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Monosubstituted pillar[5]arenes containing a phosphonate fragment were successfully obtained in good yields. It was found that the
introduction of bulky fragments containing tetra-coordinated pentavalent phosphorus atoms prevents self-assembly of monosubstituted
pillar[5]arenes and the formation of supramolecular polymers. Pillar[5]arenes with phosphonate and 1-aminophosphonate substituents
demonstrated recognition towards Na+, K+, Cs+ and Pb2+. Their ability to form complexes with these cations was evaluated by UV
spectroscopy. Dynamic light scattering (DLS) revealed the formation of aggregates with K+, Cs+ and Pb2+. It was established that the
substituent at the a-carbon atom of the aminophosphonate fragment played a significant role in Pb2+ binding. DLS and transmission
electron microscopy revealed that Pb2+-induced aggregation formed particles with a monodisperse distribution of 0.02–0.23 and a
hydrodynamic diameter of 58–178 nm.

Introduction

Metacyclophanes such as calix[n]arenes1–3 and thiacalix[n]arenes,4–7 cucurbit[n]urils8–10 and cyclodextrins11–13 are being
functionalized to address problems in the separation and extraction of heavy metals. Unlike these metacyclophanes,
classical paracyclophanes are rather difficult to functionalize, however, in the last decade, the pillar[n]arene class of
paracyclophanes has become widespread.14 The advent of the pillar[n]arenes has provided an opportunity to fully realize
and demonstrate the interesting properties of these paracyclophanes which can be functionalized through their free
phenolic groups.15 Furthermore, pillar[n]arenes are unique compounds with a high symmetry and rigid framework and are
relatively easy to synthesize.16–19 Varying pillar[n]arene substituents allows their physical properties to be changed and
opens up the possibility of working in fields previously inaccessible to paracyclophanes.20–23 In this regard the study of the
complexation of metal cations by monosubstituted pillar[n]arenes, as well as the influence of the substituents nature on
their binding ability, is of special interest.
Development of the chemistry of phosphorus-containing macrocyclic compounds has been of great interest to scientists
with a view to creating new types of supramolecular and coordination systems and studying their molecular recognition
behavior.24–27 Introduction of organophosphorus fragments to highly coordinating macromolecular systems can
significantly affect their complexing properties.
A number of examples in the literature describe the binding between pillar[n]arenes and a wide range of guests: from
metal cations (for extraction) to anti-cancer drugs (for targeted drug delivery).28–32 Particular attention has been paid to
pillar[5]- and pillar[6]arenes with phosphorus-containing substituents. Phosphonium salts based on pillar[5]arenes have
been investigated for antimicrobial activity and used as phase transfer catalysts.33 Phosphine oxides have been proposed
for the extraction and selective separation of heavy metals.34–36 Supramolecular micelles and vesicles based on salts of
phosphonic acids of pillar[5]- and pillar[6]arenes have been used as nanocontainers for targeted drug delivery and for the
separation and enrichment of protein cell membranes.37 Notably, the number of publications devoted to the synthesis of
mono- and disubstituted phosphorus-containing pillar[5]arenes is substantially lower compared to their
decaphosphorylated analogs38,39 as are their applications.
One of the most well-known properties of monosubstituted pillar[5]arenes is their tendency for self-association and the
further formation of supramolecular polymers.40–43 Previously, we synthesized monosubstituted pillar[5]arenes containing
the 1-aminophosphonate fragment44 which demonstrated that the introduction both amino and phosphoryl groups
blocked self-association. In view of the fact that the monosubstituted pillar[5]arenes containing 1-aminophosphonate
fragment are not given to self-association and the consequential formation of supramolecular polymers it was decided to
study their complexation with a number metal cations. As the aminophosphonate fragment is known to function as a
bidentate ligand it was decided to prepare a structurally similar monodentate ligand based on pillar[5]arene containing a
single phosphoryl fragment as a reference substance to evaluation the effect of the amino group on its complexation and
aggregation properties.

Results and discussion

Synthesis of the monosubstituted pillar[5]arene containing a phosphonate fragment

The alkylating agent, diethyl[(p-toluenesulfonyl)oxy[methyl]]-phosphonate, was synthesized by the literature method.45
The reaction between phosphonate 1 and pillar[5]arene 2 using potassium carbonate as the base took 60 hours to
complete whereas in the presence of cesium carbonate it took only 30 hours (Scheme 1).
There is a single signal at 20.1 ppm in the 31P{1H} spectrum of phosphonate 3 and its structure was confirmed by 1H NMR
spectrum (Fig. 1). The proton signals for the methoxy groups and methylene bridges are found between 3.69 and 3.80
ppm. The proton signals of the ethoxy group bound to the phosphorus atom appear as a multiplet and a triplet at 3.93 and
0.94 ppm (3JHH = 7.0 Hz). The oxymethylene group proton signals are observed as a doublet at 4.26 ppm and 2JPH = 8.8 Hz
(Fig. 1). Compounds 4–6 (Fig. 2) were obtained using the literature methods.44
Complexation and aggregation of monosubstituted pillar[5]arenes studied by UV-, NMR spectroscopy, dynamic light
scattering and transmission electron microscopy
One of the approaches to constructing of polytopic receptors for definite substrates is the combining of binding sites in a
single macrocycle. Monofunctionalized pillar[5]arenes 3–6, modified by methoxy, phosphonate and 1-aminophosphonate
fragments, contain several potential coordination centers (a phosphoryl group, an amino group, methoxy groups and
oxymethylene fragments). Macrocycles 3–6 therefore have the potential to form host–guest complexes and/or extended
aggregates with metal cations and, consequently, their complexing ability
towards Al3+, Co2+, Ni2+, Cu2+, Li+, Cd2+, Na+, Pb2+, Ag+, K+ and Cs+ 34,46 was studied by electron absorption spectroscopy, NMR
spectroscopy, dynamic light scattering (DLS) and transmission electron microscopy (TEM) in a binary system (CHCl3 + 5%
CH3OH). Compound 3 was used as reference to assess the effect of the NH fragment on the complexing properties.
UV spectroscopy
UV spectroscopy is a universal tool for studying host–guest complexes as the deviation of the absorbance of the mixture,
Acomplex, from that of the purely additive spectrum, ΣAmixture (ΔA = Acomplex – Σamixture) testifies to the host–guest interaction.
Binding of pillar[5]arenes 3–6 on to metal cations of various size and charge (Al3+, Co2+, Ni2+, Cu2+, Li+, Cd2+, Na+, Pb2+, Ag+,
K+, Cs+) was evaluated by UV-spectroscopy. The counterion in salts was the nitrate anion, since the interaction study of the
synthesized pillararenes with tetrabutylammonium nitrate showed that it does not bind. It was determined that all
macrocycles bound Pb2+ most effectively. Compounds 3, 4 and 6 also bound Cs+, pillar[5]arenes 5 and 6 bound K+ and
aminophosphonate 6 bound Na+.

