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Carboxylates are commonly used in the food and pharmaceutical industry and due to their extensive use,
carboxylates present a significant environmental burden. In this context, valine based, heteroditopic
receptor 1 was prepared and its ability to bind simultaneously potassium cation and acetate anion in
water containing CHsCN solutions was demonstrated. Under liquid—liquid extraction conditions the
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nearly ten times more effective than the equimolar mixture of monotopic receptors. Furthermore,
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Introduction

Liquid-liquid extraction (solvent extraction) is one of the most
important separation methods in research and industry. For
example, in hydrometallurgy this process is frequently used in
separation and purification of cations of transition metals (Cu,
Co, Ni, Pd) as well as f-block elements (U, Pu) from aqueous
solution to organic solvents." On the other hand, anion recog-
nition and transport in liquid-liquid separation systems is an
area of growing interest.” This interest is mainly stimulated by
the need of finding effective methods of the removal of poten-
tially harmful anions, such as nitrate, sulfate, perchlorate or
carboxylates from the environment. Molecular receptors which
could bind only one kind of ion can be used to facilitate liquid-
liquid extraction. However, only ions accompanied by lipophilic
counterions are effectively extracted by those monotopic
receptors. For example, dicyclohexyl-18-crown-6 extracts 41% of
KClO, and 16% of KI but only 0.6% of KBr from water to
chloroform phase.? To extract hydrophilic salts the use of binary
mixture of monotopic receptors or one receptor combining
cation and anion binding sites (heteroditopic receptor) is
needed.>* The use of heteroditopic receptors in extraction
processes has many practical advantages. First, cation-
receptor-anion ternary complex is electrically neutral thus it
can be directly transported across membranes in a symport
process. Then mutual electrostatic interactions between co-
bonded ions and allosteric conformational change of the
receptor induced by binding events can cause positive
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(IbuOK), from relatively dilute aqueous solutions.

cooperative effects that could substantially increase salt binding
affinity.” However, the design, synthesis and binding studies of
heteroditopic receptors that display substantial positive
binding synergy is not a trivial task, yet finding receptors that
could facilitate liquid-liquid salt transport is even more chal-
lenging. This is because strong salt binding by a heteroditopic
receptor is not the only one factor determining transport
activity.>*® The other crucial factor is the lipophilicity of the
cation-receptor-anion complex that is transported through
liquid-liquid interface.” Therefore, the heteroditopic receptors
that form less polar complexes in which cation and anion are in
close proximity should be more active in salt transport. There-
fore, the most effective salt extractants prepared to date have
multi-macrocyclic, cryptand-like structure that ensures close
spatial proximity of cation and anion binding domains.® These
extractants bind salts most likely as contact or solvent separated
ion-pairs. Some very elegant multimacrocyclic salt extractants
are known and proved to be able to extract KF, KCl, CsCl,
NH,NO; and LiNO,.>® However, due to the ‘“closed” structure of
these receptors it is difficult to improve their binding and
extracting abilities. Unfortunately, the synthesis of these mul-
timacrocyclic compounds is usually low yielding and requires
the application of high-dilution techniques. Therefore, there is
a need of simple and relatively cheap receptor which will extract
potentially harmful individuals.

Recently, our group has reported non-multimacrocyclic
heterotopic receptor S1 which strongly binds potassium
carboxylates due to high cooperativity between co-bounded
ions.® Moreover, preliminary studies showed that receptor S1
permits the extraction of hydrophilic AcOK,q into an organic
phase. This unprecedented result is very important because
carboxylate salts are commonly used in the chemical, pharma-
ceutical and food industry.’ Due to their extensive use,
carboxylates present a significant environmental burden. New

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structures of receptors 1 and S1.

challenges connected with the analysis and removal of the
carboxylates used as active pharmaceutical ingredients (such as
nonsteroidal anti-inflammatory drugs) have been arising
recently.” Therefore, the receptors that are capable of recog-
nizing and extracting the carboxylates may help to analyze and
remove these salts. Acetate anion is the most hydrophilic
unsubstituted carboxylate (AGp, = —373 kJ mol ™) and hence is
a good model anion for testing the transport activity of molec-
ular receptors.

