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ABSTRACT: The calix[4]arene secondary-amide derivative L was synthesized, and
its complexation with alkali-metal cations in acetonitrile (MeCN) was studied by
means of spectrophotometric, NMR, conductometric, and microcalorimetric titrations
at 25 °C. The stability constants of the 1:1 (metal/ligand) complexes determined by
different methods were in excellent agreement. For the complexation of M* (M = Lj,
Na, K) with L, both enthalpic and entropic contributions were favorable, with their
values and mutual relations being quite strongly dependent on the cation. The
enthalpic and overall stability was the largest in the case of the sodium complex.
Molecular and crystal structures of free L, its methanol and MeCN solvates, the
sodium complex, and its MeCN solvate were determined by single-crystal X-ray
diffraction. The inclusion of a MeCN molecule in the calixarene hydrophobic cavity
was observed both in solution and in the solid state. This specific interaction was
found to be stronger in the case of metal complexes compared to the free ligand

because of the better preorganization of the hydrophobic cone to accept the solvent molecule. Density functional theory
calculations showed that the flattened cone conformation (C, point group) of L was generally more favorable than the square cone
conformation (C, point group). In the complex with Na*, L was in square cone conformation, whereas in its adduct with MeCN,
the conformation was slightly distorted from the full symmetry. These conformations were in agreement with those observed in
the solid state. The classical molecular dynamics simulations indicated that the MeCN molecule enters the L hydrophobic cavity
of both the free ligand and its alkali-metal complexes. The inclusion of MeCN in the cone of free L was accompanied by the
conformational change from C, to C, symmetry. As in solution studies, in the case of ML" complexes, an allosteric effect was
observed: the ligand was already in the appropriate square cone conformation to bind the solvent molecule, allowing it to more

easily and faster enter the calixarene cavity.

B INTRODUCTION

Calixarene derivatives have been extensively studied because of
their ability to form inclusion complexes with a wide variety of
guest species.’ These macrocyclic receptors have been prepared
by lower- and/or upper-rim functionalization of the parent
calixarenes. By the appropriate choice of the substituents and
the number of repeating phenolic units comprising the
macrocycle, the efficient and, in some instances, selective
binders of cations,” anions,”™ and neutral molecules?®* can be
obtained.

The p-tert-butyl lower-rim-functionalized calix[4]arenes with
carbonyl-containing substituents, which include calixarene
ketones, esters, and amides, have been proven to be effective
receptors for alkali, alkaline-earth, and transition-metal
cations.”** An interesting feature of tetrasubstituted secon-
dary-amide derivatives is the possibility of intramolecular
NH:-O=C hydrogen-bond formation. This was shown to
have a strong influence on their binding abilities.” Besides the
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nature of the binding groups, the affinity of calixarenes toward
metal cations strongly depends on the reaction medium, i.e., on

d."¥%6 In this respect, the specific interactions

the solvent use
of the ligand and the complex with the solvent molecules can
be particularly important. Inclusion of an acetonitrile (MeCN)
molecule in a calixarene hydrophobic cavity4a_f’7 can serve as a
striking example of such an interaction, which was shown to be
synergetic with the binding of the cation in the ligand
hydrophilic cavity.”7**

Even though the complexation reaction between the
calixarene ligand (L) and the metal cation (M*™); z(M)

denotes the charge number) in solution (sln)

MZ(M)(sln) + L(sln) 2 MLZ(M)(sln) (1)

Received: March 2, 2012
Published: May 9, 2012

dx.doi.org/10.1021/ic300474s | Inorg. Chem. 2012, 51, 6264—6278


pubs.acs.org/IC

Inorganic Chemistry

seems rather simple, there are many processes and interactions
that are involved in such a reaction and that determine its
equilibrium. For that reason, in order to gain detailed insight
into the reactions studied, it is advisible to employ a number of
complementary experimental and computational techniques, so
that one may support the other. In the present work, such an
approach has been used in the investigation of the alkali-metal-
cation complexation by a calix[4]arene secondary-amide
derivative, namely, 5,11,17,23-tetra-tert-butyl-25,26,27,28-
tetrakis(N-hexylcarbamoylmethoxy)calix[4 |arene (L, Scheme
1) in MeCN. The goal was to address as many processes/

Scheme 1. Synthesis of Compound L
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“Reagents and conditions: (i) NaOH, EtOH/H,0; (ii) SOCl,; (iii)
Et,N, dry CH,CL, Ar.

interactions involved in the complexation reaction as possible
from both thermodynamic and structural points of view. In line
with this, detailed spectrophotometric, NMR, electrochemical,
and microcalorimetric investigations were carried out, along
with the X-ray solid-state structure determinations of the free
ligand and its complexes. Particular attention was focused on
the formation of the LMeCN adduct and the ternary
MLMeCN* complexes (M denotes alkali metal). To the best
of our knowledge, for the first time, the equilibrium constants
for binding of the MeCN molecule with free calixarene and its
metal-ion complex in a MeCN solution were estimated. In
addition, the microscopic equilibrium constants for the
formation of LiL" and LiLMeCN® complex species were
assessed. To shed more light on the complexation properties
and structures of the species involved, classical molecular
dynamics (MD) and quantum-chemical computations were
also performed. Among other things, these studies provided
corroborations of the conclusions made on the basis of the
experimental results.

B EXPERIMENTAL SECTION

Synthesis. All reagents were of the best grade commercially
available and were used without further purification. Solvents were
purified by standard procedures.” The acid chloride of calix[4]arene
tetracetic acid (the cone conformer) was prepared as described in the
literature.'® Analytical thin-layer chromatography was performed on
silica gel plates (SiO,, Merck 60 F,,). Melting points were determined
on a Kofler hot-bench apparatus and were not corrected. '"H and *C
NMR spectra were recorded with a Bruker Avance 300 or 600 MHz
spectrometer ( in ppm relative to (CHj,),Si as an internal standard, |
values are in hertz). IR spectra were recorded by means of an ABB
Bomem MB102 FTIR spectrometer. Mass spectrometry (MS)
measurements were conducted on an Agilent 6410 Triple-Quadrupole
mass spectrometer. Elemental analysis (C, H, and N) was provided by
the Analytical Services Laboratory of the Rudjer Boskovi¢ Institute,
Zagreb, Croatia.

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrakis(N-
hexylcarbamoylmethoxy)calix[4]arene (L). (a) n-Hexylamine (0.48
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g, 2.24 mmol) and triethylamine (0.36 mL, 2.61 mmol) were added to
the cooled (0 °C) dry CH,Cl, (20 mL) under argon. Then, the acid
chloride of calix[4]arene tetracetic acid (the cone conformer)® (0.45 g
0.47 mmol) in dry CH,Cl, (10 mL) was added at once with a syringe.
The reaction mixture was allowed to warm to room temperature and
stirred overnight. After filtration, the filtrate was washed with NaOH
(1.0 mol dm™?), hydrochloric acid (1.0 mol dm™?), brine, and water.
After drying (MgSO,) and evaporation of the solvent, the crude
product was crystallized from CH,Cl,/petroleum ether. Recrystalliza-
tion from methanol (MeOH) gave L (0.49 g, 71%) as white crystals.
Mp: 233—234 °C. R; = 0.44 (5% MeOH/CH,CL,).

'H NMR (600 MHz, CDCL,, 25 °C, TMS): 5 7.46 (4 H, t, ] = 5.82,
NH), 6.77 (8 H, s, ArH), 447 (4 H, d, ] = 12.9, ArCH,Ar), 447 (8 H,
s, OCH,CO), 3.37-3.33 (8 H, m, CH,NH), 3.23 (4 H, d, ] = 13.0,
ArCH,Ar), 1.59—1.55 (8 H, m, CH,CH,NH), 1.35—1.28 (24 H, m,
CH,CH,CH,), 1.08 (36 H, s, C(CH,),), 0.89 (12 H, t, ] = 6.8, CH,).

BC NMR (75 MHz, CDCl,, 25 °C): § 169.50 (C=0), 152.95
(ArC-0), 145.75 (p-ArC), 132.69 (m-ArC), 125.80 (0-ArC), 74.63
(OCH,CO), 39.59 (NHCH,), 33.88 (C-tert-butyl), 31.60 (ArCH,Ar),
31.49 (NCH,CH,), 31.32 (CHj-tert-butyl), 29.74
(CH,CH,CH,CH,), 2681 (CH,CH,CH,CH,), 22.65 (CH,CH,),
14.05 (CH,).

