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Abstract: Anion transfer to the membrane phase affects the extraction efficiency of salt transport by cation
carriersl and3. Addition of anion receptors or 6 to cation carrierd, 3, or4 in the membrane phase enhances

the transport of salts under conditions in which the cation carriers alone do not transport salt. The extraction
of salt by the carrier mixtures is larger than by cation or anion carrier only, but the rate of diffusion is lower.
Ditopic receptors8 and9 transport CsCl or KCI much faster than monotopic anion recéptorcation receptors

1 and2. The faster transport is due to a higher extraction constardespite a lower diffusion constant of the

ditopic salt complex.

Introduction

Facilitated salt transport by neutral cation carriers is greatly
affected by the hydrophobicity of the cotransported adidhe

distribution of salt between an organic and aqueous phase is

inversely related to the dehydration energy the lyotropic
number of the anioA.In practice, only salts with lipophilic
anions, such as N, 17, or CIO,, are transported in cation-
facilitated transport. Transport of hydrophilic salts requires
increased complex stability of the cation complex. However,
we have previously shown that this leads to a higher kinetic
stability of the complexezConsequently, the rate-limiting step
in the transport is no longer the rate of diffusion but the rate of

as crown ethers with pendant carboxylic acid or ammonium
groups’® diaza- and tetraazamacrocycté$,and oxime carri-
ers!allow counter transport of protons. Also mixtures of neutral
cation carriers and lipophilic anions have been u2eRledox-
driven transport of cations is possible by cotransport of electrons
with nickel bis(dithiolene) or anthraquinoA&These systems
form a lipophilic anion by reversible reduction and oxidation
of the carrier. We study the transport of hydrophilic salts by
mixtures of aniok* and catiof® receptors.

The obvious extension of this work is to combine the anion
and cation recognition site in a neutditopic or bifunctional

(7) (a) Strzelbicki, J.; Bartsch, R. Al. Membr. Sci1982 10, 35. (b)
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of charged lipophilic carriers, a cation is transported in the
opposite directio§.Proton-ionizable macrocyclic carriers such
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receptor!® Our group and others have reported the complexation
of salts in organic media by bifunctional recept&t&’ In this
paper, we describe the transporthyidrophilicsalts when both

the anion and cation are complexed either by two separate

carriers or by one bifunctional receptor. First, the effect of anion
transfer on cation-facilitated transport of potassium salts by
carrierl and sodium salts by carri8ris described. In the second
part salt transport by mixtures of cation carriérs3, or 4 and
anion carriers or 6 is reported. Carriers and 6 are uranyl

salene receptors in which Lewis and Brgnsted acidic sites are

combined® We have successfully applied these as neutral anion
carriers for the transport of lipophilic Cland HPO,~ salts!®

The mechanism of salt transport by the carrier mixtures has
been compared with cation-facilitated transport of salt. Finally,
the transport of CsCl and KCI by ditopic carrieBsand 9 is
described.

Results and Discussiof?

Synthesis of Anion Receptors, Cation Receptors, and
Bifunctional Receptors. From the literature, it is known that
(thio)ureas complex halidé3. Our group has reported the
complexation of halides by (thio)urea functionalized calix[4]-
areneg!d We have also demonstrated that kr Cs" can be
bound by calix[4]crown-& and calix[4]crown-&° receptors,
respectively. Combination of these binding sites on a calix[4]-
arene platform in the 1,3-alternate conformation (recepdors
and9) results in a bifunctional salt receptor.
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(17) Rudkevich, D. M.; Mercer-Chalmers, J. D.; Verboom, W.; Ungaro,
R.; de Jong, F.; Reinhoudt, D. N. Am. Chem. S0d.995 117, 6124.

(18) (a) Rudkevich, D. M.; Stauthamer, W. P. R. V.; Verboom, W.;
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The synthesis of cation carriets’? 2,22 and 3> was carried
out according to literature procedures. The 15-crown-5 derivative
(4) was prepared by alkylation of 2-hydroxymethyl-15-crown-5
with 8(-bromooctyl)-2-nitrophenyl eth&in the presence of 1.1
equiv of NaH in acetonitrile. The syntheses of lipophilic uranyl
salene carrier$ and 6 will be published elsewher®. The
preparation of dipropoxy-bis(2-ethylhexylthioureidopropoxy)
calix[4]arene receptor is depicted in Scheme 1. First, calix-
[4]arenel0was reacted with 3-bromopropyl phthalimide in the
presence of 2.5 equiv of ICO; to give bis(3-phthalimidopro-
poxy)-calix[4]arenel1lin 80% yield. Subsequently, calix[4]arene
11 was reacted with propy! iodide using £X0; as a base to
give dipropoxy-bis(3-phthalimidopropoxy) calix[4]aret& in
52% yield. Thel,3-alternateconformation of calix[4]aren&2
was confirmed by the carbon absorption of the bridging
methylene groups (ArCHAr) of the calix[4]arene present at 37.3
ppm in the'3C NMR spectrum and the singlet around 3.68 ppm
in the IH NMR spectrum for the corresponding methylene
hydrogeng® The phthalimido groups were removed with
hydrazine hydrate in EtOH to give bis(3-aminopropoxy)calix-
[4]arenel3in 96% yield. Bis(2-ethylhexylthioureido)calix[4]-
arene receptor was obtained by conversion of calix[4]arene
13 to the corresponding bis(isothiocyanatopropoxy) calix[4]-
arenel4 and subsequent reaction with 2-ethylhexylamine.

The synthesis of bis(thioureido)calix[4]crown&and bis-
(thioureido)calix[4]crown-3 is depicted in Scheme 2. Calix-
[4]crown-5 15 and calix[4]crown-616, both having thel,3-
alternateconformation, were synthesized by reacting calix[4]arene
11 with tetra- or pentaethylene glycol gHoluene sulfonate,
respectively, and 2.5 equiv of &€30; as a base in refluxing
MeCN. Thel,3-alternateconformation was confirmed byC
NMR spectroscopy as the carbon absorption of the bridge CH
of the calix[4]arene is present at 38 p@fiThe phthalimido
groups ofl5and16 were removed with hydrazine monohydrate

(21) For complexation studies by (thio)urea based receptors see: (a)in refluxing ethanol to give the bis(3-aminopropoxy)calix[4]-

Adrian J. C., Jr.; Wilcox, C. SJ. Am. Chem. Sod.992 114, 1398. (b)
Kelly, T. R.; Kim, M. H. J. Am. Chem. S0d.994 116 7072. (c) Fan, E.;
Arman, S. A. V,; Kincaid, S.; Hamilton, A. DJ. Am. Chem. Sod.993

115 369. (d) Scheerder, J.; Fochi, M.; Engbersen, J. F. J.; Reinhoudt, D.
N. J. Org. Chem1994 59, 7815. (e) Raposo, C.; Almaraz, M.; Martin,
M.; Weinrich, V.; Mussons, L.; Alcazar, V.; Caballero, C.; Mosan, J. R.
Chem. Lett1995 759. (f) Wilcox, C. S.; Kim, E.-l.; Romano, S.; Kuo, L.
H.; Burt, A. L.; Curran, D. PTetrahedron1995 51, 621. (g) Bihimann,

P.; Nishizawa, S.; Xiao, K. P.; Umezawa, Yetrahedronl997 53, 1647.

(h) Jagessar, R. C.; Burns, D. Bhem. Commurl997, 1685.

(22) Casnati, A.; Pochini, A.; Ungaro, R.; Bocchi, C.; Ugozzoli, F.;
Egberink, R. J. M.; Struijk, W.; Lugtenberg, R. J. W.; de Jong, F.; Reinhoudt,
D. N. Chem. Eur. J1996 2, 436.

(23) Casnati, A.; Pochini, A.; Ungaro, R.; Ugozzoli, F.; Arnaud, F.; Fanni,
S.; Schwing, M.-J.; Egberink, R. J. M.; de Jong, F.; Reinhoudt, DJ.N.
Am. Chem. Sod 995 117, 2767.

crown derivativesl7 and 18, respectively. For the synthesis of
the ditopic receptor8 and9, first bis(3-aminopropoxy)calix-
[4]crown-517 and bis(3-aminopropoxy)calix[4]crown3B were
converted with thiophosgene in the presence of triethylamine
in toluene to the corresponding bis(3-isothiocyanatopropoxy)-
calix[4]crown derivativesl9 and20. Subsequently, these were

(24) Nijenhuis, W. F.; Buitenhuis, E. G.; de Jong, F.; SUtdioE. J.
R.; Reinhoudt, D. NJ. Am. Chem. S0d.991, 113 7963.

