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The synthesis of calix[4]arene tetraester ionophores containing polymerizable groups at their wider rim is reported.
Calixarene monomers with one or two methacrylamide groups were copolymerized with methyl methacrylate,
yielding linear polymers with pendant calixarene groups or crosslinked polymers. Extraction studies with the
soluble copolymers and with the corresponding pivalamides as model compounds showed no di†erence in the
extraction ability and selectivity. Potentiometric measurements of membrane electrodes prepared with the
polymeric calixarene ionophores indicated that the high selectivity, the slope of the response curve and the low
detection limit of membranes containing non-bonded calixarene ionophores are retained while the lifetime of the
polymeric membranes is increased.

The design of improved ion-sensing materials has attracted
much attention from chemists in recent years. Calix[4]-
arenesÈmacrocyclic phenolÈformaldehyde tetramersÈare
easily synthesized and functionalized not only at their narrow
rim (by derivatization of the phenolic OH groups), but also at
their wide rim (by substitution of the para positions of the
phenolic rings).1 Owing to their well-deÐned three-
dimensional structure they are universal starting materials for
the preparation of synthetic ionophores by the attachment of
various receptor groups.

Membrane techniques are particularly suitable for a rapid
screening of the selectivities of di†erent ligands towards inor-
ganic ions or organic species. Most ion-selective membranes
consist of a polymeric support containing the low molecular
weight ion-selective receptor molecules and other membrane
components (e.g., plasticizer, lipophilic anionic additives).
Leaching of these low molecular weight compounds out of the
membrane leads to severe deterioration of the sensor response.
To overcome this problem covalent attachment of the recep-
tor molecules to a polymer backbone is proposed.

In recent years various attempts have been undertaken to
incorporate calixarenes into di†erent polymers2h7 including
self-assembled systems.7 There are two general strategies to
prepare covalently linked calixarene-based polymers : attach-
ment of the calixarene by reaction with a suitably functional-
ized polymer or oligomer4,6,8 or preparation of a calixarene
monomer and its polymerization9 or copolycondensation4,10
with typical monomers. The latter way gives more deÐned
products since there is no risk of incomplete substitution of
the functionalized polymer. Thus, calixarene monomers have
been incorporated into polymer backbones utilizing functional
groups at the narrow10 as well as at the wide rim.4,11 Recent-
ly, Blanda and Adou have obtained linear calixarene-based
polymers with pendant calixarene systems by copolymer-
ization of monovinyl calixarene derivatives with typical vinyl
monomers.11

Calixarenes substituted by four ethoxycarbonylmethoxy
groups at the narrow rim are well-known sodium selective

ionophores.12 Since now, all attempts to immobilize this type
of ligand on a polymer matrix were performed via the modiÐ-
cation of the narrow rim of the calixarene macrocycle,9,13
usually starting with the selective mono hydrolysis of one
ester function.14 The main disadvantages of this approach are
a potential distortion of the receptor region (binding site) by
the linkage to the polymer chain and interaction of the
polymer backbone with the receptor groups, which can
disturb the complexation selectivity. However, in special cases
the insertion of ionophoric calixarene units into a polymer
chain may give materials where the intrinsic properties of the
macrocycle are enhanced by conjugation with the polymer
backbone.2

Since the complexation of a cation in tetraester derivatives
takes place at the narrow rim it seems advantageous to use
the other rim of the macrocycle for the introduction of a poly-
merizable group (compare Fig. 1). In this study we describe
the synthesis of new methacrylamide derivatives of
calix[4]arene bearing the polymerizable group at the wide rim
of the calix[4]arene, while all OH groups of the narrow rim

Fig. 1 Illustration of a polymer bound calix[4]arene tetraester
molecule attached (a) at the narrow rim via

and (b) at the wide rim viaOÈCH2ÈCOOÈCH2CH2ÈOOC-groups
NHÈCOÈC-groups. The tetraester binding site is not inÑuenced by the
polymer chain in the latter case.
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may be converted into a symmetrical binding site. The copoly-
merization of these monomers with methyl methacrylate was
studied and the properties of the polymeric calixarene recep-
tors, especially the complexing properties, were investigated in
comparison to systems based on the low molecular weight
analogs.

Results and discussion
Syntheses of monomeric and model compounds

The preparation of calixarene monomers with one poly-
merizable group at the wide rim is presented in Scheme 1.
Calixarene tetraethers 1 in the cone conformation were used
as starting materials. ipso-Nitration of 1bÈd was successfully
applied for the introduction of only one nitro group to the
wide rim of the macrocycle. The reaction conditions
(dichloromethane as main solvent, concentrated nitric acid,
room temperature),15 which are slightly di†erent for the di†er-
ent compounds, can be used also for the mononitration of 1a.

Scheme 1

Subsequent reduction of the nitro group of 2 by catalytic
hydrogenation (Raney-Ni, r.t., normal pressure) yields amino
derivatives 3, which can be used for the further steps, usually
without additional puriÐcation.

The Ðnal monomers 4aÈd and model compound 5 were
obtained with yields of more than 90% by acylation with
methacryloyl or pivaloyl chlorides in dry toluene or THF in
the presence of triethylamine. The 1H NMR spectrum of the
Ðnal calixarene monomers show signals characteristic for the
methacrylamide group ; for example, for 4c the NH proton is
at 6.69 ppm, the protons at 5.46 and 5.23 ppm and theC2CH2protons 1.84 ppm. The model compound 5c showsCH3instead a NH proton 6.57 ppm and singlet for the tert-butyl
group. Two pairs of doublets for the two di†erent ArÈCH2ÈAr
groups and two singlets (ratio 2 : 1) for the ArÈC(CH3)3groups are found for all compounds 4 and 5. In contrast to
the mononitro compounds 2c, d, the diastereotopic protons of
two groups are not indicated by a pair of doub-OÈCH2ÈCO
lets in compounds 4c, d and 5.

