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ABSTRACT

Experimental and theoretical binding studies of representative alkali, alkaline earth, transition, heavy
metal and lanthanide cations by tetra- and di-substituted calix[4]arene amide derivatives (diethyl amide
1a-c and morpholide amide 2a—c) in the cone conformation were carried out. Binding was assessed by
extraction experiments of the metal picrates from water to dichloromethane and proton NMR titrations.
Density functional theory calculations were also performed to determine the binding energy of the
complexes formed and to analyse the host-guest interaction modes. In the cases of ligands 1b and 2c with
Na* and Ag* picrates, the extraction energy was also determined using the polarisable continuum model.
The results are discussed in terms of the nature of the amide residue and the substitution pattern (1,3 vs.
1,2). Both tetra-amide derivatives are good extractants, showing preference for Na*, Ca?*, Ag* and Pb?*
cations, mainly di-ethylamide 1a. Concerning di-amide derivatives, the relative position of the substituents
seems to be more important than the nature of the amide group in the extraction process. Proton NMR
studies indicate the formation of 1:1 complexes between the amides and the cations studied, and DFT data
show that all ligands form the most stable complexes with La3*.
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Introduction

Calixarene-based molecules continue to be intensively inves-
tigated, mainly as ion and neutral molecule receptors in host-
guest and supramolecular chemistry (7, 2). Although several
calix[n]arene derivatives have been reported in the literature,
calix[4]arenes have been the most studied compounds since
David Gutsche optimised the synthesis of the parent com-
pound p-tert-butylcalix[4]arene (3).

In particular, the ability of carbonyl-containing substitu-
ents on the lower rim of calix[4]arenes to bind metal ions

1c R=NEt,
2c R=N O
f—

has been largely exploited (4-6). In this regard, functionalised
calix[4]arenes with tertiary amide groups have been stud-
ied, both in solution and in the solid state, and have shown
a high affinity for alkali, alkaline earth and some transition
metal ions. Tetra(diethyl)amide derivative 1a was the firstand
most studied tertiary amide (7-13). Other amide derivatives
(14, 15) appeared later on, in order to determine the effects
of the amide substituents on the efficiency and selectivity
of the cation binding. Computational studies on metal ion
binding by lower rim modified calix[4]arene derivatives have
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Figure 1. Structural formulae of calixarenes.

Table 1. Percentage extraction of alkali and alkaline earth metal picrates into CH,Cl, at 20 °C®.

Li* Na* K+ Rb* Cs* Mg?* Ca%* Sr+ Ba?*
I. radius®/A 0.78 0.98 133 1.49 1.65 0.78 1.06 1.27 1.43
tetra-EtA (1a)° 63 96 74 24 12 9 98 86 74
tetra-MorphA (2a) — 71 23 — — 10.5 48 16 19
1,2-di-EtA (1b) 2.0 4.7 1.0 1.1 1.8 1.0 1.4 1.0 1.0
1,3-di-MorphA (2c) 23 6.5 1.9 2.3 23 1.0 1.6 1.1 1.6

Values with uncertainties less than 5%.

bV, M. Goldschmidet, Skrifter Norske Videnskaps-Akad. Oslo, I, Mat.-Naturv. K|, 1926; data quoted in Y. Marcus, lon Properties, Marcel Dekker, New York, 1997, pp 46-47.

Data taken from (8).

Table 2. Percentage extraction of transition and heavy metal picrates into CH,Cl, at 20 °C°.

