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Abstract—Both the consequences of 1,3-cyclization of calix[4]arenes by diamide formation, and the effect of 2- and 2,4-alkoxycarbonyl-
methylation of two 1,3-bridged calix[4]azacrowns on their metal ion-binding capacities have been studied by synthesis of the derivatives in
their cone conformation and measurement of the stability constants for their complexation in a range of alkaline earth and transition metal
cations. In these two cases, the conformation of the ligand in the solid state has been defined in detail by a crystal structure determination.
In the first case, a tubular architecture performing methanol channels is displayed, however, in the second case a zigzag architecture generated
by a chloroform network connecting calixarene molecules is present. Speciation in solution appears to be limited to the formation of 1:2 and/or
1:1 and/or 2:1 (M-L) complexes, depending on the system, with values of the stability constants determined by absorption spectroscopy in
acetonitrile, lying in the ranges log (3, ca. 10, log 8;; ca. 2-5, and log (3, ca. 7-9. There is evidence for selectivity toward Cu(II) and for some
unexpected anion effects. None of these ligands appear to be an efficient extractant for the metals as their picrate.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Cu(ID) is both a significant environmental pollutant and an
essential trace element in biological systems.! Its selective
coordination is therefore a matter of practical importance
as well as of fundamental scientific interest.> Calixarenes,
and calix[4]arenes in particular, are versatile scaffolds for
the construction of selective cation receptors but, while
various examples of Cu(Il) complexes of calixarenes are
known,>* very limited information is available on the degree
of selectivity in the metal ion complexation.* The family of
calix[4]azacrowns involves molecules combining calix[4]-
arene elements and oxo-azacrown (diamidocrown) units in
their framework. One method for their construction is to
use polyaminoalkylene chains as bridges between carbonyl-
methyl substituents already attached to the phenolic oxygen
atoms of the calixarene.” At least when the resulting amide
units are in their neutral form, such compounds should
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behave as binding ligands through the amide oxygen donor
atoms rather than nitrogen atoms.®’ The first 1,3-calix[4]-
azacrowns were prepared by reaction of either 1,3-bis-
(methoxycarbonylmethyl)calix[4]arene or its corresponding
diacyl chloride with the appropriate diamine NH,—R-NH,
and were shown, in early qualitative studies, to complex
divalent [Be(II), Mg(II), Ca(Il), Sr(Il), and Ba(Il)] and tri-
valent [Sc(IIl), Y(III), In(IlI), Gd(III), and Bi(IlT)] metal
cations.’ Despite the literature now developed,®¢>%° only
rather limited information concerns the metal cation com-
plexation properties of oxo-azacrown calixarene deriva-
tives.>®>? It is important in such works to use a calixarene
in a well-defined conformation and thus it is significant
that studies of alkylation of the residual phenolic groups in
singly-bridged calix[4]azacrowns>-¥ have shown that meth-
ylation results in a mixture of conformers® but that alkylation
or acylation involving bulkier groups leads to the predomi-
nance of the pinched-cone conformer in which the phenyl
rings with O-alkyl or -acyl substituents lie nearly paralle] 3"

The aim of the present work was to synthesize O-alkylated
calix[4]azacrowns 2, 3, and 5 (Chart 1) in the cone confor-
mation in order to compare their ion-binding properties to
that of 1 and 4 (Chart 1) toward alkaline earth [Mg(II),
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Chart 1. Calixarenes studies in the present work.

Sr(Il), and Ba(Il)] and transition metal [Co(II), Ni(Il),
Cu(Il), and Zn(II)] ions. The complexation was investigated
by UV absorption spectroscopy, while 'H NMR titrations
were conducted to probe the host—guest interaction and the
crystal structures of 1 and 4 were elucidated to precisely de-
fine the juxtaposition of the donor centers. This study illus-
trates the consequences of cyclization by diamide formation
and O-methoxycarbonylmethylation of residual phenolic
units on the binding of metal ions. Therefore, we describe
herein an unusual self-organization designing nanometer-
scale tubes for methanol channels, and the first calixaza-
crowns to be characterized as selective ionophores for
Cu(II).

