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We report combined experimental and theoretical studies on the complexation and liquid-liquid extraction of
alkali and alkaline-earth cations by a series of calix[4]arenes bearing various combinations of primary, secondary
and tertiary amide substituents. Four mixed calix[4]arene amides have been synthesized. Upon N-alkyl to N-H
substitution on the amide binding sites, the binding strength of cations is reduced in methanol, and further, the
extraction of cations from water into dichloromethane becomes highly inefficient. However, high complexation
selectivities for Sr** and Ca*" over Na* are achieved for a mixed primary/tertiary derivative. The structures of
typical free and complexed ligands are elucidated by NMR analysis and by molecular dynamics simulations in
methanol and chloroform solution. Simulations at the water/organic interface also reveal different behaviour

of tertiary/secondary/primary amide complexes.

Introduction

It is now well established that the nature of the substituents,
both at the upper and lower rims, can play an important role in
determining the efficiency and selectivity of cation extraction
and complexation by calixarene ligands.! For instance, in calix-
[4]arene tetrafunctionalized podand type ligands it has been
found that the metal ion complexation efficiency decreases in
the series amide > keto > ester > ether, when these functional
groups are used as chelating chains at the lower rim, and a
much more complex picture emerges from ligands having
a combination of functional groups.! The role of the substitu-
ents on the wide rim has recently been studied by some of us
with calix[6]arene diethylamides: the change from p-tert-butyl
groups to H induced spectacular changes in the binding affin-
ities towards Na™ and Sr**cations, both in extraction and in
complexation.? No similar studies were undertaken until now
on the tetrameric amides, although it is known that p-tert-butyl
calix[4]arene tetrakis(diethylamide) (L1) is a very powerful
extractant and complexing agent of alkali and alkaline-earth
cations.>* In the case of amide binding groups there is also
the opportunity to vary the type of the amide group (primary,
secondary and tertiary) and explore its effect on the binding
and extraction properties of the ligands. In fact, not only
can the donor properties of the amide carbonyl group be varied
by substitution at the nitrogen atom, but the presence of
amide H atoms can also give rise to intra- or inter-molecular
hydrogen bonding phenomena, which could affect the cation
binding.> Most of the calixarene amides investigated are
tertiary*® and only in one case have qualitative extraction
data on a calix[4]arene secondary amide ligand (L2) been
reported.”

We present in this paper a systematic study of the synthesis,
extraction, complexation and molecular modeling properties of
primary, secondary and tertiary amide ligands (L1-L6), derived
both from p-tert-butyl and p-H calix[4]arenes. Particular atten-
tion has been devoted to the Sr**/Na™ selectivity due to its
importance in the treatment of radioactive waste.® L5
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Experimental
Synthesis

Melting points were determined on an Electrothermal appar-
atus in sealed capillary tubes. Mass spectra (DCI, CH,) were
performed on a Finnigan MAT SSQ710 spectrometer. 'H
NMR and C NMR spectra were recorded with Bruker
AMX400 (*H: 400 MHz) and AC300 (*H: 300 MHz, *C: 75
MHz) spectrometers of the Centro Interdipartimentale di
Misure (C.I.M.) of the University of Parma. Chemical shifts (J)
are expressed in ppm from (CH,),Si; J values are in Hz. In
NMR spectra, the Ar notation defines the aromatic nuclei of
the calixarene backbone, considering the phenol oxygen as the
main substituent to which the ipso, ortho, meta and para posi-
tions refer. IR spectra were performed on a Perkin-Elmer 298
spectrophotometer. All compounds gave satisfactory elemental
analyses. All solvents were purified by standard procedures.
Analytical TLC was performed on precoated silica gel plates
(Si0,, Merck, 60 F,,), while silica gel 60 (Merck, particle size
0.040-0.063 mm, 230-240 mesh) was used for preparative col-
umn chromatography. 25,26,27,28-Tetrakis(N,N-diethylamino-
carbonylmethoxy)-p-tert-butylcalix[4]arene  (L1),® tetrakis-
(N, N-diethylaminocarbonylmethoxy)calix[4]arene (L1D),°
25,27-bis(N,N-diethylaminocarbonylmethoxy)-p-tert-butyl-
calix[4]arene (I),'® 25,27-bis(N,N-diethylaminocarbonylmeth-
oxy)calix[4]arene (IT),"° and N-butyl-a-chloroacetamide ! were
prepared as described in the literature.

General procedure for the synthesis of mixed primary/tertiary
amide calix[4]arene ligands (L3 and L4)

A sample of 25,27-bis(N,N-diethylaminocarbonylmethoxy)-
calix[4]arene (I or IT) (1.15 mmol) was dissolved in acetone (50
mL). To this stirred solution, K,CO; (2.87 mmol), KI (2.87
mmol) and a-chloroacetamide (2.30 mmol) were added and the
reaction mixture heated to reflux for 46 h (L3) or 12 h (L4). The
solvent was removed under reduced pressure and the residue
treated with 1 M HCI (75 mL) and CH,Cl, (75 mL). The
organic phase was separated, washed with water (75 mL), dried
with MgSO,, filtered and the solvent distilled off to give the
crude product.

25,27-Bis(V,N-diethylaminocarbonylmethoxy)-26,28-
bis(aminocarbonylmethoxy)-p-tert-butylcalix[4]arene (L3)
(cone). By treating the crude product with hexane, pure com-
pound L3 was obtained as a white solid (yield 60%). Mp 252—
254 °C; 04(300 MHz; CDCl;; 300 K) 8.36 (2H, s, NH,), 7.12
and 6.56 (8H, s, ArH), 6.10 (2H, s, NH,), 4.81 (4H, s,
OCH,CO), 4.46 (4H, d, J 13.0, ArCH,Ar, H,,), 4.36 (4H, s,
OCH,CO), 3.43 (4H, q, J 7.0, N(CH,CH,),), 3.25 (4H, d,
J 13.0, ArCH,Ar, H), 3.14 (4H, q, J 7.0, N(CH,CHy,),), 1.33
(18H, s, C(CHj;)3), 1.19-1.11 (6H, m, N(CH,CHs),), 0.85 (18H,
s, C(CH,),); 0c(75 MHz; CDCl;; 300 K) 173.1, 166.3 (s,
CH,CON), 150.7 (s, Ar ipso), 146.1, 146.0 (s, Ar para), 134.2,
131.4 (s, Ar ortho), 126.3, 125.2 (d, Ar meta), 73.9, 72.9 (t,
OCH,CO), 40.8, 40.2 (t, N(CH,CH,;),), 33.7 (s, C(CH,)s), 31.5,
309 (q, C(CHy);), 309 (t, ArCH,Ar), 14.2, 13.0 (q,
N(CH,CH,),); m/z 990 (M + H)* (Found: C, 72.72; H, 8.62; N,
5.80. C4Hg4O4N, requires C, 72.85; H, 8.55; N, 5.66%).

