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A novel class of amide-functionalized pillar[S]arenes, that is, alkyl
and aryl amide derivatives, has been synthesized. Highly selective
binding of the dihydrogen phosphate anion over a range of anions by
the new synthetic receptors is reported. First, the “binding strength—
selectivity” relationship has been decided for the pillar[5]arene/anion
systems.

Selective binding of anions is one of the key problems frequently
occurring in the design of supramolecular systems, in catalysis
and materials sciences as well as in some analytical applications
(sensors, extraction systems, etc.)." Among others, recognition of
tetrahedral oxoanions is of significant importance.> Many of
them are considered as environmentally dangerous (phosphates,
sulfates) and hence require removal from industrial and agricultural
wastewaters.® Sensing phosphates and their derivatives is of special
interest because they compose the backbone of nucleic acids and
play significant roles in biological systems.* Sensors for phosphate
anions have been recently reported but they still need receptors with
improved selectivity.? Besides, H-bond receptors that show selectivity
toward dihydrogen phosphate over acetate or fluoride anions are
very scarce.?>°

Charged and neutral polar fragments, e.g., ammonium, amide,
urea, thiourea and hydroxyl groups, are commonly applied for the
synthesis of effective and selective synthetic receptors toward
anions.” Amide fragments are more attractive due to the simulta-
neous presence of proton-donating N-H and proton-accepting
C—0O0 groups capable of forming intra- and intermolecular hydro-
gen bonds and participating in recognition and self-assembling.®
Realization of intramolecular hydrogen bonds is unfavourable for
anion binding. Therefore, the problem of creating receptors
consists of minimization of the role of intramolecular H-bonds
and expanding the contribution of intermolecular H-bonds
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between an anion and a receptor. The stronger these bonds
and the greater their number, the more effective target binding. In
addition, interactions between an anion and an amide fragment
have rather high energy and can be multiplied using several H-bond
donating groups. This approach can be realized by functionalization
of the macrocyeclic platform.’® For this reason, great attention of
specialists working in this area has been recently attracted to
macrocyclic structures, e.g., pillar{n]arenes.'® Pillar[5]arenes are
polyfunctional macrocyclic compounds consisting of 1,4-hydro-
quinone fragments coupled by methylene bridges in a macrocycle
and having ten hydroxyl groups which can be easily modified. Thus,
functionalization of pillar[5]arenes allows carrying out synthesis of a
macrocyclic host with desired properties."" Importantly, hydrogen
bonding is spatially sensitive, as it is formed only if the H-bond
donor is positioned accurately with respect to the H-bond acceptor.”

This feature allows designing receptors with high selectivity
toward anions that match the size and shape of the binding
pocket. As a result, optimization of the “rigidity” of the host
skeleton and introduction of additional functional groups
become important. Thus, in this paper, a new line of amide-
functionalized pillar[5]arenes has been synthesized for achieving
the twin goals of “binding strength-selectivity”.

In this paper, we have successfully synthesized three amide-
functionalized pillar[5]arenes, bearing N-phenyl (1), N-octyl (2)
and N-decyl (3) amide groups at both rims (Fig. 1). By reaction
of perhydroxylated pillar[5]arene A and ethyl bromoacetate with KI
as the catalyst,"”® pillar[5jarene with ethoxycarbonyl fragments B
was prepared in the presence of K,COj; in CH;CN (Fig. 1). The base
and the solvent were specified in accordance with their efficiency in
alkylation of p-tert-butyl thiacalix{4]arene at the lower rim.'* Macro-
cycle C, which was obtained by treatment of B with NaOH in
THF, reacted with SOCI, in the presence of catalytic amounts of
DMF, and in situ with amine derivatives (aniline, n-octylamine, and
n-decylamine) in CH,Cl, in the presence of N(C,Hs); over 48 h.
Macrocycles 1-3 were synthesized with high yields (76, 90 and 88%,
correspondingly). The structure of the compounds obtained was
characterized by "H and "C NMR, IR spectroscopy and mass
spectrometry (MALDI TOF) (ESL Fig. S1-S12).
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Fig. 1 Synthesis of the amide-functionalized npillar[Slarenes 1-3 and
investigated anionic guests as tetrabutylammonium (TBA) salts.

