, 153.0,
143.8, 136.3, 136.2, 135.0, 132.9, 132.83, 132.79, 132.2, 130.1,
128.7, 128.6, 127.8, 127.2, 127.1 (J = 4 Hz), 126.7, 126.09,
126.07, 124.6 [] =272 Hz), 121.9, 121.64, 121.59, 121.4 (J = 32
Hz), 118.1, 117.5, 76.6, 76.4, 76.1, 75.9, 30.2, 30.1, 29.9, 23.9,
23.1, 23.0, 22.6, 22.5, 10.69, 10.67, 9.76. HRMS-ESI":
(C4sH53F3N,05) m/z caled 817.3799 [M + Na]’, found 817.3803
[M + Na]'. IR (KBr) v 2963, 2933, 2875, 1659, 1606, 1550, 1457,
1324, 1208, 1118, 1069, 1008, 965, 840, 760 cm ™.
4-{N'-(4-Butylphenyl)ureido}-25,26,27,28-tetrapropoxycalix[4]

arene (cone) (3c). Calixarene 3c was prepared according to the
general procedure for ureido derivatives by reacting calixarene
2¢ (0.112 g, 0.185 mmol) and 4-butylphenylisocyanate (0.036 g,
0.203 mmol) in 6 mL dry DCM. The product was purified by
preparative TLC (eluent acetone : cyclohexane 10:90) to give
the title compound 3c as a yellow solid (0.048 g, 33%),
m.p. 230-232 °C. "H-NMR (500 MHz, DMSO-d): 8.69 (s, 1H,
-NH-), 8.15 (s, 1H, -NH-), 7.34 (d, J = 8.0 Hz, 2H, Ar-H), 7.25
(d,J = 8.2 Hz, 1H, Ar-H), 7.12-7.00 (m, overlap, 5H, Ar-H), 6.86
(t,J = 7.50 Hz, 1H, Ar-H), 6.26-6.12 (m, 3H, Ar-H), 6.09 (d, J =
7.50 Hz, 1H, Ar-H), 6.07 (d, J = 7.50 Hz, 1H, Ar-H), 6.03 (d, J =
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7.50 Hz, 1H, Ar-H), 4.34 (d, J = 13.3 Hz, 2H, Ar-CH,-Ar), 4.30
(d, J = 13.3 Hz, 1H, Ar-CH,-Ar), 4.03-3.85 (m, 4H, -O-CH,),
3.66-3.58 (m, 4H, -O-CH,), 3.50 (d, J = 13.3 Hz, 1H, Ar-CH,-
Ar), 3.15 (d, J = 13.3 Hz, 2H, Ar-CH,-Ar), 3.14 (d, J = 13.3 Hz,
2H, Ar-CH,-Ar), 2.01-1.88 (m, 4H, -O-CH,-CH,-), 1.87-1.77
(m, 4H, -CH,-), 1.55-1.46 (m, 2H, -CH,-), 1.34-1.24 (m, 2H, -
CH,-), 1.08 (t, J = 7.50 Hz, 6H, -CHj), 1.08 (overlap, 1H, -
CH,-), 0.92-0.83 (m, 9H, -CH; + 1H, -CH,-). “C{'H} NMR
(125 MHz, DMSO-de): 6 157.7, 157.3, 154.8, 154.7, 153.2, 137.7,
136.34, 136.26, 135.6, 135.4, 132.9, 132.8, 132.7 (2C), 131.6,
129.5, 128.71, 128.65, 128.5 (2C), 127.8, 127.2, 127.13, 127.09,
126.7, 121.9, 121.64, 121.58, 118.0 (2C), 117.7, 76.6, 76.5, 76.1,
75.9, 34.1, 33.3, 30.2, 30.1, 29.9, 23.7, 23.1, 23.0, 22.6, 22.5,
21.7, 13.8, 10.7 (2C), 9.8 (2C). HRMS-ESI": (C5,H¢,N,05) m/z
caled 805.4551 [M + Na]’, found 805.4539 [M + Na]". IR (KBr)
2960, 2927, 2873, 1655, 1605, 1550, 1456, 1206, 1088, 967,
759 cm™.
4-{N'-(4-Methoxyphenyl)ureido}-25,26,27,28-tetrapropoxycalix
[4]arene (cone) (3d). Calixarene 3d was prepared according to
the general procedure for ureido derivatives by reacting calixar-
ene 2¢ (0.097 g, 0.159 mmol) and 4-methoxyphenylisocyanate
(0.02 mL, 0.176 mmol) in 5 mL dry DCM. The product was pur-
ified by preparative TLC (eluent acetone : cyclohexane 20 : 80)
to give the title compound 3d as a white solid (0.051 g, 42%),
m.p. 198-200 °C. 'H-NMR (500 MHz, DMSO-d): 8.64 (s, 1H,
-NH-), 8.14 (s, 1H, -NH-), 7.34 (d, J = 9.0 Hz, 2H, Ar-H), 7.23