Calixarene derivatives having two methacrylamide groups
at the wide rim can be synthesized in a similar way. Starting
with diether 6 (Scheme 2) ipso-nitration can be used to substi-
tute selectively the two (more activated) phenolic units.16 Sub-
sequent etheriÐcation of 7, assisted by the template e†ect of
K` cations, allows one to obtain the tetraether 8 exclusively
in the cone conformation. The reduction of the nitro groups
followed by acylation as described above leads Ðnally to the
dimethacrylamide 10 and the dipivalamide 11 in yields of 95
and 73%, respectively.

Compounds 2c, d and 8 are of particular interest, since nitro
groups are not a†ected by many chemical reactions. There-
fore, hydrolysis of the ester groups of 2c, d, subsequent con-
version of the tetraacid to the acid chloride (by reaction with

and its reaction with various hydroxy or aminoSOCl2)compounds can be used as a universal method for the prepara-
tion of di†erent types of calixarene receptors. By this (and
similar) reaction sequences tetraester moieties can be converted
into a variety of tetraamides,17 tetrathioamides,18
N-sulfonylcarboxyamides19 and so on, which subsequently
can be transformed into polymerizable methacrylamide deriv-
atives as described above.

Polymer synthesis

The calixarene monomers 4aÈd and 10 were copolymerized
with methyl methacrylate. Preliminary syntheses with 4a and
4b in dry benzene with benzoyl peroxide as initiator furnished
polymers in yields decreasing (in the range of 40 to 95%) with
increasing calixarene content in the monomer mixture.

Since 4c has receptor groups for metal cations its copoly-
merization was investigated in more detail. We used various
amounts of calixarene in the starting mixture (ranging from 1
to 10 mol%). The yields of polymers P4c are plotted in Fig. 2
vs. the content of 4c in the monomer mixtures. Again a
decrease in the yield of isolated polymer with increasing con-
centration of 4c is observed. It may be due to an incomplete
conversion of monomers (see below) or to a general change in
the solubility of polymers leading to losses during the iso-
lation under standard precipitation conditions.

The constitution of P4c as poly(methyl methacrylate-co-
methacrylamide) was conÐrmed by the absence of vinylic
absorptions in both the IR and NMR spectra and the pres-
ence of amide and ester carbonyl absorptions at 1685 and
1730 cm~1, respectively, and of signals for the other calixarene
protons in the 1H NMR spectrum. The composition of the
obtained polymers was determined by UVÈVIS and 1H NMR
spectroscopies. The calixarene moieties show an intensive
absorption band at 281 nm, which is not present for methyl
methacrylate moieties. The calixarene with a pivalamide
group (5c) was used for calibration.
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Scheme 2

Fig. 3 shows that for concentrations up to 5 mol% (35 wt%)
of calixarene in the monomer mixture the resulting copolymer
composition is almost the same as that of the precursor
mixture. For concentrations higher than 5 mol% of monomer
4c the precipitated polymers contained unreacted 4c, which
was difficult to remove by reprecipitation.

Table 1 summarizes some characteristics of the copolymers.
It shows that calixarene-based polymers exhibit high molecu-
lar weights, increasing with the concentration of 4c in the
monomer mixture and a polydispersity between(D\Mw/Mn)3 and 5, which is more or less typical for radical poly-
merizations. The values for to 250 000 u corre-Mn \ 40 000

Fig. 2 Dependence of the polymer yield on the composition of the
monomer mixture.

spond to (over all) degrees of polymerization of toDn\ 400
1500 and an average of 4 to 90 calixarene units per polymer
molecule. For comparison, of homopolymers obtainedDPfrom a narrow rim methacrylate derived from tetraester 1c
was in the range of 6È7.9

The copolymerization of 10 (0.5È5 wt% with methyl
methacrylate) gave completely insoluble and crosslinked poly-
mers. This shows that both methacrylamide residues are
accessible to radical polymerization.

Extraction and complexation studies

In order to survey the ionophoric properties of the new mono-
meric and polymeric ligands the extraction of alkali picrates
from aqueous solution into dichloromethane was studied. The
results are collected in Table 2 and compared with the tetra-
ester 1c derived from tert-butylcalix[4]arene as a standard.21

The replacement of one (or two) tert-butyl groups by nitro
groups leads generally to a strong decrease in the extraction
ability of 2c and 8 (no extraction found at all). Most probably

Fig. 3 Composition of the copolymers P4c as a function of the con-
centration of co-monomer 4c.

Table 1 Characteristics of the calixarene containing polymers

Polymera Mw/105 u Mn/105 u D

P4c(1.1) 1.37 0.4 3.3
P4c(3.9) 7.11 1.42 5.0
P4c(6.6) 12.9 2.51 5.1

a The content of calixarene units (mol%) is given in parentheses.
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Table 2 Extraction of alkali picrates from water into dichloromethane by various ligands under di†erent concentration conditions at(CM) (CL)20 ¡C

Ligand Cond.a Li` Na` K` Rb` Cs`

1cb I 7 29 5 4 6
2c I \1 \1 \1 \1 \1
4c I 8^ 2 15.2 ^ 0.4 9^ 1 8.9 ^ 0.2 È

10 I 1.9^ 0.5 9 ^ 1 2.3^ 0.4 2.0 ^ 0.1 È
1c II 19.6 ^ 0.1 55.2 ^ 0.1 15.2c 13.0c 13.7c
2c II È 2.4 ^ 0.1 1.0^ 0.1 È È
5c II 9.1 ^ 0.1 34.5 ^ 0.1 13.6^ 0.1 9.4 ^ 0.1 7.4 ^ 0.1
1c III 9.2 ^ 0.3 44.2 ^ 0.1 11.5^ 0.3 10.1 ^ 0.3 15.0 ^ 0.7
5c III 7.8 ^ 0.3 29.9 ^ 0.1 6.8^ 0.3 6.9 ^ 0.3 4.2 ^ 0.3

