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Facilitated Transport of Salts by Neutral Anion Carriers

Lysander A. J. Chrisstoffels, Feike de Jong,* and David N. Reinhoudt*!?!

Abstract: Partitioning of ions from wa-
ter to the membrane solvent (NPOE)
can be quantified by Gibbs free energies
of transfer, AGnpor(ion). These were
derived from transport studies of lip-
ophilic salts through supported liquid
membranes (SLMs) in the absence of
the carrier. Partition coefficients K, for
various salts can now be calculated.

sal(oph)enes 1-5 transport Cl- and
H,POj; as tetrapropylammonium salts.
The transport is diffusion-limited and
can be described by two transport pa-
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rameters D, and K.,. From the extrac-
tion constants K. and the partition
coefficients K|, of the transported salts,
the association constants K, of the anion
receptors for CI- and H,PO; in NPOE
were determined. Competitive transport
with carriers 3 and 4 of NPr,H,PO, and
NPr,Cl demonstrated highly selective
transport of H,PO; even in the presence

The neutral anion receptors uranyl

Introduction

Anion recognition by artificial receptors is an important
objective in supramolecular chemistry.l!l Although mainly
positively charged ammonium receptors have been investi-
gated as anion receptors? there are now a variety of
receptors that contain combinations of Lewis acid,®! amido
and urea,¥ sulfoxide and phosphine oxide,”! pyrrole, or
guanidinum!” moieties. Most anion binding studies have used
'H-NMR, IR, or UV spectroscopic methods and were
performed in non-hydrogen bonding and nonpolar organic
media in which anions are poorly solvated. Consequently, the
resulting binding affinities are reasonably high.

Carrier-facilitated transport of salts through liquid mem-
branes by anion receptors either positively charged, proto-
nizable, or neutral has only incidentally been reported.
Tetraalkylammonium cations® or metal porphyrins® have a
permanent charge and the anions are transported by means of
a counter-anion gradient (e.g. OH"). The transport selectiv-
ities are mostly governed by the anion hydrophobicity. Anion-
facilitated transport by protonizable carriers, such as (ex-
panded) porphyrins!'” trialkylamines,'!] or cryptatest? re-
quires the cotransport of protons.

There are only few examples of anion-facilitated transport
by neutral anion carriers. Selective transport of Cl~ over other
halides through bulk liquid membranes (BLM) has been
achieved by Lewis acidic organometallic receptors, 12-silia-
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of excess of Cl™.

crown-3,P organogermanium macrocycles,sl or praseodymi-
um complexes.I’] In these cases a cation is cotransported with
the anion complex through the membrane phase.

In this paper, anion-facilitated transport by neutral anion
carriers through supported liquid membranes (SLMs) is
described. As transport rates and selectivities are greatly
affected by anion partitioning we will first discuss the transfer
of anions from water to the membrane solvent o-nitrophenyl
n-octyl ether (NPOE) in the absence of carrier. We will
demonstrate that the salts used are present in the membrane
phase as free ions and present a scale for Gibbs free energies
of transfer from water to (water-saturated) NPOE (AG, npoE)
for both anions and cations.

For the facilitated transport a number of novel uranyl
sal(oph)ene receptors (2—-4) were synthesized because we
have recently demonstrated that in DMSO this class of
receptors form strong complexes with H,PO; (K,>
103m~1).5% The presence of two hydrogen-bond donor sites
in close proximity of the uranyl cleft increases the binding and
H,PO; is selectively complexed over Cl- with a selectivity
factor >100.

Anion-facilitated transport of NPr,H,PO; and NPr,Cl with
uranyl sal(oph)ene carriers 1-5 will be studied as a function
of the membrane thickness, carrier, and salt concentrations.['%]
The diffusion-limited transport will be characterised in terms
of a diffusion coefficient D, and an extraction constant K,
(K= K,K,). This model has previously been used to describe
cation-facilitated transport by neutral cation carriers.[”]

Association constants K, of host—guest complexes in
NPOE were determined from the extraction constants K,
and partition coefficients K,. To the best of our knowledge
this is the first time that stability constants of complexes were
determined directly from membrane transport experiments,
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and underlines the potential of SLM transport as a mecha-
nistic tool for the determination of thermodynamic parame-
ters.