Mn2+ Fez+ C02+ Ni2+ Cu2+ Zn2+ Ag+ Cd2+ Pb2+
I. radius®/A 0.83 0.78 0.75 0.69 0.73 0.75 1.15 0.95 1.18
tetra-EtA (1a) 51 36 13 13 15 19 96 91 95
tetra-MorphA (2a) — — — — 6.1 13.5 64 20 62
1,2-di-EtA (1b) 0.5 3.1 0.5 1.1 1.0 2.1 1.0 1.0 1.5
1,3-di-MorphA (2c) 1.0 — — — 15 2.5 3.1 2.1 3.1

Values with uncertainties less than 5%.

bR. D. Shannon and C.T. Prewitt, Acta Cryst. 1969, B25, 925; 1970, B26, 1046; data quoted in Y. Marcus, lon Properties, Marcel Dekker, New York, 1997, pp 46-47.

also been reported (76). Molecular dynamics simulations were
performed on calix[4]arene tetra-amide derivatives and some
of their alkali and alkaline earth metal complexes (17-19).
During the last years, computational tools have significantly
improved, and more recently, density functional theory (DFT)
studies have been extended to molecules as large as calix-
arenes (20-22).

Following our previous studies on cation-binding proper-
ties of calixarenes and homooxacalixarenes bearing amide
functions at the lower rim (23-25), this study reports experi-
mental and theoretical studies on the extraction and compl-
exation properties of four lower rim tetra- and di-substituted
calix[4]arene amide derivatives (1a, 2a and 1b, 2¢, respec-
tively), in the cone conformation, towards a large variety of
metal cations (alkali, alkaline earth, transition, heavy metal
and lanthanides). Extraction experiments of metal picrates
from an aqueous solution into dichloromethane and proton
NMR titrations were performed. The structures and binding

energies of the complexes formed were investigated using
DFT computational methods. These calculations were also
extended to derivatives 1,3-diethylamide 1c and 1,2-dimor-
pholide amide 2b (Figure 1). Particular attention was given to
the metals’ preferred binding sites and to host-guest interac-
tion modes. Also the extraction energy, from H,O to CHZCIZ,
was calculated in the cases of ligands 1b and 2¢ with sodium
and silver picrates. To the best of our knowledge, no investi-
gation using DFT has been conducted so far on the binding
affinity of these di- and tetra-amide derivatives towards such
a large variety of metal ions.

Results and discussion

Extraction studies

The ionophoric properties of the amide derivatives tetra-di-
ethyl 1a, tetra-morpholide 2a, di-diethyl 1b and di-mor-
pholide 2c (75) towards alkali, alkaline earth, transition,
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Table 3. Percentage extraction of lanthanide picrates into CH,Cl, at 20 °C*.

La3t Cedt Pr3+ Nd3+ Sm3+ Eu3+ Gd3+ Dy3+ Er3+ Yb3+
I. radius/A 1.03 1.01 0.99 0.98 0.96 0.95 0.94 0.91 0.89 0.87
tetra-EtA (1a)° 12 14 17 19 23 24 20 23 18 18
tetra-MorphA (2a) 8.2 9.4 8.4 10.5 1.1 11.4 9.6 10.8 9.2 9.0
1,2-di-EtA (1b) 4.4 3.8 3.2 4.2 35 44 35 3.8 4.0 3.9
1,3-di-MorphA (2¢) 8.1 — 7.5 — 8.4 8.8 6.4 — 5.5 5.1

Values with uncertainties less than 5%.

5R. D. Shannon and C.T. Prewitt, Acta Cryst. 1969, B25, 925; 1970, B26, 1046; data quoted in Y. Marcus, lon Properties, Marcel Dekker, New York, 1997, pp 46-47.

‘Data taken from (25).

(c)

L

(b)

(a)

[ N YT

WA

Figure 2. 500 MHz "H NMR partial spectra of 2a in CDCI,/CD,0D at 22 °C. (a) Free ligand, (b) upon addition of 0.5 and (c) 1 equiv of Pb perchlorate.

heavy metal and lanthanide metal cations were evaluated
by the standard picrate extraction method (26). The results,
expressed as a percentage of cation extracted (% E), are
shown in Tables 1-3. Most of the data for derivative 1a had
already been obtained.