(25) Visser, H. C.; Vink, R.; Snellink-RiuieB. H. M.; Kokhuis, S. B.
M.; Harkema, S.; de Jong, F.; Reinhoudt, D.Recl. Tra. Chim. Pays-
Bas1995 114, 285.

(26) Molins, M. A.; Nieto, P. M.; Sachez, C.; Prados, P.; de Mendoza,
J.; Pons, M. OJ. Org. Chem1992 57, 6942.
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Table 1. Transport Parametei3m, Kex, and AGexnpoefor the Transport of KX Salts by Carridrand of NaX Salts by Carries; [1]m or

[3]m =10 mM
transport of KX by carrief transport of NaX by carried

anion Dm (1012 Kex AGEX,NPO&KX) Dm (1012 Kex AGevapoKNaX) AGtr'Npodxf)

X m?s1) MY (kJ molh)a m?s1) (MY (kJ molh)a (kJ mol 1P
ClOs~ 7.7 3.7x 10¢ —26.0 8.0 14 —6.5 10.6
SCN- 10.8 1.3x 10° —17.8 8.9 4.0< 101 2.3 19.2
( 8.2 9.0x 1? —16.8 8.5 1.2« 10t 5.3 21.1
NOsz~ 8.8 1.8x 17 —12.9 21.8
Br- 8.4 3.4 -3.0 33.8
CN~ 10 2.8x 10? 3.2 37.1
Cl- 10.4 3.5x 1072 8.3 43.1

2 AGexnpodMX) calculated fromKex (M~2). P Taken from ref 19.

Scheme 2
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reacted with 2-ethylhexylamine in chloroform to give the ditopic
carriers8 and9.2”

Effect of Cotransported Anions on Cation-Facilitated
Transport. The transport of salts by potassium carrdeand
sodium carrieB was measured as a function of the salt activity
as to determine the extraction coefficieKtx (see eq 2) and
diffusion constanDp, of the carrier complexes from eq 1 (Table
1). The model has recently been developed in our gibaipd
applied to describe the facilitated transport of aiadind earth-
alkaline223 metal salts and silver saR8.

Dm
=gl Keal+ JKoaD? + A Kad ()

The diffusion coefficients are all in the same range; 80712

to 11 x 10712 m? s71.2% Apparently, the cotransported anion
only slightly affects the rate of diffusion in the membrane
phase®®21 The extraction constankg,), however, is strongly
anion-dependent; it decreases by a factor &fviiden CIQ is

(27) Lipophilic, branched alkyl chains were attached to provide sufficient
lipophilicity and to increase the solubility of the carriers in organic solutions.

(28) Struck, O.; Chrisstoffels, L. A. J.; Lugtenberg, R. J. W.; Verboom,
W.; van Hummel, G. J.; Harkema, S.; Reinhoudt, D. IN.Org. Chem
1997 62, 2487.

(29) Dy, is the membrane diffusion coefficieny, is affected by the
membrane characteristics, tortuosi®), and porosityz. A diffusion
coefficientDy, in the bulk solvent can be calculated frdbg, according to
Dp = (7/©)Dm.

(30) The diffusion coefficienDyx of an electrolyte MX in dilute solution
can be calculated from the individual diffusion coefficierita(and Dx):
Dux = (2DmDx)/(Dm + Dx). As the diffusion coefficients of the cation
Dwm and the aniorDx are inversely related to the radius of the diffusing
speciesDx will be much larger thaDy.

(31) Cussler, E. L., EdDiffusion; Mass transfer in Fluid Systepnd
ed; Cambridge University Press: Cambridge, U.K., 1997.

replaced by Ct. The transport of KHPO, was too low for an
accurate determination @f, andKey; henceKex of 1-KH,POy
is much smaller than that fKClI. For carrier3, accurate values
of Dy andKex were only obtained for NaCl)Nal, and NaSCN.
The corresponding Gibbs free energies of extracttBe npor
(MX)) were calculated fromKex according to eq 2 (Table 1).

AGey npodMX) = —RTIN(K,,) with
ML XD,

= (2
" 0,1,

The cation complex and anion are solvent-separated ions in
the membrane phasélin this caseAGey npodMX) is the sum
of the Gibbs free energy of cation transt&&; npo(M ™), the
Gibbs free energy of anion transt&G; npo(X ), and the Gibbs
free energy of cation complexatiohG, npodM ™).

AGex,NPoéMX) = AGtr,NPOE(MJr) + AGtr,NPOE(X_) +
AG,ppodM ™) (3)

For carrierl, AGex npodKX) is indeed related linearly to the
Gibbs free energies of anion transfer to NPQES{y npod X 7))*°
with the expected slope of ¥ & 1.07X — 37.9,R? = 0.990).

A similar relation is observed for the transport of NaX by carrier
3 (y=1.09% — 18.2,R? = 0.994). Equation 3 illustrates the
limitations of the application of neutral cation carriers. Salt
transport is not efficient in practice WheéXGex npod MX) is to0
large 10 kJ mof?). This situation occurs when the relative
contribution of AG,npogM™) is not sufficient to compensate
for the unfavorable Gibbs free energy of salt transfer. In this
case, both an anion receptand a cation receptor should be
used in the membrane. The complexation in the membrane
solvent is described by eq 4.

[LM]m+ [M+]mZ[LMM+]m with KaM:M
BN (VA P LU P

o — . — [LXX7]m
[LX]m+ [X ]m [LXX ]m with Ka,X [Lx]m[Xf]m (4)

When [LuMT]m > [M*]n and [LxX " ]m > [X "]m, the coopera-
tive extraction of salK P is defined by eq 5 and 6 in which
Ko, Kax, and Kau are the equilibrium constants for salt
partitioning, anion complexation, and cation complexation,
respectively. AGg, \ipodMX) was derived fromKg* (eq 7),
from which it is clear that salt extraction can be enhanced,
because of the additional term for anion complexation,

AGavaodxf).
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Chart 1
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(5)

[LxX Tl M T,
(L[l M " TadX g
AGTpodMX) = AGy ypoeX ") + AG ypoeM ) +
AG, npodM ™) + AG, ypodX ) (7)

KggOpz KpKa,XKa,M =

(6)

Cooperative Salt Transport with Carrier Mixtures. Trans-
port of KCI, NaCl, and KHPQO, with mixtures of cation carriers
1, 3, and4 and anion carrier§ and6 (Chart 1) was measured

as a function of the ratio of anion and cation carrier in the

J. Am. Chem. Soc., Vol. 121, No. 43, 199845
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Figure 1. Transport of NaCl by mixtures of carrieBand5 and of
KCI by mixtures of carrierd and5; [3 + 5]m = [1 + 5]m = 15 mM,
[NaClls= 1.0 M (@) and [KCIs = 25 mM (@).
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Figure 2. Transport of KCI by carrier mixtures off and 5;
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Figure 3. Transport of KHPQO, by mixtures of carrierd and5 (#),

carriersl and6 (W), and carriergl and5 (®); [1 + 5]m = [1 + 6]m =
[4 + 5]m = 15 mM, [K:HPQ, + KH,PQJ]s = 0.05 M, pH = 6.7.

membrane phase keeping the total carrier concentration constani 5-crown-54 or uranyl salenes individually is low, but for

([Lx + Lmlm = 15 mM). First, KCI was transported from a

mixtures of carriergl and5, transport does occur. A maximum

low initial source phase concentration with mixtures of calix- transport rate is now observed for a 2:1 ratio of cation carrier

[4]crown-51 and uranyl salen&. NaCl was transported from

a high source phase concentration by mixtures of calix[4]arene

tetraester3 and uranyl salen& to promote salt extraction to

VS anion carrier.

We also found that mixtures of cation carrierand anion
carriers5 and6 cooperatively transport K#PO,.33 Fluxes were

anion carrier alone transports salt, but the carrier mixtures do. carriers1 and6 as a function of the carrier composition in the

For the mixtures of carriers of bothand5 and 3 and5, the

membrane phase (Figure 3). Salt is not transported by the cation

transport-rate reaches a maximum at equal concentration ofcarrier or the anion carrier alone. Only carrier mixtures transport

anion carrier and cation carrier (Figure 1).