11 III 9.2 ^ 0.3 39.2 ^ 0.1 9.2^ 0.3 8.6 ^ 0.3 5.7 ^ 0.1
P4c(1.1)d III 14.0 ^ 2 29.7 ^ 0.1 16.0^ 1.0 È È
&4c(6.6)d III 11.1 ^ 0.3 31.0 ^ 0.6 13.0^ 0.1 È È

a I : M, M; II : M, M; III : M, M.CM \ 2.5] 10~4 CL\ 2.5] 10~4 CM\ 1.25] 10~4 CL\ 1.875] 10~3 CM\ 1.25] 10~4 CL\ 9.375] 10~4
b Previous results, see ref. 20. c Formation of a third phase. d The content of calixarene units (mol%) is given in brackets.

this is caused by the electron withdrawing properties of the
nitro groups, leading to a lower basicity (““donating power ÏÏ)
of the phenolic oxygens, although a conformational distortion
of the calixarene skeleton cannot be entirely ruled out.
However, the amide derivatives 5c and 10, which might be
distorted in a similar way, show extraction levels roughly
comparable with 1c. The same is true for the polymers P4c.

The most important fact is that the selectivity for sodium, a
typical property of tetraester 1c, is essentially unchanged by
chemical modiÐcation at the wide rim, as anticipated, and is
also una†ected by incorporation into the polymer backbone.
This is also demonstrated by the complexation constants
determined in homogenous solution (MeOH), which reveal an
even higher selectivity of the two model compounds 5c and 11
(especially towards Rb` and Cs`) than for 1c (Table 3). This
is due to distinctly lower complexation constants for these
cations (Rb`, Cs`) while the values for Na` are nearly the
same, and those for Li` and K` show only a slight decrease.

Potentiometric measurements

In order to conÐrm the complexation ability of the free and
the polymer-bound calix[4]arene tetraethyl esters, the selec-
tivity of membranes employing these compounds was investi-
gated. 1c, 2c, 4c, 5c and 8 as well as two samples of P4c were

used as ionophores in a PVCÈDOS (1 : 2) polymeric matrix.
In the latter case the content of calixarene units was the same
as the content of free calixarene ionophores. Compositions
and working parameters of the tested electrodes are presented
in Table 4. The results reveal that all electrodes perform with
the theoretical slope for changes in the sodium ion concentra-
tion. Among the monomeric calixarenes (1c, 2c, 4c, 5c and 8c)
a signiÐcant loss in selectivity, towards potassium ions was
observed for the nitro derivatives 2c and 8. The incorporation
of a second nitro group into the ionophore structure (8) causes
an additional increase of the log value ([0.9) in com-KNa, Kpot
parison to the mononitro derivative 2c ([1.7). This is in line
with the extraction results and can be explained by a stronger
electron withdrawing e†ect of two nitro substituents as com-
pared to one.

However, the most important conclusion that can be drawn
from the results obtained for model compound 1c and calix-
arene polymers P4c(2.6) and P4c(6.6) is that immobilization
does not diminish the selectivity of the original ionophore.
From Fig. 4 it can be seen that the analytically useful linear
concentration domain of the calibration curve for sodium ions
is unchanged. Moreover, immobilization of the calixarene
does not a†ect the dynamic response of the electrodes. As
shown in Fig. 5, the response time of electrodes with mem-
branes doped with P4c is as fast as for membranes with the

Table 3 Complexation constants (log in methanol (T \ 25 ¡C, 10~2 Mb ^ p
n~1) Et4NCl)

Ligands Li` Na` K` Rb` Cs`

1ca 2.6 5.0 2.4 3.1 2.7
5c 1.2^ 0.7 4.90^ 0.04 2.24^ 0.02 1.1^ 0.2 1.3^ 0.4

11 2.00^ 0.0902 5.2^ 0.3 2.0^ 0.1 1.36^ 0.08 0.98^ 0.03

a Previous results, see ref. 13.

Table 4 Compositions and working parameters of electrodes with sodium selective membranes containing monomeric calixarenes (1c, 2c, 4c, 5c
and 8) and calixarene ionophores immobilized on a polymer matrix (P4c)

Selectivity coefÐcient
log KNa, Jpot

Ionophore/ KTpClPB/ DOS/ PVC/ Slope/
wt% wt% wt% wt% K` Ca2` Mg2` mV per dec

1c 2 0.3 64.7 33 [2.3 [3.4 [4.3 58.2
2c 2 0.3 64.7 33 [1.7 [3.3 [4.3 59.0
4c 2 0.3 64.7 33 [2.4 [3.4 [4.3 58.3
5c 2 0.3 64.7 33 [2.2 [3.4 [4.1 58.3
8 2 0.3 64.7 33 [0.9 [3.4 [3.8 59.0
P4c(2.6)a,b 10 0.3 58.7 31 [2.3 [3.3 [4.2 58.2
P4c(6.6)a,c 5 0.3 62.7 32 [2.2 [3.3 [4.0 58.1

a The content of calixarene units (mol%) is given in parentheses. b 21.5 wt% of calix[4]arene units. c 42.6 wt% of calix[4]arene units.
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Fig. 4 Potentiometric response curves of sodium selective polymer
membrane electrodes based on low molecular weight and on poly-
meric ionophores ; 0.1 M background solution.CaCl2

free model ionophore and does not exceed a few seconds. It
should be mentioned that such membranes based on P4c have
been tested for a period of 3 months and no signiÐcant
changes in the electrochemical properties were observed.