Concerning the tetra-substituted derivatives, the data
reveal that diethylamide 1a displays, in general, very high
extraction levels for the alkali, alkaline earth and heavy metal
cations, and moderate levels for the lanthanide ions. Towards
transition metal cations, Mn%* and Fe?* are the best extracted
cations, with percentages of 51 and 36%, respectively. Mor-
pholide amide 2a, although a weaker phase transfer agent,

T T T T T T

4 [ppm]

shows a similar extraction profile to derivative 1a. Morpholide
2a displays a sharp peak selectivity for Na* (71% E), a pro-
nounced Ca?*/Mg?* selectivity and also a strong preference
for the heavy cations Ag* (64% E) and Pb?* (62% E). In the case
of the lanthanide ions, 2a exhibits low extractability, but fol-
lows the same trend observed for 1a, that is some preference
for the middle lanthanides, such Eu3* and Sm3*. The lower
efficiency in extraction of 2a towards all the cations may be
related with the higher rigidity of the morpholide group com-
pared to the ethyl residue, making more difficult to undergo
the conformational changes needed for the extraction
process. This percentage decrease was more noticeable for
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Figure 3. 500 MHz "H NMR partial spectra of 1b in CDCI,/CD,0D at 22 °C. (a) Free ligand, (b) upon addition of 0.5 and (c) 1 equiv of Ag triflate.

Table 4. Proton chemical shifts (§, ppm) of ligands 1a and 2a and
their 1:1 metal complexes.

t-Bu ArCH,Ar OCH,CO ArH
eq ax NS

1a 1.07 3.19 5.29 2.10 5.02 6.78
1a+ Na* 1.19 333 4.46 1.13 453 7.16
Tla+K* 117 3.32 4.61 1.28 4.62 7.15
1a+ Ca* 1.18 3.57 4.26 0.69 484 7.20
1a+ Sr?* 117 3.60 4.31 0.71 4.83 7.22
1a + Ba** 117 3.44 438 0.94 4.69 7.18
1a+Ag* 1.19 335 453 1.18 4.51 7.16
1la+Zn* 1.16 343 436 0.93 483 7.12
1a + Pb?* 117 3.60 433 0.73 493 7.22
1a + La’t 1.19 3.79 430 0.51 534 7.34
2a 1.07 3.19 4.98 1.79 4.99 6.79
2a+ Na* 117 3.39 451 1.12 470 7.15
2a + Ca* 117 3.57 4.28 0.71 4.90 7.20
2a+Ag* 117 3.42 452 1.10 4,65 7.16
2a+ Pb?* 1.16 3.61 4.36 0.75 4.95 7.21
2a+La** 1.18 3.75 431 0.56 533 7.33

Cd?*, Sr?* and K* cations. Similar results were observed before
for pyrrolidine amide derivative (8). It was also reported that
the presence of substituents containing cyclic structures
decreases the extraction level of the cations (74).
Concerning the di-substituted derivatives, both amides
are very weak extractants showing similar trends. The

carbonyl and phenoxy oxygen atoms of the two pendant
arms should not be enough to surround the cations effi-
ciently. Derivatives 1b and 2c display a very slight prefer-
ence for Na* and the highest percentages for the lanthanide
ions. Although 1,3-di-morpholide amide 2c is only margin-
ally a better phase transfer agent than 1,2-diethyl amide 1b,
this behaviour was not expected. As it was previously seen,
diethylamide is a better donor than morpholide amide. Thus,
the substitution pattern (1,3 vs. 1,2) may account for these
differences.

In order to gain some insight over the extraction process,
theoretical simulations were performed using the polarisa-
ble continuum model (PCM) with the Los Alamos National
Laboratory 2 double-zeta with the effective core potentials
(LANL2DZ-ECP) basis set (27). The calixarene-cation affin-
ity is observed when the free host molecule solubilised in
dichloromethane is capable of removing the ion pair, cation
and picrate anion, from the water phase into the organic
phase. The stabilising energy resulting from the overall pro-
cess was calculated for ligands 1b and 2c and sodium and
silver picrates, representatives of two metal cation series. The
results for Na* were —24.10 and —46.04 kJ mol~' for 1b and 2c,
respectively, while for Ag* were —18.73 and —15.23 kJ mol=".
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Table 5. Proton chemical shifts (5, ppm) of ligands 1b and 2c and their 1:1 metal complexes.