(d,J = 8.2 Hz, 1H, Ar-H), 7.11-7.00 (m, overlap, 3H, Ar-H), 6.86
(t, J = 7.5 Hz, 1H, Ar-H), 6.85 (d, / = 9.0 Hz, 2H, Ar-H),
6.24-6.11 (m, 3H, Ar-H), 6.08 (td, J = 7.8 Hz, J = 1.2 Hz, 2H,
Ar-H), 6.02 (dd, J = 7.7 Hz, J = 1.2 Hz, 1H, Ar-H), 4.33 (d, J =
13.3 Hz, 2H, Ar-CH,-Ar), 4.30 (d, J = 13.3 Hz, 1H, Ar-CH,-Ar),
4.12 (d, J = 13.3 Hz, 1H, Ar-CH,-Ar), 4.04-3.84 (m, 4H, -O-
CH,), 3.70 (s, 3H, -Ar-CHj), 3.66-3.57 (m, 4H, -O-CH,), 3.50
(d, J = 13.3 Hz, 1H, Ar-CH,-Ar), 3.16 (d, J = 13.0 Hz, 2H, Ar-
CH,-Ar), 3.13 (d, J = 13.0 Hz, 2H, Ar-CH,-Ar), 2.04-1.87 (m,
4H, -CH,-), 1.87-1.76 (m, 4H, -CH,-), 1.08 (t, J = 7.5 Hz, 6H, -
CH3), 0.88 (t, J = 7.5 Hz, 6H, -CH3), 0.87 (t, J = 7.5 Hz, 6H, -
CH;). C NMR (101 MHz, DMSO-dg) § 157.7, 157.3, 154.8,
154.8, 154.2, 153.4, 136.3, 136.2, 135.7, 133.1, 132.9, 132.8,
132.74, 132.70, 131.5, 129.5, 128.7, 128.6, 127.7, 127.2, 127.1,
126.7, 121.8, 121.6, 121.6, 119.6, 117.6, 114.0, 76.6, 76.4, 76.1,
75.9, 55.1, 30.2, 30.1, 29.9, 23.7, 23.1, 23.0, 22.6, 22.5, 10.7, 9.8.
HRMS-ESI": (C45H56N,06) m/z caled 779.4030 [M + Na]", found
779.4026 [M + Na]". IR (KBr) 2961, 2933, 2874, 1647, 1510,
1481, 1455, 1229, 1207, 1089, 1036, 1006, 966, 826, 759 cm ™.
4,16-Bis{N'-(4-nitrophenyl)ureido}-25,26,27,28-tetrapropoxyca-
lix[4]arene (cone) 7a. Calixarene 7a was prepared according to
the general procedure for ureido derivatives by reacting calixar-
ene 5c¢ (0.0535 g, 0.0851 mmol) and 4-nitrophenylisocyanate
(2.1 eq. 0.029 g, 0.178 mmol) in 7 mL dry DCM. The product
was precipitated from acetonitrile to give the title compound
7a as a yellow solid (0.052 g, 64%), m.p. 255-260 °C. "H-NMR
(500 MHz, DMSO-d,): § 9.57 (s, 1H, -NH-), 8.53 (s, 1H, -NH-),
8.19 (d, J = 9.20 Hz, 4H, Ar-H), 7.69 (d, J = 9.20 Hz, 4H, Ar-H),
7.26 (d, J = 7.75 Hz, 2H, Ar-H), 7.13 (d, ] = 7.75 Hz, 2H, Ar-H),
6.17 (t, J = 7.66 Hz, 2H, Ar-H), 6.06 (d, J = 7.45 Hz, 2H, Ar-H),
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5.94 (d, J = 7.45 Hz, 2H, Ar-H), 4.30 (d, J = 13.3 Hz, 2H, Ar-
CH,-Ar), 4.13 (d, J = 13.3 Hz, 2H, Ar-CH,-Ar), 4.05-3.98 (m,
2H, -O-CH,), 3.96-3.88 (m, 2H, -O-CH,), 3.61 (t, ] = 6.50 Hz,
4H, -O-CH,), 3.50 (d, J = 13.3 Hz, 2H, Ar-CH,-Ar), 3.17 (d, J =
13.3 Hz, 2H, Ar-CH,-Ar), 1.97 (sextet, J = 7.61 Hz, 4H, -O-
CH,-CH,-), 1.83 (sextet, J = 7.61 Hz, 2H, -O-CH,~CH,-), 1.09
(t,J = 7.3 Hz, 6H, ~O~(CH,),~CH3), 0.88 (t, J = 7.3 Hz, 6H, ~O-
(CH,),~CH3). *C{'H} NMR (125 MHz, DMSO-dg, 333 K): &
157.7, 154.5, 152.5, 146.4, 140.8, 134.7, 132.5, 132.3, 132.3,
130.2, 127.6, 126.9, 126.3, 124.8, 121.5, 117.8, 117.1, 76.2, 75.7,
29.8, 23.6, 22.8, 22.2, 10.4, 9.4. HRMS-ESI": (C5,H53N¢O10) m/z
caled 973.4106 [M + Na]’; found 973.4101 [M + Na]'. IR (KBr)
2965, 2930, 2874, 1664, 1555, 1510, 1482, 1454, 1331, 1218,
1176, 1111, 1085, 965, 851, 752 cm™ ™.
4,17-Bis{N'-(4-nitrophenyl)ureido}-25,26,27,28-tetrapropoxyca-

