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Abstract. The binding properties ofcone-5,11,17,23-tetra-tert-butyl-25,27-bis(diethylcarbamoyl-
methoxy)-26,28-bis(diphenylphosphinoylmethoxy)calix[4] arene (cone-1) towards alkali metals
have been compared with those of the correspondingpartial-coneconformer (paco-1). Both hybrid
ligands form stable complexes with alkali picrates in tetrahydrofuran having a 1 : 1 cation/ligand
ratio. Regarding extractability, that presented bycone-1 decreases continually on-going from Li/Na
to Cs, while that forpaco-1 presents a peak selectivity for Na (with the following order Na>
K > Rb> Li > Cs). These selectivities parallel, respectively, results obtained for extraction and
transport experiments. The kinetics of the alkali metal thiocyanate transport through a bulk liquid
membrane containing these ligands in 1,2-dichloroethane could be rationalised in terms of a simple
mathematical model. The lower transfer coefficients found forpaco-1 relative tocone-1 reflect the
larger size of the diffusingpaco-complex.
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1. Introduction

Many recent publications have illustrated the great potential ofp-tert-
butylcalix[4]arene as a building block for the construction of selective cation
receptors [1–6]. The complexation ability ofO-functionalized calix[4]arenes, i.e.,
bearing complexing units attached at the lower rim, depends mainly on (i) the
number and nature of any pendent binding functions and (ii) the conformation of
the macrocyclic platform. In general cone conformers provide access to receptors
whose primary binding motif involves only theO-tethered substituents, but other
conformations, notably the 1,3-alternate form can involve the aryl units of the
calixarene in the coordination sphere. This structural versatility controls the shape,
size and constitution of the receptor cavity and introduces selectivity for cation



414 MICHEL BURGARD ET AL.

Figure 1. Structure of the calixarenes mentioned in this study.

complexation. We note that comparative studies between tetra-functionalisedcone
andpartial coneconformers are scarce.

As part of our studies on the extractive properties of phosphorylated calixarenes
[7–12], we now report an investigation of the transport properties (i.e., compl-
exation, extraction and carrier properties) ofpaco-1, a partial cone calix[4]arene
bearing two phosphoryl and two amide podands (Figure 1). The present work
complements a previous study where it was shown that the corresponding cone
isomercone-1 presents a marked specificity for binding Li+ and Na+ vs. other
alkali cations [11]. This behaviour contrasts with that of the tetraphosphorylated
calixarene2 [11, 13] and tetra-amide3 [14, 15], which, respectively, display a
good selectivity for K+ and Na+.
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2. Experimental

2.1. REAGENTS AND INSTRUMENTATION

5, 11, 17, 23-Tetra-tert-butyl-25,27-bis(diethylcarbamoylmethoxy)-26, 28-bis-
(diphenylphosphinoylmethoxy)calix[4]arene (cone-1) and 25, 27-syn-26, 28-
anti-5, 11, 17, 23-tetra-tert-butyl-25, 27-bis(diethylcarbamoylmethoxy)-26, 28-
bis(diphenylphosphinoylmethoxy)calix[4]arene (paco-1) were synthesized accord-
ing to procedures described previously [16]. The alkali picrates were obtained by
neutralization of picric acid with a solution of the corresponding hydroxide. The
resulting yellow precipitates were recrystallised from water, and washed with eth-
anol and ether, dried under vacuum, and stored in the dark. Cesium and rubidium
thiocyanate were prepared by addition to a solution of ammonium thiocyanate of
cesium carbonate and rubidium hydroxide, respectively. Both compounds were
recrystallised from water. The other thiocyanates were from Fluka. Tetrahydro-
furan (THF) was used without further purification. 1,2-Dichloroethane was washed
several times with distilled water before being used for extraction and transport
experiments. The UV experiments were carried out with a Perkin-Elmer 550S
instrument).

2.2. COMPLEXATION STUDIES

These experiments were peformed at 20◦C using volumetric flasks of 10 mL.
Variable quantities of a 0.001 M THF solution of the ligand were added to a 0.001
M solution (1 mL) of the alkali picrate in THF. The flask was then filled with the
solvent. The absorbance of each solution was measured over the range 300–500
nm.