FTIR (KBr pellet): v, /cm™" 3289 (s, NH), 3088 (w, Ar—H),
1654 (CONH, amide I), 1545 (CONH, amide II), 1362 (w, tert-
butyl), 1195 (s, COC).

Elem anal. Caled for C,¢H,4N,Oq (1213.76): C, 75.21; H, 9.63; N,
4.62. Found: C, 74.90; H, 9.37; N, 4.32.

MS: m/z 1213.9 [(M + H)*]. Calcd for C,4H,;,N,O5": m/z 1213.9,
1235.8 [(M + Na)*]. Calcd for C,¢H;;(N,OgNa*: m/z 1235.9.

(b) Preparation of compound L by aminolysis: To 100 mL of
absolute MeOH were added 1 mmol of the calix[4]arene ethyl ester
and 32 mmol of n-hexylamine. The mixture was kept for several weeks
at room temperature. Colorless transparent needles of a MeOH
solvate of L crystallized from the solution. The crystals were separated
from the mother liquor by suction filtration, washed with MeOH, and
dried to obtain a white powder, which was pure compound L (yield
54%). The spectroscopic data of the prepared compound were
identical with those described above.

Materials for Physicochemical Measurements. The salts used
for the investigation of L complexation were LiClO, (Fluka, p.a, and
Sigma Aldrich, 99.99%), NaClO,-H,O (Fluka p.a.), NaClO, (Sigma
Aldrich, 98+%), KClO, (Merck, p.a.), CsNO; (Sigma, 99.5%), and
RbNO; (Sigma, 99.7%). The solvent, acetonitrile (MeCN; Merck,
Uvasol), was used without further purification. In most spectrophoto-
metric and in all potentiometric titrations, the ionic strength was kept
constant by the addition of Et,NCIO, (Fluka, p.a.).

Spectrophotometry. UV titrations were performed at 25.0 + 0.1
°C by means of a Varian Cary S double-beam spectrophotometer
equipped with a thermostatting device. The spectral changes of the L
solution (Vg = 2.0 cm?, ¢y = 2.40 X 107*=2.46 X 10™* mol dm™, and I,
= 0.01 mol dm™) were recorded upon the stepwise addition of an
alkali-metal salt solution (¢ = 9.59 X 107*—3.88 X 10~ mol dm™ and
I. = 0.01 mol dm™) directly into the measuring cell of 1 cm path
length (Hellma, Suprasil QX). Absorbances were sampled at 1 nm
intervals, with an integration time of 0.2 s. Titrations for each M*/L
system were done in triplicate. The obtained sPectrophotometric data
were processed using the SPECFIT program.'

Potentiometry. The stability constant of the NaL® complex in
MeCN was determined by the potentiometric titration of a 30.3 cm®
NaClO, solution (cy = 1.0 X 10~* mol dm™3) with a solution of L (c =
7.34 X 107* mol dm™®) in a thermostatted titration vessel (¢t = 25.0 +
0.1 °C). The ionic strength of both solutions was set to 0.01 mol dm™
by Et,NCIO,. The indicator electrode was a sodium-selective glass
electrode (Metrohm, 6.0501.100) with an Ag/AgCl reference
electrode (Metrohm, 6.0733.100) filled with a MeCN solution of
Et,NCI (¢ = 0.01 mol dm™*). The working and reference half-cells
were connected with a salt bridge containing 0.01 mol dm™
Et,NCIO,. A Metrohm 713 pH meter was used for electromotivity
measurements. The cell was calibrated by the incremental addition of a
NaClQ, solution (c = 9.94 X 107 mol dm™®) to a 30.0 cm® solution of
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Table 1. Crystallographic Data and Details of Data Collection for the Crystal Structures of L, L-2MeOH, LMeCN, [NaL]ClO,,

and [NaLMeCNbarb

L L-2MeOH
molecular formula C,6H,16N,O5 CrsH,54,N, Oy
M, 1213.73 1277.81
cryst syst monoclinic triclinic
space group C2/c PT
a/A 31.981(2) 14.9313(6)
b/A 24.792(2) 16.3464(8)
/A 18.5200(17) 18.3108(9)
a/deg 90 108.310(4)
f/deg 90.575(7) 104.079(5)
y/deg 90 106.294(4)
Vv/A® 14683(2) 3793.6(3)

Z 8 2

Peacg cm™ 1.098 1.119

A(Mo K,)/A 0.71073 0.71073

T/K 100.0(2) 120.0(1)

cryst dimens/mm?® 0.31 X 0.24 X 0.09 0.56 X 0.47 X 0.33

u/mm™" 0.07 0.073

F(000) 5312 1400

6 range/deg 4-25 4-25.5

hkl ranges —38, 33; =29, 29; =22, —18, 16; —19, 19; —22,
22 21

no. of measd reflns 45804 30764

no. of indep reflns 12065 13514

no. of reflns with I > 3617 6804

40(I)

no. of param 888 868

AP Dpmin/e A3 0.923, —0.565 0.886, —0.6887

R [F* > 406(F)] 0.1292 0.0511

wR (F?) 0.367 0.1304

GOF, § 0.983 1.982

LMeCN [NaL]ClO, [NaLMeCN]barb
C75H12:1N504 Cr6H116N,01,NaCl CysH142N;0sNa
1272.8 1336.17 1561.09
triclinic tetragonal triclinic
P1 P4/n PT
11.6750(16) 15.1410(19) 13.1464(4)
18.183(3) 15.1410(19) 16.8767(6)
20.382(3) 17.627(3) 22.1602(8)
65.402(16) 90 98.404(3)
74.233(13) 90 90.787(3)
79.578(13) 90 106.426(3)
3774.8(10) 4041.0(9) 4657.5(3)

2 2 2

1.12 1.089 1.109

0.71073 0.71073 0.71073

120.0(1) 100.0(2) 120.0(1)

0.29 X 0.17 X 0.12 0.54 X 0.50 x 0.11 0.36 X 0.12 X 0.11

0.072 0.109 0.079

1392 1472 1688

4-25 3.72-25 3.82-25

—13, 13; —21, 13; —24, —18, 18; —18, 10; —20, —15, 15; —18, 20; —24,
24 20 26

18772 23626 35524

11994 3548 15632

2591 1156 8850

854 320 1076

0.384, —0.272 0.343, —0.454 1.833, —0.865

0.061 0.1551 0.1054

0.1411 0.4346 0.3246

0.623 1.138 1.103

Et,NCIO, (¢ = 0.01 mol dm™) in MeCN. In each calibration
experiment, a Nernstian-like behavior was observed, with the slope of
the E versus p[Na] plot being about —58 mV. Titration was repeated
three times, and the obtained potentiometric data were analyzed with
the HYPERQUAD program.'?

Conductometry. Conductometric titrations were carried out at
25.0 + 0.1 °C by means of a Metrohm 712 conductometer. The cell
constant (0.892 + 0.001 cm™') was determined before each
experiment using a 0.01 mol dm™ aqueous KCI solution. The alkali-
metal salt solution (V, = 21.0 or 22.0 cm® and ¢, = 9.0 X 107°—1.16 X
10™* mol dm™*) was titrated with a ligand solution (¢ = 6.58 X 107*—
821 x 107 mol dm™) in a thermostatted vessel. The measured
conductivities were corrected for the conductivity of the solvent. The
obtained data were processed by the OriginPro7.5 program.

'H NMR Studies. 'H NMR titrations were carried out at 25 °C by
means of a Bruker Avance 600 MHz with a solvent signal used as a
standard for titrations in CD3;CN or with a tetramethylsilane (TMS)
signal as a standard in CDClI; solutions. In the titrations of L with
metal cations in MeCN, solutions made of alkali-metal salt (¢ = 2.87 X
107#-3.92 X 10~ mol dm™) and L (¢ = 5.32 X 10™* mol dm™) were
added in a CD;CN solution of L (¢ = 5.32 X 10™* mol dm™3). In the
case of the studies of MeCN binding by L and NaL* in CDCl,,
solutions of L (¢ = 1.70 X 107> mol dm™) and [NaL]ClO, (c = 1.24 X
10~* mol dm™) were titrated with a MeCN solution (¢ = 8.43 X 1072
mol dm™3). The temperature dependence of the "H NMR spectrum of
L was measured in CD;CN (from —35 to +60 °C) and in CDCl,
(from —50 to +50 °C). Spectra were recorded at 32 pulses.

Calorimetry. Microcalorimetric measurements were performed by
a Microcal VP-ITC isothermal titration calorimeter at 25.0 °C. The
calorimeter was calibrated electrically, and its reliability was addition-
ally checked by carrying out the complexation of Ba** by 18-crown-6
in a aqueous medium at 25 °C. The results obtained (log K = 3.76 and
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AH = =319 kJ mol™") were in good agreement with the literature
values (log K = 3.77 and AH = —31.4 kJ mol™)."* Thermograms
were processed using the Microcal OriginPro7.0 program.