Conclusions and outlook
Mono- and dinitro derivatives of calix[4]arene tetraethers,
easily available by nitration or ipso-nitration, are versatile
starting materials for the synthesis of polymerizable
calix[4]arene derivatives, which are obtained for instance by
reduction of the nitro groups and acylation with methacryloyl
chloride. Copolymerization with methyl methacrylate does
not diminish the ionophoric properties of the sodium selective
tetraester receptor site at the narrow rim. As anticipated, it is
not disturbed by interaction with the polymer chain linked to
the wide rim. There is the additional option to attach poly-
merizable groups via suitable spacers. Since the ligating
groups attached via the ether linkages to the narrow rim may
be modiÐed in various ways prior to the introduction of the
more sensitive vinyl groups, the outlined strategy allows the
synthesis of various polymer-bound ionophores and the prep-
aration of improved ion-sensitive electrodes for various
cations.

Experimental
1H NMR spectra were recorded on Bruker AC200 (200 MHz)
or AC400 (400 MHz) spectrometers. Chemical shifts are
reported as d values in relative to as internal stan-(CH3)4Si

Fig. 5 Dynamic responses of electrodes with ion selective mem-
branes based on low molecular weight and on polymeric ionophores ;
0.1 M background solution.CaCl2

dard. FD mass spectra were recorded on a Finnigan MAT
8230 ; MALDIÈTOF mass spectra were recorded on a Kratos
Kompact MALDI 4 V5.2.1 ; IR spectra were recorded on a
FTIR Biorad 165 apparatus using KBr pellets. UVÈvis mea-
surements were carried out on a HP Lambda 2 in dichloro-
methane.

Molecular weights of polymers were determined by gel per-
meation chromatography (GPC) in THF, using a setup con-
sisting of a LCÈ10AD pump and Nucleogel 104È5 column.
The apparent values reported refer to narrow-polydispersity
polystyrene standards. Melting points are uncorrected. Com-
bustion analysis resulted in most cases in C, N values lower
than calculated, a phenomenon often encountered with calix-
arenes. We do not see any point, however, in adjusting these
values by arbitrarily chosen fractions of included solvent. All
compounds were structurally characterized by 1H NMR and
mass spectra ; their purity was additionally conÐrmed by TLC.

Solvents were puriÐed by standard procedures. Compounds
1a, 1b, 1c, 1d and 6 were prepared according to procedures
described in the literature.20 The preparation of 2b, 2c, 3b, 3c
and 7 was published before.15,16

Synthesis of nitro calixarenes

5-Nitro-25,26,27,28-tetrapentyloxycalix [4 ]arene, 2a. To a
vigorously stirred solution of compound 1a (4 g, 5.68 mmol) in

(340 mL) a mixture of 65% nitric acid (27 mL, 417CH2Cl2mmol) and glacial acetic acid (53.6 mL, 180 mmol) was added.
During the reaction the color of the reaction mixture turned
to dark purple. After 7 h the reaction mixture was diluted with
150 mL of water. The organic layer was washed with water
(3 ] 150 mL), dried and the solvent removed under(Na2SO4)reduced pressure. The residue was dissolved in CHCl3Èhexane
(1 : 2) and Ðltered over silica. After removal of the solvent the
crystallization of the residue from yielded theCHCl3ÈMeOH
pure compound 2a as a white solid : yield 1.66 g (39%) ; mp
150È151 ¡C; 1H NMR 200 MHz d : 7.39 (s, 2H, ArH),(CDCl3)7.05È6.96 (m, 6H, ArH), 6.35 (s, 3H, ArH), 4.60 (d, 2H,

ax, J \ 14 Hz), 4.55 (d, 2H, ax, J \ 14ArCH2Ar, ArCH2Ar,
Hz), 4.05È3.85 (m, 8H, 3.33 (d, 2H, eq,OCH2), ArCH2Ar,
J \ 14 \ Hz), 3.29 (d, 2H, eq, J \ 14 Hz), 2.15ÈArCH2Ar,
1.80 (m, 8H, 1.65È1.30 (m, 16H, 1.10È1.00 (m,CH2), CH2),12H, MS (FD) : m/z 749.5 (M`).CH3) ;

11,17,23-Tri-tert-butyl-5-nitro-25,26,27,28-tetrakis(methoxy-
carbonylmethoxy)calix [4 ]arene, 2d. A vigorously stirred solu-
tion of compound 1d (3.74 g, 4 mmol) in (200 mL)CH2Cl2was cooled in an ice bath to 10 ¡C and fuming nitric acid (0.95
mL, 13.1 mmol) was added. The ice bath was then removed
and the reaction mixture allowed to warm to room tem-
perature. The reaction was followed by TLC (acetoneÈCHCl32 : 5) and stopped by the addition of water when compound
1d completely disappeared (D30 min). (Usually the reaction
was complete when the mixture reached room temperature).
The organic layer was washed several times with water, dried

and the solvent evaporated under reduced pressure.(NaSO4)The residue was puriÐed by gel chromatography (ethyl
acetateÈhexane 1 : 3). After removal of the solvents the addi-
tion of MeOH yielded the pure compound 2d (1.34 g, 36%) as
yellowish crystals : mp 136È137 ¡C; 1H NMR 200 MHz

d : 7.33 (s, 2H, ArH), 7.07 (br s, 4H, ArH), 6.27 (s, 2H,(CDCl3)ArH), 5.05 (d, 2H, J \ 16.6 Hz), 5.02 (d, 2H,OCH2CO,
ax, J \ 14.3 Hz), 4.81 (d, 2H, J \ 16.6ArCH2Ar, OCH2CO,