Results and Discussion!1°!

Synthesis of lipophilic anion carriers: The syntheses of uranyl
salenes 2—4 is depicted in Scheme 1. Lipophilic chloroacet-
amide 9 was synthesized from the corresponding amine and
chloroacetyl chloride under Schotten—Baumann conditions.
Sulfonamides 12a and 12b were prepared by reaction of the
commercially available sulfonyl chlorides with 2-chloroethyl-
amine or 3-chloropropylamine (as HCl salts) in the presence
of two equivalents of Et;N in CH,Cl,. Subsequently, 2-(2-
allyloxy)-3-hydroxybenzaldehyde was reacted with amide 9 or
with sulfonamide 12a—b in the
presence of K,CO; in MeCN.
Deallylation of the resulting
compounds 10 and 13a—b was
achieved by a Pd-catalyzed re-

0 H
=0 CI}N\R‘

OAll 1.K,CO,(—10)
—_—

SLMs is proportional to the partition coefficient K, which is
related to the Gibbs free energy of transfer AG, npoe(MX) of
the salt MX from water to NPOE [(Equation (1)].

RTIn(K,) = — AGnpoe(MX) =

— [AG xpoM ) +AG  npoe(X)] (1)

Equation (1) is only valid for solvent-separated ions. The
presence of ion pairs will to a large extent be determined by
the polarity of the membrane solvent.'”] Previously, Cussler
and co-workers concluded that ion pairing occurs in the
apolar solvent n-heptyl nitrile (e,=13.9) from transport
experiments of NBu,NO,;.'l Lamb etal. also described
facilitated transport through a liquid membrane of cyclohexyl
phenyl ether as ion pairs.'] In our previous studies, we
assumed that cation-facilitated transport of salts through
NPOE occurs as solvent-separated ions!! as the polarity of
the solvent is relatively high (e,=24) and the concentrations
of salt in the membrane phase are relatively low.

It is possible, however, to verify experimentally if salts in
NPOE are transported as ion pairs or as free ions. Applying
Fick’s law to the diffusion-limited transport of solvent-
separated ions [Eq.(2)] or ion pairs [Eq.(5)] leads to
different relations between the initial flux J, and the aqueous
salt activity a, [Egs. (4) and (7)].

M*oq+[XTag = Mt [X

Tons @

D,
Jo= d—[MJr]ms; M, = ag V4 Kp (3)

[ 1
In < D > = In(ay) +£ In(K,) 4)

m

Mg+ [X ag == [MF X ®)

D,
Jo= d_[Mi “A7 s = aly K, (6)

m

dnJy
In <D7> = 2In(a,)+In(K}) (7)

ofor o
.,

UOZ(OAc)z H,0

: . . OH  2.Pd(OAc),PPh, o) o]

action with Et3N/HCOOH in HCOOH ELN { — HoH /Z

EtOH/H,O and this afforded ant R LN’ N—tg
8 ( ) o ‘R‘ é‘

the corresponding aldehydes
11, 14a, and 14b in 80-90%
yield. Reaction these aldehydes
with cis-1,2-cyclohexyldiamine
in the presence of uranyl ace-

9: R'=3-(n-C,H,,0)CH,

10:R'=3-(n-C,H,,0)C.H,; R’= All

11: R'= 3-(n-C,H,,0)CH,; R’=H 2: R'=3-(n-C,H,0)CH,

tate in me.thanol gave .uranyl ‘SO dORz CE _N _
salene carriers 2—4 in a yield of
50-90%. The molecular peak . 1.K,CO, (»13) H UOZ(OAC)IHO
. i o > /
in the FAB MS spectra indicat 2.Pd(OAc),,PPh, N
ed the formation of the uranyl HCOOH.ELN soz H H
salenes. (—14)
o SO
1 1 2 R‘ 1
Gibbs free energies of ion 12a:R'=C,H,, 13a: R=CHy R=All
12b: R'=24,6-GPCH,  13b: R'=2,4,6-(Pr)CH; R*=All
transfer from water to NPOE: 14a: R'= CH,; R*=H 3:R'=CH,