Scheme 1 Reagents and reaction conditions: (i) NEt3/(CH3CH2)2O, (ii) 1, Cs2CO3/CH3CN.

Fig. 1 (a) 31P NMR spectrum of compound 3 (CDCl3, 298 K, 162.0 MHz); (b) 1H NMR spectrum of the compound 3 (CDCl3, 298 K, 400.0 MHz).

Fig. 2 Monosubstituted pillar[5]arenes containing the 1-aminophosphonate fragment.

The association constants of macrocycles 3–6 with metal cations Na+, K+, Cs+ and Pb2+ were determined by UV titrations at
280 nm.
Further information on the metal ions’ binding stoichiometries was obtained from Job’s plots. Fig. 3 shows the
spectrophotometric titration curves of a solution of pillar[5]arene 6 by a lead nitrate solution at 280 nm. The maximum
point of the mole fractions on the titration curve was found to be 0.5, suggesting a host–guest ratio of 1 : 1 in the resulting
complex. Using this method it was shown that all the systems studied (compounds 3–6 and cations Na+, K+, Cs+ and Pb2+)
formed 1 : 1 complexes.
A decrease in the binding constant correlates with an increase in the volume of the substituent in the aminophosphonate
fragment in compounds 4–6. Thus, for Na+, the binding constant decreases when passing from the compound 4 with
methyl substituents to the compound 5 with a cyclopentyl fragment. The similar pattern is also seen for the cesium cation
where pillar[5]arene 4 binds Cs+ with a lgKa of 2.4, while for macrocycle 6 lg Ka decreases to 2.0 (Table 1). An interesting
parallel is observed when comparing binding constants for Cs+ with compounds 3 and 4 which are 3.8 and 2.4, respectively.
It is likely that the increase in binding constant is due to the absence of a secondary amino group in the macrocycle 3,
which led to a better binding of cation by the PQO group. A different picture is observed for Pb2+ which is a ‘‘soft’’ base in
the HSAB theory. The binding constants of Pb2+ with pillar[5]arenes 3 and 4 are both 3.2 (Table 1). An increase is then
observed for compounds 4–6, from 3.2 to 4.8 (Table 1). It should be noted that K+ is bound only by macrocycle 6. Both
sodium and potassium are the ‘‘hard’’ acids in the HSAB theory, but the potassium cation is milder than the Na+. Thus,
binding of potassium cation by the compound 6 becomes possible due to the two factors: (1) the presence of the loneelectron pair at the nitrogen atom of amino group in addition to the phosphoryl group leads to an increase in the
‘‘softness’’ of the substituent (greater involvement of the lone electron pair of the nitrogen atom leads to an increase in
the softness of the chelate); (2) substituents at the a-carbon atom also affect the binding of cations. An introduction of a
six membered substituent leads to an increase in the ‘‘softness’’ of the macrocycle compared with the cyclopentylidene
substituent. Thus, the presence of the amino group in the substituent led to decreasing binding constants with Cs+, from
2.4 to 2.0, while the presence of the phosphonate fragment in pillar[5]arene 3 led to binding of Cs+ with lg Ka = 3.8. The
milder acid Pb2+ is bound by macrocycles 3 and 4 with the same efficiency
(lg Ka = 3.2).
NMR study of the complexation of metal cations by pillar[5]arenes containing 1-aminophosphonate and phosphoryl
fragments
One-dimensional NMR spectroscopy is a convenient way to study complexation and in this case, could be assessed not only
by 1H NMR spectroscopy but also by assessing changes in chemical shifts on the nuclei of other atoms such as 31P. Solutions
of compounds 3–6 were prepared at 5 x 10-3 M concentration in CDCl3. Complexation with Pb2+ (5 x 10-3 M in CD3OD) was
investigated at a 1 : 1 host–guest ratio in which the proportion of CD3OD was 5%. Analysis of the 31P{1H} NMR spectrum of
the mixture of the compound 3 and lead nitrate showed no visible changes in the phosphorus chemical shift, and no visible
changes were observed in the 1H NMR spectrum either (Fig. S27 and S28, ESI†). By contrast there was significant
broadening of the phosphorus signal in the 31P{1H} spectrum of the 6 + Pb2+ mixture (Fig. S29 and S30, ESI†) indicating an
interaction between phosphorylated pillar[5]arene 6 and Pb2+.