2. Results
2.1. Synthesis

Mono- and di-O-substituted derivatives of 1 were prepared
according to Scheme 1. Treatment of 1 with BrCH,CO,CHj;
in the presence of K,COj in refluxing CH;CN for 1 day gen-
erates mono- and dimethylester derivatives 2 and 3 in 16 and
45% yields, respectively. The products were fully character-
ized by FTIR, TH NMR, mass spectrometry, and elemental
analysis, all these evidences supported the conclusion that
each isolated species was a single conformer. A problem,
which arises in the spectroscopic characterization of calix-
arenes functionalized in ways, which reduce the molecular
symmetry is that simple distinctions of conformers based
on the number of 'H NMR signals observed are no longer
possible and the values of coupling constants obtained for
calixarenes of known conformation become more important
criteria. Thus, critical to the present work was the establish-
ment of the cone conformation for compounds 1 and 4 (vide
infra) by X-ray crystallography. It is on this basis that all the
present materials have been assigned a cone conformation.
In the particular case of compound 2, despite its potential
conformational lability arising from the presence of one phe-
nolic ring and the presence of at the most (regardless of con-
formation) a plane of symmetry passing through the 2,4
rings, the methylene-bridge 'H resonances appear as a single
AB system, with Jag (13.5 Hz) very similar to that for the
truly equivalent bridging methylene groups in all the other
species presently studied. In addition, while a 1:2:1 pattern
of tert-butyl group resonances should occur regardless of
conformation, the fact that the actual resonances are barely
resolved into a 1:3 ratio is consistent with a cone conforma-
tion giving all four substituents a similar environment. Hy-
drogen bonding of phenolic OH (6 ca. 8.3 ppm) adjacent to

ether-O, as observed in the structures of 1 and 4 (vide infra),
may explain the preference of 2 for the cone conformation.
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Scheme 1. Synthetic pathway for O-alkylated calixarenes 2 and 3. (i)
BrCH,CO,CH3/K,COs/acetonitrile, reflux.

Conditions for the conversion of calixarene 4, bearing
a larger diamidocrown bridge to its bis(methoxycarbonyl-
methyl) derivative 5, in 62% yield, are outlined in Scheme
2. While both cone and 1,3-alternate conformers of § would
give rise to the same number of 'H resonances in their NMR
spectra, again it is on the basis of coupling constant values
and the known conformation of 4 that the product is assigned
a cone conformation.

Scheme 2. Synthetic pathway for O-alkylated calixarene 5. (i)
BrCH,CO,CH3/K,COs/acetonitrile, reflux.

2.2. Crystal structures of 1-CH;CN-CH30H and
4-CH;CN-CHCI;

As illustrated in Figure 1, the calixarenes in compounds
1-CH;CN-CH30H and 4- CH3;CN - CHCl; are in a cone con-
formation, with no crystallographic symmetry.

This conformation is stabilized by an intramolecular hydro-
gen bonding array, which links phenolic protons to ether oxy-
gen atoms and amine protons to phenolic oxygen atoms,
thus forcing the amine protons to point inwards. A similar
hydrogen bonding pattern has been found in compound
1-CH,Cl,.3* The basal part of the bridge, comprising the
two ~O-CH,~CO- groups, defines a mean plane with max.
rms deviation of 0.23 A in 1 and 0.16 A in 4, whereas the
line defined by the central —(CH,),— bond and the plane de-
fined by —(CH,)3;— unit make with the plane defined above
angles of 33.1(3) and 64.4(2)°, respectively. The nitrogen
atoms link these two planes with one nitrogen on each side
of each plane. The torsion angles, which characterize the
geometry of the -NH—(CH,),—NH- and -NH—(CH,);—NH-
bridges are, respectively, 91.5(5), 62.0(5), 88.2(5), and
69.6(5), 38.5(6), 46.0(5), 76.5(5)°. The calixarene shape
can be characterized by the values of the dihedral angles be-
tween the phenolic rings and the mean plane defined by the
methylene carbon atoms. The two aromatic rings bound to
the bridge appear more ‘vertical’ [dihedral angles 72.7(1)
and 64.5(1)° in 1, and 68.46(9) and 71.28(9)° in 4] than
the other two ones [53.0(1) and 52.3(1)° in 1, and 51.2(1)
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Figure 1. The calixarene molecule, with included CH;CN, found in the
crystal lattice of 1-CH3;CN-CH;OH (up) and 4-CH;CN-CHCl; (down).
Carbon-bound hydrogen atoms, methanol, and chloroform molecules omit-
ted, excluding hydrogen atoms involved in electrostatic interactions. Hydro-
gen bonds shown as black dashed lines. Intermolecular interactions shown
as cyan dashed lines. Displacement ellipsoids drawn at the 20% probability
level.