Hz), 4.68 (d, 2H, ax, J \ 13.7 Hz), 4.68 (s, 2H,ArCH2Ar,
4.53 (s, 2H, 3.80 (s, 3H,OCH2CO), OCH2CO), COOCH3),3.75 (s, 3H, 3.72 (s, 6H, 3.24 (d, 2H,COOCH3), COOCH3),eq, J \ 13.7 Hz), 3.21 (d, 2H, eq,ArCH2Ar, ArCH2Ar,

J \ 14.3 Hz), 1.30 [s, 18H, 0.66 [s, 9H, MS(CH3)3], (CH3)3] ;
(FD) : m/z 926.1 (M`).
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5,17-Dinitro-11,23-di-tert-butyl-25,26,27,28-tetrakis(ethoxy-
carbonylmethoxy)calix [4 ]arene, 8. A solution of compound 7
(2.24 g, 2.93 mmol) in acetonitrile (100 mL) was stirred over-
night with (4.4 g, 29.3 mmol). To the orange-coloredK2CO3suspension ethyl bromoacetate (3.26 mL, 29.3 mmol) was
added and the reaction mixture was heated at 70 ¡C for 3
days. Then the solid salt was Ðltrated. After removal of the
solvent the crystallization of the residue from CH2Cl2ÈMeOH
yielded the pure compound 8 as a white solid (2.11 g, 74%) ;
mp 153È154 ¡C; 1H NMR 200 MHz d : 7.13 (s, 4H,(CDCl3)ArH), 7.06 (s, 4H, ArH), 4.92 (d, 4H, ax, J \ 13.8ArCH2Ar,
Hz), 4.73 (s, 4H, 4.69 (s, 4H, 4.29È4.08OCH2CO), OCH2CO),
(m, 8H, 3.27 (d, 4H, eq, J \ 13.8 Hz), 1.32ÈOCH2), ArCH2Ar,
1.21 (m, 12H, 1.28 [s, 18H, MS (MALDI-CH3), (CH3)3] ;
TOF) : m/z 972.6 (M`).

General procedure for the reduction of nitro calixarenes

Compound 2 or 8 was dissolved in toluene (75 mL per mmol),
RaneyÈNickel was added (D0.5È1 cm3) and the resulting sus-
pension was vigorously stirred under a hydrogen atmosphere
at room temperature. When the hydrogen uptake was Ðnished
the suspension was rapidly Ðltered over sand, washed with
warm toluene and the combined organic layers dried over

After removal of the solvent under reduced pressureNa2SO4 .
compound 3 was obtained in sufficient purity and imme-
diately used for the subsequent reactions or stored under
argon.

5-Amino-25,26,27,28-tetrapentyloxycalix [4 ]arene, 3a. 2a
(0.88 g, 1.17 mmol) yielded compound 3a (0.81 g, 96%) as a
colorless oil ; 1H NMR 200 MHz (DMSO- d : 7.27È7.10 (m,d6)3H, ArH), 6.63È6.30 (m, 8H, ArH), 6.12 (s, 2H, 4.43 (d,NH2),2H, ax, J \ 13.2 Hz), 4.36 (d, 2H, ax,ArCH2Ar, ArCH2Ar,
J \ 13.0 Hz), 3.94È3.49 (m, 8H, 3.13 (d, 2H,OCH2),eq, J \ 13.0 Hz), 3.04 (d, 2H, eq,ArCH2Ar, ArCH2Ar,
J \ 13.2 Hz), 1.90È1.70 (m, 8H, 1.50È1.10 (m, 16H,CH2),1.00È0.80 (m, 12H,CH2), CH3).

5-Amino-11,17,23-tri-tert-butyl-25,26,27,28-tetrakis-
(methoxycarbonylmethoxy)calix [4 ]arene, 3d. 2d (0.5 g, 0.54
mmol) yielded compound 3d (0.36 g, 95%) as a yellow oil ; 1H
NMR 200 MHz (DMSO- d : 8.30 (s, 2H, 6.83 (br s,d6) NH2),2H, ArH), 6.74 (br s, 2H, ArH), 6.57 (br s, 4H, ArH), 5.88 (s,
2H, ArH), 4.70È4.40 (m, 12H, and ax), 3.68OCH2 ArCH2Ar
(s, 3H, 3.65 (s, 3H, 3.64 (s, 6H,COOCH3), COOCH3),3.15 (d, 2H, eq, J \ 13.2 Hz), 2.94 (d,COOCH3), ArCH2Ar,
2H, eq, J \ 12.9 Hz), 1.09 [s, 18H, 0.93 [s,ArCH2Ar, (CH3)3],9H, (CH3)3].

5,17-Diamino-11,23-di-tert-butyl-25,26,27,28-tetrakis-
(ethoxycarbonylmethoxy)calix [4 ]arene, 9. 8 (0.47 g, 0.5 mmol)
yielded compound 9 (0.43 g, 93%) as a white oil ; 1H NMR
200 MHz d : 7.17 (s, 4H, 7.07 (s, 4H, ArH),(CDCl3) NH2),5.65(s, 4H, ArH), 4.79 (d, 4H, ax, J \ 14.1 Hz), 4.76ArCH2Ar,
(s, 4H, 4.41 (s, 4H, 4.26È4.07 (m, 8H,OCH2CO), OCH2CO),

3.11 (d, 4H, eq, J \ 14.1 Hz), 1.36 [s, 18H,OCH2), ArCH2Ar,
1.33È1.18 (m, 12H,(CH3)3], CH3).