Based on the data obtained by the UV- and NMR spectroscopy we proposed that in these systems it is possible to form
ensembles in which the phosphoryl groups act as binding sites for metal cations in polydentate colloidal systems, as a
result of which the entropy factor becomes decisive in stabilizing the resulting supramolecular systems.47 Therefore, we
investigated the behavior of pillar[5]arenes 3–6 with Na+, K+, Cs+ and Pb2+ cations by dynamic light scattering.
Computer simulations
Investigation of macrocycles 3–6 using a semiempirical model (PM6) indicated that each broadly adopts one of two
conformations (Fig. S47, ESI†). In one (PQOendo) the phosphate-bound oxygen resides within the compound’s annulus; in
the other (PQOexo) it is outside the cavity and the void is filled by a hydrophobic group from the substituent. For 3 it is a
phosphonate ethoxy group whereas for 4–6 it is the dimethyl, cyclopentyl or cyclohexyl group, respectively. The energy
differences between these conformations are predicted to be between 0.1 and 25.5 kJ mol_1 (Table 2) but the preferred
conformation, PQOexo or PQOendo, varies.

Fig. 3 (a) The titration curve at 280 nm for 6 + Pb2+ and (b) Job’s plot to determine the stoichiometry in the complex.
Table 1 The logarithms of the association constants (lg Ka) of complexes formed from pillar[5]arenes 3–6 with metal cations in chloroformmethanol
solution at 298 K

Compound

K+

Cs+

Pb2+

-а)

-а)

3.8±0.2

3.2±0.2

4

3.0±0.1

-а)

2.4±0.2

3.2±0.1

5

2.2±0.1

-а)

-а)

4.3±0.1

6

-а)

3.4±0.1

2.0±0.1

4.8±0.3

3

a No

lgKа
Na+

change in the UV spectra.

Pb2+ is bound by all the pillar[5]arene derivatives and its binding is accompanied by a broadening of the phosphorus signal
in the 31P{1H} spectrum. The semiempirical model for 6_Pb2+ suggests that the cation resides inside the macrocycle in the
PQOendo conformation. Such a model supports both the strong binding of the ‘soft acid’ within a relatively ‘soft base’
aromatic environment and the observed perturbation of the 31P signal though its inclusion within the pillar[5]arene. The
attraction of the cation to the macrocyclic cavity is sufficient to form complexes with compounds 3–5. Conversely, the
model of 6_Na+ suggests that the macrocyclic annulus has minimal involvement in complex formation (Fig. 4).
In previous work, models, supported by electrochemical data, have shown that Na+ and K+ can bind within the cavity of
decamethoxypillar[5]arene but that Cs+ cannot.48 Although the size of Cs+ would preclude it from entering macrocycles 3–6,
its lower charge density makes it ‘softer’ than either Na+ or K+ and it may be this property which allows it to bind to 3, 4 and
6. The influence of solvent on macrocycle conformation and cation binding is probably the final factor in the
selectivebinding observed.
Aggregation study of the monosubstituted pillar[5]arenes containing 1-aminophosphonate and phosphoryl fragment with
metal cations by DLS and TEM
Aggregation of the compounds 3–6 in the binary system (CHCl3 + 5% CH3OH) was studied by dynamic light scattering to
investigate our hypothesis about the nature of the interaction of compounds 3–6 with metal cations and whether discrete
host–guest complexes or aggregates are formed. It was shown that compounds 3–6 did not form an aggregates (PDI E 1) in
the concentration range studied (1 _ 10_3–1 _ 10_5 M). The aggregation of the ‘‘macrocycle-cation’’ system was studied
with Na+, K+, Cs+ and Pb2+. It was established that the pillar[5]arenes 3–6 did not form any aggregates with Na+ as the
polydispersity index was o0.25 in each case (Table 3). The average diameters of the particles formed by K+ and compounds
3 and 4 are very similar at 149 nm and 159 nm, respectively, while the average diameter of aggregates formed by Cs+ and
macrocycles 4–6 increases from 212 nm to 362 nm.

The sizes of aggregates for Pb2+ with compounds 3 and 4 are similar, at 175 and 178 nm, respectively, but this is followed
by a sharp decrease from 178 to 58 nm when passing from aminophosphonate 4, with methyl substituents, to
aminophosphonate 5 with a cyclopentylidene substituent. An increase in size to 144 nm is then observed for aggregates
with compound 6 (Fig. 5). Introduction of the phosphoryl group into the pillar[5]arene substituent blocked self-assembly
and increased the ability to form inclusion complexes with the target guests. An interaction of compounds 3–6 with the
‘‘hard acid’’ Na+ leads to formation of host–guest complexes, while increasing cation ‘‘softness’’ promotes aggregation
between macrocycle and metal cations by the PQO bond. It is worth noting that the nature of the cation plays an
important role in the binding studied cations. Lead belongs to the p-block and its complexes are characterized by metalcoordination interactions, whereas complexes of cesium, in the s-block, are characterized by ion–dipole interactions. Thus,
the formation of different types of aggregates is due to the different nature of the cations studied. There is the following
pattern: the largest average diameter of aggregates is typical for the compounds 3 and 4 in the case of Pb2+ cation. The
average diameter of particles formed by lead(II) cation and aminophosphonates 5 and 6 differ by twice (58 and 144 nm
respectively); this is probably due to steric factors: the compound with bulkier cyclohexylidene fragment forms larger
aggregates.
Table 2 Relative energies for the conformers of compounds 3–6