t-Bu ArCH,Ar OCH,CO ArH
eq ax

1b 101,1.16 3.23,324,332 4.33,4.66,4.90 4.67,5.25 6.77,6.79, 6.86,6.90
1b +Na* 1.06,1.18 334,339,343 428,422,435 4.57,4.83 6.91,6.94, 6.96, 6.99
b+ K 103,117 3.27,3.28,3.36 431,450,475 459,5.19 6.84,6.86,6.90, 6.94
1b + Ca?* 112,1.20 3.41,3.48,3.63 4.26.4.03, 4.46 443,532 6.96,7.03,7.14
Tb +Sr2* 1.03,1.19 3.35,3.41,349 4.26,4.08, 447 4.43,5.16 6.86,6.93,6.97
1b + Ba?* 102,117 3.25,3.26,335 432,461,487 4.66,5.22 6.82,6.88,6.93
1b+Ag* 1.18,1.27 3.48,3.58,3.73 4.09,3.92,4.15 4.28,4.90 7.04,7.09,7.12,7.21
1b +Zn* 102,117 3.26,3.26,3.35 4.30,4.59, 4.79 4.64,5.23 6.82,6.89,6.93
Tb + P2 119,1.26 3.40,3.66,3.66 3.95,4.08, 448 463,532 7.07,7.08,7.10,7.24
1b+La®* 1.04,1.18 3.28,3.29,341 4.27,4.43,4.66 458,524 6.85,6.89, 6.92,6.96
2c 0.94,1.26 332 432 473 6.77,7.01
2c+Na* 0.90,1.29 339 4.17 481 6.78,7.08
2c+Ca* 0.93,131 3.46 421 4.90 6.81,7.14
2c+Ag* 1.05,1.34 3.58 3.97 47 6.99,7.21
2c+Pb* 0.82,132 341 4.16 491 6.65,7.11
2c+La¥ 0.87,131 336 4.22 481 6.69,7.11

Concerning the sodium cation, the best performance was
observed with 2¢, in which the overall process was exother-
mic and almost the double of 1b. In the case of the silver
cation, the values obtained were very similar with 1b being
marginally better by =3 kJ mol™". The results obtained in the
former case agree with the experimental extraction data as
can be seen in Table 1, while in the latter case, the opposite
is observed, even though by a very small difference. Thus,
the substitution pattern seems to be more relevant in the
extraction process than the nature of the amide group.

NMR binding studies

To obtain information on the cation-binding behaviour of
derivatives 1a, 1b, 2a and 2c, specifically concerning the
binding sites, proton NMR titrations were performed in CDCl,/
CD,0D with these ligands and selected representatives of the
alkali, alkaline earth, transition, heavy metal and lanthanide
cation series (Na*, Kt, Ca?*, Sr?*, Ba?*, Zn?*, Ag*, Pb?* and La3").

Two different situations were found after the addition of the
salts to the ligands. In the case of tetra-substituted derivatives,
both amides (1a and 2a) exhibit similar behaviours towards
the cations. These titrations show that with [salt]/[ligand]
ratios lower than one, both signals of the complexed and
uncomplexed ligands are present in the spectra, indicating

Table 6. Complexation energies AE_(kcal mol™")? for the systems studied.

that on the NMR time scale, the exchange rate between the
two species is slow at room temperature. This behaviour
reflects a high affinity of these ligands towards those cations.
Upon reaching 1:1 ratios, all the signals for the free ligands
disappear and those of the complexed ligands remain unal-
tered after subsequent addition of the salt, indicating a 1:1
metal-to-ligand stoichiometry (Figure 2). Small differences
can, however, be observed in the case of Zn?* and La3* (with
tetra-morpholide 2a) spectra. With 0.5 equiv of added salts,
the signals of both species were somewhat broad, becoming
sharp after one equiv. In contrast, titrations of di-substituted
derivatives (1b and 2c¢) with all the cations initially induce
some broadening of the signals (more noticed for 1,2-di-
Et-amide 1b) until the [salt]/[ligand] ratio reaches the unity,
when the signals become sharp (Figure 3). This indicates a
fast exchange rate between the two species on the NMR time
scale, at room temperature, and consequently a weak affinity
of these ligands towards the cations. Again, the NMR titrations
suggest a 1:1 metal-to-ligand stoichiometry, since no further
spectral changes were observed after subsequent additions
of the salts.