25,27-Bis(V,/N-diethylaminocarbonylmethoxy)-26,28-
bis(aminocarbonylmethoxy)calix[4]arene (L4) cone:1,3-
alternate = 1:2. Pure compound L4 was obtained by column
chromatography (SiO,: CHCls—acetone=7:3) of the crude
product followed by precipitation with hexane. Compound (L4)
was obtained as a mixture of cone and 1,3-alternate conform-
ations (1:2) in 72% yield. Mp of the mixture: 151-152 °C; m/z
765 (M + H)* (Found: C, 68.98; H, 6.96; N, 7.45. C,,H,,04N,
requires C, 69.09; H, 6.85; N, 7.32%). Cone: 64(300 MHz;
CDCl;; 300 K) 8.43 (2H, t, NH,), 7.10 (4H, d, J 7, ArH meta),
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6.82 2H, t, J 7, ArH para), 6.50 (4H, d, J 6, ArH meta), 6.40
(2H, t, J 6, ArH para), 6.18 (2H, s, NH,), 4.67 (4H, s,
OCH,CO), 4.56 (4H, d, J 13.8, ArCH,Ar, H,,), 4.53 (4H, s,
OCH,CO), 3.40 (4H, q, J 7.1, N(CH,CH,),), 3.27 (4H, d, J
13.8, ArCH,Ar, H,), 3.11 (4H, q, J 7.1, N(CH,CHy,),), 1.17-
1.08 (12H, m, N(CH,CH,;),); (75 MHz; CDCl;; 300 K) 170.4,
166.5 (s, CH,CON), 154.9, 154.2 (s, Ar ipso), 134.3, 133.1 (s, Ar
ortho), 131.4,129.7 (d, Ar meta), 123.6, 122.9 (d, Ar para), 73.9,
71.9 (t, OCH,CO), 41.5, 40.3 (t, N(CH,CH;),), 30.3 (t,
ArCH,Ar), 12.8 (q, N(CH,CH,;),). 1,3-Alternate: d,5(300 MHz;
CDCl;; 300 K) 7.07 (4H, d, J 7, ArH meta), 6.85-6.78 (8H, m,
ArH), 6.72 (2H, s, NH,), 5.34 (2H, s, NH,), 4.21 and 4.07 (4H,
s, OCH,CO), 3.97 (4H, d, J 15.6, ArCH,Ar), 3.70 (4H, d, J
15.6, ArCH,Ar), 3.39 and 2.96 (4H, q, J 7.0, N(CH,CH,),),
1.20 and 0.87 (6H, t, J 7.0, N(CH,CH,),); 6c(75 MHz; CDCl;;
300 K) 170.8, 166.3 (s, CH,CON), 154.2, 153.4 (s, Ar ipso),
135.5, 132.8 (s, Ar ortho), 129.3, 129.2 (d, Ar meta), 124.4, 123.5
(d, Ar para), 72.5, 68.1 (t, OCH,CO), 40.6, 40.1 (t,
N(CH,CHy;),), 36.8 (t, ArCH,Ar), 14.3 (q, N(CH,CH,),).

General procedure for the synthesis of mixed secondary/tertiary
amide calix[4]arene ligands (L5 and L6)

A sample of 25,27-bis(N,N-diethylaminocarbonylmethoxy)-
calix[4]arene (I or II) (1.5 mmol) was dissolved in acetonitrile
(50 mL). To this stirred solution, K,CO; (4.5 mmol), KI (4.5
mmol) and a-chloro-N-butylacetamide (4.5 mmol) were added
and the reaction mixture heated to reflux for 54 h (L5) or 12 h
(L6). The solvent was removed under reduced pressure and the
residue treated with 1 M HCI (75 mL) and CH,Cl, (75 mL). The
organic phase was separated, washed with water (75 mL), dried
with MgSO,, filtered and the solvent distilled off.

25,27-Bis(/V, N-diethylaminocarbonylmethoxy)-26,28-bis(/V-

butylaminocarbonylmethoxy)-p-tert-butylcalix[4]arene (LS)
(cone). Pure compound LS was obtained by column chrom-
atography (SiO,: hexane—ethyl acetate = 1:9): (yield 52%). Mp
291-293 °C; 0x(300 MHz; CDCl;; 300 K) 8.01 (2H, t, J 6,
NHR), 7.14 and 6.96 (4H, s, ArH), 4.60 and 4.57 (4H, s,
OCH,CO), 4.38 (4H, d, J 12.4, ArCH,Ar, H,,), 3.54 (4H, q,
J 6.8, N(CH,CH,),), 3.33 (4H, d, J 12.4, ArCH,Ar, H,,), 3.28—
3.19 (8H, m, N(CH,CH,),, NHCH,(CH,),CH;), 1.61-1.51
(8H, m, NHCH,(CH,),CH;), 1.30 and 1.22 (6H, t, J 6.8,
N(CH,CHj,),), 1.19 and 1.05 (18H, s, C(CH,),), 0.92 (6H, t,
J 7.2, NH(CH,);CH,); 6c(75 MHz; CDCl;; 300 K) 168.7, 167.9
(s, CH,CON), 150.1, 149.9 (s, Ar ipso), 147.9, 147.1 (s, Ar para),
134.6, 133.5 (d, Ar ortho), 125.7 (s, Ar meta), 76.1, 73.5 (t,
OCH,CO), 40.9, 40.7 (t, N(CH,CH,),), 38.9 (t, NHCH,R),
34.0, 33.8 (s, C(CH,);), 31.4 (t, ArCH,Ar), 31.2, 31.0 (q,
N(CH,CH,),), 30.1 (g, C(CHs;);), 20.2 (t, NHCH,(CH,),CH,),
13.9, 13.7 (g, N(CH,CH,),), 12.8 (q, NH(CH,);CH;); m/z 1101
(M + H)* (Found: C, 50.78; H, 9.21; N, 5.18. CgH; 005N,
requires C, 50.87; H, 9.14; N, 5.08%).

25,27-Bis(/V, N-diethylaminocarbonylmethoxy)-26,28-bis(/V-
butylaminocarbonylmethoxy)calix[4]arene (L6) (partial cone).
Pure compound L6 was obtained by column chromatography
(SiO,: hexane—ethyl acetate =2:8): (yield 23%). Mp 167 °C;
0ux(300 MHz; CDCl;; 300 K) 7.46 (2H, d, J 7.5, ArH meta), 7.13
(2H, d, J 7.5, ArH meta), 7.10 (1H, t, J 6.0, NH), 7.02 (1H, t,
J 1.5, ArH para), 6.93 (1H, t, J 7.5, ArH para), 6.83 (2H, dd,
J71.1,J 2, ArH meta), 6.66 (2H, dd, J 7.1, J 2, ArH meta), 6.55
(2H, t, J 7.1, ArH para), 5.22 (1H, t, J 5.0, NH), 4.50 (2H, d,
J13.5,0CH,CONR,), 4.42 (2H, d, J 13.5, OCH,CONR,), 4.40
(2H, d, J 13.0, ArCH,Ar, H,,), 4.25 (2H, d, J 14.5, ArCH,Ar),
4.24 and 4.14 (2H, s, OCH,CONHR), 3.60 (2H, d, J 14.5,
ArCH,Ar), 3.40 (4H, m, N(CH,CH,),), 3.24 (2H, d, J 13.0,
ArCH,Ar, H,,), 3.23-3.20 (4H, m, NHCH,(CH,),CHj;), 3.06
(2H, q, J 7.4, N(CH,CH,),), 2.98 (2H, q, J 7.4, N(CH,CH,;),),
1.45-1.07 (11H, m, NHCH,(CH,),CH;, NHCH,(CH,),CH,;),