and 52.0(1)° in 4]. Therefore, the conformation of 4 is rela-
tively close to that observed in 1, and the slightly narrower
conformation of the cone in 4 being likely due to the larger
bridge length. The more nearly ‘vertical’ rings in the present
compound make a dihedral angle of 40.3(2)°, whereas the
other two define an angle of 76.9(1)°. The separations be-
tween diametrically located ether oxygen atoms O(1)--
0(4) 4.530(4) and O(5)---O(6) 3.507(4) A, and the nitrogen
atoms N(1)---N(2) 3.090(4) are comparable to the values
4.484(5), 3.588(4), and 2.904(5) A in 1, with the slightly
larger O(1)---O(4) and N(1)---N(2) distances in 4 being a re-
sult of the larger bridge. Whereas a dichloromethane mole-
cule is included in the cavity of 1-CH,Cl,,%" in the present
case an acetonitrile is encapsulated in 1 and 4, which is
a common feature. The later interacts with the calixarene

cavity via short contacts, approaching van der Waals dis-
tances, analogous to CH-m interaction 2.83 A in 1 and
252 A in 4, N=C---H- C interaction 2.89(4) A and N--
H-C interaction 2.73(4) A in 4. The packing of 1 along the
¢ axis reveals (cf. Fig. 2) the presence of disconnect verti-
cally aligned channels, every one designs infinite successive
hydrophobic ellipsoide cavities delimited, each, by 10 oxy-
gen atoms and four benzene rings belonging to four calixar-
enes (cf. Fig. 3). Four methanol molecules are encapsulated
in each cavity and arranged in an oppositely twofold mode
with outdistance separatlon of 13.50 A. A particular short
contact of 2.84 A is established between methanol oxygen
and carbonyl oxygen O(6) atoms.

On the other hand, the packing of 4-CH3;CN-CHCl; (Fig. 4)
shows successive opposite layers of 17.1 A describing, each,
a zigzag tape generated by a chloroform network connecting
calixarene molecules. Every chloroform is attached to two
successive calixarenes through C=0---H-C 2.07(4) A and
Cl---H-C 2.86(4) A The layers display special short con-
tacts below 3.20 A achieved by association of each calix-
arene with two neighboring calixarenes of the opposite layers
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Figure 2. Packing diagram of 1-CH3;CN-CH;OH along c axis illustrating
the network of channels (up, methanol omitted) and the incorporation of
methanol molecules in the channel-type inter-molecular inclusion complex
(middle along ¢ axis and down along b axis).
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Figure 3. View of a single cavity down the ¢ axis illustrating the intra-cavity
complexation of four methanol guests.

17.11 A

Layer 1

Layer 3

Figure 4. View of the molecular packing (left) and the zigzag architecture
of interconnected layers (right).

(cf. Fig. 5). This is drawn by both calixarene—chloroform inter-
actions (2.07 A, 3.17 A, and 3.19 A) shown in green in Fig-
ure 5, and calixarene—cglixarene ingeractions sited betweep
azacrown chains, 2.58 A angi 3.21 A shown in blue, 2.66 A
shown in orange, and 3.08 A shown in black in Figure 5.

A careful analysis in the Cambridge Crystal Database dis-
played a solely subsequent zigzag form to be adopted by
calix[4]azacrowns® (cf. Fig. 6) and relatively less rigid, since
there is no direct interaction between the zigzag layers as it is
observed in the structure of 4, and tlole distance be}ween the
layers is larger (approximately 4.0 A against 2.5 A).

2.3. Complexation of metal ions

The UV absorption spectra of 1-5 in acetonitrile are domi-
nated by a structured band between 270 and 290 nm, akin
to the observations made for similar calix[4]arenes or mono-
meric methoxybenzenes.!® These absorption bands corre-
spond to the 7 and 7t* transitions of the aromatic moieties.