In the calorimetric titrations, the enthalpy changes were recorded
upon the stepwise additions of a MeCN solution of alkali-metal salt to
a solution of L (V,, = 1.4182 cm?). Heats of dilution of salt solutions
were obtained by blank experiments and subtracted from the heats
measured in the titration experiment. The dependence of successive
enthalpy changes on the titration volumes was processed by a
nonlinear least-squares fitting procedure using the OriginPro7.5
program. All measurements were conducted three or more times.

X-ray Structure Determination. The single crystals of
L-2MeOH, LMeCN, and [NaL MeCN]barb (barb = 5,5-diethylbarbi-
turate) were obtained by the evaporation of a saturated solution at
room temperature, while [NaL]ClO, was crystallized by the vapor
diffusion of tetrahydrofuran (THF). L crystallized from an ethanol
solution, L-2MeOH from a MeOH solution, and LMeCN from a
mixture of MeCN, MeOH, and water (5:5:1 volume ratio). Single
crystals of [NaLMeCN]barb were obtained by the evaporation of a
solution prepared by mixing of a solution of sodium §,5-
diethylbarbiturate in a mixture of water and MeOH (1:3) with a
MeCN solution of L, so that the L/NaC,H,;O;N, mole ratio was
about 1:3.

The crystal and molecular structures were determined by single-
crystal X-ray diffraction. Diffraction measurements were made on an
Oxford Diffraction Xcalibur Kappa CCD X-ray diffractometer with
graphite-monochromated Mo K, (4 = 0.71073 A) radiation."* The
data sets were collected using the w-scan mode over a 26 range up to
54°. The structures were solved by direct methods and refined using
the SHELXS and SHELXL programs.® The structural refinement was
performed on F* using all data. The hydrogen atoms were placed in
calculated positions and treated as riding on their parent atoms [C—H
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=0.93 A and U,,,(H) = 1.2U,4(C); C—H = 0.97 A and U,(H) = 1.2
Ueq(C)], except those involved in hydrogen bonding, which were
located from the electron difference map, if it was possible (in
structures of L-2MeOH and LMeCN). All calculations were
performed, and the drawings were prepared using the WinGX
crystallographic suite of programs.'® The crystal data and measure-
ment details are listed in Table 1. Further details are available in the
Supporting Information and from the Cambridge Crystallographic
Centre'” with quotation numbers 815093—815097.

A number of difficulties were encountered in the refinement of the
structural models, mostly because of weak diffraction of the samples
and because of the structural disorder of tert-butyl and hexyl groups. It
was therefore necessary to introduce multiple restraints of bond
distances and angles as well as thermal parameters in these parts of the
structures. In the structure of L, two hexyl chains were modeled as
disordered over two positions, although the actual disorder is probably
more complex and irresolvable, with hydrophobic parts of the crystal
structure resembling a hydrocarbon glass. In the structure of L-2MeOH,
one of the MeOH molecules is disordered and had to be modeled,
with the position of the hydroxyl hydrogen atom concluded based on
the proximity of an appropriate hydrogen-bond acceptor. The crystal
of LMeCN was very poorly diffracting, and therefore a large portion of
reflections were treated as unobserved, especially at 26 values above
30°, which has naturally led to problems with resolution and the need
for numerous geometrical restraints in the model. In the structure of
[NaLMeCN]barb, together with a rotational disorder of fert-butyl
groups, there is an only partly resolvable disorder of the hexyl chains
present, similar to, although not as severe as in, L. The structure also
contains an extensive hydrogen-bonding network with four water
molecules independent of symmetry on which the hydrogen atoms
could not be located from the electron density map. The most
problematic is the structure of [NaL]ClO,, where the hexyl chains do
not obey the tetragonal crystallographic symmetry of the calixarene
cone and, therefore, could not be located from the electron density
map and had to be modeled. They were modeled as disordered over
two sets of positions in order to better account for the residual
electron density, which is almost uniform in the entire region occupied
by the hexyl groups. In addition, the tert-butyl groups and the
perchlorate anions are also disordered over two positions. A positional
disorder of the perchlorate anions occurred because of placement of
both the cations and anions on special positions because the positions
are of different multiplicities, with the cations repeated twice and the
anions apparently four times within the unit cell. This required the
occupancy of the anion to be !/, at each site, in order to retain the
electric neutrality of the model. It is possible that the latter problem
might be resolved by solving and refining the structure in an I-centered
supercell of quadruple volume. Unfortunately, an attempt of
refinement of such a model yielded most unsatisfactory results, with
unreasonable bond lengths and R of over 35%. However, as has been
shown recently,'® this is not necessarily an indication that the supercell
model is incorrect but rather that the diffraction data are not of
sufficient quality to support a model with a larger number of refinable
parameters. Therefore, it was concluded that the model with the
smaller unit cell should be used, even though it may actually represent
an average structure.

DFT Calculations. Quantum-chemical calculations were performed
using the Gaussian 03 program package'® with default convergence
criteria at the B3LYP/6-311++G(d,p) level of theory. To reduce the
computational time and numerical problems, methyl groups were
introduced in the substituents at the lower rim (L', Figure 12) instead
of the hexyl groups. Geometry optimizations were performed
separately for the square cone and flattened cone conformations of
calix[4]arene, and its complex with the Na* cation placed in the lower-
rim hydrophilic cavity. Solvent effects (chloroform and MeCN) were
introduced in the calculation using the reformulation of the polarizable
continuum method (PCM)** known as the integral equation
formalism of the PCM of Tomasi and co-workers.”! In addition, the
adduct of L' with one MeCN molecule in the hydrophobic cone was
formed and optimized.
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Isotropic shieldings of L' and tetramethysilane (TMS) in vacuo and
in solvent were calculated by applyin% the gauge-independent atomic
orbital (GIAO) and PCM GIAO*>* methods on the previously
optimized geometries using the same basis set as that above. Chemical
shifts (*H and "*C) were calculated with respect to TMS.

MD Simulations. The MD simulations were carried out by means
of the GROMACS™ package (version 4.5.3). Intramolecular and
nonbonded intermolecular interactions were modeled by the OPLS-
AA (Optimized Parameters for Liquid Simulations-All Atoms) force
field,** which has already been successfully used to simulate
calix[4]arene derivatives and their complexes with metal cations
and/or MeCN.?® Partial charges assigned to ring carbon atoms bound
to CH, groups that link the monomers were assumed to be zero, as
described in ref 25. In all simulations, the initial molecular structure of
L was the one obtained from the NaL" crystal. The L and ML* species
were solvated in a cubical box (edge length 58.5 A) of MeCN with
2156 molecules and with periodic boundary conditions. The solute
concentration in such a box was about 0.01 mol dm™. The solvent box
was equilibrated prior to inclusion of L and its complexes, with the box
density after equilibration being close to the experimental one within
5%. During simulations of the systems comprising calixarene and metal
cations, the Cl™ ion was included to neutralize the box. The chloride
counterion was kept fixed at the box periphery, whereas the complex
was initially positioned at the box center. In all simulations, an energy
minimization procedure was performed followed by a MD simulation
in NpT conditions for 50.5 ns, where first 0.2 ns were not used in the
data analysis. The Verlet algorithm®® with a time step of 1 fs was
employed.

The cutoff radius for nonbonded van der Waals and short-range
Coulomb interactions was 16 A. Long-range Coulomb interactions
were treated by the Ewald method, as implemented in the Particle
Mesh Ewald procedure.”” The simulation temperature was kept at
298.15 K with the Nosé—Hoover*® algorithm using a time constant of
1 ps. The pressure was kept at 1 bar by the Martyna—Tuckerman—
Tobias—Klein*® algorithm and a time constant of 1 ps.

B RESULTS AND DISCUSSION

Synthesis. Calix[4]arene tetrahexylamide L was synthesized
according to the previously described method,* starting from
the corresponding tetraester (cone conformation) by (i)
hydrolysis to the tetraacid, (ii) activation to the acid chloride,"’
and (iii) amide bond formation (Scheme 1). Alternatively, the
same compound can be prepared via aminolysis of the
tetraester with n-hexylamine, as described in the Experimental
Section.

Crystal Structures and Stereochemistries of L,
L-2MeOH, LMeCN, [NaL]ClO,, and [NaLMeCN]barb.
Solvent-free crystals of L were obtained from its ethanol
(EtOH) solution, while crystallization from MeOH yielded a
MeOH solvate, L-2MeOH, with two MeOH molecules per
molecule of L.