General procedure for the preparation of amides 4, 5, 10 and 11
from the corresponding amino compounds

To a stirred solution of the amine (1 mmol of groups)NH2and triethylamine (1.15 mmol) in dry toluene (25 mL) the acid
chloride (1.05 mmol) was added dropwise under argon. The
reaction mixture was stirred for 7 h and then the precipitate
was removed by Ðltration. The solution was washed with
water (2] 15 mL) and dried over After removal ofNa2SO4 .
the solvent the recrystallization of the residue from MeOH
yielded the pure amides as white solids.

5-Methacrylamido-25,26,27,28-tetrapentyloxycalix [4 ] -
arene, 4a. Yield 92%; mp 129È130 ¡C; 1H NMR 200 MHz

d : 7.02 (s, 1H, NH), 6.68 (s, 3H, ArH), 6.60È6.40 (m,(CDCl3)8H, ArH), 5.62 (s, 1H, 5.31 (s, 1H, 4.37 (d, 2H,2CH2), 2CH2),ax, J \ 13.2 Hz), 4.36 (d, 2H, ax,ArCH2Ar, ArCH2Ar,
J \ 13.2 Hz), 3.90È3.70 (m, 8H, 3.08 (d, 2H,OCH2),eq, J \ 13.2 Hz), 3.07 (d, 2H, eq,ArCH2Ar, ArCH2Ar,
J \ 13.2 Hz), 1.94 (s, 3H, 1.95È1.75 (m, 8H, 1.45ÈCH3), CH2),1.20 (m, 16H, 0.95È0.81 (m, 12H, MS (FD) : m/zCH2), CH3) ;788.1 (M`).

5-Methacrylamido-11,17,23-tri-tert-butyl-25,26,27,28-tetra-
pentyloxycalix [4 ]arene, 4b. Yield 96%; mp 109È110 ¡C; 1H
NMR 200 MHz d : 7.05È6.95 (m, 4H, ArH), 6.59 (s,(CDCl3)1H, NH), 6.44 (s, 2H, ArH), 6.15 (s, 1H, ArH), 5.43 (s, 1H,

5.20 (s, 1H, 4.36 (d, 2H, ax, J \ 13.22CH2), 2CH2), ArCH2Ar,
Hz), 4.34 (d, 2H, ax, J \ 13.2 Hz), 4.00È3.90 (m, 4H,ArCH2Ar,

3.70È3.55 (m, 4H, 3.04 (d, 4H, eq,OCH2), OCH2), ArCH2Ar,
J \ 13.2 Hz), 1.82 (s, 3H, 1.90È1.75 (m, 8H, 1.30CH3), CH2),(s, 18H, 1.50È1.15 (m, 16H, 0.92È0.80 (m,C(CH3)3), CH2),12H, 0.65 [s, 9H, MS (FD) : m/z 956.5 (M`).CH3), C(CH3)3] ;

5-Methacrylamido-11,17,23-tri-tert-butyl-25,26,27,28-tetra-
kis(ethoxycarbonylmethoxy)calix [4 ]arene, 4c. Yield 94%; mp
177È178 ¡C; 1H NMR 200 MHz d : 6.97 (br s, 4H,(CDCl3)ArH), 6.69 (s, 1H, NH), 6.54 (s, 2H, ArH), 6.21 (s, 2H, ArH),
5.46 (s, 1H, 5.23 (s, 1H, 4.88 (s, 4H,2CH2), 2CH2), OCH2CO),
4.83 (d, 2H, ax, J \ 13.6 Hz), 4.76 (d, 2H,ArCH2Ar,

ax, J \ 12.6 Hz), 4.52 (s, 2H, 4.45 (s,ArCH2Ar, OCH2CO),
2H, 4.21È4.04 (m, 8H, 3.14 (d, 2H,OCH2CO), COOCH2),eq, J \ 13.6 Hz), 3.11 (d, 2H, eq,ArCH2Ar, ArCH2Ar,
J \ 12.6 Hz), 1.84 (s, 3H, 1.23 [s, 18H, 1.3È1.16CH3), (CH3)3],(m, 12H, 0.68 [s, 9H, MS (FD) : m/z 1022.3CH3), (CH3)3] ;
(M`).

5-Methacrylamido-11,17,23-tri-tert-butyl-25,26,27,28-tetra-
kis(methoxycarbonylmethoxy)calix [4 ]arene, 4d. Yield 95%;
mp 167È168 ¡C; 1H NMR 200 MHz d : 6.98 (br s, 4H,(CDCl3)ArH), 6.69 (s, 1H, NH), 6.56 (s, 2H, ArH), 6.23 (s, 2H, ArH),
5.46 (s, 1H, 5.23 (s, 1H, 4.89 (s, 4H,2CH2), 2CH2), OCH2CO),
4.78 (d, 2H, ax, J \ 13.2 Hz), 4.74 (d, 2H,ArCH2Ar,

ax, J \ 13.6 Hz), 4.54 (s, 2H, 4.47 (s,ArCH2Ar, OCH2CO),
2H, 3.74 (s, 3H, 3.70 (s, 3H,OCH2CO), COOCH3),3.66 (s, 6H, 3.15 (d, 2H, eq,COOCH3), COOCH3), ArCH2Ar,
J \ 13.6 Hz), 3.13 (d, 2H, eq, J \ 13.2 Hz), 1.84 (s,ArCH2Ar,
3H, 1.23 [s, 18H, 0.69 [s, 9H, MSCH3), (CH3)3], (CH3)3] ;
(FD) : m/z 964.4 (M`).