KH,PO, with a maximum transport rate at a ratio of anion versus

The ratio of anion carrier vs cation carrier for which the flux cation carrier of 2:1. Apparently, uranyl salenes form 2:1
is maximal is directly related to the stoichiometry of the carrier complexes with HPQ,~ in the membrane phase. Complexation
complexes in the membrane phase. A maximum flux at 1:1 ratio studies with uranyl salene receptors studied % NMR

of anion carrier and cation carrier indicates that cooperative salt
extraction occurs by complexes that have a 1:1 stoichiometry.
We further studied the influence of complex stoichiometries on

the transport of KCI with mixtures of 15-crown-5 derivatite
and uranyl salenb (Figure 2). It is known from complexation

studies and crystallography data that 15-crown-5 derivatives

form 2:1 sandwich complexes with'k®2 Transport of KCI by

(32) Cox, B. G., Schneider, H., EdStudies in Physical and Theoretical

(33) The experiments have been carried out from a source phase at
pHs = 6.7 at which both HP¢§~ and HPQ,~ are present at equal
concentration. The type of anion transported was determined by salt transport
([KH2POy + KoHPOy]s = 0.045 M) from an acidic (pH= 4.5; Jp = 14 x
108 mol m2s71), neutral (pH=7.1;Jo = 9.5 x 108 mol m2s71), and
basic (pH= 9.2;Jo = 0.8 x 10~8 mol m~2s1) source phase with a mixture

of calix[4]crown-51 and uranyl salené ([1]m = [6]m = 0.01 M). At low

pHs, phosphate (WPOy~) transport occurs. Moreover, the ratio of Kersus

total phosphate (P£) in the receiving phase was determined after transport
from a neutral source phase: {J{(PQOs°~) = 1.07. This strongly indicates

Chemistry Elsevier Science: Amsterdam, The Netherlands, Vol. 76, 1992. that almost exclusive KHPO, transport takes place.
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Table 2. Diffusion CoefficientsDm, Diag, anda. for the Transport
of Kl, KCI, and KH,PO, by Mixtures of Carriersl and5

carrier transported Dy (10712 Diag (10712 Dy (10712

tiag

mixture  salf ms?) o (s) mPs)) m?s1h)
1d Kl 7.6 0 800 19 12
1+5 KCI 5.0 0 501 13 5.8
145 KH2POy 3.7 0.17 1484 4.5 3

3[KX]s= 0.4 M. " Determined from eq & Determined fromDiag.
4[1m=0.01 M.¢[1]m = [5]m = 0.01 M. [1], = 0.01 M and B]m =
0.02 M.

spectroscopy confirm the 2:1 stoichiometry withRD,~ in
organic medi&*

When salen® is mixed with 15-crown-54, the flux reaches
a maximum at 1:1 carrier ratio. Because both 15-crowiad
salene5 form a dimeric complex with K and with HPQy-,

Chrisstoffels et al.
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Figure 4. The initial flux Jo as a function of the salt concentration for
the transport of Kl by carriet (0.01 M) (#), KCI by a mixture of
carriersl (0.01 M) and5 (0.01 M) (a), and KHPO, by a mixture of
carriers1 (0.01 M) and5 (0.02 M) @).

Table 3. Maximum FluxJomax and Diffusion CoefficienDy, for

respectively, the 1:1 carrier ratio indicates a 2:2 complex tlhgnzrgnsport of KI, KCl and KgPO, by Mixtures of Carriers

stoichiometry.

The Mechanism of Facilitated Salt Transport. The rate- carrier  transported Jo,max(%(fi D gl({“ Dmbz(l(:)l_ 12
limiting step of transport was determined from a measurement _MXture salt molm™?s™) m”*sT) m*s™)
of the transport rate as a function of the membrane thickness 1 Kl 8.1 8.1 7.7
dm.5 WhenLoJo ! is plotted as a function ofly, the slope of 1+5 KCI 5.7 5.7 5.7

1+5 KH2PO, 3.0 3.0 3.4

the fitted line gives the mean diffusion coefficient of the

complex and the intercept is indicative for a chemical resistance

(eq 8).

I-0 dm
\]_0 = (1 + (I)D—m

(8)

The transport of KI, KCI, and KEPO, by mixtures of carriers

1 and5 was measured as a function of the membrane thickness
from a source phase concentration of 0.4 M to ensure that all

carrier at the source phase interface is present as cormple.
mean diffusion coefficient®y, anda are given in Table 2. The
intercept of the fitted lines is very smaltc(< 1). Thus the
transport is diffusion-limited for all systems. With more than

aDp, value fromJomax (Figure 4).° Dy, value from the transport as
a function of the carrier concentration ([sak} 0.4 M).

Table 4. Selective and Uphill Transport of KCI in the Presence of
NaCl by Carrierl and by a Mixture of Carrierg and5; [KCl]s =
2.5x 10 M and [NaCI, = 0.25 M

time  carrier carrier %Na" %K+ selectivity

10 s) 1 5 transported transported S (10°)
67 0.01 0.0018 7.8 4.3
67 0.01 0.01 0.0064 60.1 9.4
137 0.01 0.0020 14.8 7.4
137 0.01 0.01 0.0040 95 23.8

ag = (%K*/%Na’).

one carrier involved in transport, the apparent diffusion coef- performed with 2.5¢< 10-4 M KCI/0.25 M NaCl as source phase

ficient Dy, decreases (Table 2) in agreement with the Stekes
Einstein equation.

Lag-time experiments yield independent values y.3°
From the experimental lag tim@ag Diag = dm/6tag Was
calculated (Table 2). The value By, was calculated frorDiag
by D = ©Dyag, © being the porosity of the membrane. The
values for Dy, obtained from lag times are in reasonable
agreement with those obtained from flux measurements.

(Table 4). With the carrier mixture, more than 50% of alt K
was transported in 1 day with a very high selectivity of about
10 After 2 days, more than 95% of all potassium was
transported. The selective uptake of Ky the calix[4]crown-5
in the membrane remains responsible for the high selectivities.
Transport Efficiency by a Cation Carrier and by a
Carrier Mixture. Although salt extraction into the membrane
phase is clearly enhanced by addition of an anion carrier to a

~ Theinfluence of the salt concentration on transport is shown cation carrier, the mean diffusion coefficient of the carrier
in Figure 4. The transport rate increases with the salt concentra-mixtures is lower than that of the cation carrier alone. These

tion but reaches a maximundo(may, indicating that all carrier

two counteracting factors may lead to a situation in which salt

at the interface becomes complexed at high salt concentrationstransport by carrier mixtures is not always most efficient. This

Because the transport is diffusion-limitddl,, can be calculated
from Jo max according to eq 9 (Table 3.

_ DmLO

‘]O,max - d_
m

©)

is illustrated by the transport of KCI by calix[4]crowniZalone

in comparison with the transport by a (1:1) mixture of calix-
[4]crown-51 and uranyl salen& as a function of the source
phase activity of KCI (Figure 5). At low salt activity, the
extraction of salt by the mixture of and5 is higher; thus
transport of KCI is most efficient. At high salt activity when

The diffusion coefficients determined by different methods the flux approaches a platealy,max Salt transport by carriet
(Tables 2 and 3) are the same within experimental error and alone becomes more efficient due to a higher diffusion coef-

the relative order iDm(1-KCl) > Dy((1 + 5)-KCI) > Dpy-
((1 + 5)-KHPOy).

The efficiency of selective uphill transport was determined

for calix[4]crown-51 alone and for a mixture of calix[4]crown-
51 and uranyl salenb (1:1 stoichiometry). Experiments were

(34) Antonisse, M. A. Ph.D. Thesis, University of Twente, Enschede,

The Netherlands, 1998.
(35) Bromberg L.; Levin, G.; Kedem, Q. Membr. Sci1992 72, 41.

ficient. The mean diffusion coefficient dfKCl is 10.4 x 10712
m? s 1, whereadDp, = 5.7 x 10712 m? s~ for the transport of
KCI by the mixture ofl and5.

The limitations of carrier mixtures to transport salt are also
reflected in the influence of the salt concentration on the
facilitated transport of KCI by mixtures of calix[4]crown-b
and uranyl salen& at different carrier compositions (Figure
6).
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Figure 5. The flux J, as a function of the salt activitgs for the Figure 7. Transport of CsCl by ditopic carricd () and mono-
transport of KCI by carried ([1], = 0.01 M, W) and by the carrier topic carrier2 (®) as a function of the source phase salt activity;
mixture of 1 and5 ([1m = [5]m = 0.01 M, #). [carrier}, = 0.01 M.
12 for organic solvents, due to intermolecular hydrogen bonding
1JS" 10 | of the (thio)urea moietie® This effect increases the viscosity
(mol m’s") § | of the membrane solvent and therefore retards the rate of dif-
6 fusion. AGex npo2:CSCIQy) is slightly higher tham\Gex npor
I 1 (9-CsCIQy), indicating that the binding strength for €& not
4 4 much affected by the thiourea moieties in carer
2 - The transport of CsCl by carrieBsand9 is totally different
0 B - from the previous case (Figure 7). Although carriers the
0 25 50 75 100 most efficient carrier for CsCl§) carrier9 transports CsCl more
—» [Anion Carrier], (mol%) efficiently. At [CsCl)s = 0.1 M, the transport b (Jo = 23 x
Figure 6. Transport of KCl by carrier mixtures ofl and 5; 10-8 mol m~2s71) is about 5 times higher than that ByJo =
[1 + 5]m = 15 mM, [KCI]s = 0.05 @), 0.25 @), 0.5 @), and 1.0 4.5 x 1078 mol m—2 s71), which clearly demonstrates that both
(@) M. binding sites are involved in the complexation of CsClI.