Proton NMR data of the free and complexed ligands are
shown in Tables 4 and 5. Complexation of the cations affects
all the proton chemical shifts in the ligands. Tetra-Et-amide 1a
exhibits slightly larger variations than tetra-morpholide 2a,

B3LYP/3-21GP Na* K* Ca?* Sr2t Zn* Ag* Pb2* La3+

tetra-EtA (1a) —158.38 —108.09 —351.93 -303.73 —503.38 —157.28 -331.85 -625.10
tetra-MorphA (2a) —156.02 -96.03 -308.42 —262.90 -509.18 —144.62 -310.31 -612.02
1,2-di-EtA (1b) —141.65 —84.06 —300.30 -251.26 —480.69 -137.84 —283.28 -534.49
1,2-di-MorphA (2b) -118.15 — —-277.00 — — -125.37 -270.19 -512.83
1,3-di-EtA (1¢) -129.75 — —269.73 — — —134.68 —283.23 —536.61
1,3-di-MorphA (2c) -130.06 —-76.12 —284.96 —-236.29 —476.47 -131.62 —-275.56 —525.58

?AE_ corresponds to the process L+M™ — [L—M"], where L represents each of the ligands and M"* represents each one of the cations.
bGeometry optimisations were carried out at the referred level of theory for all the structures, except for Pb?* and La* structures, where the LANL2DZ-ECP basis set was

used, as implemented in Gaussian 03.
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Figure 4. (Colour online) Optimised structures for the Na* (upper row), Ca** (middle row) and La** (bottom row) complexes with the ligands

studied. All the hydrogen atoms were removed for clarity.

Table 7. Selected distances (in A) for Na*, Ca?* and La3* complexes with all the ligands studied.

Na* Ca%* La3*
O, e Metal® 0,,,-metal® O, Metal® O,,,-metal® O, Metal® O,,,-metal®

1a 2.27,2.30 2.31,2.31 245,2.46 2.44,2.46 2.63,2.63 2.49,2.50

2.28,2.30 3.80,3.81 2.46,2.45 2.44,2.46 2.63,2.63 2.50,2.49
2a 2.31,2.29 2.37,2.49 2.38,2.38 2.38,2.43 2.63,2.63 2.50,2.50

2.52,3.32 2.86,4.25 241,241 487,494 2.62,2,63 2.50,2.50
1b 2.24,2.60 2.25 2.35,2.33 233 2.51,2.49 241

2.15,2.19 2.51 2.36,2.37 238 2.49,2.51 241
2b 2.18,2.25 2.26 2.35,2.33 2.33 2.49,2.50 241

2.17,2.25 2.87 2.37,2.36 2.38 2.49,2.50 241
1c 2.20,2.16 3.65 2.34,2.24 3.75 2.53,2.47 240

2.17,2.22 3.69 2.24,2.34 3.75 247,253 240
2c 2.66,2.19 2.18 2.66,2.32 2.31 2.53,2.48 240

2.17,2.21 2.60 2.30,2.33 233 2.48,2.53 240

Distances between the cation and the oxygen atoms of the phenoxy groups (O

but both follow the same trends (Table 4). The largest chem-
ical shift changes are recorded for the aromatic protons and
the bridging equatorial methylene protons (ArCH,Ar), which
move downfield, and by the bridge axial methylene protons
and the methylene protons of the OCH,CO group (except for
La3*), which move upfield. It has been observed that the shift
variations of the methylene protons of the OCH,CO groups
in closely related dihomooxacalix[4]arene amide derivatives
(23, 25) are upfield for the monovalent cations and downfield
for the divalent and trivalent cations. A closer examination
of the spectral changes upon complexation indicates that
these tetra-amides behave in a similar way. Divalent cations