Herein, we describe the design, synthesis, binding and
detailed acetate salt extraction studies of the heterotopic
receptor 1. This receptor was developed thanks to the non-
macrocyclic and modular structure of parent receptor S1 that
can be easily modified. The main purpose of receptor S1
structure modifications was to obtain a more practical acetate
receptor and extractant in terms of costs and durability. Both
receptors are based on r-valine molecular scaffold and share the
4-nitrophenyl urea moiety as anion binding group. However,
other groups such as thiourea or squaramide are known to
interact stronger with anions. Therefore, thiourea and squar-
amide derivatives of 1 were prepared and studied (for structures
see compounds S2 and S3 in ESIf). Unfortunately, these
compounds turned out to be impractical. Specifically, the
thiourea derivative (S2) was unstable in the prolongated pres-
ence of AcOK,q, whereas squaramide NHs protons of S3 were
too acidic and underwent deprotonation by weak basic AcOK
aqueous solution. Nevertheless, 4-nitrophenyl urea group of 1 is
stable under these conditions. The strong cation coordination of S1
is ensured by the substituted 18-crown-6. However, 2-
hydroxymethyl-18-crown-6 necessary for assembling of the receptor
S1 is expensive and, what is more, hard to prepare. Therefore, for
receptor 1 construction we used N-aza-18-crown-6 which is also
commercially available but can be easily prepared in large quantities
from cheap substrates.”” However, the most important reason,
which forced us to search for more practical cation binding domain,
was hydrolysis of S1 upon prolongated AcOKjq exposure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 UV-Vis spectroscopy Kops Values (298 K) for interactions of 1
with AcO™ in present or absence of potassium cation (C,ec = 4.0 x
107> M; Citrant = 1.3 x 1073 M; Cyprs = 1.5 x 1073 M)

3%

CH,CN 1% H,0/CH,CN H,0/CH,CN
TBA" 580 000 11 000 970
K 1 700 000 52 000 3400
Kic'/Krpa® 2.93 4.72 3.51

The last important structural feature of the receptor 1 was
the benzylaniline spacer between N-aza-18-crown-6 and valine
moiety. This group ensures proper spatial arrangement of
cation and anion binding domains and enables connection of
receptor 1 components via chemically robust amide bond. This
additional aromatic moiety can also change lipophilicity of
receptor and consequently receptor-salt complex.

Results and discussion

The receptor 1 has been synthesized in three simple synthetic
steps. Briefly, the HATU mediated coupling of N-Boc-r-valine
with N-(3-aminobenzyl)-18-crown-6 in the presence of DIPEA
gave a valine-crown ether derivative. The subsequent Boc group
deprotection and acylation of the resulting TFA ammonium salt
with 4-nitrophenyl-isocyanate in the presence of triethylamine
led to the receptor 1 in 53% yield. The main problem at this
stage was the purification of 1, which formed strong complexes
with Et;N-TFA salt, drying agents, and ions present in silica gel.
Initially, binding capabilities of the receptor 1 binding with
acetate salts were tested using UV-Vis spectroscopic titrations in
CH;CN. By fitting the titration curves to a standard 1 : 1 binding
profile, association constants (K) corresponding to the interac-
tions between the receptor 1 and acetate in the absence (tetra-n-
butylammonium, TBA salt) and presence of one equivalent of
co-bounded potassium cation could be determined (Table 1).
In acetonitrile solution in the absence of the co-cordinated
cations (TBA salt) the receptor 1 associates with acetate anions
stronger than the receptor S1 (KSlacorga = 252 000 M)
However, in the presence of potassium cations the receptor 1
binds acetate anions weaker than $1 (KS1x.0x > 10 000 000 M),
Thus, the binding cooperativity expressed as Ky+/Krpa+ is much
lower for the receptor 1 compared to S1. This effect was antici-
pated as N-substituted-18-crown-6 associates less strongly with
potassium cations than 18-crown-6."* However, in water-organic
solvent extraction process, ions are hydrated and receptor must
compete efficiently with water molecules. Therefore, acetate
binding was studied in solutions containing water. The addition
of 1% water to acetonitrile, resulted in dramatic decrease of
association constants values. Interestingly, under these condi-
tion, in the presence of potassium cations the acetate binding is
almost five times stronger than in its absence. This effect is also
observed in solution containing 3% of water.** Thus, these results
suggest that positive cooperation between co-bounded ions can
help the receptor 1 to overcome salt and receptor hydration and
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Fig.2 H NMR spectra: (a) receptor 1; (b) receptor 1 after addition of 1
eq of KPFg; (c) receptor 1 after addition of 1 eq of TBA AcO; (d) receptor
1 after addition of 1 eq of KPFg and 1 eq of TBA AcO; (293 K, 3% H,O/
CD3CN solution, Creceptor = 3.8 x 1072 M).