In the solvent-free crystal and the MeOH solvate, the
molecular structure of L (Figure 1) revealed almost identical
distorted calixarene cones of an approximate C, symmetry
(Figure 2). The cone is characterized by alternating signs of the
torsion angles ¢ and y (Table S1, Supporting Information)
about the methylene bonds of the macrocyclic ring.*
Deformation of the cone can be described as tilting of the
phenyl rings toward the macrocycle plane defined by the
methylene carbon atoms. In the molecule of L, two rings are
almost parallel (the planes of the rings are at an angle of 1.6° in
L and 2.7° in L-2MeOH) and almost perpendicular to the
plane of the macrocycle (81.6° and 80.7° in L; 82.0° and 84.6°
in L-2MeOH). The other two rings are tilted from the
macrocycle plane with angles of the phenyl rings to the plane of
42.0° and 48.3° in L (44.5° and 40.3° in L-2MeOH). The
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Figure 1. ORTEP plot of the L molecule in the structure of L-2MeOH
with the labeling scheme for non-carbon atoms. Thermal ellipsoids are
shown with 50% probability. Hydrogen atoms as well as minor
components of all disordered groups have been omitted for clarity.
The labeling of the atoms is analogous in all of the structures.

Figure 2. Overlap of the molecules of L from the crystal structures of
the solvent-free crystal (green) and the MeOH solvate (red), showing
almost identical cone geometry in the two crystals. Hydrogen atoms as
well as minor components of all disordered groups have been omitted
for clarity.

planes of the latter two rings are almost perpendicular to each
other, being at an angle of 89.7° (84.6° in L-2MeOH).

In the crystal structure of the solvent-free L, there is an
extensive network of hydrogen bonds present. Two amide
nitrogen atoms participate in an intramolecular hydrogen bond
with the same carbonyl oxygen atom (N2—H2n--O8 and N3—
H3n--08), while the other nitrogen atoms are hydrogen-
bonded to carbonyl groups of neighboring molecules (N1—
Hin-+O6 and N4—H4n--07), forming a 2D hydrogen-
bonding network parallel to the bc plane (Table S2, Supporting
Information). Out of four carbonyl oxygen atoms, only OS
does not participate in strong hydrogen bonding but is in close
contact with hydrogen atoms from two methylene groups,
namely, C68—H68a from the same molecule and C60—H60a
from the neighboring one.

The intramolecular hydrogen bonding in the crystal structure
of the MeOH solvate (L-2MeOH) is very similar to that in
solvent-free L (Figure 3ab) because here also two amide
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Figure 3. Intramolecular hydrogen bonding in crystal structures of (a)
a solvent-free crystal of L, (b) the MeOH solvate L-2MeOH, and (c)
the LMeCN adduct. Hydrogen atoms bonded to carbon atoms of L
and solvent molecules have been omitted for clarity.

nitrogen atoms are hydrogen-bonded to one carboxyl oxygen
atom, forming two intramolecular hydrogen bonds (N1-—
H1--07 and N4—H4--07). The remaining amide groups
participate in intermolecular hydrogen bonding, either with
neighboring molecules of L (two bonds N2—H2--:O5) or with
MeOH molecules of which one acts only as hydrogen donor to
an amide oxygen atom (O10—H--O6), while the other is
bridging between two molecules of L (O9—H--O8 and N3—
H:+09). The hydrogen-bonding network interconnects the
molecules in chains along the [101] direction (Table S2,
Supporting Information).

Crystallization of L from a mixture of MeCN, MeOH, and
water yielded LMeCN monohydrate. The MeCN molecule is
situated in the calixarene cone, with the methyl group of the
MeCN forming a weak C—H---7 hydrogen bond with the
aromatic rings of the cone (C--centroid distances between
3.413 and 3.783 A; Figure 4a). The cone is much more regular

Figure 4. Position of the MeCN molecule nested in the calixarene cone
in crystal structures of (a) LMeCN and (b) [NaLMeCN]barb. The
non-hydrogen atoms of the MeCN molecules are shown as thermal
motion ellipsoids plotted with 50% probability, and the MeCN
hydrogen atoms are shown as small spheres of arbitrary radius. The
hydrogen atoms of the calixarene unit have been omitted for clarity.

than when MeCN is absent, although it is still somewhat
flattened (Figure S). The angles of phenyl rings to the
macrocycle plane are 74.74°, 68.27°, 58.00°, and 57.58°. Of the
four N—H groups, one is involved in an intramolecular
hydrogen bond (N3—H3---O6; Figure 3c) and one (N4—H4)
is positioned so that the hydrogen atom is positioned toward
the calixarene macrocycle and approximately equidistant (ca
2.73 A) to ether oxygen atoms (O1, 02, and 03). N2—H2
forms a hydrogen bond with a water molecule, which further
bonds via 09—H6---OS to a carbonyl oxygen atom of the same
calixarene molecule and via O9—HS5---O7 to a carbonyl oxygen
atom of a neighboring calixarene molecule. The remaining N1—
H1 bonds via N1-H1--O8 to a neighboring calixarene
molecule (Table S2, Supporting Information). The intermo-
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Figure S. Overlap of the molecules of L from the crystal structures of
L-2MeOH, (black), the MeCN adduct LMeCN (red), and the sodium
complex [NaL]ClO, (green). Hydrogen atoms have been omitted for
clarity.

lecular hydrogen bonding forms a double chain of molecules
along the [100] direction.

In [NaL]ClO,, the sodium ion is located on the crystallo-
graphic 4-fold axis. The coordination polyhedron around the
sodium atom is an intermediate between a cube and a square
antiprism and is formed by four ether and four carbonyl oxygen
atoms with Na—O bond lengths of 2.556(5) and 2.368(17) A,
respectively. The cone is of perfectly regular conformation of C,
symmetry (positioned on a crystallographic 4-fold axis; Figure
S). Phenyl rings are at an angle of 67.29° to the macrocycle
plane. Amide nitrogen atoms from [NaL]* moieties form
hydrogen bonds with perchlorate ions, which, in turn, bridge to
further [NaL]" ions, thus forming a 2D network perpendicular
to the [100] direction.

Unfortunately, the hexyl groups disobeyed the C, crystallo-
graphic symmetry, causing severe and irresolvable disorder. In
addition, the fert-butyl groups, the perchlorate anion, and the
solvent water present in the structure are also in disorder,
reducing the quality of the structural model. To overcome this
problem, a second complex was prepared, using sodium 5,5-
diethylbarbiturate instead of perchlorate. It was presumed that
such a complex will not crystallize in the tetragonal system, thus
allowing the ordering of the hexyl groups. The crystallization of
this complex from a mixture of MeCN, MeOH, and water
yielded [NaLMeCN]barb MeOH monosolvate tetrahydrate.
With the expected lowering of the symmetry, an unexpected
change in the geometry of [NaL]" also occurred. The
coordination number of the sodium atom was no longer 8
but 7, with one of the amide groups rotated by approximately
180°, so that instead of carbonyl oxygen bonding to the central
sodium, the amide nitrogen forms a hydrogen bond (N1-—
H1---06) with a coordinated carbonyl oxygen. The coordina-
tion polyhedron of the sodium atom can be described as a
square-face monocapped trigonal prism. The calixarene cone is
of regular conformation (approximate C, symmetry), and the
values of the angles between the phenyl rings and the
macrocycle plane of 64.47°, 64.67°, 66.32°, and 66.67°
approach the value of 67.29° found in the structure of
[NaL]ClO, (Figure 6). Like in the structure of LMeCN, the
MeCN molecule is situated in the calixarene cone, with the
methyl group of the MeCN forming a weak C—H---7 hydrogen
bond with the aromatic rings of the cone (C--centroid distances
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Figure 6. Overlap of the [NaL]" ions from the crystal structures of
[NaL]ClO, (green) and [NaLMeCN]barb (red). fert-Butyl groups
have been omitted for clarity.

between 3.563 and 3.610 A; Figure 4b). In addition to the
intermolecular hydrogen bond mentioned above, the [NaL]*
ion participates in an extensive hydrogen-bonding network,
which also includes the S,5-diethylbarbiturate anion, ethanol,
and four symmetrically independent water molecules. This
intermolecular hydrogen bonding forms a double chain of
molecules along the [100] direction.