The transport of CsCl by theonotopicl,3-dioctyloxycalix-
[4]crown-6 carrier2 is described by eq 1 (Table 5). When we
assume that thB, values of complexeg-CsCl and2-CsCIQ,

Table 5. Transport Parametei3,, and Kex for the Transport of
CsCIQ, and CsCl by Calix[4]crown-6 Derivative® and9

_ transported Dy (10722 Kex Gex,npogMX) are about the same, the value fa, of carrier2 for CsCl can
carrier _ salt MX mes™) M (kd mol™) be determined from eq 1Kl = 3.7 x 10°2 M-Y) with a
2 CsCIG, 11 3130 —19.9 corresponding Gibbs free energy AGexnpodCSCl) = 13.9
S g:g:q 1612 1973'0037 _12?;3'9 kJ moi~L. Transport of CsCl by ditopic carrié can no longer
9 Csal 4.2 479 _152 be descr_ibed_ by the m_ode_l for cation-_facilitqted transport but
— - . . by the diffusion of a ditopic complex in which the Csand
K'ex (M7) defined according to eq 12. CI- are simultaneously bound as a ligand-separated ion pair.

Therefore eq 11 holds for the flux as a function of the

At low salt concentration ([KCl= 0.025 M) the curve is a experimental parameters aBth and K’ e,

bell-shaped. With increasing salt concentration, facilitated
transport of KCI by calix[4]crown-5L increases and exceeds . IMLX] e

the transport of KCI by the mixture of carrierk and 5. Mg +Lpst X SMLX g Kg=—F—

Ultimately, at high salt concentration substitution of part of MTTIX 1L s
calix[4]crown-51 by uranyl salené results in less efficient (10)
transport?® The observed trends can be rationalized by an , 2

extraction model based on salt partitioning and independent _ DK exL0[ a (11)
complexation of the anion and cation. (for further detail: see 0 dn, |.(1 + K22

Supporting Information).

Transport of CsCl with a Bifunctional Receptor. We have The diffusion coefficienDy, and extraction constamt ex of
applied carriers8 and9 in SLMs to describe the mechanistic  carrier9-CsCl were determined by fitting eq 11 to the data in
aspects of transport with bifunctional receptdiEirst, carriers Figure 7 (Table 5). The diffusion coefficient of carri@CsCl
2 and9 were used for the transport of CsCl and Cs£108ince (Dm = 4.2 x 10722 m2 s71) is low. Diffusion coefficients of

applied to describe the fluxes and determine value&feand 10 x 1072 m2 s14 The relative order of the diffusion

Dip. 24 ) ) . coefficients was confirmed with lag-time experimenis;(2
The transport of CsCl9by monotopiccarrier 2 is most CsCIQ) > Dn(9-CsCIQ) > Di(9-CsCl).

efficient (Table 5). The maximum fludo max Of ditopic carrier The extraction constants for the transport of CsCldy

9 transporting CsCI®is much lower than that of carri@; due (Kex= 3.7 x 103 M%) and 9 (Key = 472 M2) cannot be

presence of the thiourea groups in the ditopic carrier. Small of complex2-CsCl and9-CsCl in the membrane phase after
amounts of (thio)urea derivatives can serve as gelating agents

(38) Van Esch, J.; Kellogg, R. M.; Feringa, B. Tetrahedron Lett1997,

(36) This demonstrates that extraction of KCI by anion carfer 38, 281.
individually is much less effective than the extraction of KCI by cation (39) For the monotopic cation complex, the percentage of complex
carrier1. in the membrane phase is defined as % compte200% x ([ML "]/

(37) The transport of KCI, CsCl, and CsCl€cilitated by anion carrier [L]m,0) and follows from eq 2. For the ditopic complex, it is defined as
7 was too low to be determinedy(< 0.5 x 108 mol m2s™1). % complex= 100% x ([MLX] n/[L] m,0) and follows from eq 11.
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Figure 8. Transport of CsCl by ditopic carri€x (W) and the mixture

of carriers2 and7 (#) as a function of the source phase salt activity;
[9]m = 0.01 M and B]m = [7]m = 0.01 M.

extraction from CsClds csci= 0.1 M) with 0.01 M carrier,
83% of the recepta® is present as complex, whereas only 6%
of the monotopic carrie is complexed.

From the extraction constank&y, K'ex (Table 5), and the
ratio of the partition constants,(CsCIQy)/Ky(CsCl) = 8.5 x
1P, the binding constarit, ¢, for the complexation of Cl by
carrier 9 was calculated (eq 12Kaci = 1 x 10® M1 or
AGy9-CI") = —28.5 kJ mot?,

_ Ky(CsCIO)
.Cl—
a K,(CsCl)

K',(CsCl)
" K_(CsCIOy)

(12)

As Kaci> 1 M™1, we can conclude that the complexation of
ClI~ in the bifunctional receptor clearly contributes to the
extraction of CsCl by ditopic carrid. K, ciis about 1 order of

Chrisstoffels et al.
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Figure 9. Transport of KCI by cation carriet (®), the mixture of
carriers1 and 7 (®), and ditopic carriei () as a function of the
source phase salt activity8], = [1m = [7]m = 0.01 M.

observed for the diffusion of amino acids as cationic species
and as zwitterion4?

Facilitated Transport of KCI by a Cation Carrier, a
Carrier Mixture, and a Bifunctional Carrier. Ultimately, we
compared the transport of KCI for three different systems; (i)
ditopic calix[4]crown-58, (ii) monotopic calix[4]crown-5L, and
(i) the mixture of calix[4]crown-51 and calix[4]aren&.3” The
transport of KCl was measured as a function of the KCI activity
(Figure 9). At low salt activity & < 0.1 M), ditopic carrier8
and the mixture of the monotopic cation carrieand anion
carrier 7 exhibit the highest flux. This is due to the enhanced
extraction of KCI because of the additional binding site for
chloride as anion carrier or in the bifunctional receptor.

At high salt activity s > 0.4 M), the transport rate of KCI
by the carrier mixture ofl and7 as well as by ditopic carrier
8 reaches a maximum. The maximum fldxmaxOf ditopic calix-

magnitude higher than those reported for the complexation of [4]crown-5 carrier8 is much lower than that of the carrier

CI~ by the urea-based anion receptors in CHIGI Scheerder
etal (Kaci= 10° — 10* M~1).21dThe enhanced binding affinity
must be due to additional attractive electrostatic forces of Cs
bound in the bifunctional receptor.

mixture of calix[4]crown-51 and calix[4]arend&. This difference

is also observed for the transport of CsClI by the calix[4]crown-
6 carriers. Since the transport is diffusion-limited, the low
maximum fluxJo maxis attributed to the lower diffusion velocity

We found that CsCl is transported selectively in the presence of pifunctional carrie® compared to the mixture of anion carrier

of a large excess of NaCl by ditopic carr@([CsCl]s = 2.5 x
104 M and [NaClL = 0.25 M), as about 87% of all CsCl was
transported within 2 days. For monotopic car@ehe transport
of CsCl was much lower, as only 3% of all Cwas transported
after 2 days. Both for carrie2 and for carrrier9, Na" could
not be detected in the receiving phase even after 2 days.
CsCl Transport Facilitated by a Ditopic Carrier and a
Carrier Mixture. To evaluate the effect of covalent linkage of

7 and cation carrierl. This hypothesis is supported by the
diffusion coefficientD, determined from the transport of KCI
as a function of the membrane thickness. The diffusion
coefficients decrease in the ordeg,(1-KCI) = 10.4 x 1012

m2 s > Dy((1 + 7)-KCl) = 6.8 x 1012 m? 51 > Dy (8
KCl) = 3.9 x 10712 m? s™1. For diffusion-limited transport,
Jomaxat higher salt concentration is determined by the diffusion
coefficientDy,. Therefore, when [KC{> 0.5 M, the transport

the two recognition sites on salt transport, we compared the rates decrease in the orday(l) > Jo(1 + 7) > Jo(8). The

transport of CsCl byditopic bis(thioureido)calix[4]crown-&®
and the mixture of bis(thioureido)calix[4]arereand di-(1-
octyloxy)calix[4]crown-62. The transport of CsCl by the 1:1
carrier mixture of2 and7 (10 mM in NPOE) and by carrie®

was studied as a function of the CsCl concentration (Figure 8).