In the absence of carrier the
rate of salt transport through

Chem. Eur. J. 2000, 6, No. 8

14b; R'=2,4,6-(iPr)C,H,; R’=H 4: R'=2,4,6-(iPNCH,

Scheme 1. Reaction scheme for the preparation of uranyl salenes 2, 3, and 4.
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For the calculation of In (d,/Jy/D,,), the diffusion coefficient
D,, needs to be known. We determined D, independently
for NBuNO; by lag-time experiments (D,=14x
10-2 m?s71).2% 21 We assumed that D,, has the same value
for all salts used.??l The initial flux J, was measured as a
function of the salt activity in the source phase for a range of
lipophilic salts, and it was found that In(d,,Jy/D,,) and In (a,,)
are linearly related (Figure 1).

© NaBPh,
u PPh,Br
A PPh,CI

© NBu,NO,
X NBu,Br
® NBu,I

A PPh I

3 NPr I

1 NPr,ClIO,
¢ NPr,Br

_])

m

In(dmJoD

ln(asp.o)

Figure 1. Transport of lipophilic salts: In(d,J,D,, ") as a function of salt
activity in the source phase In(a,,), D, =14 x 1072 m?s~!, d;; =1 x 10~ m.

As all slopes are about 1 (Table 1), these salts are present in
NPOE as solvent-separated ions. Subsequently, the partition
coefficients K, were calculated from the intercepts [Eq. (4)];
the corresponding values for AG,npop(MX) were then
obtained from Equation (1).

Table 1. Determination of the Gibbs free energies of transfer
AG ; xpoe(MX) from the transport of lipophilic salts, 7=298 K.

MX Slope  Intercept  AG,npor MX)®  AG; pyeen(MX)
[kJmol~'] [kJmol]

PPh,Cl 0.99 —3.70 18.3 9.3
PPh,Br 1.00 —1.81 9.0 —-1.5
PPh,I 0.98 +0.74 —-3.7 —16
NaBPh, 1.05 —233 11.5 —-17.7
NBu,NO, 106  —0.76 3.8 ~10
NBu,Br 1.00 —3.55 17.6 0.3
NBu,I 1.06 —0.63 3.1 —142
NPr,Br 1.06 —5.75 28.5 183
NPr,I 0.97 —2.68 13.3 3.8
NPr,CIO, 1.01 —0.57 2.8 -1
NEt,ClO, 1.02 —3.09 153 -5.0
NMe,ClO, 0.95 —4.33 21.4 5.0

[a] Values determined according to Equations (1) and (4). [b] Values
taken from refs. [22] and [24].

In order to obtain the individual contributions of
AGnpor(X7) and AGnpoe(M?) to AG i xpor(MX) we first
make the extrathermodynamic assumption that the individual
contributions of AG npoe(PPhi) and AG npoe(BPhy) to
AG npoe(PPh,BPh,) are equal [Eq. (8)].%%1 Together with
AGnpoe(NaBPhy), AG, npoe(PPhy]), and AG,, npoe(Nal) we
get a set of four Equations (8—11) and four unknowns.