Structural Studies of L in Solution. The structure of the
investigated calix[4]arene derivative in solution was studied by
means of 'H NMR spectroscopy. Three solvents were used,
namely, deuterated chloroform, methanol, and acetonitrile. The
"H NMR spectrum of L in CDCl; (Figure S6 and Table S3,
Supporting Information) showed two singlets at 1.08 and 6.77
ppm due to tert-butyl groups and calixarene aromatic protons
(Ar—H), respectively. In addition, two sets of doublets due to
the bridging methylene protons (3.23 and 4.47 ppm) were
observed along with the singlet at 4.75 ppm, which corresponds
to ArOCH, protons. Such a pattern is characteristic for the cone
conformation with C,, symmetry or time-averaged C,,
conformation of tetrasubstituted calix[4]arenes.'® A rather
high chemical shift of NH protons (7.46 ppm) indicated the
presence of intramolecular NH~O=C hydrogen bonds.**" The
spectrum of L in CD;0D (Figure S6 and Table S3, Supporting
Information) was basically similar (apart from the absence of
the NH signal). On the other hand, the "H NMR spectrum of L
in CD;CN was quite different, being characterized by two sets
of signals, ie., two signals for each of the ligand protons with
unequal integrals (Figure 7 and Table S3, Supporting
Information). This interesting finding can be explained by
taking into account the possibility of inclusion of a MeCN
molecule into the calixarene hydro7phobic cavity, which is well
documented in the literature® "7 and observed in the crystal
structure of LMeCN. Thus, the presence of two sets of signals
indicates the existence of an equilibrium between the “free”
ligand and the one with a bound MeCN molecule. For example,
two singlets assigned to ArH protons appeared at 7.33 ppm
(3.24 H) and 7.12 ppm (4.76 H). Because the downfield shift
of the ArH signal can be taken as an indication of the
interaction of the MeCN molecule with the calix[4]arene
aromatic rings,7a’8a the lower field resonance can be attributed
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Figure 7. "H NMR spectrum of L in CD;CN. Signals corresponding
to the LMeCN species are labeled by asterisks.

to the LMeCN species and the higher field one to the free
ligand. The complete assignment of the signals in the "H NMR
spectrum of L in CD;CN was carried out with the aid of the
results of computational studies, temperature dependence of
the L NMR spectrum, and NMR titrations of L with metal salt
solutions (see below).

The equilibrium constant for the reaction of inclusion of the
MeCN molecule in the L hydrophobic cavity (L + MeCN 2
LMeCN) can be calculated as a ratio of integrals of signals
corresponding to L and LMeCN. At 25 °C, it amounts to 0.68
(estimated from the integrals of signals corresponding to ArH
and tert-butyl protons).

Temperature dependences of '"H NMR spectra of L in
CDCl; and CD;CN are shown in Figures S7 and S8
(Supporting Information). Upon heating from —50 to +50
°C, the only considerable change observed in chloroform was
that of the chemical shift of the amide NH protons, which was
shifted upfield. That was expected as a consequence of
intramolecular NH--O=C hydrogen-bond cleavage.Sb The
situation was much more interesting in the case of MeCN. The
intensities of the signals belonging to the one set of L signals
(denoted by asterisks in Figure 7) gradually decreased with an
increase in the temperature, whereas those of the other set
increased. Because inclusion of the MeCN molecule in the
hydrophobic cavity of calix[4]arene is known to be
exothermic,**! the observed changes can be explained by
taking into account that with increasing temperature the
equilibrium between L and LMeCN species is shifted toward
the free ligand. This finding can serve as an additional
corroboration of the assignment of the ligand 'H NMR signals
presented in Figure 7.

Studies of Cation Complexation in Solution. Stability
constants of the LiL", NaL*, and KL* complexes in MeCN were

determined by microcalorimetric, spectrophotometric (KL"),
conductometric (KL*), and potentiometric (NaL") titrations,
and the obtained values are given in Table 2.

The UV spectral changes observed upon the addition of
LiClO,4, NaClO,, or KCIO, to the solution of L in MeCN were
qualitatively similar. In all cases, the ligand UV spectrum
exhibited a hypochromic shift of its larger part, accompanied by
the occurrence of a well-defined isosbestic point. The
spectrophotometric titration of L with K is shown in Figure
8, and the stability constant of the KL" complex computed by
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Figure 8. (a) Spectrophotometric titration of L (¢ = 2.57 X 10~* mol
dm™ and V, = 2.0 cm?®) with KCIO, (¢ = 3.3 X 107 mol dm™) in
MeCN. I, = 0.1 mol dm™ (Et,NCIO,); t = 25.0 + 0.1 °C. Spectra are
corrected for dilution. (b) Dependence of the absorbance at 282 nm
on the n(K*)/n(L) ratio: (M) experimental; (—) calculated.

processing these data is given in Table 2. The stability constants
of the LiL* and NaL' complexes were too large to be
determined spectrometrically because of the limited sensitivity
of this method. However, the strong complexation and 1:1

Table 2. Stability Constants of Complexes of Alkali-Metal Cations with L in MeCN at 25 °C

log K + SE
cation calorimetry spectrophotometry conductometry potentiometry
Li* 6.04 + 0.05 >S >5
Na* 6.88 + 0.05 >5 >S 6.93 + 0.03
K* 3.61 + 0.02 3.54 + 0.02 3.56
Rb* a a a
Cs* a a a

“No complexation was observed. SE = standard error of the mean (N = 3—4).
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(M*/L) stoichiometry of these complexes were undoubtly
proven by the almost linear dependence of the absorbance on
the n(M")/n(L) ratio (n denotes the total amount), followed
by a break in the titration curve at a molar ratio of
approximately 1 (Figure S14, Supporting Information). The
addition of Rb* and Cs" nitrates in the MeCN solution of L did
not cause any significant changes in its UV spectrum, indicating
that complexation of larger cations by the ligand was very weak
or nonexistent.

The above results were confirmed by conductometric
measurements. In the cases of LiClO, NaClO,, and KCIO,
solutions, the conductivity (corrected for dilution) decreased
upon the addition of the ligand (due to a lower electric mobility
of the larger ML* complex compared to that of the free cation),
whereas during titrations of RbNO; and CsNOj; solutions with
L, almost no change of the conductivity was observed. As can
be seen in Figure S15 (Supporting Information), in the
titrations of LiClO, and NaClO, solutions, the conductivity
decreased almost linearly with the amount of ligand added, and
at the molar ratio n(L)/n(M") ~ 1, a break in the titration
curve occurred. On the other hand, in the case of KCIO,, the
versus n(L) dependence was curved (Figure 9), which allowed
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K/ pS cm

15.6 4
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0 2 4 6 8
n(L)/ n(K")
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Figure 9. Conductometric titration of KCIO, (¢ = 9.7 X 107 mol
dm™ and V;, = 21.0 em®) with L (c = 6.51 X 10™* mol dm™ and 7.26
x 107* mol dm™) in MeCN: (M) experimental; (—) calculated. t =
25.0 + 0.1 °C. Conductivities are corrected for dilution.

for calculation of the KL' stability constant by nonlinear
regression analysis of the titration data (nonspecific, ie.,
electrostatic, interactions affecting the conductivity were not
taken into account). The obtained value was in excellent
agreement with those determined by microcalorimetric and
spectrophotometric measurements (Table 2). It should be
noted that the assessed molar conductivities of the [LiL]CIO,
(136 S cm® mol™), [NaL]ClO, (136 S cm* mol™), and
[KL]CIO, (129 S cm? mol™") species were similar. That could
be expected if one neglects the ionic interactions and by taking
into account that the size of the conducting complex is mainly
determined by the size of the ligand involved.”

The stability constant of the NaL* complex was determined
by direct potentiometry using a sodium-selective glass
electrode. The corresponding titration curve exhibited an
inflection point at n(L)/n(Na*) =~ 1 (Figure 10). The
equilibrium constant for the complexation reaction between
Na* and L obtained by processing the potentiometric data was
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Figure 10. Potentiometric titration of NaClO, (¢ = 1 X 10™* mol dm™
and V, = 30.24 cm®) with L (¢ = 7.68 X 10™* mol dm™3) in MeCN:

(M) experimental; (—) calculated. I. = 0.01 mol dm™ (Et,NCIO,); t
=250 + 0.1 °C.

quite high (Table 2), in agreement with the results of the other
measurements conducted in this work.