lix/4Jarene 8a. Calixarene 8a was prepared according to the
general procedure for ureido derivatives by reacting calixarene
6¢ (0.122 g, 0.193 mmol) and 4-nitrophenylisocyanate (2.1 eq.
0.066 g, 0.405 mmol) in 12 mL dry DCM. The product was pur-
ified by preparative TLC (eluent acetone : cyclohexane 30 :70)
to give the title compound 8a as a yellow solid (0.09 g, 50%),
m.p. 220-225 °C. "H-NMR (500 MHz, DMSO-dg): & 9.55 (s, 1H,
-NH-), 9.36 (s, 1H, -NH-), 8.65 (s, 1H, -NH-), 8.41 (s, 1H,
-NH-), 8.18 (d, J = 9.10 Hz, 2H, Ar-H), 8.16 (d, J = 9.10 Hz, 2H,
Ar-H), 7.70 (d, J = 9.10 Hz, 2H, Ar-H), 7.68 (d, J = 9.10 Hz, 2H,
Ar-H), 7.19 (d, J = 8.2 Hz, 1H, Ar-H), 7.13 (m, 2H, Ar-H), 7.03
(d, J = 8.2 Hz, 1H, Ar-H), 6.28 (t, ] = 7.4 Hz, 1H, Ar-H),
6.23-6.18 (m, overlap, 4H, Ar-H), 6.10 (dd, J = 7.0 Hz, J = 1 Hz,
1H, Ar-H), 4.33 (d, J = 13.0 Hz, 1H, Ar-CH,-Ar), 4.32 (d, J =
13.0 Hz, 1H, Ar-CH,-Ar), 4.31 (d, J = 13.0 Hz, 1H, Ar-CH,-Ar),
4.5 (d, J = 13.0 Hz, 1H, Ar-CH,-Ar), 4.02-3.94 (m, 1H, -O-
CH,-), 3.94-3.96 (m, 3H, ~-O-CH,-), 3.68-3.59 (m, 4H, -O-
CH,-), 3.49 (d, J = 13.0 Hz, 1H, Ar-CH,-Ar), 3.16 (d, J = 13.0
Hz, 1H, Ar-CH,-Ar), 3.13 (d, J = 13.0 Hz, 2H, Ar-CH,-Ar),
2.01-1.88 (m, 4H, -O-CH,~CH,-), 1.83 (sextet, J = 7.0 Hz, 2H,
-O-CH,-CH,-), 1.82 (sextet, J = 7.0 Hz, 2H, -O-CH,-CH,-),
1.07 (t, J = 7.4 Hz, 3H, -0~(CH,),~CHj3), 1.06 (t, J = 7.4 Hz, 3H,
-0—(CH,),-CH3), 0.90 (t, J = 7.4 Hz, 3H, -O~(CH,),-CHj3), 0.89
(t, J = 7.4 Hz, 3H, -O-(CH,),~CHj3). C{'H} NMR (125 MHz,
DMSO-dg): 6 157.7, 155.0, 154.9, 152.8, 152.7, 152.0, 146.71,
146.66, 140.8, 136.3, 136.2, 134.7, 133.0, 132.8, 132.74, 132.69
(2x), 132.5, 130.2, 127.8, 127.3, 127.2, 127.1, 126.9, 125.2 (2x),
121.7, 119.63, 119.55, 118.3, 117.3, 117.2, 76.7, 76.5, 76.1, 76.0,
30.4, 30.3, 29.9, 24.1, 23.1, 23.0, 22.6, 22.5, 10.7, 10.6, 9.84,
9.79. HRMS-ESI": (C54H55N¢O1): m/z caled for 973.4106 [M +
Na]", found 973.4110 [M + Na]'. IR (KBr) 2962, 2935, 2874,
1658, 1596, 1552, 1508, 1461, 1328, 1298, 1211, 1178, 1110,
1002, 846, 748, 687 cm™".