AG npoe(BPhy) = AG;xpoe(PPhY) (®)
AG[r,NP()E(NaBPh4) = AGtr,NP()E(BPh;)+AGU',NP()E(Nav) )
AG ; xpoe(PPhI) = AGy, neor(PPhi ) +AG  npor(17) (10)
AG npoe(Nal) = AGy,npop(I7)+AG, npop(Na®) 1n)
1378 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

We obtained the values for AG npor(NaBPh,) and
AG npoe(PPhy]) from transport experiments (Table 1). Un-
fortunately, AGnpoe(Nal) could not be determined from
membrane transport because Nal is too hydrophilic and there
is no blank transport. Therefore, we searched for an alter-
native to determine AG npoe(Nal) and used an empirically
established linear free energy relationship between transfer
free energies from water to NPOE and from water to
acetonitrile.? When the transport of lipophilic tetrabutylam-
monium salts (0.05Mm) through NPOE was measured as a
function of the anion (Table 2), we found that the initial flux J,
is inversely related to the Gibbs free energy of anion transfer
from water to acetonitrile AG ye.en(X™) (Figure 2). The
correlation between In(J;) and AG ye.oen(X7) is good (r? =
0.97).

Table 2. Initial transport J, of butylammonium salts ([Salt],=0.05m)
through NPOE.l

Salt Jo AGtr,Me(‘N(Xi) AGnr,Me(fN(NBU4X)
[10-* molm~2s71] [kJ mol~'] [kJ mol ']
NBu,H,PO, <0.5 - _
NBu,Cl 6.3 42 10
NBu,Br 19 31 -1
NBu,NO; 324 21 11
NBu,I 447 17 —15
NBu,SCN 1120 14 —18

[a] The transport of NBu,ClO, was not measured, due to the limited
solubility in water. [b] AG,ymeen(NBuj) =—32 kJmol .

—_ — —
e = o]

—
N

An(Jy) (J,/ mol m™ s™)

10

10 20 30 40 50
AG; meenX) /KJ mol”

Figure 2. Transport of NBuj salts through NPOE; In(/,) (J; in molm~2s7!)
as a function of the Gibbs free energy of anion transfer from water to
acetonitrile AG; yeon(X0).

For all cations (NPr{, NBuj, PPh;) shown in Table 1, the
correlation between AG, npoe(MX) and AG,, p.on(MX) is also
good (Figure 3). The same slope for all cations of about 1.1
indicates that the relative anion-solvating properties of MeCN
and NPOE are comparable.

When we now assume that Na-salts show the same slope, we
can derive Equation (12) (dotted line in Figure 3).

AGpeen(NaX) = L1 x AGy, npop(NaX) — 31 (12)

With AG; peon(Nal) =32 kJmol~! as reported by Mar-
cus,®! we obtain AG, npoe(Nal) as 57.3 (£4.3) kI mol .

The values for AGynpor can now be calculated from
Egs. (8—11) (Table 3). The lipophilicity of the alkylammonium
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Figure 3. Free energy correlation between AGnpop(MX) and
AG mecn(MX) for NBuj (e), NPr; (m), PPhj (), and Na* (A) salts.

salts increases with the length of the alkyl chain as expected.
The difference in lipophilicity among the anions is quite large
and the order is in agreement with the Hofmeister series.?’]
The correlation between AG, p.con(X7) as reported by Mar-
cus®land AG, npop(X ™) as obtained from Table 3 is very good
(Eq. (13), r2=0.99). The good correlation confirms the
comparable solvation of anions in NPOE and MeCN.

AG xpoe(X7) = 0.91 X AGypeen(X7)+5.64 (13)

As a result of this work partition coefficients from water to
NPOE of salts can now be calculated [Eq. (1)] as the sum of
the AG, npor Values of the appropriate anion and cation.’!

Table 3. Absolute Gibbs free energies AG, xpor Of single ion transfer from
water to NPOE, T=298 K.

M AG; npor(MF) X- AGy npor(X7)
[kJmol '] [kJmol]

PPh* —24.8 BPhj —24.8

NBu?t —18 ClOy 10.6

NPr4 -7.8 SCN- 19.2

NEt* 4.7 1~ 21.1

NMe* 10.8 NOj3 21.8

Na* 36.3 Br- 33.8
Cl- 431
H,PO; > 60

Anion-facilitated salt transport: Previously, we have descri-
bed facilitated transport by neutral cation carriers through
SLMs with a model for diffusion-limited transport.'> 28 The
model was verified experimentally for the transport of
guanidinium, alkali metal, and earth-alkaline metal cati-
ons.'> 2l Tt was shown that when the carrier forms a 1:1
complex with the cation, the initial flux J, is related to the
apparent diffusion coefficient D,, of the complex,?! the
extraction constant K, the salt activity a, in the source phase,
the carrier concentration L, in the membrane phase, and the
thickness d,, of the membrane [Eq. (14)].