Compound

d, nm (Z-average) / PDI
K+
Cs+
159±2 / 0.11
176±2 / 0.23

Pb2+
175±1 / 0.03

3

Na+
-а)

4

-а)

149±1 / 0.24

212±2 / 0.17

178±1 / 0.05

5

-а)

233±14 / 0.23

246±3 / 0.07

58±21 / 0.23

6

-а)

277±2 / 0.10

362±4 / 0.08

144±1 / 0.02

Fig. 4 Simulations of 6_Na+ (top) and 6_Pb2+ (bottom), hydrogen atoms removed for clarity.
Table 3 Diameters of aggregates formed from compounds 3–6 with Na+, K+, Cs+ or Pb2+ cations and their corresponding polydispersity indices (PDI)

Compound
d, nm (Z-average)/PDI
K+
Cs+
Na+
159 ± 2/0.11
176 ± 2/0.23
3
—a
149 ± 1/0.24
212 ± 2/0.17
4
—a
233 ± 14/0.23
246 ± 3/0.07
5
—a
277 ± 2/0.10
362 ± 4/0.08
6
—a
a No aggregation occurs.

Pb2+
175 ± 1/0.03
178 ± 1/0.05
58 ± 21/0.23
144 ± 1/0.02

Electron microscopy allows the size and shape of the aggregates to be determined. Confirmation of the formation of
supramolecular aggregates from pillar[5]arenes 3–6 and Pb2+ was given by TEM. From the TEM images (Fig. 5), all the

pillar[5]arenes form spherical nanosized particles with Pb2+ cations presumably through the high affinity of the phosphoryl
group for Pb2+ cations.24

Fig. 5 (A) Left: Size distribution of the particles by intensity from a solution of macrocycle 6 (1 x 10-4 M), right: size distribution of the particles by
intensity from a solution of macrocycle 6 (1 _ 10_4 M) and Pb(NO3)2 (1 x 10-4 M) at a molar ratio of 1 : 1 in chloroform. (B) Left: TEM images of
macrocycle 6, right: TEM images of the aggregates formed by macrocycle 6 and Pb(NO3)2. (C) Left: Size distribution of the particles by intensity from
a solution of macrocycle 3 (1 x 10-4 M), right: size distribution of the particles by intensity from a solution of the macrocycle 3 (1 x 10-4 M) and
Pb(NO3)2 (1 x 10-4 M) at a molar ratio of 1 : 1 in chloroform. (D) Left: TEM images of macrocycle 3, right: TEM images of the aggregates formed by
macrocycle 3 and Pb(NO3)2.

To characterize the spherically shaped supramolecular aggregates formed by the pillar[5]arenes 3–6, we used the bright
field imaging mode of TEM operation. In this mode, the contrast formation, when considered classically, is formed directly
by occlusion and absorption of the electrons in the sample. Therefore, regions of the sample with a higher atomic number
appear dark, while regions with no sample or with regions of lower atomic number in the beam path appear bright.
Thus, the results obtained and the analysis of structures of the compounds 3 and 6 by TEM (Fig. 6) show that the Fig. 6
phosphoryl group in pillar[5]arene 3 and 6 played a key role in the formation of the spherical nanosized aggregates with
Pb2+. In the case of compounds 3 and 6 with lead(II) nitrate a dark skeleton clearly appears, from lead with a high atomic
number, and pillar[5]arenemolecules in the lighter regions spaced equidistantly along this inorganic backbone. Elemental
maps of the spherical nanosized aggregates formed by pillar[5]arenes 3–6 and Pb2+ were recorded on a Formvart/carbon
coated 3 mm copper grid and shown in Fig. 6.

Energy-dispersion spectra of fractal structures formed by pillar[5]arene 6 and Pb2+ on a copper support. (A) Supramolecular nanometer-sized
aggregates formed by compound 6 and Pb2+; (B) mapping of P; (C) superposition of elemental maps of P and Pb in the spherical aggregates formed
by pillar[5]arene 6 and Pb2+; (D) mapping of Pb2+.

TEM images (Fig. 6) show the area from which the element map was obtained. The element maps for P and Pb (Fig. 6B–D)
unambiguously determine their locations in the supramolecular aggregates. A correlation is shown between the locations
of these two elements; the darker areas in Fig. 6A are responsible for higher concentration of lead cations, as evidenced by
the Pb2+ distribution image (Fig. 6D). It should be noted that there is a high density of phosphorus in the same areas (Fig.
6C). These data also confirmed that the TEM images show structures obtained from association of the pillar[5]arenes with
lead(II) cations.

Conclusions

In conclusion, it has been established that phosphonate- and 1-aminophosphonate-containing monosubstituted
pillar[5]arenes form complexes with Na+, K+, Cs+ and Pb2+ with a 1 : 1 stoichiometry and lg Ka values between 2.0 and 4.8,
and that Pb2+ is the most effectively bound cation. The introduction of the one substituent containing an
(amino)phosphonate fragment to decamethoxypillar[5]arene changed the affinity of the macrocycle towards alkali metal
cations and lead(II). All the pillar[5]arenes bound Pb2+ but the only alkali metal cation to bind in the presence of the
phosphonate fragment was Cs+. For the aminophosphonate pillar[5]arene derivatives, the presence of the methyl
substituents at a-carbon atom led to preferential binding for Na+ over K+ and Cs+. The aminophosphonate derivative
incorporating a cyclopentylidene substituent was selective for Na+ with no evidence of K+ or Cs+ binding. Expanding the fivemembered fragment to a six-membered ring led to more efficient binding of K+. There was a significant effect of
substituents at the a-carbon atom of the aminophosphonate fragment on Pb2+: the macrocycle containing a phosphonate
fragment and the compound with an aminophosphonate fragment and methyl groups at the a-carbon atom bound the
cation with equal efficiency (lg Ka = 3.2). These data suggest that the secondary amino group does not participate in the
binding of the metal cation. However, the picture changes with the introduction of cyclic fragments to the a-carbon atom
of the aminophosphonate fragment as the efficiency of Pb2+ binding increases by an order (lgKa = 4.3–4.8). It was shown by
DLS and TEM that the complexes formed aggregates with Pb2+ with a monodisperse distribution (PDI from 0.02 to 0.23) and
hydrodynamic diameters between 58 nm and 178 nm. Moreover, using a semiempirical model (PM6) it was shown that in
the case of Pb2+, cation resides inside themacrocycle in the PQOendo conformation. The size of Cs+ would preclude it from