The thermodynamic parameters obtained by microcalori-
metric titrations are summarized in Table 3. The stepwise

Table 3. Thermodynamic Parameters for Complexation of
Alkali-Metal Cations with L in MeCN at 25 °C Obtained by
Calorimetry”

(AG° + SE)/KJ (AH® + SE)/K] (A,S° + SEP/_]
cation mol ™! mol ™! K! mol™
Li* —34.5 £ 0.2 —129 + 0.1 723 + 0.8
Na* —393 +£ 0.1 —-33.8 £ 0.2 185 + 12
K* —20.63 + 0.04 —19.7 + 04 31 +13

“SE = standard error of the mean (N = 3-5).

addition of a LiClO,, NaClO,, or KClO, solution to the MeCN
solution of L resulted in exothermic enthalpy changes. Standard
reaction enthalpies and equilibrium constants were computed
by least-squares nonlinear analysis of the calorimetric data. As
an example, the experimental and fitted data corresponding to
the titration of L with Na* are shown in Figure 11 (the results
of other calorimetric measurements are given in Figures S14
and S15, Supporting Information). Standard reaction Gibbs
energies and entropies were obtained by means of the well-
known equations A,G° = —RT In Kand A,G° = A, H° — TAS°,
respectively.

The stability constant of the NaL* complex might seem to be
too large to be determined accurately from a microcalorimetric
direct titration experiment. However, its value obtained in that
way is in very good agreement with the one measured by
potentiometric titrations (Table 2). In addition, it should be
noted that the validity of our experimental and fitting procedure
was also checked by performing the simulations suggested by
Bickman et al.*'

The addition of RbNO; or CsNO; to the investigated
calixarene solution did not cause any significant heat effects.
These findings suggested that no complexation took place
under the conditions used or that the values of the
corresponding reaction enthalpies were close to zero. However,
by taking into account the spectrophotometric and conducto-
metric findings, it can be concluded that the investigated
calix[4]arene ion-binding site was not suitable for Rb* and Cs*
cations.
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Figure 11. (a) Microcalorimetric titration of L (¢ = 4.0 X 107> mol
dm™ and V = 1.4182 cm®) with NaClO,, (¢ = 4.0 X 10™* mol dm™®) in
MeCN: t = 25 °C. (b) Dependence of successive enthalpy changes on
the n(Na*)/n(L) ratio. (M) experimental; (—) calculated.

The data presented in Table 3 indicate that both enthalpic
and entropic contributions to the reaction Gibbs energy for
complexation of Li*, Na*, and K" are favorable. However, the
mutual relations of these contributions are substantially
different. The complexation entropy is most favorable for Li*
binding with L, whereas the —A H® value is the lowest for this
reaction. As described elsewhere,Sk this could be partly
explained by a stronger solvation of the Li" cation compared
to the other alkali-metal ions. The enthalpic and overall
thermodynamic stability is the largest in the case of the NaL*
complex. The value of the reaction enthalpy for K" complex-
ation with L is between those for Li* and Na*, whereas the
entropic contribution to the binding Gibbs energy is in this case
considerably lower (almost negligible at the standard state of 1
mol dm™%; Table 3). That is reflected in the lowest stability of
the KL" species compared to NaL" and LiL" in MeCN.

In addition to the experiments described above, the reactions
of Li*, Na*, and K* with L in MeCN were also followed by 'H
NMR titrations. The complexation-induced changes of the L
spectrum were different for each cation studied. In the case of
Na*, below a stoichiometric 1:1 (NaClO,/L) ratio, two distinct,
separate resonances for the NaL* complex and the free ligand
were present simultaneously (Figure S9, Supporting Informa-
tion). Interestingly, the positions of signals belonging to the
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complexed (e.g, Ar—H, 7.33 ppm) and uncomplexed ligand
(Ar—H, 7.12 ppm) were at practically the same chemical shifts
as those corresponding to the LMeCN and L species,
respectively. In other words, the positions of these signals
remained almost the same during titration, whereby their
intensities changed (Figure S9, Supporting Information).
Above a molar ratio of approximately 1:1, the spectrum
consisted of a single set of signals (chemical shifts being almost
equal to those of LMeCN) that did not change with an increase
in the amount of NaClO,. The findings described strongly
suggest that conformations of LMeCN and the sodium
complex with L in MeCN are very similar. Moreover, one
can conclude that the Na*—L complex species predominantly
possesses a MeCN molecule included in its hydrophobic cavity.

To examine in more detail the interactions of the
investigated calixarene and its sodium complex with the
MeCN molecule, '"H NMR titrations of these species with
MeCN in deuterated chloroform were carried out. The
formation of the LMeCN adduct could not be detected
because, during titration of L with MeCN (Figure S12,
Supporting Information), the chemical shift of CH;CN protons
in the MeCN/L molar ratio range 3:1 showed no difference
with respect to the corresponing signal of MeCN in CDCl; (2.0
ppm). Likewise, no significant change of the chemical shifts of
L protons could be observed. That is most likely a consequence
of the rather low extent of MeCN inclusion in the L
hydrophobic cavity under the stoichiometric conditions
applied. On the other hand, binding of MeCN with the NaL*
complex was clearly indicated. At the lowest MeCN/NaL"
molar ratio examined (0.27), the signal of MeCN protons
appeared at 1.80 ppm (upfield shift) and then gradually shifted
toward the position of the MeCN signal in CDCl, (Figure S13,
Supporting Information). Moreover, the signals of the L
protons also exhibited shifts with increasing MeCN concen-
tration. It should be noted that in chloroform an extensive ion
pairing between NaL" and ClO," ions is likely to occur and that
can have an impact on the process of MeCN molecule
inclusion. However, the extent of this impact is hard to assess.

The above results show that the affinity of the NaL* complex
toward MeCN is much higher than that of the free ligand. The
reason lies in the fact that in the case of NaL® the ligand
hydrophobic cavity is better preorganized to accept the MeCN
molecule. "

Formation of the complex of L with Li* was accompanied by
the shifts and broadening of the resonances attributed to L
(without MeCN) species up to the n(Li")/n(L) ratio ~1,
whereas the positions of the signals belonging to LMeCN
remained practically unchanged (Figure S10, Supporting
Information). This indicated that, compared to the reaction
of Na* with L, the exchange kinetics of complexation of Li* by
L was faster. Beyond the molar ratio of approximately 1, no
further spectral changes occurred, and two distinct sets of
signals were observed (Figure S10, Supporting Information).
The latter was likely to be a consequence of the existence of an
equilibrium between two types of Li'L complexes, i.e., one with
(LILMeCN") and the other without (LiL") a specifically bound
MeCN molecule. The corresponding complexation processes
are presented in Scheme 2.

K, and K, denote the equilibrium constants of the MeCN
binding reactions with the free ligand and LiL" complex,
respectively. The value of K, was assessed to be 0.88 from the
ratio of integrals of "H NMR peaks assigned to the LILMeCN*
and LiL* species, whereas K; = 0.68 was estimated earlier (see
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Scheme 2. Chemical Equilibria Corresponding to the
Binding of Li* Cation by L

K

L <—>17 LMeCN
MeCN

Li*|| K, Li* | K
K

LiL* <=—> LiLMeCN"
MeCN

above). It can be easily shown that these constants are related
to the microscopic complexation equilibrium constants K, and
K; in the following way:
K K
K

K, )

The macroscopic stability constant K determined calori-
metrically (Table 2) can be expressed as

[LiL"] + [LiLMeCN*]

[LiT]{[L] + [LMeCN]} (3)
or
K, + KKK,
K= ———>
1+ K, (4)

By combining eqs 2 and 4, one can calculate the values of
microscopic constants K, and K;, which were found to be 9.8 X
10° and 1.3 X 10° respectively.

Like with lithium, the equilibrium kinetics of the L complex
with K* was found to be fast on the NMR time scale. That can
be easily concluded by inspecting Figure S11 (Supporting
Information), which shows changes of the ligand spectrum
occurring during its titration with KCIO, in deuterated MeCN.
The peaks corresponding to the macrocycle without MeCN in
its hydrophobic cavity exhibited broadening and shifting, while
the positions of the LMeCN peaks did not change, but their
intensities decreased with an increase in the amount of K* ion.
Complete calixarene complexation could not be achieved
experimentally because of the insufficiently high stability
constant of the KL complex(es) and insufficient solubility of
KCIO, in MeCN. However, the "H NMR spectrum of L in the
solution saturated with KClO, (Figure S11, Supporting
Information) indicates that most probably the complex species
almost exclusively comprises a MeCN molecule in its aromatic
basket. Like in the case of the complex with Na*, a single peak
of ArH protons appeared at 7.33 ppm and the one attributed to
the tert-butyl protons at 1.21 ppm (chemical shifts that almost
completely correspond to those observed for LMeCN,
NaLMeCN*, and LiLMeCN" species).