It is interesting that aryl units of pillar[5]arenes are con-
formationally mobile and able to rotate around their axis.'® The
degree of inhibition of conformational transformations can be
estimated by referring to signals of the oxymethylene protons
in the macrocycle substituents using '"H NMR spectra. For
-O-CH,-COOR groups, oxymethylene protons become diaster-
eotopic at slow rotation or in its absence and appear as
AB-quadruplets in "H NMR spectra. Meanwhile, oxymethylene
protons are observed during fast rotation as singlets (enantiotopic).
Thus, oxymethylene proton signals for C and 1 are high-resolution
AB-quadruplets, and hence the aryl units do not rotate (Fig. 2a and c).
The singlet of oxymethylene protons in decaacid acyl chloride
indicates free rotation of the aryl units (Fig. 2b). Rotation is slower
with the introduction of long alkyl substituents in the structure of
pillar{5]arenes: the AB system converts into a broad singlet (bs) in
N-alkyl amides 2 and 3 (Fig. 2d and e). Obviously, the absence of

-CH,-C(0)-

a)

b)

c)

d)

Fig. 2 Fragments of *H NMR spectra of pillar[5larene derivatives: decaacid
(a), decaacid acyl chloride (b), N-phenyl amide (c), N-octyl amide (d), and
N-decyl amide (e) (DMSO-ds, 25 °C, 400 MHz).
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rotation (AB system) or hindered rotation (bs) of aryl fragments
around the axis is due to the formation of intramolecular
H-bonds NH- - -O—C, which stabilize the structure of decaacid
C and amides 1-3. In the case of decaacid chloride, there are no
intramolecular bonds. Thus, the system of intramolecular hydro-
gen bonds in amides 1-3 creates a pre-organized cavity for the
anion binding.

Anions (TBA'X™) with various sizes and shapes have been
used to determine the binding capability of 1-3 (Fig. 1). Addition of
the fluoride, dihydrogen phosphate and acetate anions to solution
of 1 in CH,Cl, resulted in a bathochromic (4.5 nm) and minor
hyperchromic shift in the absorption maxima of macrocycle 1 at
240 nm (ESLT Fig. S13 and S14). More abrupt changes were
observed in the case of interaction with dihydrogen phosphate
ions. In the case of pillarf{5]Jarenes 2 and 3, changes in the electronic
spectra were found only in the presence of TBA'H,PO,, indicating
the absence of interaction between the macrocycles and other
anions.

To determine the association constants and stoichiometry of
the 1-3 interaction with the anions, UV titration was carried out
with the concentration of 1-3 kept constant at 1 x 10~> M and
that of tetrabutylammonium salts varied from 0 to 3.3 x 10™* M
at 25 °C. The lg K, values for F~, H,PO,  and AcO ™ associated
with 1 were calculated to be 3.51 4+ 0.18, 3.33 = 0.23 and 3.17 +
0.21, respectively, by using the equations described in the ESL.{
The lg K, values for H,PO,~ with 2 and 3 were calculated to be
2.43 £+ 0.14 and 1.65 £ 0.08, respectively. In all cases, the
stoichiometry was 1:1, confirmed by Job plots (ESL,T Fig. S23-
S27). It could be assumed that one anion may bind to the amide
fragment tethered to one side of the pillararene molecule, while
the other side is left uncoordinated or protonated at oxygen
atoms as observed in the oxygen-containing ligand."®

The measured association constants between 1 and F~, H,PO,™
and AcO™~ were the highest. The binding strength between 1 and F~
is the strongest, and with the reduction of basicity in this row, the
association constants of complexation between 1 and the anions
decrease gradually (F~ > H,PO,~ > AcO™). However, pillar|5Jarenes
with N-aliphatic amide fragments are most selective macrocycles
because they bind only dihydrogen phosphate anions. Above
mentioned, aryl units in macrocycle 1 do not rotate around its axis
due to the formation of intramolecular H-bonds NH- - -O—C, which
stabilize the structure of amide 1 and form the pre-organized hard
pocket for anions. Therefore, amide 1 is less selective than 2 and 3,
which form complexes only with H,PO, . Hindered rotation in 2
and 3 made their structure more labile and selectivity was higher.
These results suggest two types of anion-binding centers in the
macrocycle plane (NH and C—O0). The H,PO,  binding with
macrocycles 1-3 is obviously due to the proton accepting
carbonyl group (H-bonds C=O---HO-P) in the structure of
these pillar[5]arenes, which is capable of selective recognition
of dihydrogen phosphate anions. Besides, the ligands have ten
pairs of the NH protons that can form strong hydrogen bonds
with negatively charged oxygen atoms (H-bonds NH---~O-P).
The combination of these two factors has allowed creating
effective and selective receptors for dihydrogen phosphate
anions. The ability of macrocycle 1 to additionally bind fluoride
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and acetate anions is caused by the presence of the N-aromatic
substituent at the amide group. The more acidic the donor or
the more basic the acceptor, the stronger hydrogen bonding
interaction (basicity varies in the series F~ > AcO~ > H,PO, ).
The functionalization of pillar[5Jarenes by more number of electron
donating alkyl groups (macrocycles 2 and 3) decreases the
acidity of the NH protons and their complexation ability
compared to those of 1.