2.3. EXTRACTION PROCEDURE

As already known, extraction in the absence of calixarene was found to be zero
within experimental error. Typically, 10 mL of a 2.5× 10−4 M aqueous solution
of alkali picrate and 10 mL of a 2.5× 10−4 M solution of the ligands in 1,2-
dichloroethane were transferred into a stoppered cylindrical glass tube immersed
in a thermostated water bath (20◦C). The extraction equilibrium was reached after
20 minutes’ stirring and the tube was subsequently allowed to stand for 10 minutes
to complete the separation. The concentration of the picrate in the aqueous phase
was determined spectrophotometrically at the wavelength of maximum absorption
of the picrate ion (λmax = 355 nm,εmax = 14400 L mol−1 cm−1). The extraction
percentage (E%) was determined from the difference of picrate ion absorbances in
the aqueous phase using following expression:

E%= 100(A0 − A)/A0
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in which A0 is the absorbance of the aqueous phase after equilibrium with 1,2-
dichloroethane, andA is the absorbance of the aqueous phase after equilibrium
with a solution of ligand in 1,2-dichloroethane.

2.4. TRANSPORT EXPERIMENTS

Membrane transport experiments were carried out in a U-shaped glass tube im-
mersed in a thermostated water bath at 25◦C. This cell was filled with 160 mL
of a 7× 10−4 M solution of ligand in 1,2-dichloroethane interfaced to 80 mL
of a 0.1 M solution of alkali thiocyanate in one of the arms and 80 mL distilled
water in the second arm. A uniform mixer was inserted into each arm and two
synchronous motors (Heidolph RZR 2000) provided a constant rotation (100 rpm)
of the mixers ensuring stirring of the phases. Transport across the organic phase
was monitored by titration of thiocyanate ion appearing in the receiving phase. At
a regular interval time, 2 mL of the receiving phase was sampled and diluted to
4 mL by a 0.02 M solution of Fe(NO3)3 in 0.2 M HNO3 for spectrophotometric
measurements (λ = 480 nm,ε = 4400 L mol−1 cm−1) [17]. In order to maintain the
position of the interfaces, 2 mL of the feed phase were also removed. The variation
of the volume of the receiving phase was taken into account in the calculations.
Alkali metal thiocyanate concentration in the organic phase was determined by
withdrawing 2 mL of the organic phase, stripping it with 5 mL of distilled water,
and measuring according to the method described above.

In order to determine the equilibrium extraction concentration (C1) 10 mL of 0.1
M aqueous solution of alkali metal thiocyanate and an equal volume of a solution
of the ligand in 1,2-dichloroethane were placed in a tube immersed in the ther-
mostated bath at 25◦C and stirred magnetically for 20 minutes. The phases were
allowed to settle and 5 mL of the organic phase were removed. This solution was
stripped with distilled water for spectrophotometric titration as described above.

3. Results and Discussion

3.1. COMPLEXATION AND EXTRACTION OF PICRATES

It is well known that alkali picrates form tight ion pairs (M+Pic−) in tetrahydro-
furan (THF) solution that can be loosened (ML+n , Pic−) by complexation with a
calixarene ligand [18]. Complexation is shown by changes in the absorption spec-
trum, especially by a bathochromic shift ofλmax, that provide a clear isosbestic
point corresponding to a single equilibrium:

M+,Pic− + nL = ML+n ,Pic−

Such a behaviour was observed forcone-1 and is confirmed here forpaco-1, as
exemplified in Figure 2 with Na+. The bathochromic shifts for Li, Na, K, Rb, and
Cs are reported in Table I.
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Table I. Bathochromic shifts (1λ, nm), at 20◦C
in THF

M+Pic−
Ligand Li+ Na+ K+ Rb+ Cs+

paco-1 37 31 24 21 10

cone-1 37 30 24 21 2

The stoichiometry of each complex was established by monitoring the shift in
λmax as a function of the ligand/cation concentration ratio (for the Na system, see
Figure 3). A 1 : 1 stoichiometry (n = 1) was found for all complexes. Furthermore,
by using the Rose-Drago method [19], stability constants (log Kf ) for paco-1 com-
plexes were determined to be: 4.59, 6.50, 5.23, 4.67, 3.94, respectively for Li(pic),
Na(pic), K(pic), Rb(pic), Cs(pic). Thus the selectivity sequence follows the order:

Na> K > Rb> Li > Cs

Extraction of alkali metal picrates bypaco-1 allowed calculation of the biphasic
equilibrium constants Kex:

M+aq+ Pic−aq+ Lorg = ML+,Pic−org

The corresponding values of log Kex were found to be 6.9, 8.5, 8.0, 7.4, and 6.3,
respectively, for Li, Na, K, Rb, Cs, leading to an extraction selectivity sequence
that parallels that of the stability constants reported above forpaco-1 (Figure 4).
Comparison betweenpaco-1 andcone-1 clearly shows that there is no significant
influence of the conformation on the selectivities for cations ranging from sodium
to cesium, but a major disparity appears with lithium. This finding provides in-
formation on the relative involvement of PO and amide groups in the complexation
of lithium, suggesting that lithium is preferentially complexed by the phosphine
oxide arms rather than the amides.

3.2. EXTRACTION AND TRANSPORT OF THIOCYANATES

Extraction and transport through a bulk liquid membrane of alkali metal thiocy-
anates were carried out withpaco-1 in a similar way to those performed forcone-1
[11]. The extraction bypaco-1 is characterised by the thiocyanate concentration
C1 in the organic phase at equilibrium determined under the following conditions:
aqueous phase/0.1 M MSCN, organic phase L = 10−4 M in dichloroethane. The
derivedC1 values (Table II) parallel the picrate extraction constants (Kex). The
related transport experiments (Figure 5) allowed determination of the steady-state
transport rateVs. Within the model used [11] Vs is related toC1 via the relation:

Vs = (1/2)korgC1S
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Figure 2. Change of the absorption spectrum of sodium picrate in THF upon addition of
various amounts of partial-cone-1: ligand/sodium picrate ratios (r): 0.0 (a) , 0.4 (b), 0.6 (c)
and 1.0 (d).

Table II. Alkali thiocyanate extraction and transport through a solution of
cone-1 [10] andpaco-1 in 1,2-dichloroethane at 25◦C.a

Vs × 109 (mol/s) C1× 104 (mol/l) korg× 105 (dm/s)

M+ cone paco cone paco cone paco

Li+ 1.39 1.08 3.70 3.04 5.7 5.4

Na+ 1.40 1.42 3.71 4.01 5.7 4.8

K+ 1.34 1.35 3.66 3.94 5.6 5.1

Rb+ 0.96 1.32 2.41 3.69 6.0 5.4

Cs+ 0.16 0.68 0.40 2.14 6.1 4.8

aLigand concentration: 7× 10−4 M (160 mL); feed alkali thiocyanate con-
centration: 0.1 M (80 mL); receiving phase: distilled water (80 mL); stirring:
100 rpm;Vs : transport of solute at steady state;C1: equilibrium extraction
concentration of the complex in the organic phase under the conditions of
transport;korg: transfer coefficient.
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Figure 3. Plot of the absorbance vs. [L]/[Na+Pic−] at λmax. of the tight sodium picrate (351
nm) and ligand separated sodium picrate (382 nm).

Figure 4. Plot of the alkali formation constants in THF (log Kf , empty symbols) and extrac-
tion constants (log Kex, filled symbols) for the water to 1,2-dichloroethane system of alkali
picrates at 20◦C vs. the ionic radius of alkali cations (paco-1: circles;cone-1: squares).
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Figure 5. Evolution of the sodium thiocyanate concentration in the receiving (filled circles)
and membrane (empty circles) phase as a function of time usingpaco1 as carrier at 25◦C.
Feed phase: 0.1 M sodium thiocyanate (80 mL): receiving phase: distilled water (80 mL);
membrane phase: 7× 10−4 M of carrier in 1,2-dichloroethane (160 mL); stirring: 100 rpm.

whereS is the interfacial area whilekorg is the transfer coefficient that can be
evaluated from the tranport rate analysis.

Comparison ofkorg for cone-1 andpaco-1 (Table II) shows that thekorg tends to
be lower forpaco-1. Application of Fick’s law and of the Wilke-Chang equation
[20] for the diffusion coefficient leads to a relation betweenkorg and the molar
volumeV of the transporting complex:

korg ∝ V −0.6

Hence a decrease ofkorg denotes an increased size of the transporting complex on
going fromcone-1 to paco-1.