For both systems, a maximum fluk max is reached at higher
salt concentration ([CsGI> 0.3 M). In contrast to what was

expected on the basis of the size of the diffusing complexes,

the carrier mixture o and7 transports CsCl more efficiently
than ditopic carrie©. There is a substantial difference in the
maximum fluxJo max Namely,Jo max(9) = 4.1 x 1077 mol m2
standJoymaf2 +7) = 6.3 x 107" mol m2 s71,

monotopic calix[4]crown-5 carriet becomes the most efficient
carrier as it reaches the highest platgawa, Whereas under
these conditions the lowest transport efficiency is obtained for
ditopic carrier8!

Conclusions

The cotransported anion largely influences the extraction
efficiency in cation-facilitated transport, due to the unfavorable
contribution of AGex npodX ™) 10 AGex npodMX). Mixtures of
cation carrierd, 3, or 4 and anion carrierS or 6 cooperatively
transport hydrophilic salts, such as KCI and ##,. The

The diffusion of the complex through the membrane phase transport is limited by the rate of diffusion, and the mean

is the rate-limiting step of transport of CsCl by both ditopic
carrier9 and the mixture of carrier and 7.5 The diffusion
coefficient of the carrier mixture is higher than of the ditopic

diffusion coefficient decreases with increasing number of
carriers involved in transport. Addition of anion carrierto
cation carrierl does not always improve salt transport. At high

carrier, which was confirmed by lag-time measurements. On Salt_concentration a single carrier system of cardeis

the basis of the Stoke<instein, this result was unexpected.
The lower diffusion velocity might be explained from the

advantageous, whereas at low salt concentration the carrier

(40) Cohn, E. J., Edstall, J. T., Ed3oteins, Amino Acids and Peptides

zwitterionic character of the complex. This has also been as lons and Dipolar lonsHafner Publishing Company: New York, 1965.
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mixture of 1 and5 is a more efficient system. KCI and CsClI
were transported by ditopic recept@snd9, respectively, by
simultaneous complexation of both the cation and anion. Ditopic
receptor9 transports CsCl much more efficiently than cation
carrier2 or anion carriei7. However, at high salt concentration,
the transport of KCI by bifunctional carrié is less effective
than by cation carrief, due to the surprisingly low rate of
diffusion of the bifunctional carrier complex.

Experimental Section

Melting points were determined with a Reichert melting point
apparatus and are uncorrectéd. NMR and 3C NMR spectra were
recorded with a Bruker AC 250 spectrometer in CRChe presence
of solvent in the analytical samples was confirmed 1 NMR

spectroscopy. Fast atom bombardment (FAB) mass spectra were

obtained with a Finnigan MAT 90 spectrometer. The spectra were
obtained with use ofm-nitrobenzyl alcohol as a matrix.

CH,Cl, was distilled from Cakland stored over molecular sieves
(4 A) prior to use. CHCN and DMSO were dried over molecular sieves
(4 A) prior to use. Petroleum ether refers to the fraction with bg 40

60 °C. Other chemicals were of reagent grade and were used without

purification. Column chromatography was performed with silica gel
(Merck; 0.015-0.040 mm) unless stated otherwise. All reactions were
carried out under an argon atmosphere.
Carriers1,?? 2,23 3,4t and10* were synthesized according to literature
procedures. The synthesis of carribrand6 is described elsewhet@.
2-[[8-(2-Nitrophenoxy)-1-octyloxy]methyl]-15-crown-5 (4).NaH
(60%) as suspension in mineral oil (76 mg, 1.9 mmol) was washed
twice with petroleum ether. Then THF (50 mL) was added followed
by 2-hydroxymethyl-15-crown-5 (400 mg, 1.6 mmol). The mixture was
stirred for 1 h. Subsequently, 8(-bromooctyl)-2-nitrophenyl ether (690
mg, 2.1 mmol) was added and the mixture was refluxed for 24 h. Water
was added slowly, and the aqueous solution was extracted with CH
Cl, (2 x 100 mL). The organic layer was washed with watex(200
mL) and dried over MgS® The crude residue was purified by column
chromatography (Si§ CH.Cl,/MeOH = 95:5) to obtair4 as a yellow
oil. Yield 46%; N 1.5425;'"H NMR 6 7.76 (dd, 1 HJ, = 8.1 Hz,
Jn = 1.7 Hz, ArH), 7.5-7.35 (m, 1 H, ArH), 7.6-6.85 (m, 2H, ArH),
4.04 (t, 2H,J = 6.4 Hz, ArO(H,), 3.8-3.4 (m, 19H, OCG1,CH,), 3.4~
3.25 (m, 4H, OCHE,0 and O®,CH.CH,), 1.85-1.65 (m, 2H,
ArOCH,CH,), 1.6-1.4 (m, 4H, CHOCH,CH, and ArOCHCH,CH,),
1.35-1.1 (s, 6H, ®&y); ¥C NMR ¢ 152.5 (s, ACO), 139.9 (s,
ArCNO,), 134.0-114.5 (d, ACH), 78.6 (d, GCH), 71.6-69.5 (t,
CH,0), 29.6-25.8 (t, CHCH,CH,); MS—FAB mVz523.0 [(M+ Na)",
calcd 523.0].
25,27-Dipropoxy-26,28-bis[(34{'-(2-ethylhexyl)thioureido)propy-
l)oxy] calix[4]arene (7),1,3-Alternate A solution of calix[4]arenel4
(0.50 g, 0.71 mmol) and 2-ethylhexylamine (0.58 mL, 3.5 mmol) in
dry CH.CI, (100 mL) was stirred in a closed tube at room temperature
for 10 h. Then CHCI, was removed under reduced pressure. The solid
was purified by column chromatography (&F,) and preparative TLC
(hexane/EtOAG= 4:1) to afford7 as a white solid. Yield 59%; mp
118-120°C; *H NMR(400 MHz) 6 7.05 (d, 4 H,J = 7.2 Hz, ArH-
m), 7.01 (d, 4 HJ = 7.2 Hz, ArHim), 6.87 (t, 2 H,J = 7.4 Hz, ArH-
p), 6.80 (t, 2 H,J = 7.6 Hz, ArHp), 6.07 (bs, 4 H, M), 3.81 (s, 8 H,
ArCHAr), 3.47 (bs, 8 H, CHCH,N and NCH,CH), 3.4-3.3 (m, 8 H,
J = 7.6 Hz, O®H,C,Hs and OQH,(CH,).N), 1.7-1.55 (m, 2 H,
NCH,CH), 1.55-1.45 (m, 4 H, G1,CHzN), 1.45-1.2 (m, 16 H, CH-
(CH2)sCH(CH2CHz)), 1.15-1.0 (m, 4 H, G4,.CH3), 0.95-0.8 (m, 12
H, CH3(CH,)3CH(CH,CH3)), 0.65 (t, 6 H,J = 7.6 Hz, (H3); 1*C NMR-
(400 MHz) 6 181.7 (s, G=S), 157.1, 156.2 (s, Ar€0), 134.3, 133.2
(s, ArC0), 129.2, 128.9 (d, ArG¥), 122.2, 121.4 (d, Ar@), 71.6,
67.0 ('[, G:H2C2H4N and O:HzCsz), 47.7, 40.6 (t,CHgN), 38.9 (d,
CHCH;N), 38.0 (t, AICH,Ar), 30.8, 29.4, 28.6, 24.0, 22.8, 21.9 (t, €H
(CH2)3CH(CH20H3) and CHchzN and CHzCHg), 138, 106, 9.6 (q,

(41) Arnaud-Neu, F.; Collins, E. M.; Deasy, M.; Ferguson, G.; Harris,
S. J.; Kaitner, B.; Lough, A. J.; McKervey, M. A.; Marques, E.; Ruhl, B.
L.; Swing-Weil, M. J.; Seward, E. Ml. Am. Chem. Sod.989 111, 8681.

(42) Gutsche, C. D.; Lin, L.-GTetrahedron1986 51, 742.
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CHjy); IR (KBr) 3266 cn1* (NH); MS—FAB m/z963.5 [(M—H)~, calcd
963.6]. Anal. calcd for @HgN4OsS: C, 72.16; H, 8.77; N, 5.80.
Found: C, 72.53; H, 8.71; N, 5.70.