The 'H and 2D 'H-'H NOESY NMR spectroscopy in DMSO-
de was carried out to pinpoint the anion receptor sites and
fully explore the interaction modes between some anions
(F~ > HyPO,” > AcO ) and 1-3. Anions form inclusion complexes
with 1-3 in accordance with "H NMR spectroscopy (ESLt
Fig. S28-S31). The downfield shift of the signals of NH protons
(Ad = 0.14 ppm) and signals of N-phenyl protons in the upfield
region confirmed the complexation in the “pillar{5Jarene 1/H,PO, ”
system (Fig. 3 and ESL{ Fig. S28). It means involving secondary
amide fragments in the complexation. The interactions between 1
and the dihydrogen phosphate anion were further confirmed using
*IP NMR spectroscopy (ESLT Fig. S31). After the addition of an
equivalent amount of H,PO, , the phosphorus signal significantly
shifted to the downfield region (Ad = 0.6 ppm) and broadened. In
addition, the peak of phosphorus became broad during the addition
of 1, indicating that the kinetics of the complexation were in the
same time scale as the *'P NMR experiment, consistent with the
stronger anion binding.

More significant downfield shifts (0.31 ppm) in the NH peaks
are seen in the case of the “pillar[5]arene 1/acetate anion”
system compared to that of 1 (Fig. 3). The integral intensities
of these two peaks are 4:1. It can be explained by different
participation rates of ten NH fragments present in macrocycle 1
in complexation. It should be noted that the acetate ion, unlike
other ions, is comprised of CH; protons, and the spectrum can
be observed for their shift signals. Namely, the signals of CH;
protons shifted to 0.15 ppm in the downfield region.

The 2D NMR NOESY 'H-'H spectroscopy of the complexes
confirms host-guest complexation (ESL,1 Fig. S31): the aromatic

(@
+ H,PO, Host / Guest
system
A=0.14 ppm b\ r
A%
g Host
£=0.31ppm {'
_ Host / Guest
@ + AcO system
- : — o e
ppm

Fig. 3 Partial *H NMR spectra of initial pillar[Slarene 1 and host/guest
systems for 1 and TBATH,PO,~ and 1 and TBA*AcO™ (1:1) (DMSO-ds,
25 °C, 400 MHz).
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Fig. 4 Proposed structures of the complexes pillar[Slarene 1 with H,PO,™,
AcO™ and F~ ions. The structure of complex 1/F~ is predicted according to
ref. 18.

protons of the N-phenyl fragment (7.25 ppm) have cross-peaks
with methyl protons (1.75 ppm) of the acetate anion. It clearly
confirms that the interaction of the anion with the macrocycle is
due to hydrogen bonding of NH protons in the macrocycle.
Based on above described results for the host/guest systems, we
can assume the structures of the complexes formed (Fig. 4).

So, we can conclude that complex formation of amide-
functionalized pillar[5Jarenes can be performed due to: (a) NH
protons, which can form strong hydrogen bonds with negatively
charged oxygen atoms; and (b) the proton accepting carbonyl group
capable of selective recognition of dihydrogen phosphate anions. In
addition, introduction of an N-aromatic substituent at the amide
group allows simultaneously increasing the effectivity and decreasing
the selectivity of binding. As a result, optimization of the “rigidity” of
the host skeleton and the introduction of additional functional
groups into the row of new amide-functionalized pillar[5]arenes
allow achieving the twin goals of “binding strength-selectivity”.

In summary, we have successfully synthesized pillar|5]arenes
bearing ten N-phenyl and N-alkyl amide fragments at both rims of a
macrocycle. The presence of secondary amide fragments makes it
possible for them to act as anion receptors. The anion affinity of the
amide-functionalized receptors strongly depends on the acidity of
the amide NH protons, which can be controlled by additional
functional groups. The N-phenylamide macrocyclic receptor 1
showed superior affinity toward H,PO, ™ as compared to receptors
2 and 3 with a long N-alkyl amide fragment, but inferior selectivity
compared to 2 and 3. These novel pillar{5Jarene-based neutral
anion receptors enrich the structural diversity of anion binding
chemistry, and can be further used in the fabrication of sensing
devices for the dihydrogen phosphate anion.

The work was supported by the Russian Science Foundation
(No. 14-13-00058).
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