1.17-1.12 (6H, m, N(CH,CHy),), 0.94 and 0.92 (3H, t, J 7.4,
N(CH,CHy),), 0.92 (3H, t, J 7, NHCH,(CH,),CH,); 34(75
MHz; CDCl,; 300 K) 168.7, 167.8, 166.8 (s, CH,CON), 155.8
(s, At ipso), 135.6, 133.8, 133.2, 132.9 (s, A ortho), 130.8, 129.1,
128.9, 128.5 (d, Ar meta), 123.5, 122.5 (d, Ar para), 72.3, 71.6,
68.4 (t, OCH,CO), 41.0 (t, NHCH,R), 40.2, 38.9, 38.5 (t,
N(CH,CH,),), 36.5 (t, ArCH,Ar), 31.7 (t, N(CH,CHj),), 31.0
(t, ArCH,AT), 30.9 (t, N(CH,CH,),), 20.1, 20.0, 14.2, 13.8 (t,
NHCH,(CH,),CH,), 13.6, 12.8 (q, NH(CH,),CH,); m/z 878
(M + H)" (Found: C, 71.09, H, 7.90, N, 6.48. Cs,HeOsN,
requires C, 71.21; H, 7.81; N, 6.39%).

Physicochemical measurements

Materials. The solvents methanol (Carlo Erba, max. 0.01%
water) and dichloromethane (Carlo Erba, max 0.02% water)
were used without any further purification. The supporting
electrolyte used in the stability constant determinations, either
Et,NCl (Fluka, purum) or Et,NCIO, (Acros) according to the
experimental method, was recrystallised twice from doubly-
distilled water and dried under vacuum for 24 h at room
temperature. The metal salts were chosen according to their
solubilities in the solvent: LiCl (Fluka, purum), NaCl (Merck,
p-a.), KCl (Merck, p.a.) RbCl (Fluka, puriss.), CsCl (Merck,
p-a.), Mg(ClO,),-xH,0 (Merck, p.a.), Ca(ClO,),-4H,0 (Fluka,
purum), Sr(Cl),.6H,O (Aldrich, 99%), Sr(NO;), (Merck, p.a.),
Ba(ClO,), (Prolabo, rectapur) and AgClO,-H,O (Fluka, puriss.)
were used for spectrophotometric and potentiometric meas-
urements in methanol. All these salts were dried under vacuum
for 24 h before use. The stock solutions of all of them except
alkali cations were standardised by complexometric titrations
with EDTA in the presence of appropriate coloured indi-
cators.”> The preparation of all the picrate salts employed in
extraction experiments has already been reported.’

Picrate extraction measurements. The extraction experiments
from water into dichloromethane were performed according to
the following procedure: S ml of a 2.5 X 107* mol dm~* aqueous
picrate solution and 5 ml of a 2.5 x 10~* mol dm~? solution of
calixarene in CH,Cl, were mechanically shaken in a stoppered
glass tube for 3 min, then magnetically stirred in a thermoregu-
lated water bath at 20 = 0.1 °C for 30 min and finally left stand-
ing for a further 30 min in order to obtain good separation of
the two phases. The absorbance 4 of the metal picrates remain-
ing in the aqueous phase was then determined spectrophoto-
metrically at 355 nm. The percentage extraction, %FE, are
derived from the expression 100(4, — A)/A4,, where A, is the
absorbance of the aqueous solution of a blank experiment
without calixarene.

Stability constant measurements. The stability constants f,
defined as the concentration ratio [ML""]}/[M™] [L] (where
M"* = cation, L = ligand) have been determined in methanol by
UV absorption spectrophotometry, at 25 °C and at the ionic
strength 0.01 mol dm™3, according to the procedure already
described in detail.* The ligand concentrations ranged between
10™* and 2.0 x 10™* mol dm™* and the spectra were treated
using the program SIRKO.!* When the stability constants were
too high (log > 6.0), i.e. in the case of Na*, Ca®*, Sr** and
Ba?* with ligand L1D, attempts were made to obtain accurate
values using competitive potentiometry with Ag™ as auxiliary
cation. Complexation of Ag*™ by this ligand, followed by direct
potentiometry, led to the formation of the two following
complexes: Ag(L1D)" with log f=6.4 0.2 and Ag,(L1D),**
with log f;, =21.4 £ 0.4. Stability constants of the Na®™ and
Ba?* 1:1 complexes could be accurately established. However,
the competition was not possible for Ca>* and Sr** which form
very stable complexes (log > 9).

Calorimetric measurements. The calorimetric determinations
were made in methanol at 25 °C, using a precision Isoperibol
titration calorimeter (Tronac 450, Orem, Utah). The experi-
mental procedure has been reported in detail elsewhere.® The
metallic salts (0.01 < Cy; < 0.6 mol dm3) were titrated into a 50
cm® solution of calixarene (C; = 7.5 x 107* mol dm~?%). Heat-of-
dilution corrections were made by titrating the metal into the
solvent. AH values were refined from calorimetric data using
the program SIRKO.' In the case of L1 complexes of Li*™ and
Rb*, where log <4, log f and AH could be refined simul-
taneously using the same program. Full agreement was found
with spectrophotometric results. Finally TAS was derived from
the expression: AG=AH — TAS, knowing AG= —RT'In .

Molecular modelling

Molecular dynamics simulations. We used the modified
AMBERA4.1 software '* with the representation of the potential
energy given in eqn. (1).

U= z:bonds Kr (}’ - req)Z + Zangles K() (0 - geq)2 +
Zdihedralszn Vn(l +COSI’l(ﬁ) +

T < (q:q;/ Ry — 2e5(R*IR)® + (R R)P) (1)

The interaction between atoms separated by at least three
bonds and those involving their ions are described within a
pairwise additive scheme by a 1-6-12 potential. Parameters for
the solutes were taken from the AMBER force field '® and from
previous studies on these molecules in pure homogeneous
solvents. The atomic charges on L1 and L3 are those from ref.
17 and were used without a special scaling factor for 1-4 inter-
actions. The primary amide moiety was adapted from the
glycine charges of ref. 18. The Pic™ anion is described in ref. 19.
The Sr** cation is described by the Aqvist parameters.?* For
the solvent, we used the TIP3P model for water?! and
the OPLS models for methanol and for chloroform.?> A
residue based cut-off of 12 A was used for the non-bonded
interactions.