Titration experiments

Dilution experiments preceded titrations to confirm or exclude
the self-aggregation processes in the solution. Depending on
the solubility of the corresponding urea-based receptors, the
studies were performed in DMSO-ds in the concentration
range from 26 mM to 0.6 mM. The appropriate data are shown
in the ESL{
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All titrations were performed at a constant receptor concen-
tration, specific for individual measurements. Anions were
gradually added to the solution of receptors in the form of
their TBA salt. The "H NMR titrations were performed in
DMSO-dg using a Bruker Avance 400 spectrometer (Bruker
Biospin, Rheinstetten, Germany). The UV/vis titrations were
performed in DMSO (HPLC grade 99.9%, Merck) using a
double beam UV-1800 spectrophotometer (Shimadzu). All UV/
vis spectra were recorded in the wavelength region from 270 to
800 nm, with steps of 1 nm, in cuvettes with pathlengths of 2
or 1 mm (depending on the absorbance of receptors). The
association constants of the resulting complexes were evalu-
ated using the freeware program Bindfit'® using the most pro-
nounced shifts in spectra (‘"H NMR) or the whole parts of the
absorption curves, where the changes in absorbance were the
most significant (UV/vis).

The complexation ability of receptors was expressed by
association constant K and/or overall association constant . In
the cases of 7a, 8a and 9, the binding ability was evaluated
using the overall association constant S by testing four
different models for data fitting. The right choice of the model
(non-cooperative model) was justified by the accuracy of the fit
of experimental points and the fulfilment of the additional
fitting conditions, as reported by Thordarson.'®

Electrochemistry

A combination of steady-state (RDE) and dynamic methods
(CV) was applied to study the electrochemical properties of
some prepared molecules. The measurements were performed
in DMSO solution (for DNA and peptide synthesis, containing
max 0.025% H,O, Merck) using 0.1 M TBAPFs (from TCI >
98%) as the supporting electrolyte, with the concentration of
the corresponding urea derivative as specified in the ESL.T Due
to low conductivity, the three-electrode systems were applied
in all cases. As the reference electrode, a saturated calomel
electrode (SCE) separated from the investigated sample by a
bridge filled by the blank (DMSO-electrolyte solution) was
applied. As the auxiliary electrode, Pt sheet was chosen. The
material of the working electrode was dependent on the par-
ticular experiment. For linear sweep voltammetry on RDE
(glassy carbon - diameter 1 mm) at a scan rate of 10 mV s,
several rotation rates (100, 250, 500 and 1000 s~ ') were used.
For cyclic voltammetry (scan rates 100, 200, and 500 mV s~ ),
HMDE, glassy carbon electrode (diameter 1 mm) or Pt disk
electrode (diameter 1 mm) were used. All these experiments
were carried out in an undivided 20 mL cell (using 10 mL of
the appropriate solution), and before analyses, the solutions
were deaerated using argon (99.998%, Messer). The experi-
ments were carried out using the computer-driven digital
potentiostat PGSTAT101 (Autolab-Metrohm) controlled by the
software NOVA 2.1.3.

X-ray measurements

Crystallographic data for 3a. M = 836.04 g mol™’, triclinic
system, space group P1, a = 9.3111(4) A, b = 15.9194(7) A, ¢ =
16.2178(7) A, a = 98.430(2)°, f = 106.068(2)°, 7 = 95.002(2)°, Z = 2,

This journal is © The Royal Society of Chemistry 2024
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V =2264.31(17) A%, D, = 1.226 g cm™, y(Cu-Ka) = 0.68 mm ™,
crystal dimensions of 0.202 mm x 0.209 mm x 0.295 mm. Data
were collected at 180(2) K on a D8 Venture diffractometer
equipped with a Photon II detector and an Incoatec microfocus
sealed tube with Cu-Ko radiation. The structure was solved by
direct methods® and anisotropically refined by full matrix least
squares on F* using the CRYSTALS suite of programs>* to a final
value of R = 0.0552 and wR = 0.1465, using 8282 independent
reflections (Omax = 68.550°), 560 parameters and 0 restrains. The
hydrogen atoms bonded to carbon atoms were placed in calcu-
lated positions, and all hydrogen atoms were refined with riding
constrains. The disordered solvent positions were found in
difference electron density maps and refined with no restric-
tions. MCE* was used for visualization of electron density
maps. The occupancies of disordered functional groups were
constrained to full. The structure was deposited in the
Cambridge Structural Database under number CCDC 2381330.}
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at the CCDC under CCDC 2381330 and can be obtained from
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