Figure 5. Short contacts displayed between calixarenes of opposite layers.
C=0---H-C-0.

Figure 6. View (left) along the ¢ crystal axis of the zigzag layers of 4, and
(right) alonl{g the a crystal axis of the zigzag structure of a particular calix[4]-
azacrown.®

Upon addition of metal perchlorates the spectra, in most
cases, show changes (cf. Supplementary data), albeit depen-
dent on the ligand structure. The absence of spectral changes
for some examples was taken as indicative of the formation
of very weak complexes (log 8;;<1). In these cases at least
for ligands 1 and 4, however, mass spectrometric studies’
support the conclusion that negligible changes in the elec-
tronic spectrum are indicative of a lack of complexation.
These particular ligands in fact appear to be selective for
Cu(Il), as this was the only metal ion for which spectro-
scopic changes could be detected, these appearing to result
from, in the case of ligand 1, formation of a 1:1 (M-L) com-
plex (log 6;;=4.2), and, in the case of 4, formation only of
a 2:1 complex (log (,;=6.6). Molecules 3 and 5 are the
only ligands in the present series to interact with alkaline
earth metal ions Mg(II) and Sr(II), 3 forms a weak 1:1
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complex (log 8,;=1.9) reflected in the need for high metal to
ligand ratios to drive the reaction to essential completion,
and 5 forms a 2:1 complex (log $,;=6.5), although Ba(Il)
does not seem to be complexed.

Complexation of transition metal ions was also limited, there
being no spectrophotometric evidence for the interaction of
either Ni(Il) or Zn(IT) with any of the ligands 1-5. Co(II)
forms, however, strong complexes with ligands 2 (log
B812=10.4) and 3 (log $1;=>5.4) and Cu(Il) gives complexes
with 2-5 of stability constants in the order of log $,; ca.
6.6—9.2, although the seemingly exclusive formation of sin-
gle species with the stoichiometries 1:2 or 2:1 could suggest
that either the coordination of one cation is very weak or that
the spectral changes from [calix] to [cation-calix]?* are too
small to be fitted. The predominance of Cu(II) complexation
is consistent with expectation based on well-established
comparisons of M(II) species in the first transition metal
series!! and with earlier observations on calix[4]arene
derivatives.3h*+12

2.4. Extraction of metal picrates

Values obtained under standard conditions'® for the degree
of extraction (% E) of alkaline earth and transition metal
picrates from water to dichloromethane are all low (cf.
Supplementary data), though similar to those reported for
calix[4]arenes bearing amide-containing functional groups.'*
This inefficient extraction is possibly a simple reflection of
the low stability of the complexes, though the results may
also be affected to the hydrolysis of the metal ions under
the experimental conditions leading to some extraction of
picric acid, a circumstance, which cannot be excluded since
we have shown elsewhere for a similar case that exclusive
extraction of picric acid may occur.”® Thus it would be
unwise to attempt any interpretation of the present results
in terms of any differences between the metal ions.

3. Discussion
3.1. Calixarene conformation

When 1 is dialkylated by BrCH,CO,Et in the presence of
K,CO; in acetone®® rather than acetonitrile, a mixture of
conformers result. This has been attributed®® to the imposi-
tion of more than one binding mode for K(I) by the amido-
crown bridge. The present results indicate that a single
templating mode, favoring the cone conformation, may
apply in acetonitrile, the solvent itself possibly having
some direct influence.'”

It has been widely accepted!%*!° that the difference between
the chemical shifts of the axial (H,) and equatorial (H,g)
methylene protons of the calixarene platform can be used
to evaluate the symmetry, in particular the degree of ‘pinch-
ing’ toward a C,, form, of the cone conformation of calix-
arenes. However, a recent report has shown that this does
not hold for bridged calixarenes with structures very similar
to the ones investigated in this work.2%!7 The chemical
shift differences of fert-butyl and aromatic protons (ArH)
of neighboring (proximal) phenyl rings were suggested as
more reliable criteria.®d For ligands 1, 2, and 4 only minor

differences (<0.1 ppm) between fert-butyl protons or phenyl
protons were observed in chloroform-d;, which points to
a conformation, which is effectively close to four-fold sym-
metry. On the other hand, disubstituted derivatives 3 and 5
show pronounced differences (>0.4 ppm) suggesting, there-
fore, a strongly ‘pinched’ cone conformation.