entering synthesized macrocycles, its lower charge density makes it ‘softer’ than either Na+ or K+ and it may be this
property which allows it to bind to obtained (amino)phosphonate derivatives based on pillar[5]arene. The influence of
solvent on macrocycle conformation and cation binding is probably the final factor in the selective binding observed. The
results obtained open great future for creating some new materials and application as catalysts based on phosphorylated
pillar[5]arene.

Experimental

General
The 1H, 13C, 31P NMR spectra of 3–5% solutions in CD3OD, DMSO-d6 and CDCl3 were recorded on a Bruker Avance-400
spectrometer (400.17 MHz for 1H-atoms). The residual solvent peaks were used as internal standards. IR spectra were
recorded using a Spectrum 400 (PerkinElmer) IR spectrometer. Elemental analysis was performed with a PerkinElmer 2400
Series II instrument. Mass spectra were obtained on a Bruker Ultraflex
III MALDI-TOF instrument with p-nitroaniline as the matrix. Melting points were determined using the Boetius Block
apparatus. Chemicals were purchased from Acros (boron tribromide, 1,4- dimethoxybenzene, N-(3bromopropyl)phthalimide) or Lancaster Synthesis (cyclopentanone, cyclohexanone) and used as received without
additional purification. Organic solvents were purified by standard procedures. Diethyl phosphite49 and diethyl[(
ptoluenesulfonyl)oxy[methyl]]phosphonate45 were prepared by literature methods.
General procedures for the synthesis of compound 2
Pillar[5]arene 2 was obtained from 1,4-dimethoxypillar[5]arene by literature methodology.38
4-Hydroxy-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (2). Yield: 3.30 g (70%),m.p.: 203 1C (203 1C38); 1H NMR
(400 MHz, CDCl3, 298 K): d 6.90, 6.83, 6.76, 6.74, 6.72, 6.68, 6.65, 6.62, 6.60 (s, 10H, ArH), 3.81, 3.78, 3.77, 3.75, 3.74, 3.71,
3.65, 3.63, 3.62, 3.59, 3.54 (s, 37H, –CH2– and –OCH3); MALDI-TOF MS C44H48O10: calculated [M+] m/z = 737.3, found [M+]
m/z = 737.4.
General procedure for the synthesis of compounds 4–6
Pillar[5]arenes were prepared by a literature method.44
4,8,14,18,23,26,28,31,32-Nonamethoxy-35-{N-[1-(O,O-diethylphosphoryl)-1-methylethyl]-(30aminopropoxy)}pillar[5]arene (4). Yield: 0.16 g (64%),m.p.: 57 1C (56–57 1C44); 31P{1H} NMR (CDCl3, 162 MHz, 298 K) dP,
ppm: 31.2, 1H NMR (400MHz, CDCl3, 298 K): d 1.30 (t, 6H, 3JHH = 7.0Hz,C_ H3H2OP), 1.32 (d, 6H, 3JPH = 15.6 Hz, (C_ H3)2CP),
1.95 (m, 2H, –OCH2C_ H2CH2–), 2.99 (t, 2H, 3JHH = 6.6 Hz, –CH2CH2C_ H2NH), 3.68–3.78 (m, 37H, –C_HH2– and –OC_HH3), 3.95
(t, 2H, 3JHH = 6.0 Hz, –OC_ H2CH2CH2–), 4.13 (m, 4H, CH3C_HH2OP), 6.80–6.83 (m, 10H, Ar_H); MS (ESI) C54H70NO13P:
calculated [M+] m/z = 971.5, found [M + H]+ m/z = 972.5, [M + Na]+ m/z = 994.5.
4,8,14,18,23,26,28,31,32-Nonamethoxy-35-{N-[1-(O,O-diethylphosphoryl)-1-cyclopentyl]-(30-aminopropoxy)}pillar[5]arene (5). Yield: 0.14 g (56%); m.p.: 61 1C (60–61 1C44); 31P{1H} NMR (162 MHz, CDCl3, 298 K): d 31.6, 1H NMR (400
MHz, CDCl3, 298 K): d 1.29 (t, 6H, 3JHH = 7.0 Hz C_ H3CH2OP), 1.68–1.78 and 1.95–2.00 (m, 10H, –(CH2)4–), 1.92 (m, 2H, –
OCH2C_ H2CH2–), 2.98 (t, 2H, 3JHH = 6.6 Hz, –CH2CH2C_ H2NH), 3.64–3.78 (m, 37H, –C_ H2– and –OC_ H3), 3.94 (t, 2H, 3JHH =
6.0Hz, –OC_ H2CH2CH2–), 4.13 (m, 4H, CH3C_ H2OP), 6.79–6.83 (m, 10H, Ar_H); MS (ESI): calculated [M+] m/z = 997.6, found
[M + H]+ m/z = 998.5.
4,8,14,18,23,26,28,31,32-Nonamethoxy-35-{N-[1-(O,O-diethylphosphoryl)-1-cyclohexyl]-(30-aminopropoxy)}-pillar[5]arene
(6). Yield: 0.15 g (60%); m.p.: 59 1C (59–60 1C44); 31P{1H} NMR (162 MHz, CDCl3, 298 K): d 30.7; 1H NMR (400 MHz, CDCl3,
298 K): d 1.29 (t, 6H, 3JHH = 7.0 Hz, C_ H3CH2OP), 1.46–1.80 (m, 10H, –(CH2)5–), 1.95 (m, 2H, –OCH2C_ H2CH2–), 2.98 (t, 2H,
3JHH = 6.6 Hz, –CH2CH2C_ H2NH), 3.63–3.77 (m, 37H, –C_ H2– and –OC_ H3), 3.96 (t, 2H, 3JHH = 6.2 Hz, –OC_ H2CH2CH2–), 4.10
(m, 4H, CH3C_ H2OP), 6.75–6.79 (m, 10H, Ar_H); MS (ESI): calculated [M+ ] m/z = 1011.5, found [M + H]+ m/z = 1012.6, [M +
Na]+ m/z = 1035.5.
General procedure of the synthesis of the compound 3
In a round-bottom flask equipped with magnetic stirrer, compound 2 (1.00 g, 1.4 mmol) was mixed with cesium carbonate
(2.65 g, 8.1 mmol) and refluxed in acetonitrile (50 ml) for 20 minutes. Then diethyl[( ptoluenesulfonyl)oxy[methyl]]phosphonate (0.48 g, 1.15 mmol) was added and the reaction mixture was stirred for 24
hours. Solvent from the organic layer was removed under reduced pressure. The resulting precipitate was dissolved in 20
ml of chloroform and 15 ml of dilute hydrochloric acid was added to reach pH 4. The organic phase was separated and the
chloroform was evaporated under reduced pressure. The precipitate was washed with hot methanol and dried under
reduced pressure over P2O5.
4-[(O,O-Diethyl)-phosphoryl-1-oxymethylene]-8,14,18,23,26,28,31,32,35-nonamethoxypillar[5]arene (3). Yield: 0.76 g
(63%); m.p.: 92 1C; 31P{1H} NMR (162 MHz, CDCl3, 298 K): d 20.1. 1H NMR (400 MHz, CDCl3, 298 K): d 0.94 (t, 6H, 3JHH = 6.8,
POCH2CH3), 3.69–3.80 (m, 37H, –CH2– and –OC_ H3), 3.93 (m, 4H, POCH2CH3), 4.26 (d, 2H, ArOCH2P, 2JPH = 8.8), 6.81–6.89
(m, 10H, Ar_H), 13C NMR (100 MHz, CDCl3, 298 K): d 16.4, 32.8, 43.8, 44.5, 56.8, 62.4, 62.5, 113.2, 113.6, 115.7, 131.5,