therefore this represents an important step towards development
of effective salt extractant.

To obtain more direct experimental insights into the binding
behavior of 1, "H NMR spectroscopic titrations were performed
in competitive 3% H,O/CD;CN solvent system. The addition of
one equivalent of KPF, results in upfield shifts of -N-CH,- and
-O-CH,- crown ether methylene protons (Fig. 2). At the same
time, a considerable downfield shift of aromatic H; proton and
upfield shift of H, proton of the N-benzyl aromatic ring is
observed. Other signals including urea and amide NH protons
remain practically unaffected by the cation addition. This
suggests the formation of a receptor 1-K" inclusion complex by
the crown ether domain without the involvement of urea and
amide groups.

As it is shown in Fig. 3, significant chemical shift changes
were observed when the receptor 1 was treated with acetate
anions. Specifically, upon exposure to 1 eq of TBA AcO the urea
resonances at 6.1 and 8.5 ppm undergo considerable downfield
shifts to 7.6 and 10.0 ppm respectively. These changes in the
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Fig. 3 Partial *H NMR spectra of 1 upon titrant (TBA AcO) addition,
(293 K, 3% H,O/CDsCN solution, Cytrant = 1.9 x 107 M, Creceptor = 3.8
x 1072 M).
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Fig. 4 'H NMR spectra stack of extraction experiments: (a) receptor 1
dissolved in ‘dry’ CDClz (Creceptor = 2.5 X 1072 M); (b) receptor 1
solution after being washed with deionized water; (c) receptor 1
solution after extraction with 50 eq AcOK aquaeus; (d)
receptor 1 solution after back-extraction to deionized water *AcOK,q)
salt present in droplets of water on the NMR tubes walls (also see ESI+).

chemical shifts are ascribed to hydrogen bonding between the
urea NHs and the acetate anion. On the contrary, the amide NH
proton shifts downfield only a little, which may suggest that
amide NH interacts with acetate anions and forms intra-
molecular bond with the oxygen atoms of the urea, simulta-
neously. This interaction may rigidify the conformation of 1,
thus a more defined binding cavity may be created. On the other
hand, protons of the N-benzyl aromatic ring do not undergo any
changes upon acetate addition indicating no association of the
TBA cation to the aza-crown ether moiety.

The "H NMR spectra acquired upon the TBA AcO addition to
the solution of the receptor 1 pretreated with 1 eq of KPF, shows
features characteristic for complexation of both the cation and
the anion. Moreover, the chemical shifts induced by the
complexation of AcO™ in the presence of K* were larger than the
corresponding shifts observed upon addition of ‘“single” ions,
which clearly showed an increased strength of interactions. The
binding constants determined from the 'H NMR titrations in
the absence and presence of potassium cations was calculated
to be 420 and 2060 M " respectively which corresponds to 4.9
binding cooperativity. Other acetate salts such as AcONa and
AcONH, were associated with 1 with binding constants of 500
and 330 M respectively, which gave 1.2 and 0.8 cooperativity.
Thus 'H NMR experiments validated the high cooperativity
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I T
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Fig. 5 Efficiency of extraction process in function of salt concentra-
tion. Based on H NMR extraction experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Structures of monotopic receptors 2 and 3.

Ak,

between cation and anion binding to the receptor 1 in
competitive 3% H,O/CD;CN solvent system.