3.2. The consequences of cyclization by diamide forma-
tion

Without deprotonation at N, amides, RCONHR’, usually be-
have as O-donor ligands® and, since the present studies have
been performed in neutral media, it would be anticipated that
the ligands 1-5 would behave as multidentate O-donor spe-
cies. Further, as structural studies show that in complexes of
the podands tris- and tetrakis(diethylamidocarbonylmethyl)-
p-tert-butylcalix[4]arene and tetrakis(dibutylamidocarbo-
nylmethyl)-p-tert-butylcalix[4]arene (‘calix[4] tri- and tetra-
mide’) there is a stronger interaction with carbonyl-O
than with phenolic-O atoms,®!8 it is to be expected that
preferential binding to carbonyl-O might occur in 1-5. Mod-
eling at the MM2 level, as well as the crystal structure deter-
mination for 1 and 4 (cf. Figs. 1 and 7) shows, however, that
the carbonyl units of the diamide bridge tend to be divergent
from the calixarene cavity, so that with the exception of
a metal, which may bind only to four phenolic-O atoms or,
which may produce gross distortions of the ligand structure,
1 and 4 might be expected to act at best as bidentate species
toward ‘externally’ bound metal ions. This may explain both
their weakness as ligands toward the metals presently stud-
ied and why Cu(Il), as the metal expected to form the
most stable species, is, in some cases, the only metal for
which complex formation can be detected. Thus, similar to

4 5

Figure 7. Energy minimized structures of calixarenes 1, 3-5.
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what has been observed with some primary amide li-
gands.!'™¢ Such an effect can be evaluated when comparing
the complexing behaviors of 1 and 4 to that of 1,3-
diethylester-p-tert-butylcalix[4]arene, which is known to
complex alkaline earth (log 81, ca. 3.3 — 5.2) and transition
metal ions.!'? In the solid state, the lateral bridging of p-tert-
butylcalix[4]arene with ethylene diamide chain generates
self-organized nanotubes adequate to act as channels for
small molecules, methanol in the case of 1.

3.3. Effect of O-methoxycarbonylmethylation of
residual phenolic units

In acetonitrile, dialkylation (ligand 3) leads to detectable
complexation of Mg(IT) and Sr(IT) (as 1:1 species). The in-
troduction of two methylester functions on 1 abolishes intra-
molecular hydrogen bonds OH:---O and may bring more
flexibility to 3, facilitating its rearrangement to bind the cat-
ions, as well as providing additional O-donor sites as part of
chelating arms. The low stabilities observed may reflect an
external localization of the cation and the participation of
solvent molecules in its coordination sphere, viz., simple uni-
dentate or bidentate binding of the calixarene to the metal.
While O-donors of the methoxycarbonylmethyl arms could
presumably be oriented toward the cavity center, this may
well be inhibited by the diamidocrown bridge. The small
'"H NMR chemical shift changes observed on titration of 3
with Sr(ClQO,), in a 1:1 mixture CD;CN-CDCl; (cf. Table
1) are consistent with the low stability constant determined
in acetonitrile and the most marked downfield shift, that of
the NH protons, is consistent with simple binding via amide
carbonyl-O atoms. Further, no spectroscopic evidence (cf.
Supplementary data) of any marked conformational change
induced by complexation suggests an external localization
of Sr(Il). Such a coordination mode may also be evoked
with Mg(II).

The apparently relatively strong interaction of Co(II) with 2
and 3 may be a reflection of the ease, compared at least to
Ni(Il) and Cu(Il), with which Co(II) adopts a tetrahedral
coordination geometry and, which may even allow it to enter
the calixarene cavity. Modeling shows that such inclusion is
possible for 3 with two ester carbonyl-O and two phenolic
ether-O (of the cyclic unit) atoms bound to Co(II). A 1:2 spe-
cies, as is apparently formed with 2, might involve inclusion
with one donor coming from a second calixarene molecule
but, of course, could also concern a simpler species involv-
ing ‘external’, bidentate coordination of the two calixarene
molecules. The seeming failure of these ligands to interact

67

with Zn(I), given the stability of the Co(Il) species and
the common observation of similar complexation behavior
of the two metal ions,>®M!13¢4 coyld originate from the
small differences in size and oxophilicity, which may give
rise to marked differences in the case of a ligand where entry
to the central cavity is inhibited by the diamide ‘strap’.