The simulated solvent systems are described in Table 1. The
water/chloroform interface has been built as indicated in ref. 23.
After immersion of the solute, each system was energy minim-
ized (1000 steps). Then the MD simulations were started with
random velocities, and the temperature was controlled at 300 K
by coupling to a thermal bath with a relaxation time of 0.2 ps.
AllC-H,O-H,H---H, C—Cland Cl- - - Cl “bonds” were con-
strained with SHAKE, using a time step of 1 fs.

Quantum mechanics. The QM calculations were performed
on A free, A/Na™, A/Sr*" and A/Eu®" complexes (A = amide:
DMA, MA-cis and -trans and AA; see Scheme 1) at the SCF
HF level using the Gaussian94 program.**

The D95 double-zeta basis set was used for A. For the Na*
ion, we used the 6-31G* basis set.?* The Sr** ion was described
by a pseudo-potential for the 28 ([Ar] + 3d'®) core electrons,
and explicit 4s, 4p and 5s orbitals, described by a (6s,6p,5d)/[4s,
4p,2d] basis set from ref. 25. The 46 + 4f" core electrons of the
Eu’" cation were represented by the quasi-relativistic pseudo-
potential of Dolg et al** and the valence electrons by a
(7s,6p,5d)/[5s,4p,3d] gaussian basis set supplemented by one f
polarization function of exponent 0.591. Geometry optimiza-
tions of the position of Na*, Sr** or Eu®" cations, and of C=0O
and C-N distances were carried out numerically, keeping the
other parameters of A frozen at their values optimized in A free.
The cation—ligand interaction energies AE were calculated as
the difference between the energy minimized structures of the
free and complexed ligand A, and corrected for basis set super-
position errors (BSSE) (AE,,).”

J. Chem. Soc., Perkin Trans. 2, 1999, 1727-1738 1729



Table 1 Simulation conditions in solution

Solvent Box size/A Number of solvent molecules Simulation time/ns
L1 Sr(Pic), Interface 49 x 39 x 60 420 + 1830 1
Sr(Pic), CHCI, 51 x 41 x 39 566 0.3
L3 — Gas — — 0.2
20,---HN* CHCl, 40 x 38 x 37 394 0.5
20,--+HN* CHCI, 42 x 39 x 39 432 0.5
NoO---HN* CHCl, 41 x 40 x 37 410 0.5
20, -HN* MeOH 40 x 38 x 38 789 0.5
20, -+ +-HN* MeOH 41 x 40 x 37 843 0.5
NoO---HN* MeOH 41 x 40 x 37 821 0.5
L3 Sr(Pic), MeOH 52 x 41 x 38 1107 0.3
Sr(Pic), CHCl, 51 x 41 x 38 560 0.5
Sr(Pic), Interface 49 x 39 x 60 417 + 1829 1

“Q, = carbonyl oxygen. Two O, - - - HN hydrogen bonds at the beginning of the simulation. * O, = ether oxygen. Two O, - - - HN hydrogen bonds at
the beginning of the simulation. ¢ No hydrogen bond at the beginning of the simulation.

Mt Mt
‘o CHj o H
A N /
S SN
HaC CHs HsC CHy
DMA trans-MA
Mt w
\‘O CH “O H
AN ’ A
C——N C—N
/ /
HsC H HaC H
cis-MA AA

Scheme 1 The DMA, MA and AA complexes of Na*, Sr** and Eu**
(ab initio QM calculations).

Results
Synthesis of the ligands

The synthesis of L3 and L4 bearing mixed tertiary and primary
amide groups at the lower rim of the calix[4]arenes and L5
and L6 bearing tertiary and secondary amides was carried out
by alkylation of the previously reported 1,3-bis(NV,N-diethyl-
aminocarbonylmethoxy)calix[4]arene (I or IT),” with the proper
a-chloroacetamide (Scheme 2).

We first used NaH as base and dry DMF as solvent, since
these are usually the best conditions to block the calixarene in
the cone conformation,”® but mixtures of byproducts were
obtained, some of them resulting also from the alkylation of
amidic NH functions. The use of a milder base, K,CO;, in dry
acetone gave products L3-L6 in yields ranging from 20 to
72%. Under these conditions the stereochemical outcome of
the reaction depends on the alkylating agent and the starting
calixarene. When fert-butyl groups were present at the upper
rim of the calixarene only products in the cone conformation
(L3 and L5) were obtained. On the contrary, the dealkylated
bisamide (II) gave ligand L6 in the partial cone, and L4 in a
mixture of cone and 1,3-alternate conformations. The struc-
tural assignment for these ligands was made on the basis of
the 'H and C NMR spectral analysis of the signals of the
ArCH,Ar groups.® In ligand L6 these groups give two AX
systems (6 4.25 and 3.60, J = 14.5 Hz; 0 4.40 and 3.24, J=13.0
Hz) of four protons each, whereas in ligand L4 they give AB
© 3.97 and 3.70, J=15.6 Hz) and AX (6 4.56 and 3.27,
J=13.8 Hz) systems which are in a ratio 1:2, indicating the
presence of the cone and 1,3-alternate structures in the same
proportion.
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'"H NMR studies

In order to correlate the structural properties of ligand L3
and its binding ability towards strontium cation, in different
solvents, we have performed '"H NMR experiments on the free
ligand L3 and its strontium picrate complex, both in CDCl, and
CD,OD. Interestingly, the 'H NMR spectrum of L3 in CDCl,
shows two distinct and sharp singlets for the NH, protons at
0 8.36 and 6.10 which do not change significantly upon dilution,
suggesting that one of the two NH groups is intramolecularly
hydrogen bonded in chloroform solutions. Moreover, the pres-
ence of two distinct and quite separate singlets for the aromatic
protons atd 7.12 and 6.56 and for the tert-butyl groups at o 1.33
and 0.85 indicates that the ligand possesses a C,, structure in
solution which is typical of the flattened cone conformation of
tetraalkoxycalix[4]arenes.

The correlation peaks present in the ROESY map between
the two quartets of NCH,CH; protons at ¢ 3.43 and 3.13, the
singlet of the OCH,CON(CH,CHj;), at 6 4.36, and the ArH
signal at J 6.56, indicate that the two aromatic nuclei bearing
the tertiary amide groups are parallel to each other, while
the aromatic nuclei having the CH,CONH, functions are more
perpendicular, in agreement with molecular modeling studies
(vide infra). In CD;0D solution, the conformation of L3 is still
a C,, flattened cone, but nothing can be said about hydrogen
bonding since the NH, protons exchange with deuterium of the
solvent and are not visible in the spectrum (Fig. 1(a)).

Upon titration of this solution with a SrPic, (strontium pic-
rate) CD;0D solution the signals of the complex appear in the
spectrum together with those of the free ligand until the ratio
M/L < 1, thus indicating that the exchange of the cation is slow
on the '"H NMR time-scale (Fig. 1(b)). When M/L reaches a
value of 1 (Fig. 1(c)), the signals of the free ligand L3 disappear
and the spectrum remains unchanged even after adding more
strontium picrate solution.