To assess whether the receptor 1 might be able to extract
hydrophilic acetate salts from water into organic solvent, model
liquid-liquid extraction studies were undertaken. Control
experiments revealed no acetate transport (‘H NMR detection)
to CDCl; phase from AcOK aqueous solution as well as no
receptor leaking from organic into aqueous phase. Then
extraction studies were carried out using 2.5 x 10> M solution
of 1 in CDCl; layered over 200 molar equivalent solution of
AcOK in deionized water in an NMR tube. After shaking thor-
oughly for 1 minute and after phase separation, the 'H NMR
spectrum of the organic phase was recorded. This spectrum
revealed considerable changes in the resonance signals
compared to the "H NMR spectrum of 1 in wet CDCl; (Fig. 4).
Urea NHs protons signals centered at 9.5 and 7.3 ppm after
extraction underwent considerable downfield shifts to 11.3 and
10.2 ppm respectively. Concurrently, the appreciable upfield
shift of crown ether OCH,-resonances and shift of H; and H,
protons of the N-benzyl aromatic ring were observed (see Fig. 1
for aromatic protons assignment).

This indicates the simultaneous association of the acetate
anion and the potassium cation with the receptor 1 under
interfacial conditions. In addition, a peak assigned to the
methyl group of the acetate anion (at 6 = 2.12 ppm) was

View Article Online
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observed. Based on the integration of this signal quantitative
transport of AcOK from water to CDCl; was calculated. Thus,
even that the receptor 1 associates with AcOK weaker than S1 its
extraction transport activity is very similar. This observation can
be rationalized in terms of lipophilicity of the ternary potas-
sium-receptor—acetate complex, which is related to the ion and
counterion distance in the complex and lipophilicity of the
ligand. The calculated clog P values for the receptors S1 and 1
are 1.0 and 2.6 respectively. Therefore, ligand 1 is much more
lipophilic than S1 which may compensate its weaker binding
ability.

To further test the extraction effectiveness of 1, transport of
potassium acetate was measured as a function of the concen-
tration of AcOK in the aqueous phase while keeping the
extractant concentration constant (2.5 x 10> M) in the organic
phase. Under these conditions, the receptor 1 proved to be
capable of extracting efficiently potassium acetate from solu-
tions containing up to 50 eq of AcOK (Fig. 5). For example, after
extraction of 50 eq of AcOK,q with compound 1, 88% of the
receptor loading was observed. Then for unit extraction opera-
tion the efficiency of 1 decreased. This result is promising in
a context of practical application of 1 for separation and
transport of acetate and other more lipophilic carboxylates
including active pharmaceutical ingredients.

Under the same conditions as described above, transport of
other hydrophilic acetate salts such as AcONa and AcONH, was
studied. No appreciable changes of the receptor-based proton
signals were seen when the receptor 1 was treated with AcOLi,.
Upon exposure of 1 to AcONa,q only small changes of 'H NMR
spectrum were seen and 4% of acetate was detected in organic
phase. On the contrary, AcONH, extraction was effective and
~70% of this salt was transported to the organic phase.
Therefore, for a constant anion, the cation selectivity order was
Li" > Na" > K" ~ NH,'". This trend is in general agreement with
the Hofmeister series, in which transport of smaller, more
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Fig. 7 2D ROESY experiment and concluded structure of 1-AcOK.
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charge-dense ions is harder because they have more unfavor-
able Gibbs free energy for aqueous to organic phase transfer.*

To evaluate the effect of the covalent linkage of the two
binding domains in the heteroditopic receptor on salt extrac-
tion, the transport of AcOK by 1 and equimolar mixture of
monotopic anion 2 and cation 3 receptors was compared (Fig.
6). Control experiments revealed that no "H NMR changes were
observed when separated monotopic receptors 2 or 3 were
treated with aqueous solution containing 100 eq of AcOK (see
Fig. S46-S541). However, when 50 eq of AcOK solution was
extracted with equimolar mixture of anion 2 and cation 3
receptors (2.5 x 10”2 M) small alteration of '"H NMR spectrum
was observed and signal of low intensity of the methyl group of
the acetate anion was observed. Based on the integration value
of this signal only approximately 12% of extraction efficiency
was observed for the mixture of monotopic receptors.’® The
efficiency of dual receptor system can be improved by
increasing salt or receptors concentration. For example, when
AcOK,q concentration is increased to 100 eq, transport of 27%
of acetate is observed. However, under these extraction condi-
tions the heteroditopic receptor 1 extracts quantitative amount
of AcOK. Therefore, these experiments confirmed that proper
covalent connection of binding domains in one heteroditopic
receptor results in superior salt extractant compared to the
mixture of monotopic receptors.