General Procedure for the Synthesis of 25,27-Bis[(3\(-(2-
ethylhexyl) thioureido)propyl)oxy]calix[4]arene-crown-n (n = 5, 6),
1,3-Alternate A solution of calix[4]arene-crowm-(n = 5, 6) 20 or 19
(0.64 mmol) and 2-ethylhexylamine (0.25 g, 1.92 mmol) in dry,CH
Cl, (50 mL) was stirred in a closed tube at room temperature for 10 h.
Then CHCI, was removed under reduced pressure. The pure compound
were obtained after preparative TLC as a viscous oil {TKEtO-

Ac = 19:1 and subsequently increasing the polarity with EtOAC).
25,27-Bis[(3-N'-(2-ethylhexyl)thioureido)propyl)oxy]calix[4]arene-
crown-5 (8). Yield 77%;H NMR 6 7.09 (d, 4 H,J = 7.5 Hz, ArH-
m), 7.06 (d, 4 HJ = 7.5 Hz, ArHm), 7.0-6.8 (m, 4 H, ArHp), 6.12
(bs, 4 H, NH), 3.85 (s, 8 H, ArCHAr), 3.7-3.4 (m, 20 H, ArOG.-
CHZOCHZCHZ and O(HzCHzCHzN), 3.2-3.0 (m, 8 H, ArOCHCHZO
and NCH,CH), 1.65-1.55 (m, 2 H, NCHCH), 1.5-1.2 (m, 20 H, CH-
(CHz)ch(CHQCHg) and OCHCHzCHzN), 1.0-0.8 (m, 12 H, CH),
3C NMR 6 182.4 (s, CS), 156.9 (s, Ard0), 134.8, 133.8 (s, Ar®),
129.5 (d, ArCm), 123.2, 122.6 (d, Ar(p), 73.3, 71.1, 69.7, 68.1, 67.6
(t, OCH,CH,O and ArOCH), 48.3, 41.0 (t,CH:N), 39.5 (d, CH-
(CH,)sCH(CHs)), 38.5 (t, ArCHAT), 31.5, 30.0, 29.2, 24.7, 23.3 (t,
CH3(CH2)3CH(CH20H3)CH2N and OCHCHzCHzN), 14.3, 11.2 (q,
CHs); MS—FAB m/z 1037.3 [(M— H)~, calcd 1037.6].
25,27-Bis[(3-N'-(2-ethylhexyl)thioureido)propyl)oxy]calix[4]arene-
crown-6 (9). Yield 95%;'H NMR ¢ 7.1-7.0 (m, 8 H, ArHm), 6.95~
6.85 (m, 4 H, ArHp), 3.84 (s, 8 H, ArCHAr), 3.69 (s, 4 H,
ArO(CH,CH;0),CH,), 3.65-3.45 (m, 20 H, ArO®1,CH,O(CH>).0O
and OCGH,CH,CH:N), 3.2-3.0 (m, 8 H, ArOCHCH,OC,H, and NCH.-
CH), 1.62 (bs, 2 H, NChCH), 1.5-1.2 (m, 20 H, CH(CH,)sCH(CH.-
CHs) and OCHCH,CH;N), 1.0-0.8 (m, 12 H, CH); 3C NMR ¢ 182.4
(s, CS), 157.2, 157.0 (s, Ar€D), 134.5, 133.9 (s, Ar®), 129.8 (d,
ArC-m), 123.0, 122.6 (d, Ar@), 71.3, 71.2, 71.0, 69.5, 69.2, 67.6 (t,
OCH,CH,0 and ArOCH), 48.3, 41.1 (tCH:N), 39.5 (d,CHCH;,N),
38.5 (t, ArCHAr), 31.4, 30.6, 29.2, 24.7, 23.3 (t, G€H-)sCH(CH.-
CHz) and OCHCH,CH,N), 14.3, 11.1 (g, Ch); MS—FAB m/z1081.1
[(M — H)~, calcd 1081.6].
25,27-Bis[(3-phthalimidopropyl)oxy]calix[4]arene (11).A mixture
of 25,26,27,28-tetrahydroxycalix[4]aret6 (1.00 g, 2.35 mmol)N-(3-
bromopropyl)phthalimide (1.32 g, 4.94 mmol),®0; (0.39 g, 2.82
mmol), and a catalytic amount of Kl in dry GBN (30 mL) was
refluxed for 60 h. Then the solvent was removed under reduced
pressure. The residue was dissolved in,Chl (100 mL) and washed
with 1 N NH,CI (2 x 25 mL). The organic phase was separated, dried
with MgSQ,, and evaporated to dryness to afford a white solid that
was triturated with CHCN. Yield 80%; mp 302304 °C; *H NMR 6
7.95 (s, 2 H, OH), 7.857.70 (m, 8 H, Ph-H pht), 7.09 (d, 4 H,=
9.5 Hz, ArHim), 6.88 (d, 4 HJ = 10.7 Hz, ArHm), 6.69 (t, 2 HJ =
9.5 Hz, ArHp), 6.63 (t, 2 H,J = 10.7 Hz, ArHp), 4.35 (d, 4 HJ =
13.0 Hz, ArCH,Ar), 4.18 (t, 8 H,J = 5.9 Hz, OCGH,CH,CH:N), 3.45
(d,4H,J=11.9 Hz, ArCHAr), 2.51 (q, 4 HJ = 5.9 Hz, OCHCH>-
CHN); 13C NMR 6 168.2 (s, G=0), 153.3, 151.9 (2s, Ar€0), 133.7
(d, PhCH, pht), 133.2, 132.1 (s, Ar§); 128.9, 128.4 (d, ArCn), 128.0
(s, PhC, pht), 125.3, 123.1 (d, PhCH, pht), 119.0 (d, A)C74.6 (t,
OCH,), 35.7 (t, NCH), 31.4 (t, ArCHAT), 29.4 (t, OCHCH,CH,N);
MS—FAB m/z 798.3 (M, calcd 798.9). Anal. calcd for 4gH42N2Og-
2CHCN: C, 73.62; H, 5.49; N, 6.36. Found: C, 73.77; H, 5.54; N,
6.28.