5-Pivalamido-11,17,23-tri-tert-butyl-25,26,27,28-tetrakis-
(ethoxycarbonylmethoxy)calix [4 ]arene, 5c. Yield 94%; mp
184È185 ¡C; 1H NMR 200 MHz d : 7.04 (br s, 4H,(CDCl3)ArH), 6.57 (s, 1H, NH), 6.52 (s, 2H, ArH), 6.25 (s, 2H, ArH),
4.94 (s, 4H, 4.86 (d, 2H, ax, J \ 12.7OCH2CO), ArCH2Ar,
Hz), 4.81 (d, 2H, ax, J \ 13.2 Hz), 4.56 (s, 2H,ArCH2Ar,

4.47 (s, 2H, 4.26È4.08 (m, 8H,OCH2CO), OCH2CO),
3.19 (d, 2H, eq, J \ 13.2 Hz), 3.16 (d,COOCH2), ArCH2Ar,

2H, eq, J \ 12.7 Hz), 1.28 [s, 18H, 1.34ÈArCH2Ar, (CH3)3],1.20 (m, 12H, 1.12 [s, 9H, 0.74 [s, 9H,CH3), (CH3)3], (CH3)3] ;
MS (FD) : m/z 1036.8 (M`).

5,17-Dimethacrylamido-11,23-di-tert-butyl-25,26,27,28-
tetrakis(ethoxycarbonylmethoxy)calix [4 ]arene, 10. 9 (0.43 g,
0.47 mmol) yielded 0.47 g (95%) of compound 10 as a white
solid ; mp 171È172 ¡C; 1H NMR 200 MHz d : 7.09 (s,(CDCl3)2H, NH), 6.95 (s, 4H, ArH), 6.39 (s, 4H, ArH), 5.46 (s, 2H,

5.17 (s, 2H, 4.80 (s, 4H, 4.80 (d, 4H,2CH2), 2CH2), OCH2CO),
ax, J \ 13.7 Hz), 4.51 (s, 4H, 4.18È4.05ArCH2Ar, OCH2CO),

(m, 8H, 3.15 (d, 4H, eq, J \ 13.7 Hz),COOCH2), ArCH2Ar,
1.80 (s, 6H, 1.22 [s, 18H, 1.30È1.10 (m, 12H,CH3), (CH3)3],MS (FD) : m/z 1047.3 (M`).CH3) ;
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5,17-Dipivalamido-11,23-di-tert-butyl-25,26,27,28-tetrakis-
(ethoxycarbonylmethoxy)calix [4 ]arene, 11. 9 (0.6 g, 0.66
mmol) yielded 0.51 g (73%) of compound 11 as a white solid ;
mp 188È189 ¡C; 1H NMR 200 MHz d : 7.08 (s, 2H,(CDCl3)NH), 6.87 (s, 4H, ArH), 6.80 (s, 4H, ArH), 4.84 (d, 4H,

ax, J \ 13.3 Hz), 4.78 (s, 4H, 4.76 (s,ArCH2Ar, OCH2CO),
4H, 4.28È4.15 (m, 8H, 3.20 (d, 4H,OCH2CO), COOCH2),eq, J \ 13.3 Hz), 1.35È1.15 (m, 12H, 1.22 [s,ArCH2Ar, CH3),18H, 1.10 [s, 18H, MS (MALDI-TOF) : m/z(CH3)3], (CH3)3] ;
1079.7 (M`).

General procedure for the copolymerization of 4

The solution of 4 and methyl methacrylate (totaling 2 mmol)
in 0.23 mL of dry benzene (containing 1 wt% of benzoyl
peroxide) was placed in a small Ñask. When 4 was dissolved,
nitrogen was passed through the solution to remove the
oxygen and the Ñask was closed and thermostated at 80 ¡C for
48 h. The viscous solution was diluted with 1 mL of dichloro-
methane and then poured with stirring into 7 mL of hexane.
The precipitated polymer was Ðltered and dried.

Extraction and complexation studies

Extraction of alkali picrates from an aqueous solution (CM)
into a solution of calixarene in dichloromethane was per-(CL)formed at 20 ¡C according to the procedure previously
published.21 Unless otherwise stated, the concentrations CMand were 1.25] 10~4 M and 9.375] 10~3 M, respec-CLtively.

The stability constants were determined at 25 ¡C by spectro-
photometric titration of the calixarene with the metal ion in
methanol. The ionic strength was held constant at 10~2 M by
use of tetraethylammonium chloride. The experimental pro-
cedure, the nature and origin of the chemicals used and the
method of interpretation of the measurements have been
reported in detail earlier.21

Evaluation of Na‘ selective electrodes

Materials and reagents. Potassium tetrakis(4-chlorophenyl)
borate (KTpClPB), bis(2-ethylhexyl) sebacate (DOS), high
molecular weight poly(vinyl chloride) (PVC) and tetra-
hydrofuran (THF, distilled prior to use) were purchased from
Fluka (Ronkonkoma, NY). All aqueous solutions were pre-
pared with salts of the highest purity available using distilled-
deionized water.

Membrane preparation. For membrane compositions see
Table 4. In general, they contained 2 wt% of calixarene units,
30 mol% KTpClPB (relative to calixarene units) in a
PVCÈDOS (1 : 2) polymeric matrix. The membrane com-
ponents, total 200 mg, were dissolved in 2 ml of freshly dis-
tilled THF. This solution was placed in a glass ring (24 mm
i.d.) on a glass plate. After solvent evaporation the resulting
membrane was peeled from the glass mold and discs of 7 mm
diameter were cut out. Membrane discs were mounted in con-
ventional ISE electrode bodies (Type IS 561 ; Philips,
Eindhoven) for EMF measurements. For each membrane
composition two electrodes were prepared.