3.4. Effect of chain length

Albeit the incorporation of one methylene group on the
bridge influences slightly the calixarene conformation,
self-assembly of 1 and 4 is deeply affected, thus ranging
from a tubular architecture to a zigzag one. The achievement
of mono-O-alkylation of 1, which is not attainable for 4,
could result from the obstruction of the second OH by the
shorter bridge, since the reaction takes longer (24 h for 1
vs 8 h for 4).

In the absence of the podand methylester groups, the length-
ening of the bridging chain by the insertion of a single meth-
ylene group does not significantly enhance the complexation
capacity of the ligand toward the chosen metals. This is
consistent with previously reported results showing that
substitution of amide nitrogen atoms with groups of similar
electronic properties leads to similar complexation
profiles.?®

The unusual observation for both 4 and 5 where complexa-
tion is detectable, a 1:1 species cannot be detected whereas
a 2:1 can, may be explicable if perchlorate anion is also
bound in the 1:1 species and acts as a bridge to facilitate
binding (‘positive cooperativity’) of the second metal ion.
Such a phenomenon has already been observed with some
dinuclear macrocyclic cryptates, crown ethers, and hexaaza-
macrocyles with metal ions and is termed ‘cascade’ complex
formation.?! Structural and IR studies of Ca(Il) perchlorate
complexes formed with bislactam (macrocyclic bisamide)
ligands confirm the participation of ClOs anions in com-
plexation via NH e O hydrogen bonds.®° Besides, su-
pramolecular positive cooperativity has been described in
detail predominately in connection with metal ion coordina-
tion and organic systems.?? The greater length of the bridge
in 4 and 5 may result in a lesser obstruction of the calixarene
cavity by the methylene groups, though at least for ligand 4,
the possibility that metal ion-binding is associated with
a conformational change of the calixarene entity cannot be
excluded. Once again, study of changes in the '"H NMR spec-
trum of the ligand, here 5, as Sr(Cl0,), is added (cf. Table 2
and Supplementary data) shows that the most marked

Table 1. 'H NMR chemical shift changes (ppm) of 3 with the addition of Sr(ClOy), in a 1:1 mixture CD;CN-CDClj; at 298 K, 3]=10°M

Sr(ID)/L* NH ArH ArOCH,-ester Hy, ArOCH,-amide COOCH,; C(CHy);
0 8.20 7.25 4.54 4.53 4.28 371 1.21
0.5 +0.07 —0.01 —0.03 —0.04 0 —0.02 —0.02
1 +0.12 —0.01 ~0.03 —0.05 +0.01 —0.02 —-0.02
1.5 +0.16 —0.01 —0.03 —0.05 +0.03 —0.02 —-0.02
2 +0.18 —0.01 —0.03 —0.06 +0.04 —0.02 —0.03
25 +0.21 0 —0.03 —0.06 +0.04 —0.01 —0.03
3 +0.24 0 —0.03 —0.06 +0.05 —0.01 —0.03
35 +0.27 0 —0.03 —0.07 +0.06 —0.01 —0.03
8.5 +0.34 0 —0.04 —0.08 +0.08 0 —0.03

% Mole ratio.
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Table 2. 'H NMR chemical shift changes (ppm) of 5 with the addition of Sr(ClO,), in a 1:1 mixture CD;CN-CDCl; at 298 K, [5]1=10>M

