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Abstract : Removal of the p-tert-butyl substituent from p-ferz-butylcalix[6)arene hexadiethylamide 3
produces cation receptor 4 with enhanced extraction and complexation selectivities for Cs+ and Sr2*.
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It is now well established that the cation binding selectivity of chemically modified calix[n]arenes (n =
4 - 8) depends on various factors such as the degree of condensation (n), the conformation, and the nature of
the functional groups attached to the phenolic oxygen atoms.! Surprisingly, very little work has been done on
the influence of substituents at the upper rim. In a recent study, we found that the removal of the tert-butyl
groups of the p-fert-butylcalix[6]arene ester 1 (to give p-Hcalix[6]arene ester 2), results in an amazing
increase in the extraction (from water into CH2Cl2) and complexation (in methanol) Cs*/Nat selectivities,2
the values of which are among the highest ever found for a neutral ligand. In order to investigate this
interesting result in more detail, we have now : i) extended the extraction studies of 2 towards all alkali and
alkaline-earth cations; ii) synthesised the new p-Hcalix[6]arene hexadiethylamide 4; iii) assessed the binding
abilities of 4 and of the known p-tert-butylcalix[6]amide 33 toward alkalis and alkaline-earths; iv) compared
the performances of ester 1 and amide 3 with those of their respective "de-alkylated" counterparts 2 and 4.

Hexamer amide 4 was prepared from the known hexamer ester 24 via hydrolysis with sodium hydroxide
to hexaacid §. Treatment of § with thionyl chloride furnished acid chloride 6 which, on exposure to
diethylamine in tetrahydrofuran, produced 4.

R'
1.R= OEt,R'=Bu'

2.R=OEt,R'=H
3.R=NE, R'=Bu'
4. R=NE,,R'=H

6 5.R=OH, R =H
OCH,COR 6.R=Cl, R' =H
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Percentage extraction (%E) of alkali picrates from water into dichloromethane, measured according to
Pedersen's procedure,> are reported in Table 1. Ester derivatives 1 and 2 show more or less the same trend,
the values of %E increasing with the ionic radius. The higher Cs*/Nat selectivity shown by the "de-
alkylated" ligand 2 is the result of a significant increase in the extraction level for Cs*. Removal of the p-tert-
butyl groups has a more dramatic effect on the extraction abilities of the amide derivatives. "Alkylated"
ligand 3 extracts all the alkali cations more or less to the same extent and appears to be completely
unselective within the alkali series. Going from ligand 3 to the "de-alkylated" ligand 4, a drop of the
extraction levels is observed for all cations but Cs*, for which, on the contrary, a remarkable increase is
found. This ligand is therefore able to discriminate in extraction among alkali cations with a marked

preference for Cs*.

Table 1. Percentage extraction (%E)2 of Alkali and Alkaline Earth Picrates from Water into Dichloromethane
at 20°C (Cpicrate = Ccalixarene = 2.5.104M).

Ligands ___ Li* Nat K+ Rb+  Cst Mg2*  Ca2* s  Ba2+
1 0.9 2.7 17.6 164 330 c c c c
2 0.5 0.8b 3.1 16.6 46.4b c c ¢ c
3 234 270 236 224 264 87 842 88 855
4 5.2 4.8 1.5 172 454 26 257 450 580

a) standard deviation on the mean of several experiments : op_1 < 1; b) ref.2, ¢) not detected

A similar trend is observed when comparing stability constant (log B) values found for the two amides 3
and 4 in methanol (Table 2). The low solubility of ligand 3 in methanol and the weak spectral changes
observed on complexation prevented an assessment of the stoichiometry of the complexes involved. Thus two
sets of data are given for the assumption of mononuclear ML and dinuclear MaL. complexes. Casnati et al3
have found that 3 forms dinuclear complexes with either K+ or Nat in CHCI3 whilst it forms mononuclear
complexes in NPOE (o-nitrophenyl-octylether). These contrasting results have been explained by the higher
permittivity £ of NPOE and the resulting higher dissociation of ion pairs in this solvent, which make unlikely
a complex presenting two charges in close proximity without any screening from the counter anions. In view
of the high ¢ value of methanol, one might think that the complexes formed in this solvent should be

mononuclear, but it is clear that this argument is too weak to remove the uncertainty from our data.