25,27-Dipropoxy-26,28-bis[(3-phthalimidopropyl)oxy]calix[4]-
arene (12),1,3-Alternate A solution of calix[4]arenell (1.0 g, 1.25
mmol), CsCOs; (1.6 g, 4.9 mmol), and Prl (1.3 g, 7.5 mmol) in dry
MeCN (100 mL) was refluxed for 3 days. Then the solvent was removed
under reduced pressure. Subsequently, the residue was dissolveg in CH
Cl, (70 mL) and washed wit 1 N NH,Cl (3 x 50 mL) and water
(2 x 50 mL). The organic phase was separated, dried with MgSO
and evaporated to afford a solid, which was crystallized from MeOH
to give 27 as a pure white powder. Yield 52%; mp 20811 °C; *H
NMR 6 7.9-7.6 (m, 8 H, PhH pht), 7:46.9 (m, 8 H, ArHi), 6.81 (t,
2H,J=7.3Hz, ArHp), 6.72 (t, 2 H,J = 7.5 Hz, ArHp), 3.68 (s, 8
H, ArCH,Ar), 3.62 (t, 4 H,J = 3.2 Hz, OGH,(CH,).N), 3.51, 3.43
(2 x t,8H,J=3.0Hz and) = 3.0 Hz, (H;N and OCH,C;Hs), 1.9~
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1.6 (m, 4 H, G4,CH;N), 1.5-1.4 (m, 4 H, G1,CHz), 0.78 (t, 6 HJ =
7.5 Hz, OCHCH,CHj3); *3C NMR ¢ 168.3 (s, G=0), 156.7, 156.3 (s,
ArC—0), 133.9, 133.8 (s, Ar®), 133.8 (d, PhCH, pht), 132.2 (s, PhC,
pht), 129.8, 129.6 (d, Ar®r), 123.3, 123.2 (d, Ar(), 122.3, 122.0
(d, PhCH, pht), 72.8, 68.7 (t, @H,CH,CH; and GCH,CH,CH;N), 37.3
(t, ArCHAr), 35.3 (t,CH2N), 29.1 (t,CH,CH;N), 23.1 (t,CH.CH),
10.3 (g, OCHCH,CHs3); IR (KBr) 1714 cnt! (C=0); MS—FAB m/z
905.5 [(M+ Na)', calcd 905.4]. Anal. calcd for £Hs4sN205°0.5H:0:
C, 75.40; H, 6.21; N, 3.14. Found: C, 75.17; H, 6.05; N, 3.16.
25,27-Dipropoxy-26,28-bis[(3-aminopropyl)oxy]calix[4]arene (13),
1,3-Alternate A solution of calix[4]arene7 (0.20 g, 0.23 mmol) and
NHzNH2H,0 (0.22 g, 4.5 mmol) in ethanol (30 mL) was stirred in a
closed tube at 110120 °C for 8 h. Then the solvent was removed
under reduced pressure. The residue was dissolved &80 mL)
and washed with a solution of NBH (pH =~ 9) (3 x 15 mL). The
organic phase was separated, dried with MgSfhd evaporated to
afford 13 as a pure solid. Yield 96%; mp 19498 °C; *H NMR 6
7.0-6.9 (m, 8 H, ArHm), 6.8-6.6 (m, 4 H, ArHp), 3.61 (s, 8 H,
ArCHAr), 3.56, 3.39 (2x t, 8 H,J = 6.6 Hz and) = 7.5 Hz, OCH-
CH,CH:N and OCGH,CH,CHj), 2.62 (t, 4 HJ = 6.8 Hz, (H:N), 1.7—
1.55 (m, 4 H, G1,CH:N), 1.45-1.3 (m, 4 H, G1,CHs), 0.76 (t, 6 H,
J = 7.5 Hz, (H3); C NMR 0 156.7 (s, ArC-0), 134.0, 133.7 (s,
ArC-0), 129.9, 129.7 (d, ArGw), 121.9, 121.7 (d, Ar@), 72.9, 70.2
(t, OCH,), 39.9 (t, NCH), 37.1 (t, ArCHA), 34.1 (t,CH,CH;N), 23.0
(t, CH2CHs), 10.3 (g,CHs); IR (KBr) 3369 cnt! (NH,); MS—FAB
m/z 623.3 [(M + H)*, calcd 623.4]. Anal. calcd for HsoN2O4: C,
77.14; H, 8.09; N, 4.50. Found: C, 77.68; H, 8.14; N, 4.48.
25,27-Dipropoxy-26,28-bis[(3-isothiocyanatopropyl)oxy]calix[4]-
arene (14),1,3-Alternate A solution of calix[4]arenel3 (0.50 g, 0.80
mmol), thiophosgene (0.50 g, 3.2 mmol), and N@t80 g, 8.0 mmol)
in dry toluene (160 mL) was heated to 80 for 6 h. The solvent was
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25,27-Bis|[(3-phthalimidopropyl)oxy]calix[4]arene-crown-6 (16).
Yield 78%; mp 186-181 °C; *H NMR ¢ 7.85-7.70 (m, 8 H, PhH
pht), 7.07 (d, 4 HJ = 8.0 Hz, ArHm), 7.00 (d, 4 H,J = 8.0 Hz,
ArH-m), 6.80 (t, 4 H,J = 8.0 Hz, ArHyp), 3.78 (s, 8 H, ArCHAr),
3.68 (s, 4 H, ArO(CHCH,0),CH>), 3.65-3.40 (m, 20 H, OEI,CH-
OCH,CH,OCH, and CH,CH,CH:N), 3.16 (t, 4 H,J = 7.1 Hz,
ArOCH,CH;0), 1.6-1.4 (m, 4 H, G4,CH,N); 3C NMR ¢ 168.2 (s,
C=0), 156.5 (s, ArC-0), 134.0, 133.8 (s, Ar®@), 133.7 (d, PhCH,
pht), 132.1 (s, PhC, pht), 129.6, 129.5 (d, Anf}-123.1, 122.9 (d,
ArC-p), 122.5 (d, PhCH, pht), 71.1, 70.9, 69.7, 67.9 (t, QCH,O
and ArOCHy), 38.0 (t, ArCHAr), 35.0 (t, CHN), 28.5 (t,CH,CH:N);
MS—FAB nm/z 1023.9 [(M + Na)*, calcd 1024.1]. Anal. calcd for
CeoHsoN2012:2H,0: C, 69.48; H, 6.22; N, 2.70. Found: C, 69.38; H,
5.79; N, 2.67.

General Procedure for the Synthesis of 25,27-Bis[(3-aminopropyl)-
oxy]calix[4]arene-crown+ (n = 5, 6),1,3-alternate To a solution of
calix[4]crownn (n = 5, 6) 16 or 15 (0.62 mmol) in ethanol (30 mL)
was added NENH2-H,O (0.63 g, 12.6 mmol). The reaction mixture
was stirred in a closed tube at 110 for 10 h. Then the solvent was
evaporated, and the remaining solid was dissolved iaGTH?25 mL)
and washed wit a 1 mMsolution of NaOH (3x 15 mL) and water
(2 x 15 mL). The organic phase was dried with MgS@emoval of
the solvent under reduced pressure gave the desired bis[(3-aminopropyl)-
oxy]calix[4]crownn (n = 5, 6) derivativesl8 and17.

25,27-Bis[(3-aminopropyl)oxy]calix[4]arene-crown-5 (17)Yield
87%; mp 146-148°C; *H NMR (300 MHz, CDC}) 6 7.12 (d, 4 H,
J= 7.4 Hz, ArHm), 7.05 (d, 4 HJ = 7.5 Hz, ArH-m), 6.88 (t, 4 H,
J=7.3 Hz, ArHp), 3.84 (s, 8 H, ArCHAr), 3.7-3.6 (m, 8 H, OCH-
CH;0), 3.57 (t, 4 HJ = 6.25 Hz, ArOGH,CH;0), 3.44 (t, 4 HJ =
6.80 Hz, OGH,(CH,).N), 3.10 (t, 4 H,J = 6.8 Hz, ArOCHCH0),
2.48 (t, 4 HJ = 6.6 Hz, CHN), 1.57 (bs, 4 H, NH), 1.55-1.4 (m, 4

removed under reduced pressure, after which the crude product wasH, CH.CH.N); 3C NMR ¢ 161.0 (s, ArC-0), 134.5, 134.3 (s, ArC-

dissolved in CHCI, (20 mL) and washed with water (8 10 mL).
The organic phase was dried with Mg&and evaporated under reduced

0), 129.7 (d, ArCm), 122.8 (d, ArCp), 73.1, 71.0, 69.9, 69.6, 68.2 (t,
OCHy), 39.6 (t, ArCHAT), 38.5 (t, CHCH,N), 29.9 (t,CH,CH.N); IR

pressure. The residue was purified by column chromatography (hexane/(KBr) 3404 cm* (NHy); MS-DCI m/z, 697.5 [(M+ H)™, calcd 697.4].

EtOAc = 1:1) and crystallization from MeOH. Yield 62%; mp 177
179°C; 'H NMR(400 MHz)d 7.1-7.0 (m, 8 H, ArHm), 6.88 (t, 2 H,
J=7.6 Hz, ArHp), 6.82 (t, 2 H,J = 7.4 Hz, ArHp), 3.81, 3.79 (2«
d, 8 H,J=6.8 Hz,J = 10.4 Hz, ArCHAr), 3.64, 3.36 (2x t, 8 H,
J=6.4 Hz,J = 7.8 Hz, OGH,C,Hs and OCH,(CH,).N), 3.11 (t, 4 H,
J=6.6 Hz, (H.N), 1.8-1.6 (m, 4 H, Gi,CH:N), 1.2-1.0 (m, 4 H,
CH,CHs), 0.68 (t, 6 HJ = 7.2 Hz, (Hs); 13C NMR(400 MHz)d 157.0,
156.2 (s, ArC-0), 134.2, 133.5 (s, Ar®), 129.5, 129.1 (d, ArGn),
122.6, 122.0 (d, Ar@), 71.8, 66.2 (t, @H,(CHy).N and CCH2C;Hs),
41.8 (t,CH2N), 38.1 (t, ArCHAr), 30.4 (t, CH,CH,N), 22.3 (t,CH,-
CHs), 9.9 (g,CHa); IR (KBr) 2094 cnt! (N=C=S); MS—FAB nvz
707.7 [(M+ H)*, caled 707.3]. Anal. calcd for &H4eN204S;: C, 71.36;
H, 6.56; N, 3.96. Found: C, 71.04; H, 6.51; N, 3.92.

General Procedure for the Synthesis of 25,27-Bis[(3-phthalim-
idopropyl)oxy] calix[4]arene-crown-n (n = 5, 6), 1,3-Alternate A
solution of calix[4]arenel1 (2.00 g, 2.5 mmol), GE€O; (4.00 g, 12.3
mmol), and tetra- or pentaethylene glycolmieluenesulfonate (2.58
mmol) in dry MeCN (500 mL) was refluxed for 5 days. Subsequently,

25,27-Bis[(3-aminopropyl)oxy]calix[4]arene-crown-6 (18)Yield
88%; mp 159-160 °C; 'H NMR (300 MHz, CDC}) 6 7.07 (d, 4 H,
J=6.1 Hz, ArHim), 7.05 (d, 4 H,J = 6.1 Hz, ArHm), 6.9-6.8 (m,

4 H, ArH-p), 3.80 (s, 8 H, ArCHAr), 3.7-3.5 (m, 20 H, OCH and
ArOCH,(CH)N), 3.29 (t, 4 H,J = 6.2 Hz, ArOCHCH,0), 2.90 (bs,
4 H, CH,NH,), 2.16 (bs, 4 H, Nk), 1.55-1.4 (m, 4 H, Gi,CH:N);
3C NMR 6 156.3, 155.3 (s, Ar€0), 134.5, 133.3 (s, Ar®), 129.9,
129.7 (d, ArCm), 123.4, 122.7 (d, Ar@), 70.7, 70.6, 70.5, 69.3, 69.0,
68.9 (t, OCH), 38.3 (t, ArCHAr), 37.5 (t, CHN), 29.2 (t,CH,CHN);
IR (KBr) 3380 cntt (NHy); MS-DCI m/z, 741.4 [(M + H)*, calcd
741.4).