Then the receptor 1 was applied to the liquid-liquid extrac-
tion of potassium salt of one of the most popular nonsteroidal
anti-inflammatory drug: ibuprofen (IbuOK). Extraction of
aqueous solution containing 50 eq of IbuOK induced consid-
erable changes in the "H NMR spectrum of 2, similar to changes
caused by acetate salt. Under this condition quantitative
extraction of IbuOK was observed.

As ibuprofenate is more lipophilic anion than acetate, an
attempt was made to reduce the salt concentration in the
aqueous phase with preservation of extraction efficiency. Series
of extraction experiments revealed that IbuOK can be extracted
effectively from aqueous solutions containing as low as 0.25 eq
of this compound. Thus this result is very promising for prac-
tical application of extracting and detecting active pharmaceu-
tical ingredients.

Finally, the solution structure of the complex of 1 and
potassium acetate after extraction process was probed by means
of 2D ROESY spectra. The through-space interactions show that
all three NH-hydrogens point in the same direction. Cross-
peaks between crown ether -O-CH,- methylene protons and
meta-substituted aromatic ring protons as well as amino-acid
alfa proton suggest that crown ether moiety is located above/
below this aromatic ring (Fig. 7). To our delight, the intra-
molecular proton-proton contacts between acetate -CH; group
and aromatic protons H, (para-nitrophenyl ring) and H, (meta-
substituted aromatic ring) are observed. This indicates that
acetate anion is positioned between these aromatic rings and
the complex is strong enough to be preserved in the ROESY
experiment time scale (~200 ms). Interestingly, positive cross-
peak is detected between aromatic urea NH and hydration
water signal (blue cross-peak on Fig. 7). This cross-peak arises
due to slow proton exchange between urea NH and complexed

10864 | RSC Adv, 2021, 11, 10860-10865
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water molecule.”” This suggests that at least one “structural
water” molecule links the acetate anion and receptor 1. Based
on integration of water signal, total of five water molecules
solvates 1-AcOK complex. This residual hydration may be
crucial for stabilizing 1-AcOK complex and water molecule
most probably bridges the co-bounded anion and cation.

The salt binding mode concluded from NMR experiments
was supported by DFT-molecular calculations (see ESIT). The
AcO™ anion form H-bond with both urea NH as well as amide
hydrogens, the average urea NH:--O distance is 3.159 A and
angle 140°, the amide NH---O average distance is 3.48 A and
angle 155°. Potassium cation is positioned inside crown ether
cavity (average K*---O distance is 2.8 A) and interact with adja-
cent aromatic ring through cation 7 interaction (s K"
distance is 2.871 A).

Conclusions

In summary, non-multimacrocyclic heterotopic receptor 1
carefully designed to maximize carboxylate salt extraction was
prepared in three simple synthetic steps. Analysis of UV-Vis and
"H NMR spectroscopic titrations conducted in water containing
acetonitrile solutions revealed cooperative binding of potas-
sium cation and acetate anion to the receptor 1. This effect is
thought to help the receptor to overcome better salt and
receptor hydration. The structure of ternary cation-receptor-
anion complex was probed by means of 2D ROESY measure-
ments and molecular calculations. When used as a extractant in
liquid-liquid extraction process, the receptor 1 was capable of
extracting hydrophilic AcOK salt from aqueous solution con-
taining relatively low salt concentrations (~1 M). In contrast,
equimolar mixture of monotopic anion 2 and cation 3 receptors
proved to be nearly ten times less effective. Finally, the receptor
1 could extract potassium ibuprofenate from relatively diluted
aqueous solutions (Cpyox = 6.2 mM). These results taken
together will allow better understanding of the design criteria
for construction of heterotopic salt receptors targeted at
extraction of carboxylate salts.
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