Jo

DTI
= zém [7A+\/(A)2+4LOA] with A = K, a2 (14)

By variation of the experimental parameters d,,, a,, and L,
the two parameters that describe the transport of cations (D,

Chem. Eur. J. 2000, 6, No. 8
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and K,) could be obtained. We have now used the same
model to describe carrier-facilitated transport by a neutral
anion carrier (Figure 4).

Source Membrane Receiving
phase phase phase
"X M X NS SN
M, +XSZ2M+X X+M<__2Mr+xr
Lx Ly
= I
+ = - +
M ALX »  LX+M

m

Figure 4. Mechanism of anion-facilitated transport through SLMs.

In all transport experiments the rate-limiting step is
diffusion through the membrane because for the transport
of NPr,Cl (0.3Mm) by uranyl salenes 2-5 and NPr,H,PO,
(0.3M) by uranyl salenes 2-4 the relation between LyJ,™!
and d,,, is linear (Figures 5 and 6) and the intercept is close to
zero. For the case of transport from NPr,H,PO, solutions, it is
assumed that the transported anion is H,PO; and not HPO3~
in analogy with the findings for transport from KH,PO,
solution.!

The transport of Cl- and H,PO; salts by carriers 2—-4
measured as a function of the carrier concentration from a

500
g 400
[~}
= 300
To
~ 200
]
100
0 . . . .
0 100 200 300 400

d,/um

Figure 5. Influence of the membrane thickness d,, on [L],J,' for the
transport of NPr,Cl by carriers 2 (+), 3 (a), 4 (m), and 5 (e®); [carrier], =
10mm.

500 -
'E 400 4
w
g 300 -
Te
= 200 |
]
100 |
0 T T T 1
0 100 200 300 400

dp/pm
Figure 6. Influence of the membrane thickness d,, on [L],J,™' for the
transport of NPr,H,PO, by carriers 2 (o), 3 (a), and 4 (m); [carrier], =
10mm.
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source phase containing 0.3m NPr,Cl or 0.3m NPr,H,PO,
(Figures 7 and 8) showed an almost linear relation. Carrier 2
is much more efficient in transporting NPr,Cl than 3 and 4
whereas carriers 3 and 4 transport NPr,H,PO, much more
efficiently than 2.

4
'TUJ
3
g
'72 5
:c, .
1
0 b
0 25 5 15 10
[Carrier] ,/ mM

Figure 7. Transport of NPr,Cl by carriers 2 (o), 3 (m), and 4 (A) as a
function of the carrier concentration; [NPr,Cl],=0.3m.

40
“g
= 30
g
§ 2.0
~9
1.0 /
00 T ] T 1
0 2.5 5 75 10

[Carrier], / mM

Figure 8. Transport of NPr,H,PO, by carriers 2 (+), 3 (m), and 4 (a) as a
function of the carrier concentration; [NPr,H,PO,+NPr,H,PO,],=0.3m
and pH; 6.7.

Figures 9 and 10 show the dependency of the flux on the salt
concentration in the source phase for anion-facilitated trans-
port of NPr,Cl and NPr,H,PO,. Uranyl salenes 1, 2 and
salophene 5 having additional amido groups transport NPr,Cl
much faster than NPr,H,PO,. Even at higher salt concen-
trations, carriers 1 and 5 hardly transport NPr,H,PO,. Salenes
3 and 4 bearing two sulfonamido groups transport NPr,H,PO,
much more efficiently than NPr,Cl.