131.9, 132.8, 149.4, 151.3, 151.4; IR n cm_1: 1042 (P–O–C), 1206 (PQO); MS (MALDI-TOF): calculated [M+] m/z = 886.37,
found [M + H2O]+ m/z = 904.7; el. anal. calcd for C49H59O13P: C, 66.35; H, 6.71; P, 3.49. Found: C, 66.32; H, 6.75; P, 3.74.
UV-spectroscopy
Absorption spectra were recorded on a UV-3600 UV-spectrometer (Shimadzu). Quartz cuvettes with an optical path length
of 10 mm were used. Chloroform and methanol were used for preparation of the solutions. Absorption spectra of mixtures
were recorded after 1 hour incubation at 20 1C. Solutions of metal nitrates (Al(NO3)3, Co(NO3)2, Ni(NO3)2, Cu(NO3)2, LiNO3,
Cd(NO3)2, NaNO3, Pb(NO3)2, AgNO3, KNO3, CsNO3) in methanol were added to solutions of the compounds 3–6 (5 _ 10_5 M)
in chloroform in a 10 : 1 ratio to investigate the complex formation of pillar[5]arenes with metal nitrates.
Determination of the stability constant and stoichiometry of the complex by the spectrophotometric titration
Aliquots (15, 30, 45, 60, 75, 90, 105, 120, 135 and 150 ml) of 1 x 10-2 M NaNO3, KNO3, CsNO3 and Pb(NO3)2 solutions in
methanol were added to 0.3 ml of solutions of receptors 3–6 (5 x 10-4 M) in CHCl3 and diluted to final volume of 3 ml with
CHCl3. The UV spectra of the solutions were recorded. The stability constants and stoichiometries of complexes were
calculated as described elsewhere.44 Three independent experiments were carried out for each series and the Student’s ttest was used in statistical data processing.
Job plots
The stoichiometries of the complexes were determined by the isomolar series method. Spectra of the solutions of the
pillar[5]arene and metal nitrates were recorded in the chloroform/methanol mixture. The volume of the host and guest
solutions varied from 1 : 4 to 4 : 1, respectively, with the total concentration of the host (pillar[5]arene 3–6) and guest
(NaNO3, KNO3, CsNO3, Pb(NO3)2) being constant and equal to 5 x 10-5 M. The solutions were used without further stirring.
The optical density, Ai, of each complex was measured at 280 nm. The stoichiometry of each complex was determined
from a plot of the increase in absorbance against the mole fraction of the guest. Three independent experiments were
carried out for each system.
Computational methods
Calculations were undertaken using the Spartan ’18 Parallel Suite50 running on a Mac Pro with 3.5 GHz 6-Core Intel Xenon
E5 processors and two threads per core. The pillar[5]arene hosts were constructed using the Build option. Conformational
analysis was used to determine the host conformers with the lowest steric energy which were used as the semiempirical
inputs for gas phase geometry optimization (PM6).
Dynamic light scattering (DLS)
Particle sizes were determined by a Zetasizer Nano ZS (Malvern) instrument at 20 1C in quartz cuvettes. The instrument
contains a 4 mW He–Ne laser operating at a wavelength of 633 nm and incorporates noninvasive backscatter optics (NIBS).
Measurements were performed at a detection angle of 1731 and the software automatically determined the measurement
position within the quartz cuvette. Processing of the results was performed by the DTS program (Dispersion Technology
Software 4.20). Chloroform and methanol were used to prepare the solutions. To study the aggregation of pillar[5]arenes
with metal nitrates, methanol solutions of NaNO3, KNO3, CsNO3 or Pb(NO3)2 were added to solution of compounds 3–6 (1 _
10_3–1 _ 10_5 M) in chloroform in a 1 : 1 ratio. The particle sizes were measured 1 hour after mixing. The measurements
were carried out after a further 24 and 168 hours under similar conditions to assess the kinetic stability of the systems. The
experiments were carried out for each solution in triplicate.
Transmission electron microscopy (TEM)
TEM measurements were made at the Interdisciplinary Center for Analytical Microscopy of the Kazan Federal University.
Analysis of samples was carried out using a Hitachi HT7700 Exalens transmission electron microscope with an Oxford
Instruments X-Maxn 80T EDS detector working in STEM mode. Samples of compounds 3–6 (1 x 10-4 M) were prepared
similarly to those studied by the DLS method. 10 ml of the suspension was placed on a carbon-coated 3 mm copper grid
and dried at room temperature using special holder for microanalysis. After drying, the grid was placed in the transmission
electron microscope and analyzed at an accelerating voltage of 80 kV.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by Russian Science Foundation (No. 17-13-01208). The authors are grateful to the staff of the
Spectral-Analytical Center in the Shared Facilities for the Study of Structure, Composition and Properties of Substances and
Materials at the A. E. Arbuzov Institute of Organic and Physical Chemistry of the Kazan Scientific Center of Russian
Academy ofSciences for their assistance and helpful discussion.