Table 2. Stability Constants (log )2 of Alkali Complexes of Calix[6]arenes in Methanol
at 25°C, I = 0.01M (Et4NCl)

_Ligands Lit Na+t K+ Rb* Cst
2b <15 26
3¢ 2.6+0.1 2.8+0.1 3.3+0.1 2.6+0.1 2.8+0.1

d 5.1+0.1 5.9+40.1 6.9+0.1 6.0+0.2 6.0+0.1
4 <1.5 <15 2.1+0.1 2.8+0.2 4.1+0.1

a) standard deviation op-] on the mean of at least two experiments; b) ref. 2; ¢) mononuclear and d) dinuclear assumptions
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However, whatever the assumption taken into account, the "alkylated" ligand 3 does not show any selectivity
of complexation within the alkali series. It is thus unable to discriminate among alkali cations both in
complexation and extraction. Fortunately, there was no ambiguity in analysis of the spectrophotometric data
for the "de-alkylated" ligand 4, which clearly pointed to the formation of 1:1 complexes. Log f values
increase in the series with the ionic radius and reach a maximum of 4.1 for Cs*. Ligand 4 is therefore, within
the alkali series, a selective extracting and complexing agent for this cation. A comparative analysis of
complexation data for the ester derivatives in methanol was not possible, because of the insolubility of 1 in
this solvent.

It must be clear, at this point, that what we would like to emphasize is not the selectivity shown by
ligand 4, which is per se not specially interesting,6 but the fact that it has been achieved simply by removal of
the rert-butyl groups from the upper rim. However, a very interesting selectivity emerged when the effect of
the removal of p-tert-butyl groups was examined for the binding of alkaline-earth cations. As already
observed for other calixarene amides, ligand 3 shows high %E for Ca2+, Sr2+ and Ba2*, although it does
not extract Mg2* to a significant extent (Table 1). Dealkylation does lead to an overall decrease of the
extraction levels in the series, but since the decrease is less pronounced for Sr2+ than for Nat, it results in a
Sr2+/Nat extraction selectivity S = %E(Sr2+)/%E(Na+) = 10 for "de-alkylated" ligand 4, which is three
times higher than for the "alkylated" analogue 3. For comparison, we found that under our conditions S = 9
for dicyclohexyl-18C6, a ligand which is often considered to be one of the best Sr2+ selective extractants.
This result is very interesting since the selective extraction of Sr2*+ over Nat is a very important goal for the
decontamination of nuclear waste.”

On the other hand, both esters 1 and 2 do not extract alkaline earths to any significant extent, a fact that
confirms the low affinity of calixarene esters towards these cations. The stability of the Ca2+, Sr2+ and Ba2+
complexes with 3 and 4 was too high to allow direct spectrophotometric determination. An attempt to use the
potentiometric method3 failed because of the poor solubility of ligand 3 and the low stability constant of the
silver complex with 4 (log B = 3.6). Therefore, only a lower limit (log p = 6), can be given for Ca2+, Sr2+
and Ba2+ complexes of ligands 3 and 4 in methanol. Nevertheless, these results show that the "de-alkylated"
compound 4 has an exceptional Sr2+/Na+ complexation selectivity. With lower and upper limits of 6 and 1.5
log units, this selectivity can be estimated to be higher than 3.2x104. It is, to the best of our knowledge, the
highest value ever recorded for a neutral macrocycle in methanol. For instance, values of 1.8x103 to 3.0x104
can be found for diazatetraoxa[18]ane in methanol and 5.2x103 for cryptand 222.9:10 It should be pointed out,
however, that complexation with these aza ligands is pH dependent, a property which could severely limit
their potential applications in acidic media. The same selectivity has been reported to be S = 17 for
dicyclohexyl-18C6,11 a value 1.8 x 103 lower than for compound 4. There does not appear to be a simple
explanation for the results obtained so far. In view of the small difference between the Hammett coefficients
op for H and fert-butyl, electronic effects should not play an important role.

The 1H NMR spectrum of ligand 4 at room temperature is quite simple with well defined signals for all
the protons. No appreciable changes are seen on the spectra recorded at 50°C, while a broadening of all the
signals is observed at -50°C. This result indicates that amide 4 is undergoing rapid conformational
interconversion and that, even at -50°C, it is not "frozen" into well defined conformation(s). In contrast,
Casnati ez al.3 have reported that the "alkylated" analogue 3 has a complex IH NMR spectrum in CDCI3 at
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25°C, and that signals become sharper and more clearly defined at -25°C. As pointed out by the authors, these
results indicate that, at -25°C, the ligand is "frozen", on the NMR scale time, into a mixture of conformers.
Since a similar situation has been observed for the ester derivatives 1 and 2,12 the "de-alkylated" ligands 2
and 4 appear to be, not surprisingly, conformationally more mobile than their "alkylated" counterparts.
However, whether this conformational freedom is responsible for the different behaviour observed is, at the
moment, hard to say. We are now making calorimetric measurements and plan to extend our studies to other
solvents (DMF, Acetonitrile, THF). The results arising from these studies will allow us to assess the relative
significance of the enthalpic and entropic contributions to the difference (if any) in complexation behaviours
of the two ester derivatives 1 and 2, and might lead to a better understanding of the results obtained so far.