. . phen’*
PDistances between the cation and the oxygen atoms of the carbonyl groups (O, ,).

still exhibit upfield shifts, but much smaller than the mono-
valent cations (for example, A5 = 0.34-0.29 ppm for M* and
0.09-0.04 ppm for M?* in the case of 2a), and La** shows a
downfield shift of 0.34 ppm for 2a. As observed for other
calixarenes, the variation in chemical shift experienced by
the equatorial methylene protons (ArCH,Ar) is downfield and
smaller than that of the axial protons, but in the case of La3*
(A8 =0.60 and 0.56 ppm, respectively for 1a and 2a), it is still
very high. Upon complexation, the differences in the chemical
shifts between the axial and the equatorial protons of the
CH, bridges decrease in all cases, being closer to 0.90 ppm
(28), mainly for Zn?*, Ba?* and Pb?* (both compounds). This
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Figure 5. (Colour online) Electrostatic potential maps for the free ligands (upper row) and Na* (middle row) and Ca?* (bottom row) complexes.
The electrostatic potential (in a.u.) is represented over a constant electronic isodensity o (in A-3) surfaces of volume v, (in A-3). All figures
correspond to p = 0.05 A-3 and the potential varies, for all ligands, from +0.30 (dark blue) to —0.25 (red) except for 1a which varies from +0.90
to —0.50 for Na* and from +0.50 (dark blue) to —0.10 (red) for Ca** complexes.

suggests that the free ligands depart from a distorted cone
conformation and adopt a more regular cone conformation
after complexation. The smallest variations are observed for
the protons of the tert-butyl and substituent groups (diethyl
and morpholide), and the multiplet of the N(CHZCH3)2 residue
splits in two after complexation.

The magnitude of the chemical shift variations for these
tetra-substituted ligands follows the order: La3* > divalent
cations > monovalent cations.

Concerning the di-substituted derivatives, both follow
the same trends, although 1,2-di-Etamide 1b displays larger
chemical shift variations than 1,3-di-morpholide 2c. The most
pronounced upfield shifts are recorded for the bridging axial
methylene protons, and the aromatic and bridge equatorial
methylene protons undergo the largest downfield shifts. In
the case of 1b, the methylene protons of the OCH,CO groups
undergo upfield variations, mainly for Ag*and Na*, and small
downfield variations for Pb?* and Ca?*. In the case of 2c¢, all
the cations (except Ag*) display downfield variations, more
pronounced for the divalent cations Pb?* and Ca?*. For these
bidentate derivatives, the Ag* and Pb?* complexation induce
the highest shift variations followed by Ca?*.

For both types of compounds (tetra- and di-substituted),
the largest shift changes shown by the protons adjacent
to the oxygen donor atoms can be explained in terms of
variations of both shielding and deshielding effects of the

aromatic rings and carbonyl groups upon cation binding to
those donor atoms. Therefore, this suggests that the cation
must be inside the cavity defined by the phenoxy and carbonyl
oxygen atoms and bound through metal-oxygen interactions.

Computational binding studies

All the structures (ligands and complexes) were fully opti-
mised without symmetry constraints using the B3LYP hybrid
functional (29-317). Although the comparison between gas
phase and condensed phase structures is not direct, all the
structures were geometry optimised solvent free. They are
therefore expected to correlate primarily with gas state com-
plex geometries and not necessarily with NMR data, in which
the solvent will influence the relative energies. However, they
can give some insight into the key differences between the
conformers under investigation (32).

The relative affinities of ligands 1a, 2a, 1b and 2c towards
some representative cations (Na*, K*, Ca2*, Sr?*, Zn?*, Ag",
Pb?* and La%**) were determined by DFT methods. These
calculations were also extended to derivatives 1,3-diethyla-
mide (1c) and 1,2-dimorpholide amide (2b) to have a better
understanding of the relative affinities of the di-substituted
amides 1b and 2c. The complexation energies for all the sys-
tems studied are presented in Table 6 and some of the met-
al-ligand structures obtained are illustrated in Figure 4, while



Downloaded by [University of California, San Diego] at 07:11 29 February 2016

8 P.M. MARCOS ET AL.

the free ligands and remaining complexes are presented in
the Supporting Information (Figures S1 and S2). The effect
of complexation can be seen in Tables 7 and S1, where the
distances between the cations and the oxygen atoms of both
phenoxy and carbonyl groups are listed.