Sr(I/L* NH ArH ArOCH,-ester Hy ArOCH,-amide COOCH; C(CH»);
0 8.26 7.25 4.51 4.53 4.31 3.71 1.22
0.5 +0.09 —0.01 —0.03 —0.04 +0.02 —0.02 —0.02
1 +0.16 —0.01 —0.03 —0.05 +0.04 —0.01 —0.02
1.5 +0.21 —0.01 —0.03 —0.06 +0.05 —0.01 —0.02
2 +0.26 0 —0.02 —0.06 +0.06 0 —0.02
2.5 +0.29 0 —0.02 —0.07 +0.07 0 —0.02
3 +0.32 0 —-0.02 —-0.07 +0.07 0 —0.02
3.5 +0.35 +0.01 —0.02 —0.07 +0.08 0 —0.02
9.5 +0.45 +0.01 —-0.02 —-0.07 +0.08 0 —0.03
* Mole ratio.

downfield shift involves the NH protons. This could be in-
dicative of a form of coordination as simple as unidentate
binding of an amide carbonyl-O atom (and rapid exchange
of the metal ion between both sites) and would explain
why stability constant values are low for some metals.

4. Conclusions

Sulfonated calixarenes show the capacity to design water
and ion channels, however, calixazacrown 1 exhibits similar
aptitude to form in the solid state channels for small mole-
cules, methanol in our issue, which is the first example
of encapsulation of organic molecules within an organized
network of calixarene cavities.

Although readily obtained in their cone conformation by the
appropriate choice of reaction solvent, phenolic-O-alkylated
calix[4]azacrowns appear to be relatively poor ligands for at
least alkaline earth and first-row transition metal ions. This
may be a consequence of the divergent orientation of the
O-donor entities in the amide links of the crown bridge as
well as of the interference of the bridge in the attainment
of a convergent arrangement of O-donor atoms in the flexible
phenolic-O substituents. When binding does occur, unex-
pected complex ion stoichiometries arise and this may be in-
dicative of some specific interaction between the calixarenes
and perchlorate anion. This is an issue, which may be re-
solved by current work aimed at the crystallization of the
complexes for structure determinations. Nonetheless, this
selectivity could promote the design of novel fluorescent
chemosensors for Cu(II) based on the excitation of the aro-
matic units of 1 and 4. The latter approach is currently under
consideration.

5. Experimental
5.1. General

Reagents, characterization techniques, infra-red spectra,
physical measurements, and crystallographic data collec-
tions are described in the Supplementary data.

5.2. Synthesis

5.2.1. Preparation of 2-mono- (2) and 2,4-bis(meth-
oxycarbonylmethyl) (3) derivatives of 1,3-[ethylene-bis-
(aminocarbonylmethoxy)]-p-tert-butylcalix[4]arene (1).
Calixarene 1 (2.004 g, 2.50 mmol), K,CO; (0.370 g,

2.67 mmol), and CH;CN (110 mL) were stirred for 1 h at
rt under N;. Then BrCH,CO,CHj; (0.687 g, 4.49 mmol)
was added. After refluxing for 1 day, the solvents were evap-
orated to dryness. The residue was dissolved in CH,Cl, and
acidified with 1 M HCl. The organic layer was dried
(Na,SO,) and the residue was precipitated with CH;0H to
give 2 (0.341 g, 0.396 mmol) and 3 (1.060 g, 1.136 mmol)
as white solids after column separation with 90/10
CH,Cl,—acetone.

Compound 2. Mp >270 °C. R;=0.26 (90/10 CH,Cl,—ace-
tone). V. (KBr) 3373 (OH), 1763 (ester C=0), 1691
(amide C=0) cm~!. 'H NMR (200 MHz, CDCl3) 6y/ppm
8.51 (t, 2H), 8.22 (s, 1H), 7.15 (d, J=1.7 Hz, 2H), 7.08 (s,
2H), 7.07 (s, 2H), 6.97 (d, J=1.7Hz, 2H), 4.66 (d,
J=16.1 Hz, 2H), 4.65 (d, J=13.5 Hz, 2H), 4.62 (s, 2H),
4.26 (d, J=13.8 Hz, 2H), 4.07 (d, J=13.5 Hz, 2H), 3.78 (s,
3H), 3.62 (br s, 4H), 3.41 (d, J=13.5 Hz, 4H), 1.25 (s,
9H), 1.16 (s, 27H). FAB(+) MS m/z 861.5 (M*). Anal. Calcd
for C53H68N208'2CH3OH'2CH2C12: C, 6252, H, 7.36.
Found C, 62.32; H, 7.60. Yield 16%.