EMF measurements. All measurements were performed at
ambient temperature (22 ^ 1 ¡C) using a galvanic cell of the
type : Ag/AgCl/3M KCl/1 M CH3COOLi/sample/membrane/
0.01 M NaCl/AgCl/Ag. The EMF values were measured using
a custom made 16-channel electrode monitor. Details of this
equipment were described previously.22 Potentiometric selec-
tivity coefficients were determined according to the Ðxed inter-
ference method (FIM) using 0.1 M (for Ca2` or Mg2`) and
0.01 M (for K`) solutions of the interfering ion.23 Activity
coefficients were calculated according to the DebyeÈHu� ckel

approximation.24 The calibration of the electrodes was exam-
ined in solutions containing a background of interfering
cations of appropriate concentration over the concentration
range of 10~7È10~1 M of Na` ions.

Acknowledgements

studies were supported by the Deutsche Forschungsge-These
meinschaft, the ScientiÐc & Technological Co-operation
between Germany and Poland and the FIAT Promotional
Scholarship.

References

1 (a) V. Bo� hmer, Angew. Chem., Int. Ed. Engl., 1995, 34, 713 ; (b) C.
D. Gutsche, in Monographs in Supramolecular Chemistry, ed. F.
Stoddart, The Royal Society of Chemistry, Cambridge, UK, 1998.

2 (a) K. B. Crawford, M. B. GoldÐnger and T. M. Swager, J. Am.
Chem. Soc., 1998, 120, 5187 ; (b) T. M. Swager, Acc. Chem. Res.,
1998, 31, 201.

3 P. D. Beer, M. G. B. Drew, D. Hesek, M. Kan, G. Nicholson, P.
Schmitt, P. D. Sheen and G. Williams, J. Chem. Soc., Dalton
T rans., 1998, 2783.

4 M. T. Blanda and E. Adou, Chem. Commun., 1998, 139.
5 A. Dondoni, C. Ghiglione, A. Marra and M. Scoponi, J. Org.

Chem., 1998, 63, 9535.
6 (a) H. Deligoz, M. Tavasli and M. Yilmaz, J. Polym. Sci., Polym.

Chem., 1994, 32, 2961 ; (b) H. Deligoz and M. Yilmaz, J. Polym.
Sci., Polym. Chem., 1995, 33, 2851.

7 (a) R. K. Castellano, D. M. Rudkevich and J. Rebek Jr., Proc.
Natl. Acad. Sci. USA, 1997, 94, 7132 ; (b) R. K. Castellano and J.
Rebek Jr., J. Am. Chem. Soc., 1998, 120, 3657.

8 S. Shinkai, H. Kawaguchi and O. Manabe, J. Polym. Sci. C, 1988,
26, 391.

9 S. J. Harris, G. Barrett and M. A. McKervey, J. Chem. Soc., Chem.
Commun., 1991, 1224.

10 A. Dondoni, C. Ghiglione, A. Marra and M. Scoponi, Chem.
Commun., 1997, 673.

11 M. T. Blanda and E. Adou, Polymer, 1998, 39, 3821.
12 F. ArnaudÈNeu, E. M. Collins, M. Deasy, G. Ferguson, S. Harris,

B. Kaitner, A. J. Lough, M. A. McKervey, E. Marques, B. L. Ruhl,
M.-J. SchwingÈWeill and E. M. Seward, J. Am. Chem. Soc., 1989,
111, 8681.

13 D. W. M. Arrigan, G. Svehla, S. J. Harris and M. A. McKervey,
Anal. Proc., 1992, 29, 27.

14 G. Barrett, V. Bo� hmer, G. Ferguson, J. F. Gallagher, S. J. Harris,
R. G. Leonard, M. A. McKervey, M. Owens, M. Tabatabai, A.
Vierengel and W. Vogt, J. Chem. Soc., Perkin T rans. 2, 1992, 1595.

15 O. Mogck, P. Parzuchowski, M. Nissinen, V. Bo� hmer, G. Rokicki
and K. Rissanen, T etrahedron, 1998, 54, 10053.

16 O. Mogck, V. Bo� hmer, G. Ferguson and V. Vogt, J. Chem. Soc.,
Perkin T rans. 1, 1996, 1711.

17 F. ArnaudÈNeu, G. Barrett, S. Fanni, D. Marrs, W. McGregor, M.
A. McKervey, M.-J. SchwingÈWeill, V. Vetrogon and S. Wechsler,
J. Chem. Soc., Perkin T rans. 2, 1995, 453.

18 P. L. H. M. Cobben, R. J. M. Egberink, J. G. Bomer, P. Bergveld,
W. Verboom and D. N. Reinhoudt, J. Am. Chem. Soc., 1992, 114,
10573.

19 G. G. Talanova, H.-S. Hwang, V. S. Talanov and R. A. Bartsch,
Chem. Commun., 1998, 1329.

20 (a) C. D. Gutsche, B. Dhawan, J. A. Levine, K. H. No and L. J.
Bauer, T etrahedron, 1983, 39, 409 ; (b) M. A. McKervey and E. M.
Seward, J. Org. Chem., 1986, 51, 3581.

21 F. ArnaudÈNeu, M.-J. SchwingÈWeill, K. Ziat, S. Cremin, S. J.
Harris and M. A. McKervey, New J. Chem., 1991, 15, 33.

22 E. Malinowska, Z. Brzo� zka, K. Kasiura, R. J. M. Egberink and D.
N. Reinhoudt, Anal. Chem. Acta, 1994, 289, 253.

23 G. G. Guilbault, R. A. Durst, M. S. Frant, H. Freiser, H. E.
Hansen, T. S. Light, E. Pungor, G. Rechnitz, N. M. Rice, T. J.
Rohm, W. Simon and J. D. R. Thomas, Pure Appl. Chem., 1976,
48, 127.

24 P. C. Meier, Anal. Chim. Acta, 1982, 136, 363.

Paper 9/01898K

New J. Chem., 1999, 23, 757È763 763