The energies calculated (Table 6) show that tetra-substi-
tuted ligands present the strongest interactions with all the
cations. In the case of morpholide amide, the 1,3-di-substi-
tuted derivative is slightly preferred over the 1,2-di-substi-
tuted while the opposite preference is observed for diethyl
amide (except in the case of La3*). In addition to the lower
basicity of the carbonyl group attached to the morpholide
residue compared to that of the ethyl moiety, the lower
flexibility of the former substituent can introduce a higher
conformational rigidity in the ligands that may contribute
to their weaker complexation ability. The overall stability
order obtained was related to the cation charge indicating,
as expected, that electrostatic interactions are an important
factor in ligand-cation affinity.

A more detailed analysis of the data shows that for the
alkali and alkaline earth metal cations studied (Na*, K*, CaZ*,
and Sr?*), all have a higher affinity for tetra-ligand 1a com-
pared to the other ligands. Na* and Ca?* form the more sta-
ble complexes compared to K™ and Sr?*, respectively, most
likely due to the smaller ionic radii of the former. Moreover,
the doubly charged cations exhibit significantly larger bind-
ing energies than the singly charged cations as expected,
due to the higher charge to radius ratio. Concerning the
symmetry of the complexes, ligand 1a exhibits a more sym-
metrical structure with Ca?* cation, which interacts almost
equally with all the oxygen atoms. For the transition and
heavy metal cations Zn?*, Ag* and Pb?*, zinc has the great-
est affinity for all the ligands, followed by lead and silver,
respectively. As with the other cations, ligand 1a is preferred,
except in the case of Zn?* where ligand 2a is slightly better
by =6 kJ mol='. All Zn?* complex geometries are similar and
very symmetrical, as can be observed in Table S1. Among
all doubly charged cations studied, Zn?* presents the high-
est charge to radius ratio, and this is probably responsible
for the high negative complexation energies obtained
(Table 6). Finally, the complexation energies clearly demon-
strate that La3* cation presents the strongest affinity with all
the ligands studied. In these complexes, the cation interacts
almost symmetrically with all the oxygen moieties present,
as can be observed by the metal-oxygen distances listed in
Tables 7 and S1, and illustrated in Figure 4. La3* is preferably
bound in the ligand lower rim closer to the carbonyl oxygen
atoms, as observed in the structural representations and
confirmed by the metal-oxygen distances, ranging from
2.40t0 2.50 A.

To visualise the electrostatic equilibria in the different
ligands and complexes, electrostatic potential maps were

calculated over an electronic isodensity surface of p =0.05 A-3,
These maps are shown in Figure 5 for the free ligands and
their Na* and Ca?* complexes. In this Figure, the red regions
are those of relatively lower or more negative electrostatic
potential and the blue regions correspond to higher or more
positive electrostatic potential. The greater positive charge
on Ca?* compared to Na* is clearly evident by the deeper
shade of blue for the former. These maps are also helpful
concerning the cation position within the ligand molecule.
For example, the sodium asymmetric position is observed by
the effect caused on the hydrogen atoms, causing some of
them to become more positive. For calcium, this effect is also
observed, although the complex symmetry is generally higher.

These electrostatic potential maps can also give some
information regarding the steric constraints and/or energy
barriers related to the extraction process. For example, a
more sterically hindered ligand implies an initial step of lower
rim opening for the cation to go inside the cavity as can be
observed in the free ligand 2a and its complexes. This rim
opening implies a bigger energy barrier and corroborates our
previous observations.