This experiment shows that the complex has a 1:1 stoichio-
metry. Its "H NMR spectrum (Fig. 1(c)) shows the two singlets
of the ArH (6 7.39 and 7.40) and of the zerz-butyl groups (0 1.20
and 1.19) very close each to the other, which indicates that the
conformation of the calixarene becomes more symmetrical,
close to a regular cone. We also studied the L3Sr** complex in
chloroform solution. To prepare this complex, we stirred over-
night a CDCI, solution of L3 with an excess of solid SrPic, and
filtered the undissolved salt. Surprisingly the '"H NMR spec-
trum of this complex is very different from that recorded in
CD,0D.

All protons were assigned using two-dimensional COSY and
ROESY experiments and the data are reported in Table 2 and
Fig. 2. The ArH protons give four doublets (/=2-4 Hz)
between 0 7.13 and 6.27 while the methylene protons of the
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Scheme 2 Synthesis of the ligands.
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& e C
Sr2+/L3=0.5
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Fig.1 'H NMR spectra (CD,0H, 300 MHz, 300 K) of (a) compound
L3, (b) compound L3 with 0.5 equiv. of SrPic,, (c) compound L3 with
1.0 equiv. of SrPic,.

bridge (ArCH,Ar) and those a to the amide groups give eight
doublets between J 6.08 and 2.52. This indicates that the Sr**
complex possesses only a C, symmetry axis. Further inform-
ation on the structure of this complex can be obtained by
observing several differences between the spectrum of the com-
plex and that of the free ligand. It is worth noting that protons
A and B of the ArCH,Ar’ methylene group, E and F of the Ar’
aromatic ring and Q of the zert-butyl group are all substantially
shifted to higher field, whereas one of the diastereotopic pro-

Table 2 Chemical shifts (ppm) of the free ligand L3 and its strontium
picrate (L3SrPic,) complex in CDCI; at room temperature

Proton J in free L3 ¢ in L3SrPic,

picrate — 8.87

O, P 8.36, 6.10 8.57,7.83

H 6.56 7.14

G 6.56 6.78

F 7.12 6.43

E 7.12 6.27

C 4.81 6.08

D 4.81 4.69

M/N 4.36 4.37

L 4.46 4.26

B 4.46 3.99

N/M 4.36 3.85

I 3.25 3.32

NCH,CH, 3.43,3.14 3.9-3.8, 3.35-3.00
3.25 2.52

R 0.85 1.36

NCH,CH, 1.19-1.11 1.25-1.19, 1.14-1.10

Q 1.33 0.79

Fig.2 Proton assignment of the L3Sr(Pic), complex in CDCl,.

tons (C) of the OCH,CONH, chain is remarkably shifted
downfield. This could be due to the presence of the picrate
anions, which form a tight ion pair in CDCI; and are unsym-
metrically located close to the Ar’ nuclei, disrupting the C,,
symmetry of the free ligand L3.
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Table 3 Percentage extraction (%E)“ of alkali and alkaline-earth picrates from H,O into CH,Cl, at 20 °C

Ligands Li* Na* K* Rb* Cs* Mg** Ca** Sr?* Ba?* Agt

L1 63 95.5 74 24 12 9 98 86 74 —

L2¢ <1 2.7 <1 5.2 3.1 <1 5.8 4.6 4.8 —

L1D 36.5+£0.8 903+0.8 522%0.2 11.7+£0.8 58%0.5 45+0.5 79.0+0.4 56.5%£0.3 43.0+0.1 90.0+0.2

L3 38202 46106 40%0.1 6.61+0.2 40£0.1 20+0.1 56%0.2 32103 26101  62%0.6

L4 1.1£0.1 33£05 8.1%0.3 53%+04 21+0.1 <1 26+0.1 <1 <1 31.8£0.9

Ls 13410.6 22004 141+0.2 162+ 0.4 120+ 0.9 99+0.2 30.1£0.3 16.5+0.8 99+0.1 21.7+£0.7

L6 <1 1.5£01 <1 <1 <1 <1 <1 <1 <1 145+0.1

“ Arithmetic mean of at least three independent experiments. ® Ref. 4. ¢ Ref. 7.

Table 4 Stability constant (log 8 + o, _ ,)® of alkali and alkaline-earth complexes in methanol at 25 °C, I=0.01 mol dm™*

Ligands Li* Na* K* Rb* Cs* Mg** Ca** Sr?* Ba®*

L1° 4.1 7.9 5.8 3.8 2.5 — >9 >9 7.2

L3 <1 33+0.1¢ <1 <1 <1 1.5+£0.1¢ 6.0+0.2¢ 54%0.2¢ 33%+0.1¢

L4 <1 29+0.2¢ 41+0.1¢ 3.6£0.1¢ 1.9+0.4¢ 1.1+£0.2°¢ 59+0.3¢ 44+0.3¢ 25+0.1¢
9.7+0.14

L5 <1 >6°¢ 23+0.1¢ <1 <1 <1 >6¢ >6°¢ 3.7+0.3¢

Leé <1 21+0.1¢ 22+0.1¢ <1 <1 <1 <1 <1 <1

“ Arithmetic means of n independent experiments; precision:
ments. ¢ Corresponding to Ca®* + 2L4 — Cal4,>".

+0,_,, = standard deviation on the means. ® Ref. 4. ¢ Spectrophotometric measure-

Table 5 Thermodynamic parameters of complexation“ of alkali and alkaline-earth complexes with L1D and L1 in methanol at 25 °C

Ligands Li* Na* K* Rb* Cs* Mg Ca** Sr?* Ba®*
L1D log 3.0£0.1° 7.2+0.1¢ 5.0%0.1¢ 20£0.1% <1 <14 >9¢ >9¢ 6.53+0.03¢
-AG 17.1 £ 0.6 42.210.6 28.510.6 11.41+0.6 nd — >51.3 >51.3 36.4£0.2
—AH 1+1 41 %1 333+04 2712 — — 29+ 1 13.6 £ 0.9 82%0.3
TAS 162 1£2 -5%1 —16%3 — — >22.3 >37.7 28.2%0.5
L1° log 4.1 7.9 5.8 3.8 2.5 1.2 >9 >9 7.2
-AG 22.2 45 33.1 21.6 14 — >51.3 >51.3 41
—AH 7 50.6 42.4 17.5 9 — 25 10 =25
TAS 15 -6 -9.3 4 5 — >26.3 >41.3 43

“In kJ mol™’. ®* Mean spectrophotometric and calorimetric measurements. ¢ Potentiometric measurements. ¢ Spectrophotometric measurements.

¢ Ref. 6.

Extraction and complexation data

Extraction data reported in Table 3 show that the replacement
of two distal tertiary amides of the p-tert-butylcalix[4]arene
tetrakis(diethylamide) L1 by secondary amides as in L5 leads to
a dramatic decrease of the extraction percentages of most alkali
and alkaline-earth picrates. For instance there is a drop of ca.
73 and 68% on the extraction levels of Na*and Ca**, respect-
ively. However, in both series of cations, the selectivity profiles
remain in favour of Na* and Ca?' as for compound L1. An
even more important decrease is observed with compound L2
bearing four N-butylamide functions. The introduction of two
primary amides as in L3 further decreases the extraction levels
(%E < 7%) and the selectivity.