In conclusion, our preliminary studies have shown that : i) the removal of fert-butyl from the para
position does have a significant effect on the binding abilities of calix[6]arene esters and amides; ii) the "de-
alkylated” amide 4 shows, to the best of our knowledge, the highest Sr2+/Na+ selectivity ever found for a
neutral ligand in methanol.

Acknowledgements
This work was partially financed by the European Commission in the framework of the Research
Programme on "Management and Storage of Radioactive Waste" (Contract No. F12W-CT90-0062 (TSTS))

References and Notes

L a) Schwing-Weill, M.J.; McKervey, M.A. in Topics in Inclusion phenomena : Calixarenes : a Versatile Class of
Macrocyclic Compounds, Vicens J.; Bohmer V. Eds.; Kluwer Academic Press, Dordrecht, 1991, pp. 149-172; b) Arnaud-
Neu, F.; Schwing-Weill, M.J.; McKervey, M.A. J. Phys. Org. Chem. 1992, 5, 496-501; ¢) Bohmer V. Angew. Chem. Int. Ed.
Engl. 1995, 34, 713-745.

2. Armaud-Neu, F.; Fanni, S.; Guerra, L.; McGregor, W; Ziat, K.; Schwing-Weill, M.J.; Barrett, G.; McKervey, M.A.; Marrs,
D.; Seward, EM. J. Chem. Soc. Perkin Trans. 2 1995, 113-118.

3. Casnati, A.; Minari, P.; Pochini, A.; Ungaro, R.; Nijenhuis, W.F.; de Jong, F.; Reinhoudt, D.N. Isr. J. Chem. 1992, 32, 79-
87.

4. Amaud-Neu, F.; Collins, EM.; Deasy, M.; Ferguson, G.; Harris, S.1.; Kaitner, B.; Lough, A J.; McKervey, M.A.; Marques,
E.; Ruhl, B.; Schwing-Weill, M.J.; Seward, EM.J. Am. Chem. Soc. 1989, 111, 8681-8691.

s Amaud-Neu, F.; Schwing-Weill, M.J.; Ziat, K.; Cremin, S.; Harris, S.J.; McKervey, M.A. New J. Chem. 1991, 15,33-37.

6. Within the alkali series, the best selectivity of complexation shown by ligand 4 is the Cs+/Na* selectivity (S =4 x 102). This
value is 80 times lower than for ligand 2 (ref. 2) and for calixcrown derivatives (ref. 13).

7. Dozol, J.F.; Eymard, S.; Gambade, R.; Larosa, G.; Casas, J.; Garcia, I. Décontamination des concentrats d'évaporateurs en
Cs, Sr et transuraniens, Rapport EUR 13887 FR, 1992.

8. The method used involved competitive potentiometric measurements using Ag* as auxiliary cation. The experimental details
have been described in ref. 5.

9. a) Gatto, V.J.; Arnold, K.A.; Viscariello, A.M.; Miller, S.R.; Gokel, G.W. Tetrahedron Lett. 1986, 27, 327-330; b) Gatto,
V.J.; Gokel, G.W. J. Am. Chem. Soc. 1984, 106, 8240-8244; c) Kashanian S.; Shamsipur, M.P. Inorg. Chim. Acta 1989, 155,
203-206; d) Buschmann, H.J. J. Sol. Chem. 1986, 15,453-461.

10.  a) Bessitre, J.; Lejaille, M.J. Anal. Lett. 1979, 12, (A7) 753-763; b) Cox, B.G.; Van Truong, N.G.; Garcia-Rosas, J.;
Schneider, H. J. Phys. Chem., 1984, 88, 996-1001. c¢) Cox, B.G.; Schneider, H; Stroka, J. J. Am. Chem. Soc. 1978, 100,
4746-4749; d) Amaud-Neu, F.; Yahya, R.; Schwing-Weill, M.J. J. Chim. Phys., Phys-Chim. Biol. 1986, 83, 403-408.

11.  Buschmann, HJ. Chem. Ber. 1985, 118, 2746-2756; J. Thermochim. Acta 1986, 102, 179-184.

12.  Barrett, G. Synthesis and Physicochemical properties of chemically modified calixarene receptors, Queen's University of
Belfast, 1993.

13.  Casnati, A.; Pochini, A.; Ungaro, R.; Ugozzoli, F.; Arnaud, F.; Fanni, S.; Schwing, M.J.; Egberink, R.J.M.; de Jong, F.;
Reinhoudt, D.N. J. Am. Chem. Soc. 1995, 117, 2767-2777.

(Received in France 25 July 1996; accepted 17 September 1996)