Compound 3. Mp >270 °C. R;=0.20 (90/10 CH,Cl,—ace-
tone). vma.x (KBr) 3443 (NH), 1764 (ester C=0), 1687
(amide C=0) cm~!. 'H NMR (200 MHz, CDCls) éy/ppm
8.20 (t, 2H), 7.12 (s, 4H), 6.72 (s, 4H), 4.41 (s, 4H), 4.40
(d, J=12.5Hz, 4H), 4.20 (s, 4H), 3.70 (s, 6H), 3.55
(m, 4H), 3.21 (d, J=12.5 Hz, 4H), 1.24 (s, 18H), 0.84 (s,
18H). FAB(+) MS m/z 933.7 (M"). Anal. Calcd for
C56H72N2010'CH3COCH32 C, 7147, H, 7.94. Found C,
71.36; H, 8.02. Yield 45%.

5.2.2. Preparation of 2,4-bis(methoxycarbonylmethyl)
(5) derivative of 1,3-[propylene-bis(aminocarbonyl-
methoxy)]-p-tert-butylcalix[4]arene (4). Calixarene 4
(0.800 g, 1.00 mmol), K,CO5; (0.553 g, 4.00 mmol), and
CH;CN (50 mL) were stirred for 1 h at rt under N,. Then
BrCH,CO,CHj3; (0.635 g, 4.14 mmol) was added. After re-
fluxing for 8 h, the solvents were evaporated to dryness.
The residue was dissolved in CH,Cl, and acidified with
1 M HCI. The organic layer was dried (Na,SO,) and the resi-
due was precipitated with CH;0H to give 5 (0.585 g,
0.618 mmol) as white solid. Mp >270 °C. R;=0.43 (75/25
CH,Cl,—acetone). vn.x (KBr) 3444 (NH), 1765 (ester
C=0), 1681 (amide C=0)cm~!. 'H NMR (200 MHz,
CDCl3) oy/ppm 8.26 (t, J=5.5 Hz, 2H), 7.16 (s, 4H), 6.62
(s, 4H), 4.56 (s, 4H), 4.50 (s, 4H), 4.47 (d, J=13.9 Hz,
4H), 3.79 (s, 6H), 3.52 (m, J=6.4 Hz, 4H), 3.28 (d,
J=13.9 Hz, 4H), 2.24 (q, 2H), 1.33 (s, 18H), 0.85 (s, 18H).
FAB(+) MS m/z 9478 (M%). Anal. Caled for



L. Oueslati et al. / Tetrahedron 63 (2007) 62-70 69

Cs7H74N>O1: C, 72.28; H, 7.87. Found C, 72.12; H, 7.99.
Yield 62%.

5.3. X-ray crystal data for 1 and 4

Crystal data and refinement details for 1-CH;CN-CH3;OH.
Cs3H71N307, M=862.13, monoclinic, space group C2/c,
a=35.499(1), b=11.8598(2), c=25.6663(8) A, 3=15.288(1),
V=9770.5(4) A3, Z=8, D.=1.172 gcm 3, u=0.077 mm !,
F(000)=3728. Refinement of 601 parameters on 6923 inde-
pendent reflections out of 42440 measured reflections
(Rine=0.037) led to R=0.081, wR=0.192, and S=1.13. Crys-
tal data and refinement details for 4-CH3;CN-CHCls.
Cs4H70Cl3N306, M=963.48, orthorhombic, space group
Pna2,, a=12.6378(2), b=33.1849(13), ¢=12.6464(5) A,
V=5303.7(3) A3, Z=4, D.=1.207 gcm 3, u=0.223 mm!,
F(000)=2056. Refinement of 608 parameters on 7285 inde-
pendent reflections out of 25830 measured reflections
(Rin=0.054) led to R=0.056, wR=0.157, and S=1.07. Crys-
tallographic data for the structures of 1 and 4 have been de-
posited with the Cambridge Crystallographic Data Centre
as supplementary publication nos. CCDC 621387 and
CCDC 621388. Copies of data can be obtained, free of
charge, on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK.

Supplementary data

Supplementary data associated with this article can be found
in the online version, at doi:10.1016/j.tet.2006.10.047.
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