4. Conclusion

In the present study dealing with the ion binding properties of two isomers,paco-1
andcone-1, we have shown that both hybrid ligands form stable complexes with
alkali metal picrates in THF having a 1 : 1 cation/ligand ratio. The study provides
also a nice illustration for the preference of lithium for the phosphoryl groups:
thus, whilecone-1 which possesses two phosphoryl groups occupying the same
binding domain presents a high extractability for Li+ over other cations,paco-
1 in which the P=O groups are anti-oriented displays poor selectivity for Li+. It
might be anticipated that the ligand obtained by interchanging the amides and the
phosphoryl groups inpaco-1 should result in a new ligand displaying complexation
and extraction properties close to those observed forcone-1.



MIXED “AMIDE-PHOSPHORYL” CALIX[4]ARENES 421

References

1. X. Chen, M. Ji, D. R. Fisher, and C. M. Wai:J. Chem. Soc. Chem. Commun.377 (1998).
2. 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 Trans.2783 (1998).
3. G. G. Talanova, H.-S. Hwang, V. S. Talanov, and R. A. Bartsch:J. Chem. Soc. Chem. Commun.

1329 (1998).
4. J. Vicens and V. Böhmer:Calixarenes: A versatile Class of Macrocyclic Compounds, Topics in

Inclusion Phenomena, Kluwer Academic Publishers (1991).
5. J. M. Harrowfield, M. Mocerino, B. J. Peachey, B. W. Skelton, and A. H. White:J. Chem. Soc.

Dalton Trans.6871 (1995).
6. D. M. Roundhill: in K. D. Karlin (ed.),Progress in Inorganic Chemistry, Vol. 43, Wiley, New

York (1995), pp. 533–592.
7. C. Wieser-Jeunesse, D. Matt, M. R. Yaftian, M. Burgard, and J. M. Harrowfield:C. R. Acad.

Sci. Paris, t. 1, Série II479 (1998).
8. M. R. Yaftian, M. Burgard, C. Wieser, C. B. Dieleman, and D. Matt:Solvent Extr. Ion Exch.

1131 (1998).
9. M. R. Yaftian, M. Burgard, C. B. Dieleman, and D. Matt:J. Membr. Sci.144, 57 (1998).

10. M. R. Yaftian, M. Burgard, D. Matt, C. B. Dieleman, and F. Rastegar:Solvent Extr. Ion Exch.
15, 975 (1997).

11. M. R. Yaftian, M. Burgard, D. Matt, C. Wieser, and C. Dieleman:J. Incl. Phenom.27, 127
(1997).

12. M. R. Yaftian, M. Burgard, A. El Bachiri, D. Matt, C. Wieser, and C. Dieleman:J. Incl. Phenom.
29, 137 (1997).

13. C. B. Dieleman, D. Matt, and P. G. Jones:J. Organomet. Chem.454–456, 461 (1997).
14. A. Arduini, E. Ghidini, A. Pochini, R. Ungaro, G. D. Andreetti, G. Calestani, and F. Ugozzoli,

J. Incl. Phenom.6, 119 (1988).
15. F. Arnaud-Neu, M.-J. Schwing-Weill, K. Ziat, S. Cremin, S. J. Harris, and M. A. McKervey:

New J. Chem.15, 33 (1991).
16. C. Loeber, C. Wieser, D. Matt, A. De Cian, J. Fischer, and L. Toupet:Bull. Soc. Chim. Fr.132,

166 (1995).
17. F. Arnaud-Neu, S. Fanni, L. Guerra, W. McGregor, K. Ziat, M. J. Schwing-Weill, G. Barrett,

M. A. McKervey, D. Marrs, and E. M. Seward:J. Chem. Soc. Perkin Trans. 2113 (1995).
18. T. Akimura, M. Kubota, T. Matsuda, O. Manabe, and S. Shinkai:Bull. Chem. Soc. Jpn.62,

1674 (1989).
19. N. J. Rose and R. S. Drago:J. Am. Chem. Soc.81, 6138 (1959).
20. C. R. Wilke and P. Chang:AIChE J.1, 264 (1955).