Quantum-Chemical Computations. Geometry optimiza-
tions were performed separately for square cone and flattened
cone conformations (C, and C, point groups, respectively;
Figure 12) of model calix[4]arene molecule L' with hexyl
groups replaced by methyl groups.
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Figure 12. Molecular structures of the square cone (A; C, point group)
and flattened cone (B; C, point group) conformations of the model
calix[4]arene L' optimized at the B3LYP/6-311++G(d,p) level of
theory.

The DFT calculations showed that the difference in energy is
approximately 4 kJ mol™ in favor of the flattened cone
conformation. That difference is probably due to the reduced
steric repulsion between fert-butyl groups in the flattened cone
conformation. The minimal distance between protons of
neighboring tert-butyl groups is 2.849 A for the square cone
conformation, whereas in the case of the flattened cone
conformation, these distances are 3.197 and 3.257 A, thus
giving a more relaxed structure. This could also explain why L
adopts this conformation in the crystal structures of both L and
its MeOH solvate. In the square cone conformation, there are
four equivalent hydrogen bonds between each carbonyl oxygen
atom and the nitrogen atom with the distance roy = 2.949 A
and the angle aoyy = 155.5°. In the flattened cone
conformation, there are two equivalent sets of these hydrogen
bonds with the distances and angles of 2.908 A (148.4°) and
3.086 A (167.2°).

In order to investigate the effect that binding of the MeCN
molecule has on the structure of calix[4]arene, an adduct with a
MeCN molecule in the hydrophobic cavity was formed and
optimized (Figure 13).

The structure of this species is similar to the square cone
conformation of free L’ (distances between protons of
neighboring tert-butyl groups are in the range from 2.908 to
3.075 A, while the hydrogen bonds remain essentially the
same). The position of the MeCN molecule inside the cone is
slightly tilted from the centerline (a similar structure was
obtained using the B97D functional). That position indicates a
possibility of active movement of the solvent molecule inside
the calix[4]arene molecule cavity. This conclusion is also
supported by the crystal structure of the MeCN solvate of L,
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Figure 13. Molecular structure of L’ with an explicit molecule of
MeCN in the hydrophobic cavity optimized at the B3LYP/6-311+
+G(d,p) level of theory.

where together with the sloping of the MeCN molecule an
elongation of the thermal motion ellipsoids of the MeCN cyano
group is noticed (Figure 4), which indicates a motion of the
molecule with the methyl group fixed in the macrocycle cone
and the cyano group oscillating perpendicularly to the
calixarene molecular axis. Therefore, in order to investigate in
more detail the solvent effects on the molecular structure of
calix[4]arene, MD simulations have been carried out.

The optimized structure of the sodium complex with L' is
given in Figure 14. The minimal distance between protons of
neighboring tert-butyl groups is 2.855 A, which is again similar
to the square cone conformation of the free ligand. In this
complex, intramolecular hydrogen bonds do not exist because
the Na' is octacoordinated with the oxygen atoms. Such

Figure 14. Molecular structure of the Na* complex with L' optimized
at the B3LYP/6-311++G(d,p) level of theory.
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coordination of Na" has been noticed in the crystal structure of
[NaL]ClO,. NH groups are pointing outside and present free
positions for the possible formation of hydrogen bonds with the
solvent molecules in a fashion similar to that seen in the crystal
structure of [NaL]ClO,, where the NH groups are hydrogen-
bonded with the perchlorate anions.

Calculations of NMR Spectra. A comparison between
experimental and theoretical NMR chemical shifts provides
practical information on the chemical structure and con-
formation of the investigated macrocycle and its complexes.
The results of the calculations for the square cone conformation
of calix[4]arene (C, point group; Figure 12) confirmed our
initial assignation (Tables S4 and SS, Supporting Information).

MD Simulation of Free Ligand in MeCN. The geometry
of the L cone can be represented by the distances between the
opposing phenyl carbon atoms that are directly connected to
the tert-butyl group. In that way, it can be seen (Figure 15) that,

30

I
40 50

tins
Figure 15. Distances between the opposing phenyl carbon atoms that

are directly connected to the tert-butyl group during the MD
simulation of L in MeCN.

immediately after the beginning of simulation, L changed the
conformation from an initial square cone, as in the crystal
structure of NaL*, to a flattened cone, which was similar to the
one obtained by crystallographic and DFT investigations.
After 1.2 ns, a molecule of MeCN entered the L cone. That
was reflected in the distances between the aromatic carbon
atoms, which became similar (Figure 15), making the cone
symmetry approximately C,. The MeCN methyl group pointed
inside the L cone, in accordance with the solid-state structure. A
similar result was observed earlier by MD simulations of
systems comprising the other calixarene derivatives.”>*> The
solvent molecule in the LMeCN adduct left the calixarene
cavity after 22 ns, resulting again in a flattened cone
conformation of L. A total of 4 ns later, another MeCN
molecule entered the cone and remained there until the end of
the simulation. At the lower rim of L, the formation of two
kinds of intramolecular NH:--O=C hydrogen bonds was
observed, namely, two-center and three-center ones. In the
latter case, two hydrogen atoms are bound to one carbonyl
oxygen atom. The number of intramolecular hydrogen bonds
ranges from 0 to 3, with the average for L being 2.1 and that for
LMeCN 1.5. Criteria applied for an interaction to be
characterized as a hydrogen bond were that the N—H-O
angle was between 100° and 180° and that the distance
between nitrogen and oxygen atoms was not larger than 3.5 A
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When two or more hydrogen bonds were formed, in 52% of the
cases the three-center bond was found for L and only 20% for
LMeCN. A similar number and type of hydrogen bonds were
observed in the crystal structures of L (one three-center
intramolecular hydrogen bond; Figure 3a,b) and LMeCN (one
two-center intramolecular hydrogen bond; Figure 3c). Dis-
tribution of the hydrogen-bond lengths obtained by MD
simulation has a maximum between 2.8 and 2.9 A, which is in
agreement with the hydrogen bond lengths in the solid state
(Table S2 and Figure S18, Supporting Information). In
addition, the average structure of L obtained by MD simulation
agrees very well with its molecular structure in the crystal. That
can be taken as a corroboration of our choice of the force-field
parameters.

The stabilization potential energy of the LMeCN species
relative to L is —74 kJ mol™. If one subtracts the MeCN
vaporization internal energy (30.5 kJ mol™")*** from this value,
the overall stabilization effect amounts to —43.5 kJ mol™,
which is comparable with the enthalpies of MeCN inclusion in
the tert-butyl calix[4]arene cone measured by Arena et al. (—35
to —39 kJ mol™").** Such a stabilization energy indicates that
the LMeCN adduct is likely to exist in a MeCN solution of L,
as confirmed by 'H NMR spectroscopy.

MD Simulations of Complexes of L with Alkali-Metal
Cations in MeCN. MD simulation of the LiL" complex in
MeCN was carried out. The complex was initially without a
MeCN molecule included and was in a flattened cone
conformation (less flattened than in the case of free L). After
62 ps of simulation, the solvent molecule entered the LiL* cone
and distances between the opposing phenyl carbon atoms
became approximately the same. After 4 ns, the MeCN
molecule exited the LiLMeCN" complex, leaving the cone
empty. In a very short period of time (180 ps), another solvent
molecule entered the calixarene hydrophobic cavity. During the
whole simulation (S0 ns), six different MeCN molecules were
found to be included in the calixarene cone. Throughout the
periods when there was no solvent molecule bound, the
calixarene basket showed more flexibility and streamed toward a
flattened cone conformation. These findings can serve as an
additional confirmation of the 'H NMR-based conclusions
concerning the appearance of two forms of L complexes with
Li*, i.e, LiL* and LiILMeCN", in a MeCN solution.

When there was no MeCN molecule specifically bound in
the complex, the average coordination number of the Li* cation
was found to be about 6. In this case, the cation was
coordinated by four phenolic oxygen atoms and on average 2.3
carbonyl oxygen atoms. On the other hand, when a MeCN
molecule was included in the hydrophobic cavity, the average
number of carbonyl oxygen atoms in the coordination sphere of
Li" increased to 2.8, which was reflected in the energetically
more favorable Li*—L interaction in LiLMeCN* (—507 kJ
mol™") compared to LiL* (—492 kJ mol™"). The slight increase
in the coordination number was likely due to the allosteric
effect of MeCN inclusion, which reduced the flexibility of the
complexed ligand.