Compound L6 devoid of tert-butyl groups in the para pos-
ition and possessing a partial cone conformation is a totally
inefficient ligand except for silver picrate, which is moderately
extracted (YoE = 14%).

Very low extraction levels have also been found with the para-
dealkylated ligand L4, with however a slight selectivity for K*
(%E = 8), which may be due to the presence in this compound
of about 70% of the 1,3-alternate conformer. Tetramers in the
1,3-alternate conformation are well known to display a high
affinity for this cation.*

Complexation data for alkali and alkaline-earth metal ions
are given in Table 4. In line with extraction data, the replace-
ment of two tertiary amides of L1 by secondary amides (com-
pound L5) leads to a substantial decrease of the stability of the
complexes, although the stability of the Na* complex is still
high (log > 6). In this case no competition experiments with
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Ag* could be performed because of precipitation occuring
during titration in the presence of this cation, preventing an
accurate determination of the stability. However the decrease
in stability is clearly indicated for the potassium complex (log
p =23 instead of 5.8 with L1) and for the other complexes
(logp<1).

The replacement of the secondary amides by primary amides
(L3) still decreases the stability constants and the only one
which could be determined is log § = 3.3 for the Na™ complex. It
can be noted that, if the complexation level appears to be
strongly dependent on the nature of the amide groups and
decreases from the tertiary to the secondary and to the primary
according to the basicity of the carbonyl oxygen atoms, the
selectivity still remains in favour of Na*. The same trends can
be observed within the alkaline-earth metals, the preference
being towards Ca*" and Sr** in this series of cations. This
results in high Sr**/Na* and Ca?"/Na* selectivities of ca. 500
and 125, respectively. Moreover, it must be emphasized that, if
ligand L3 is a very good binder for Ca?* and Sr** in methanol
(log f=6.0 and 5.4, respectively), it is a very poor extractant for
the corresponding picrates (%E = 5.6 and 3.2).

Ligand L6 in the partial cone conformation is totally ineffi-
cient towards alkali and alkaline-earth metals, except Na™ and
K™, with which it forms complexes of rather low stability (log
B~ 2). However, it complexes Ag”™ more strongly (log = 3.6).

Results obtained for the para-H counterpart of compound
L1 (L1D) show a substantial decrease of stability upon
dealkylation, ranging from 0.5 and 1.8 log units in the case of
the alkali cations (Table 4).

Calorimetric results, given in Table 5, show that complex-



Table 6 Interaction energies, optimised structures and Mulliken charges in amide-X,Y free ligands and in their complexes

M

"+
.M

C_O

av]

Interaction

Optimized distances (A) and angles (°)

Mulliken charges

energies
X Y M” AE/AE" dm™ ---0) d(C=0) d(C-N) a gqM)  ¢(0) ¢q(C) gN)  gMe)  ¢(X) ¢q(Y)
H H (none) — — 1.231 1.369 — — -0.44 050 -0.81 —0.01 0.36  0.39
Na* —46.8/—45.5 2.070 1.255 1.339 185 091 —0.67 0.61 —0.76 0.09 041 041
Sr?t —95.5/-94.3 2.224 1.289 1.317 185 1.85 —0.84 0.68 —0.72 0.15 045 043
Eu®* —200.9/—198.8 2.015 1.350 1.293 186 2.62 —095 0.73 —0.64 0.27 0.50 0.46
H Me (none) — — 1.234 1.363 — — -046 053 —0.61 —0.03 0.36  0.21
Na* —48.1/-46.8 2.064 1.259 1.335 187 090 —0.68 0.63 —0.55 0.05 040 0.24
Sr?t —98.9/-97.7 2.213 1.292 1.314 186 1.84 —-0.87 0.71 —0.51 0.12 044 0.27
Eu®* —209.4/-207.3 2.004 1.352 1.291 187 260 —095 072 —-042 0.23 049 0.33
Me H (none) — — 1.235 1.367 — — -046 049 -0.59 —0.00 0.18 0.38
Na* —49.3/-48.0 2.060 1.263 1.335 186 090 —0.67 0.59 —0.55 0.08 0.25 0.40
Sr?t -101.7/-100.4  2.209 1.300 1.312 186 1.84 —-0.87 0.67 —0.51 0.15 0.32 041
Eu®* —214.8/-212.5  2.001 1.364 1.289 187 259 —-096 0.71 —044 0.26 041 043
Me Me (none) — — 1.238 1.369 — — -048 053 -039 —0.02 0.17 0.19
Na* —50.0/—48.6 2.057 1.267 1.337 190 090 —-0.70 0.63 —0.34 0.06 024 0.22
Sr?t —104.1/-102.8 2.200 1.303 1.315 188 1.83  —-090 0.70 —0.31 0.12 0.30 0.25
Eu®* —222.8/-220.6 1.988 1.370 1.292 188 256 —096 0.71 —0.23 0.22 0.39 0.31

“ Interaction energies (kcal mol™') without/with BSSE correction (1 kcal =

4.18 kJ).

ation of Na™, K and Rb" is enthalpy controlled: AH values are
strongly negative but however less negative than with those
found with the p-tert-butyl counterpart L1. This can be related
to the greater conformational mobility of L1D and to its greater
solvation. The corresponding entropy changes are similar or
slightly less negative than with L1. On the contrary, the stabil-
ization of the small and highly solvated Li* cation is entropy
driven, as already observed with L1. The decrease in stability
upon dealkylation thus results from a decrease in enthalpy,
which is not compensated by an increase in entropy. Moreover
the dealkylation does not affect the trends observed in the
series, i.e. an exothermic maximum for Na*. However, the
minimum of entropy is observed for Rb™ instead of K*. The
entropy changes should be mainly related to the ligand solv-
ation among other factors, since dealkylation does not produce
any change in TAS with the most solvated Li* cation.

With alkaline earth cations, no definite conclusions could be
drawn as only lower limits for AG and hence for TAS could be
obtained. However, it can be seen that dealkylation affects AH
values which surprisingly become more favourable with L1D,
especially for Ba>*

Molecular modeling results

Intrinsic binding features of primary/secondary/tertiary
amides. According to the QM calculations on the model sytems
(Scheme 1 and Table 6), the interaction energy between the

a*, Sr**, Eu’" cations and amides increases in the sequence:
primary (AA) <secondary-cis (MA-cis) < secondary-trans
(MA-trans) < tertiary (DMA) amides. Thus, for the Sr** cation,
interactions relative to the primary amide AA increase with
secondary (by 3.4 kcal mol ™" for MA-cis and 6.2 kcal mol ™ for
MA-trans) and tertiary amides (by 8.6 kcal mol™! for DMA).
With Na* as cation, the difference between primary and
tertiary amides is smaller (3.2 kcal mol™!), while with Eu®" it is
larger (28.9 kcal mol™'; Table 6).