Notes and references

1 R. Rodik, M. Poberezhnyk and V. Kalchenko, Macroheterocycles, 2017, 10, 421–431.
2 P. Li, Y. Chen and Y. Liu, Chin. Chem. Lett., 2019, 30, 1190–1197.
3 S. B. Nimse and T. Kim, Chem. Soc. Rev., 2013, 42, 366–386.
4 K. S. Shibaeva, A. A. Nazarova and I. I. Stoikov, Phosphorus, Sulfur Silicon Relat. Elem., 2016, 191, 1585–1586.
5 V. G. Torgov, S. V. Tkachev and T. V. Us, Russ. J. Inorg. Chem., 2019, 64, 438–444.
6 P. L. Padnya, A. V. Porfireva, G. A. Evtugyn and I. I. Stoikov, Front. Chem., 2018, 6, 594.
7 O. A. Mostovaya, P. L. Padnya, D. N. Shurpik, A. A. Vavilova, V. G. Evtugyn, Y. N. Osin and I. I. Stoikov, Macroheterocycles,
2017, 10, 154–163.
8 A. A. Elbashir and H. Y. Aboul-Enein, Crit. Rev. Anal. Chem., 2015, 45, 52–61.
9 S. J. Barrow, S. Kasera, M. J. Rowland, J. del Barrio and O. A. Scherman, Chem. Rev., 2015, 115, 12320–12406.
10 S. P. Victor, W. Paul, M. Jayabalan and C. P. Sharma, CrystEngComm, 2014, 16, 6929–6936.
11 X. Qin, L. Bai, Y. Tan, L. Li, F. Song and Y. Wang, Chem. Eng. J., 2019, 372, 1007–1018.
12 Z.Wang, F. Lin, L. Huang, Z. Chang, B. Yang, S. Liu,M. Zheng, Y. Lu and J. Chen, Environ. Pollut., 2019, 254, 112854.
13 G. Liu, Q. Yuan, G. Hollett, W. Zhao, Y. Kang and J. Wu, Polym. Chem., 2018, 9, 3436–3449.
14 T. Ogoshi, S. Kanai, S. Fujinami, T. A. Yamagishi and Y. Nakamoto, J. Am. Chem. Soc., 2008, 130, 5022–5023.
15 Y. Chen, M. He, B. Li, L. Wang, H. Meier and D. Cao, RSC Adv., 2013, 3, 21405–21408.
16 A. A. Nazarova, P. L. Padnya, A. I. Gilyazeva, A. A. Khannanov, V. G. Evtugyn, M. P. Kutyreva, V. V. Klochkov and I. I.
Stoikov, New J. Chem., 2018, 42, 19853–1919863.
17 T. Ogoshi, K. Masaki, R. Shiga, K. Kitajima and T. A. Yamagishi, Org. Lett., 2011, 13, 1264–1266.
18 D. N. Shurpik, P. L. Padnya, V. G. Evtugyn, T. A.Mukhametzyanov, A. A. Khannanov, M. P. Kutyreva and I. I. Stoikov, RSC
Adv., 2016, 6, 9124–9131.
19 H. Zhang, Z. Liu and Y. Zhao, Chem. Soc. Rev., 2018, 47, 5491–5528.
20 B. Shi, K. Jie, Y. Zhou, J. Zhou, D. Xia and F. Huang, J. Am. Chem. Soc., 2016, 138, 80–83.
21 J.-F. Chen, Q. Lin, Y.-M. Zhang, H. Yao and T.-B. Wei, Chem. Commun., 2017, 53, 13296–13311.
22 A. A. Nazarova, L. I. Makhmutova and I. I. Stoikov, Russ. J. Org. Chem., 2017, 87, 1941–1945.
23 R. R. Kothur, J. Hall, B. A. Patel, C. L. Leong, M. G. Boutelle and P. J. Cragg, Chem. Commun., 2014, 50, 852–854.
24 V. M. Buldenko, V. V. Trush, O. L. Kobzar, A. B. Drapailo, V. I. Kalchenko and A. I. Vovk, Bioorg. Med. Chem. Lett., 2019,
29, 797–801.
25 M. A. Kamboh, W. A. W. Ibrahim, H. R. Nodeh, L. A. Zardari and M. M. Sanagi, Environ. Technol., 2019, 40, 2482–2493.
26 E. James, P. K. Eggers, A. R. Harvey, S. A.Dunlop, M. Fitzgerald, K. A. Stubbs and C. L. Raston, Org. Biomol. Chem., 2013,