Immediately after the beginning of the simulation of the
NaL* complex, a MeCN molecule entered the calixarene basket
and remained there until the end of the simulation. This result,
along with the other studies conducted, confirmed the
assignation of the 'H NMR spectra of L and Na* solutions at
n(Na*)/n(L) > 1 condition. In other words, it corroborated the
conclusion that the observed signals corresponded to the
NaLMeCN" species. The distances between the opposing
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phenyl carbon atoms bound to the tert-butyl group were
practically the same, indicating the existence of C, cone
conformation. The Na" cation was on average coordinated by
4 phenolic and 3.3 carbonyl oxygen atoms. The latter
corresponded to the time average of the structure, with all
four carbonyl oxygen atoms oriented toward Na* and that with
one carbonyl oxygen atom oriented toward the solvent. This
was in accordance with the crystal molecular structure of
NaLMeCN*, where the Na* cation is heptacoordinated (Figure
4b). It should also be mentioned that the average cation—
oxygen atom distances obtained by MD simulation were similar
to those found in the crystal.

The average number of carbonyl oxygen atoms that
coordinate Na* is greater than in the case of the LILMeCN"*
complex. That can be explained by taking into account the
difference in ionic radii of the free cations. Because Li' is
considerably smaller than Na* [r(Li*) = 0.76 A; r(Na*) = 1.02
A for coordination number 6],%*" it can be reasonably expected
that the ligand binding sites will be more easily accommodated
around the latter than the former cation. Nevertheless, the
cation—calixarene interaction is weaker in the case of the
NaLMeCN* complex (—431 kJ mol™') compared to
LiLMeCN™*.

In the simulation of the KL* complex, a molecule of MeCN
entered the calixarene hydrophobic cavity after 0.5 ns. During
the simulation (50 ns), five different MeCN molecules entered/
left the calixarene cone, whereby the complex without the
MeCN molecule included existed for very short periods of time.
The average K" coordination number was 7.9 in the case of
KLMeCN* (3.9 carbonyl oxygens), whereas it was somewhat
lower in the KL* complex (7.7). The higher coordination
number compared to Li* and Na* can be accounted for by the
reasoning similar to that described above. However, the
cation—L interaction in KLMeCN* (—353 kJ mol™) and
KL* (=360 kJ mol™") is weaker than that in the corresponding
lithium and sodium complexes. The average distances between
the cation and oxygen atoms of L obtained for KLMeCN"
species agree with those found in the crystal structure of the K*
ion complex with a similar calixarene ligand having the MeCN
molecule included in the hydrophobic basket.*®

The MD simulations showed that the energy of the MeCN—
calixarene interaction in LMeCN, LiLMeCN*, NaLMeCN",
and KLMeCN" species is almost the same and amounts to —50
kJ mol ™.

B CONCLUSION

The comprehensive structural (solution and solid state),
thermodynamic, and computational studies were undertaken
in order to get a detailed insight into the reactivity of the
calix[4]arene derivative L. Complexation of this compound
with alkali-metal cations was thoroughly investigated, as was the
inclusion of the MeCN molecule in the hydrophobic cavity of
the free and complexed form of the ligand. On the basis of the
results of the thermodynamic investigations, it was concluded
that for complexation of Li*, Na¥, and K" with L in MeCN,
both enthalpic and entropic contributions to the corresponding
reaction Gibbs energies were favorable. However, in the case of
the Li" cation, the entropic contribution was dominant, whereas
for Na* and K" cations, the complexation reactions were mostly
enthalpically controlled. The stability constants of the
complexes were determined by means of spectrophotometric,
conductometric, potentiometric, and microcalorimetric titra-
tions. The values obtained by different methods agreed very
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well, indicating their reliability. The binding affinity of L for
Na* was found to be the highest. The selectivity of the ligand
toward the Na' cation with respect to the others can be
expressed as the ratio of the corresponding stability constants.
From the data in Table 2, it follows that Na*/Li" selectivity is
about 7, whereas the Na*/K* one amounts to ~2200.

The 'H NMR spectrum of L in deuterated acetonitrile was
characterized by an existence of two signals for each of the
ligand protons with unequal integrals. These signals were
assigned to the free calixarene and its adduct with acetonitrile,
and the equilibrium constant for the CD;CN inclusion reaction
was calculated. The inclusion of the solvent molecule in the
ligand hydrophobic cavity in the NaL* complex was found to be
much more favorable compared to the free ligand. That can be
explained by taking into account the fact that coordination of
the Na" cation results in the preorganization of the calixarene
upper-rim cavity into a rigid cone conformation, which provides
its stronger interactions with the MeCN molecule. This
conclusion was in agreement with the results of molecular
simulations. Unlike NaL*, the specific interaction of LiL* with
MeCN is not so strong (although stronger than that with
uncomplexed L). The reason probably lies in the more flexible
conformation that calixarene adopts upon binding with Li
compared to Na*. The 'H NMR spectrum of L completely
complexed by Li* in CD;CN showed two sets of signals
corresponding to the species with and without the MeCN
molecule included. That allowed for the determination of the
equilibrium constant for the reaction of LiLMeCN* complex
formation from LiL* and MeCN. By knowing this value,
together with the one corresponding to the MeCN binding
with the free ligand and the macroscopic Li* + L binding
constant, it was possible to calculate the microscopic
equilibrium constants for the formation of LiL* and LiLMeCN*
species (Scheme 2).

The structures of L and its complexes with Na* and MeCN
were also explored by single-crystal X-ray diffraction, as well as
by DFT and MD computational studies. The conformations of
L and its MeCN adduct in the solid state corroborate the
existence of the specific MeCN—calixarene interaction observed
in the MeCN solution of L. Crystallization of L from a mixture
of solvents containing MeCN yielded a MeCN—calixarene
supramolecular complex where the MeCN molecule is inserted
in the calixarene cone so that the methyl group forms weak C—
H---7 hydrogen bonds with the aromatic rings of the cone. The
insertion of MeCN into the calixarene hydrophobic cavity
changes its conformation from a flattened cone of free L to a
regular one in LMeCN. Binding of Na* to L has a similar effect
on the conformation of the ligand, as can be seen from the
crystal structure of [NaL]ClO,, where the calixarene cone is of
C, symmetry. When MeCN was added to a solution of the
sodium complex, insertion of the MeCN molecule into the
ligand cone occurred. This yielded NaLMeCN™ species with the
cone conformation virtually identical with those found in both
LMeCN and NaL*. It therefore follows that no change of the
molecular conformation is needed to allow entry of the MeCN
molecule in the NaL" complex, whereas that is not the case for
the inclusion of MeCN in L. This is in accordance with the
more favorable inclusion of MeCN in NaL" compared to L, as
observed in the solution.

Geometry optimizations and calculation of isotropic
shieldings for L and its complexes with Na" and the MeCN
molecule were performed using DFT at the B3LYP/6-311+
+G(d,p) level. Calculations showed that the flattened cone
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conformation (C, point group) of L is more favorable than the
square cone conformation (C, point group). The structures of
the LMeCN adduct and NaL" complex were found to be
similar to the square cone conformation of free calixarene.
However, in the case of LMeCN species, the sloping of the
MeCN molecule inside the ligand cone caused a slight
distortion from C, symmetry. The inclined position of the
MeCN molecule in the cavity implied the possibility of its
active movement. To investigate in more detail this movability,
classical MD simulations were performed. The results indicate
that free L and the LMeCN adduct coexist in the MeCN
solution of the investigated macrocycle. The MeCN molecule
included in the calixarene hydrophobic cone has only a slight
effect on the structure of the lower-rim hydrophilic cavity and,
consequently, on its metal-ion-binding ability. That can be seen
from the average number of intramolecular NH:-O=C
hydrogen bonds present in L (2.1) compared to LMeCN
(1.5). In the ML* complexes, the ligand is in the appropriate
square cone conformation to bind the MeCN molecule,
allowing it to easily enter the hydrophobic cavity. However,
the dynamics of MeCN binding by L rather strongly depends
on the cation comprising the complex. In NaL’, the MeCN
molecule remains in the cavity until the end of the simulation
(50 ns), while in the case of LiL* and KL, it frequently enters
and leaves the cavity. To test the hypothesis that preorganiza-
tion of the calixarene basket into the square cone conformation
is of great importance for its filling with the MeCN molecule,
we have performed a MD simulation in which the distances
between the opposing phenyl carbon atoms that are directly
connected to the tert-butyl groups were restricted to those in
the NaL" complex. It was found that the MeCN molecule
immediately enters the calixarene cone and remains there during
most of the simulation time. From the above considerations, it
can be concluded that cation binding by L has a rather strong
allosteric effect on inclusion of the MeCN molecule in the
calixarene cone.”® That, in turn, has an important impact on the
solution thermodynamic stability of the metal-ion complexes
with the investigated macrocycle.
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