These trends correlate with the increased charge transfer to
the cation in the series (0.09 to 0.10 e for Na*, 0.15 t0 0.17 e for
Sr?* and 0.38 to 0.44 e for Eu*") and with polarization of the
0> —C** =N —X°" moiety by the cation (X =Me/H, trans
to O=C). As expected, enhanced polarization of the amide and

stabilization of the complex are found when X = alkyl, com-
pared to H. They are also enhanced when the hardness of the
cation increases (compare Eu®" to Sr** and Na*; Table 6).

The structural features (M"* - - - O, O=C and C-N distances)
are fully consistent with the stabilization of the resonant form
of the amide (Scheme 3) by alkyl, compared to H groups: the

et
M

‘\\ / \+ / _O\C_;/

SN/ NT N

Scheme 3 Schematic representation of stabilizing electronic effects on
the M™* - - - amide complexes.

Mn+ Mn+

stronger the binding, the shorter are the M"*---O and C-N
distances, and the longer is the O=C distance.

This also explains why the frans complex of secondary
amides is more stable than the cis one. In all complexes, we
notice that the cation is not exactly aligned with the C=0O axis,
but slighty trans to the C-N bond.

The calculations point out the importance of intrinsic inter-
actions between primary/secondary/tertiary amides with a
given cation, in their optimized geometry. In the calix[4]arene
complexes, these interactions may differ, as the cation position
with respect to the four amide groups is not optimal. Effective
interactions also depend on the solvent (see next).

The question of internal hydrogen bonding in the mixed amide
ligand L3. As the NMR spectrum of L3 indicates hydrogen
bonding with NH, protons in chloroform, we simulated L3 in
chloroform and in methanol to determine which structures
involve such H-bonds, and also to what extent a protic solvent
may compete with these bonds. Three simulations of 500 ps
starting with different conformers (¢ to ¢) were performed in
each solvent (Table 1): a and b display initially internal H-
bonds, while ¢, (extracted from the Sr** complex) has none. In a
the two NH - - - O, 4. “bonds” involve oxygens of the CONEt,
branch, while in b, the two NH - - + O, bonds involve two NH,
groups and the same O, 0xygen of a CONEt, branch. The
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Fig. 3 Simulation of L3 in chloroform (top) and methanol (bottom). Distances (A) NH---O,4., and NH - - - O,

(Simulation b).

time evolution of these NH: -0, 4 and NH -+ O, dis-
tances is shown in Fig. 3.

Despite the relatively long simulations (500 ps each) no con-
vergence to a unique type of structure was observed, suggesting
that there is no strong driving force for evolving to a marked
energy minimum. Each simulation led to a different set of
trajectories and conformers, which all displayed short NH - - - O
contacts. However, the patterns were different, and solvent
dependent. We considered three criteria to define “internal H-
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500

as a function of time (ps)

amide

bonds”. First, the NH - - - O distance, which is about 2 A or less.
According to this criteria, H-bonds were present in simulations
a to ¢ and in the two solvents, involving either Ogyer OF O, mige

oxygens.

Hydrogen bonding requires also stereochemical

features. In the case of carbonyl amides, NH sits preferentially
along the sp® oxygen lone pair direction.**? Linear C=O- - -
H-N arrangements are less stable. According to this criteria, no
H-bonding to carbonyls was found. NH bonds to O, 0Xygens

are more flexible than around O,;4..

3132 and were found in
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Top

Fig. 4 Snapshots of the free ligand L3 simulated in chloroform. Typical conformer with one internal NH - « * Oy, hydrogen bond.

Table7 Average Sr** - - - O distances in the Sr(Pic), complexes (X-ray structure) and in L3Sr(Pic), complexes simulated in chloroform, methanol and

at the water/chloroform interface

Sr¥te.. Oamide/A Srite.. Oethet/A o145(°)° 024"
L1Sr(Pic), X-Ray® 2.50 £ 0.01 2.58 £0.01 49 43
L3Sr(Pic), CHCl, (2.48¢/2.44 £ 0.07 2.44 £ 0.06 47.510.2 46.8 £ 0.1
L3Sr(Pic), MeOH 2.47 +0.07 2.43 +0.05 47.81+0.2 47.8 0.1
L3Sr(Pic), Interface 2.50 £ 0.05 2.52+0.05 47.0+0.1 47.8 0.1

“ Angles between opposite aromatic cycles. ® Ref. 17. ¢ St?* « « - O¢ong, distances. ¢ Sr** « + - Ogony, distances.

simulations «a (in chloroform) and b (in both solvents). The
third criteria is energy. Conformers with internal H-bonding are
expected to be more stable than others without H-bonding. In
all cases, we found the average energy differences of L3 in
solution to be relatively small (about 5 kcal mol ™, or less), and
less than the differences in solute-solvent interaction energies
Eps o (up to 10 kcal mol™?). Thus, the energy criteria did not
reveal any marked stabilization of structures with short
NH - - O contacts.

To summarize, in both solvents we observe some NH---O
interactions at 2 A, but they do not all correspond to H-bonds.
In no case has the NH - - - O,,;,4. moiety the correct orientation.
Concerning NH - -+ O, interactions which are less direct-
ional, distances are consistent with H-bonds, but energy stabil-
ization occurs only in chloroform for cases ¢ and b. A typical
structure is displayed in Fig. 4. Such NH - - - O, interactions
have been characterized by X-ray analysis of an analogue of
L3.3®* They may also occur with secondary C(O)NHR amides
where the NH proton points to the Oy, 0Xygen, while the NR
group points to the solvent. We notice that the cone fragment
has nearly C,, symmetry, where the two anisole rings bearing
the CONEt, arms are parallel to each other (w angle of
10 £ 5°), while those bearing the CONH, arms are nearly
orthogonal (w angle of 80-100 + 5°). Although the NH + « - O e,
interactions lead to the non-equivalence of the amidic arms on
the timescales simulated (500 ps), the latter likely exchange and
become equivalent on the NMR timescale.

The L3 SrPic, complex simulated in chloroform and methanol
solutions. According to the MD simulations, the binding mode
of Sr** by L3 in dry chloroform or in methanol solutions is
quite similar to the one for L1 obtained previously from
simulations as well as in the solid state.’” The Sr** cation sits in
the pseudo-cavity delineated by the four carbonyls and four
phenolic oxygens. In methanol and in choloroform, it is nearly
equidistant from the four O, oxygens and from the four
O,mice OXygens (Table 7). These distances are similar to those
obtained in the solid state structure of the L1Sr(Pic), complex
(Table 7).

The four carbonyl groups display a somewhat “tangential”,

instead of “linear” coordination to the cation (Fig. 5). The cone
of the L3 complex has an average C,, symmetry. The w angle
between the two pairs of opposite phenolic rings is the same
(47°) in both solvents, and close to the value found in the solid
state (Table 7). Interestingly, depending on the solvent, the two
Pic™ anions display distinct relationships with respect to the
L3Sr** complex. At the beginning of the simulation (0 ps), they
were placed as in the solid state structure of the L1Sr(Pic),
complex, perpendicular to the C, symmetry axis of the
system.”” In chloroform solution, they moved somewhat
toward the two CONH, groups, where they remained hydrogen
bonded, retaining, on the average, a C, symmetry relationship
(Fig. 5). This lowers the symmetry of the whole complex, as
observed by NMR. In methanol solution, one of the two
CONH, protons is somewhat hydrogen bonded to the solvent
while the two Pic™ anions display “m-stacking interactions”
with the two CONEt, substituted phenolic groups (Fig. 5). As a
result, the L3Sr** complex is more C,,-like in methanol than in
chloroform, in agreement with the NMR data.