General Procedure for the Synthesis of 25,27-Bis[(3-isothiocy-
anatopropyl)oxy] calix[4]arene-crownn (n = 5, 6), 1,3-Alternate
Thiophosgene (0.33 g, 2.9 mmol) and NE.73 g, 7.2 mmol) were
added to a solution of calix[4]arene-crowr(n = 5—6) 18or 17 (0.72
mmol) in dry toluene (100 mL). The solution was stirred and heated at
60 °C for 6 h, after which the solvent was removed under reduced
pressure. The crude product was dissolved i@ (20 mL) and

the solvent was removed under reduced pressure. The residue wasvashed with water (3< 10 mL). The organic phase was dried with

dissolved in CHCI, (40 mL) and washed wit1 N NH,CI (3 x 20
mL). The organic phase was separated, dried with MgSind
evaporated to afford a brown solid, which was purified by column
chromatography (CCl/MeOH = 95:5).

25,27-Bis[(3-phthalimidopropyl)oxy]calix[4]arene-crown-5 (15).
Yield 40%; mp 106-108°C; *H NMR 6 7.9-7.7 (2x m, 2 x 4 H,
PhH pht), 7.10 (d, 4 H) = 8.7 Hz, ArH4m), 7.02 (d, 4 HJ = 8.0 Hz,
ArH-m), 6.87 (t, 4 H,J = 8.0 Hz, ArHp), 3.82 (s, 8 H, ArCHAr),
3.60 (s, 8 H, ArO(CH),OCH,CH), 3.55-3.35 (m, 12 H, ArOCl,-
CH,0 and OGH,CH,CH:N), 3.15 (t, 4 HJ = 7.0 Hz, ArOCHCH:0),
1.6-1.4 (m, 4 H, G,CH.N); *3C NMR 6 168.2 (s, G=0), 156.5, 156.1
(s, ArC-0), 134.1, 134.0 (s, Ar®), 133.7 (d, PhCH, pht), 132.1 (s,
PhC, pht), 129.2, 129.1 (d, Ar@), 123.1, 123.0 (d, Ar@), 122.6 (d,
PhCH, pht), 72.6, 70.6, 69.9, 68.3, 67.8 (t, OCH,0 and ArOCH),
38.1 (t, ArCHAIr), 35.0 (t, CHN), 28.5 (t,CH.CH,;N); MS—FAB m/z
979.6 [(M+ Na)', calcd 979.4]. Anal. calcd for4gHseN,011: C, 72.79;
H, 5.90; N, 2.93. Found: C, 73.04; H, 5.68; N, 3.03.

MgSQ;, and evaporated under reduced pressure. The residual solid was
purified by column chromatography (GEI/EtOAc = 4:1).
25,27-Bis[(3-isothiocyanatopropyl)oxy]calix[4]arene-crown-5 (19).
Yield 67%; mp 184-186 °C; *H NMR ¢ 7.12 (d, 4 H,J = 7.4 Hz,
ArH-m), 7.07 (d, 4 HJ = 7.4 Hz, ArHm), 6.95-6.85 (m, 4 H, ArH-
p), 3.87 (s, 8 H, ArCHAr), 3.7-35 (m, 12 H, ArOGi,CH,-
OCH,CH;0), 3.46 (t, 4 HJ = 6.7 Hz, OGH,CH,CH:N), 3.03 (t, 4 H,
J = 6.5 Hz, OCHCH,CH N), 3.02 (t, 4 H, ArOCHCH;0), 1.7-1.5
(m, 4 H, OCHCH,CH:N); 23C NMR ¢ 157.0 (s, ArG-0), 134.5, 133.9
(s, ArC-0), 129.6, 129.3 (d, ArGn), 125.9 (s, NCS), 123.4, 122.9 (d,
Ar-p), 73.3,71.1, 70.2, 69.8, 68.1, 66.4 (t, OKLHH,O and ArOCH),
42.0 (t,CH.NCS), 38.4 (t, ArCHAr), 30.6 (t, CH,CH,NCS); MS-DCI
m/z 780.0 [M", calcd 780.5].
25,27-Bis[(3-isothiocyanatopropyl)oxy]calix[4]arene-crown-6 (20).
Yield 63%; mp 179-180°C; *H NMR ¢ 7.11 (d, 4 H,J = 7.6 Hz,
ArH-m), 7.07 (d, 4 HJ = 7.7 Hz, ArHm), 6.95-6.85 (m, 4 H, ArH-
p), 3.85 (s, 8 H, ArCHAr), 3.70 (s, 4 H, ArO(CHCH,0),CH,), 3.7—
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3.4 (m, 16 H, ArOG,CH,OCH,CH,0 and OG1(CH,):N), 3.14 (t, 4 and NaHPO, were determined by phosphate analysis of the receiving
H,J=6.7 Hz, (H:N), 3.08 (t, 4 HJ = 6.8 Hz, ArOCHCH0), 1.6~ phase after 14 h of transport. From the receiving phase, several aliquots
1.4 (m, 4 H, G,CH,N); *3C NMR (CDCk) ¢ 157.0, 156.7 (s, Ar€ of 100uL were taken. To each sample was added 1 mL of commercial
0), 134.3, 134.0 (s, Ar®), 129.9, 129.6 (d, ArGn), 125.9 (s, NCS), phosphorus reagent (Sigma chemicals). The reaction of the inorganic
123.3,122.8 (d, Ar@), 71.4,71.3,71.1,70.2,69.5,69.1, 66.5 (t, QCH  phosphorus with ammonium molybdate in the presence of sulfuric acid

CH;O and ArOCH), 42.1 (t,CH.NCS), 38.4 (t, ArCHAr), 30.6 (t, produces an unreduced phosphomolybdate complex, of which the

CH,CH,NCS); MS-DCIm/z 824.6 [M", calcd 824.4]. absorbance at 320 nm is proportional to the phosphorus concentration.
Transport Measurements.The polymeric film Accurel 1E-PP was In the case of competitive transport, the transport was monitored by

obtained from Enka Membrana (thicknes= 100um, porosityr = atomic absorption measurements of samples from the receiving phase.

64%).0-Nitrophenyln-octyl ether (NPOE) was purchased from Fluka The lag-time experiments and the transport at different membrane
and was used without further purification. All salts were of analytical thickness have been carried out according to literature procetures.
grade and were obtained from Across. The transport experiments were Caution: Care should be taken when handling uranyl-containing
performed at 298 K in an apparatus of which the details are described compounds because of their toxicity and radioaitgi*®

elsewheré? The carrier was dissolved io-nitrophenyln-octyl ether . f . ilable: . leul
(NPOE) and immobilized in the solid support according to a standard Supporting Information Available: Equations to calculate

procedure previously described by our grd@iihe aqueous solutions  the Extraction efficiency of salts by a mixture of anion and
were prepared with doubly distilled and deionized water. The transport Cation carrier via a 1:1 complex or via a 1:1 cation complex
of single salts was monitored by a measurement of the conductivity and a 2:1 anion complex; transport model for facilitated transport
with time (Radiometer CDM 83). The concentration was calculated of salt by a mixture of anion and cation receptor; two figures
using a constant that correlates the conductivity to the concentration. with calculated extraction efficiencies (PDF). This material is
The activity was determined by calculation of the activity coefficient  ayajlable free of charge via the Internet at http:/pubs.acs.org.
using the DebyeHiickel equatiorf* The transport rates of KiRPO,

(43) Stolwijk, T. B.; Sudfitter, E. J. R.; Reinhoudt, D. Nl. Am. Chem. JA991588G
So0c.1987 109, 7042. (45) Sax, N. |, EdDangerous Properties of Industrial MaterialSth
(44) Meier, P. CAnal. Chim. Actal982 136, 363. ed; van Nostrand Reinhold Company: New York, 1979; p 1078.