Conclusions

Extraction and complexation properties of six tetra- and
di-substituted calix[4]larene amide derivatives were inves-
tigated experimentally and theoretically. These properties
were determined by liquid-liquid extraction, proton NMR
and DFT studies. The results obtained showed that both tet-
ra-substituted ligands were the strongest binders for all the
cations, diethylamide 1a showing the highest percentage of
extraction and the more negative complexation energies. The
lower binding ability of morpholide amide 2a should reflect
either the electronic properties of its substituent group as
well as its higher rigidity, compared to the ethyl substituent.
Concerning the substitution pattern, the 1,3-morpholide 2¢
is more efficient than the 1,2-derivative 2b, while the oppo-
site was observed for ethylamide derivatives (1b and 1c). The
complexation stability order was found to be related to cation
charge, La** complexes being the most stables with all the
ligands.

Experimental
Extraction studies

Ligand 1aand ligands 2a, 1b and 2c were prepared according
to references 7 and 15, respectively.

After mutual saturation of the solvents, equal volumes
(5 mL) of aqueous solutions of metal picrates (2.5 x 1074 M)
and solutions of the calixarenes (2.5 X 107 M) in CHZCI2 were
vigorously shaken for 2 min and then thermostated in a
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water bath with mechanical stirring at 20 °C overnight. After
complete phase separation, the absorbance A of picrate ion
in the aqueous phase was determined spectrophotomettri-
cally (A pay = 354 nm). For each cation-calixarene system, the
absorbance measurements were repeated at least four times.
Blank experiments without calixarene were run under the
same conditions, yielding an absorbance A . The percentage
of cation extracted was calculated as the ratio 100 x (A,;—A)/A,.
The details of the metal picrate preparation have already been
described (33).

Proton NMR titrations

Several aliquots (up to 3 equiv) of the salt solutions (0.25 M)
in CD,0D were added to CDCl, solutions (5 x 1073 M) of the
ligands directly in the NMR tube. The salts used were Na and
Kthiocyanates, Ca, Sr, Ba and Pb perchlorates, and Zn, Ag and
La triflates. The spectra were recorded on a Bruker Avance
Il 500 Spectrometer after each addition of the salts. The
temperature of the NMR probe was kept constant at 22 °C.

Theoretical methods

All the calixarene-metal complexes were analysed using
computational DFT methods. All the structures were
fully optimised without symmetry constraints using the
Becke three-parameter hybrid functional combined with
the Lee, Yang and Parr correlation functional (B3LYP)
(29-371) along with the split valence double-zeta Pople
basis set 3-21G, which is well known to produce accu-
rate geometries. For Pb?* and La3* cations, where that
basis set was not available, the LANL2DZ-ECP was used
for every atom.

The methods used were those implemented in the Gauss-
ian 03 software package (34) and Molekel software (35) and
have been described elsewhere (32).The vibrational frequency
calculations were performed at the same level of theory to
check that all structures were at the global minima of the
potential energy surface (denoted by an absence of negative
vibrational frequencies) and to correct the computed ener-
gies for zero-point energies as well as translational, rotational
and vibrational contributions to the enthalpy. All the figures
and electrostatic potential surfaces were constructed using
Molekel software (35).

For each of the six studied calix[4]arene amide derivatives,
the initial cation position was thoroughly tested, starting
inside or outside the receptor cavity. The relative binding
energies (AE, corresponding to the process Ligand + M™ —
[Ligand-M"*], where M"* represents each one of the cations)
were calculated as the energy difference at 298 K between the
final energy of the complexes and the sum of the energies of
the calixarene ligand and the cation in study respecting the
same theoretical level (32).
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For the extraction calculations, an approach incorporat-
ing effective core potentials was found to be very effective
in reducing computational expense. The LANL2DZ basis
set was used, and the solvent was defined within the PCM
using the integral equation formalism variant (IEFPCM) in
Gaussian 03. The extraction energy was estimated by the
relative difference between the ion pair (sodium and silver
picrates) in water, the free calixarene molecules (1b and
2¢)in CHZCI2 and the species calixarene/cation/anion in the
same solvent.

Supplemental material

Supplemental data for this article can be accessed online here:
http://dx.doi.org/10.1080/10610278.2015.1093631
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