Interfacial behaviour of the SrPic, complexes of L1/L3. The
SrPic, complexes of L1 and L3, simulated at the water/
chloroform interface, reveal distinct behaviour, which shows
that the complex with L3 is more surface active and hydro-
philic, compared to the L1 complex. Both simulations started
with an inclusive Sr** complex, equally shared between the two
liquid phases (Fig. 6), flanked by the two Pic™ counterions at
the interface.

During 1 ns of dynamics simulations, both rotate somewhat,
in such a way that the lipophilic terz-butyl groups at the upper
rim move on the chloroform side, and the lipohilic Sr** amidic
moieties move on the water side. The L3 complex orientates
rapidly perpendicular to the interface, while the L1 complex is
more tilted. It is noticeable that the Sr** ion of the L3 complex
sits on the water side of the interface, while the Sr** of the L1
complex sits on the chloroform side (at 1.6 and —1.2 A, respect-
ively, from the interface, on average during the last 100 ps). As a
result, the L3SrPic, complex interacts much more with water
than the L1SrPic, complex (—242 versus —200 = 13 kcal
mol 1), mostly due to the contribution of the complexed Sr**
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Interface H,O/CHCI 5

Fig.5 The L3SrPic, complex simulated in chloroform, in methanol and at the water/chloroform interface. Left: snapshot at the end of the dynamics

(orthogonal views); right: cumulated structures during the last 250 ps.

ion (=133 versus —72 = 9 kcal mol™). A closer look reveals a
different micro-environment for Sr** in the two cases. In the
L1 complex, it is completely shielded from water by the four
amides. In the L3 complex, the pseudo-cavity is unlocked by a
water molecule directly coordinated to Sr**. As a result, the
distance between opposite carbonyl oxygens is about 0.5 A
larger in the L3 than in the L1 complex (4.6 versus 4.1 A, on
average). Thus, the increased attraction of the L3 complex by
water is not solely due to the hydrophobiclhydrophilic character of
the N-ethylIN-H groups, but also to subtle changes in the shape
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of the amidic pseudocavity which significantly modifies the inter-
actions of the complexed cation with the solvent. This analysis
makes clear why the L3 complex is more hydrophilic and
surface active than the L1 complex.

Discussion

The study of complexation and liquid-liquid extraction
experiments by five different calix[4]arenes bearing various
combinations of primary, secondary and tertiary amide sub-



Chloroform

Chloroform

Fig. 6 L1Sr(Pic), (left) and L3Sr(Pic), (right) at the water/chloroform interface after 1 ns. Only selected water molecules are shown for clarity.

stituents highlights the following points. First, the cone con-
formation is important to allow for simultaneous interactions
of the cation with the four amide arms. Second, there is an
important effect of the substituents (alkyl/H) of the amide
nitrogens on the binding strength in methanol as well as on the
extraction capability of the ligands. In line with the reduced
basicity of the amidic oxygen, the N-alkyl to N-H substitution
weakens the interaction with the cation. This is supported by
our QM calculations on small amide models in the gas phase,
which show that the substituent effect is enhanced when
the hardness of the cation increases, and in particular when
trivalent lanthanides cations are bound by the amides. This
feature is of general importance in related extractant molecules
which incorporate amide binding sites.3*3¢

Less expected is the spectacular amide substituent effect on
cation extraction from water to the organic phase. This may be
due to a number of possible effects, relating to (i) the (unfavor-
able) conformation of the free ligand in the organic phase, (ii)
the less effective ion-ligand interactions in the complexes, and
(iii) interfacial phenomena. These different effects are discussed
in the following.

The uncomplexed host may adopt in the organic phase a
conformation unsuitable for cation binding. Based on NMR
data alone, which reveal internal NH - - - O hydrogen bonds in
L3, it could indeed be speculated that some energy cost has to
be paid to change this conformer to the one with a pseudo-
cavity suitable for cation complexation. However, according to
the computer simulations, “negative preorganization” does not
seem to be important: hydrogen bonding involves the Oy,
more than the O,,,;4. OXygens, and it does not correspond to a
marked energy stabilization, relative to the other conformers in
solution. In addition, the simulations do not reveal marked
differences between NH - - - Oy, interactions in chloroform,
compared to methanol solution. We also notice that in a water
saturated organic phase, water-dragged molecules®” may also
bind to the NH groups, thus unlocking the calixarene ligands
from unsuitable conformational states. Thus, internal hydrogen
bonding in primary or secondary amide calixarenes does not
seem to prevent the conformational changes of the ligands
required for cation encapsulation.

A second possible explanation for the lack of ion extraction
with primary or secondary amide derivatives concerns the
effectiveness of cation-host interactions. According to our

modeling studies on two typical systems, and by analogy with
the complexation results in methanol, the nature of all the cone
amide complexes should be similar, i.e. of 1:1 stoichiometry,
with the cation similarly encapsulated in the pseudo-cavity
delineated by the eight oxygen atoms of the host. Complexation
data in methanol and modeling studies indicate that the cation
becomes less firmly bound upon C(O)N-alkyl to C(O)N-H
substitution. This effect alone is unlikely to prevent extraction
by secondary or primary amides as they still complex the cat-
ions in methanol solution. In addition, one could anticipate
that the NH groups of the secondary or primary amides facili-
tate the co-extraction of the accompanying anion via specific
hydrogen bonding, as depicted in the simulations in pure
chloroform solution. The reduced lipophilicity of these com-
plexes compared to those with tertiary amides is another factor
which acts against cation extraction.

The modelling studies at the interface point out an additional
feature dealing with the mechanism of ion recognition. A num-
ber of theoretical studies?***** and of related experiments “**!
demonstrate the high surface activity of substituted calixarene
ligands, as well as of their cation complexes. From a mech-
anistic point of view, this implies that the cation capture takes
place at the interface of the droplets formed upon shaking of
the system.” As far as amide susbtituted ligands are concerned,
it is clear that the N-alkyl to N-H substitution increases the
surface activity and concentration of the free ligand at the
interface. Based on the fact that such a substitution is not
sufficient to prevent the cation complexation in methanol solu-
tion, we suggest that cation complexation by the calixarenes
still likely occurs at the interface. However, the complexes with
secondary or primary amide calixarene derivatives may be not
lipophilic enough to diffuse into the organic phase. Modifying
the lipophilic/hydrophilic balance of the ligand may also
change the nature of the mixed phase, as do surfactants. Thus
the nature of the mixed phases, as well as detailed events that
take place at the interface are important questions which
remain to be investigated by experiments as well as by computer
simulations.
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