11, 6108–6112.
27 X.-Y. Jin, N. Song, X. Wang, C.-Y. Wang, Y. Wang and Y.-W. Yang, Sci. Rep., 2018, 8, 4035.
28 A. A. Nazarova, K. S. Shibaeva and I. I. Stoikov, Phosphorus, Sulfur Silicon Relat. Elem., 2016, 191, 1583–1584.
29 H. Zhu, J. Liu, B. Shi, H. Wang, Z. Mao, T. Shan and F. Huang, Mater. Chem. Front., 2018, 2, 1475–1480.
30 K. Jie, Y. Zhou, Y. Yao, B. Shi and F. Huang, J. Am. Chem. Soc., 2015, 137, 10472–10475.
31 D. N. Shurpik, D. A. Sevastyanov, P. V. Zelenikhin, E. V. Subakaeva, V. G. Evtugyn, Y. N. Osin, P. J. Cragg and I. I. Stoikov,
Tetrahedron Lett., 2018, 59, 4410–4415.
32 G. Yu, R. Zhao, D. Wu, F. Zhang, L. Shao, J. Zhou, J. Yang, G. Tang, X. Chen and F. Huang, Polym. Chem., 2016, 7, 6178–
6188.
33 T. Ogoshi, N. Ueshima and T.-A. Yamagishi, Org. Lett., 2013,15, 3742–3745.
34 Y. Jia, Y. Fang, Y. Li, L. He, W. Fan, W. Feng, Y. Yang, J. Liao, N. Liu and L. Yuan, Talanta, 2014, 125, 322–328.
35 Y. Fang, L.Wu, J. Liao, L. Chen, Y. Yang, N. Liu, L. He, S. Zou, W. Feng and L. Yuan, RSC Adv., 2013, 3, 12376–12383.
36 B. Bai, Y. Fang, Q. Gan, Y. Yang, L. Yuan and W. Feng, Chin. J. Chem., 2015, 33, 361–367.
37 X.-Y. Hu, X. Liu, W. Zhang, S. Qin, C. Yao, Y. Li, D. Cao, L. Peng and L. Wang, Chem. Mater., 2016, 28, 3778–3788.
38 T. Ogoshi, K. Demachi, K. Kitajima and T. A. Yamagishi, Chem. Commun., 2011, 47, 7164–7166.
39 Y. Chen, M. He, B. Li, L. Wang, H. Meier and D. Cao, RSC Adv., 2013, 3, 21405–21408.
40 A. A. Nazarova, A. I. Gilyazeva, P. L. Padnya, A. I. Khadieva, V. G. Evtugyn, V. V. Klochkov and I. I. Stoikov, AIP Conf. Proc.,
2019, 2064, 030009.
41 Q. Lin, P.-P. Mao, Y.-Q. Fan, L. Liu, J. Liu, Y.-M. Zhang, H. Yao and T.-B. Wei, Soft Matter, 2017, 13, 7085–7089.
42 T.-B. Wei, J.-F. Chen, X.-B. Cheng, H. Li, B.-B. Han, H. Yao, Y.-M. Zhang and Q. Lin, Polym. Chem., 2017, 8, 2005–2009.
43 F. Ye, R. Wei, L. Wang, H. Meier and D. Cao, RSC Adv., 2016, 6, 89810–89814.
44 A. A. Nazarova, L. S. Yakimova, V. V. Klochkov and I. I. Stoikov, New J. Chem., 2017, 41, 1820–1826.
45 K. Barral, S. Priet, J. Sire, J. Neyts, J. Balzarini, B. Canard and K. Alvarez, J. Med. Chem., 2006, 49, 7799–7806.
46 E. A. Yushkova and I. I. Stoikov, Langmuir, 2009, 25, 4919–4928.
47 E. Mattia and S. Otto, Nat. Nanotechnol., 2015, 10, 111–119; Supramolecular Chemistry, J. W. Steed and J. L. Atwood,
John Wiley & Sons Ltd, Chichester, 2nd edn, 2009, pp. 38–39.
48 L. E. Dube, B. A. Patel, A. Fagan-Murphy, R. R. Kothur and P. J. Cragg, Chem. Sens., 2013, 3, 18.
49 V. V. Kormachov and M. S. Fedoseev, Preparativnaya khimiya fosfora [The Preparative Chemistry of Phosphorus], UrO
RAS Publ., Perm, 1992 (in Russian).
50 Spartan ’18, Wavefunction, Inc., Irvine, CA 92612, USA, 2018.