When K., is high, transport reaches a maximum at high salt
concentration as all carriers are complexed at the source
phase interface. From the maximum flux Jy,. and the
complex concentration in the membrane phase D, can be
calculated according to Eq. (15).1

D,
]O,max = 7 [Complex]m (15)

m

Table 4. Anion-facilitated transport of propylammonium salts; Jj .y, D, K-

m>

Jo/ 107 molm’s™

T Y
0 0.1 0.2 0.3 0.4 0.5
[Salt],/ M
Figure 9. Transport of NPr,Cl (m) and NPr,H,PO, (0) by carrier 1, NPr,Cl
(®) and NPr,H,PO, (0) by carrier 2, and NPr,Cl (¥) and NPr,H,PO, (V)
by carrier 5 as a function of the source phase salt concentration;

[carrier],, =10 mMm.

w
!

Jy/ 107 mol m” s™
(38

04 T 7 T
0 0.1 0.2 0.3 0.4 0.5

[Salt],/ M

Figure 10. Transport of NPr,Cl (@) and NPr,H,PO, (0) by carrier 3 and
NPr,Cl (m) and NPr,H,PO, (0) by carrier 4 as a function of the source
phase salt concentration; [carrier], = 10mm.

The complex concentration depends on the stoichiometry.
Generally, uranyl salenes bind Cl- as a 1:1 carrier:anion
complex; only salophene 5 forms a 2:1 carrier:chloride
complex.’l All dihydrogen phosphate complexes have a
stoichiometry of 2:1 (carrier:anion), in line with previous
findings®'! for the stoichiometry of dihydrogen phosphate
complexes in PVC/NPOE and CDCl;. Figures 9 and 10 show
that the initial flux J, reaches its maximum J,,, at salt
concentrations higher than 0.2m for §,-Cl-, 3,- H,POj, and
4,-H,PO; and hence D,, of carrier 5 (NPr,Cl) and of carriers
3 and 4 (NPr,H,PO,) can be calculated (Table 4). The same
diffusion coefficients were also determined independently
from the relation between LyJ,~! versus d,, under conditions
when all carriers at the source phase interface of the
membrane are complexed. The results (Table 4) show that
the two methods lead to almost identical values. The observed
diffusion coefficients (D,,~4 x 10~2 m?s~') are about two to

« and K, x of uranyl sal(oph)ene carriers 3-5.

Carrier Anion Jomax D, > D, D¢ Kl K, x1"

[10-7 molm ?s'] [10-2 m2s-1] [10-2 m2s-1] [10-2 m2s-1] (M2 [10°v-2]
3Ll H,PO; 1.8 3.6 3.6 3.6 3200 >4 %1012
4Ll H,PO; 19 3.8 4.5 3.9 1400 >1.7 x 10"
stal Cl- 2.1 4.2 5.2 4.7 610 9.5 x 108

[a] [Carrier],, = 0.01m. [b] For 2:1 carrier:anion. [c] D,, values from the maximum fluxes Jj ... [d] D,, values from transport experiments through membranes
of different thickness. [e] Transport parameters obtained by fitting the fluxes in Figures 9 and 10 by Eq. (17). [f] Calculated with K, < 0.8 x 10~ for
NPr,H,PO, and K, =645 x 10~° for NPr,CL
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three times lower than previously found for the calix[4]arene
based cation carriers.['> 28]

Carriers 1 and 2 transport Cl- as a 1:1 anion:carrier
complex.P Since the maximum transport rate J ., was not
reached at high NPr,ClI concentration the diffusion coefficient
D, was determined independently from lag-time experiments
through a stack of two membranes.? 2

From the measured diffusion constants the extraction
constants can now be calculated. The K, values of 1:1
complexes can be obtained from Equation (14). The results
(Table 5) show that the extraction constant of NPr,Cl by
uranyl salene 2 (K., =6.5 x 1072m!) is slightly higher than
that of carrier 1 (K.,=1.7 x 102m~"). However, when com-
pared with the K. values of macrocyclic cation carriers,
(Ko <3 x 10*m~ 1)1 these extraction constants are very low.

Table 5. Anion-facilitated transport of NPr,Cl; D,
uranyl salenes 1 and 2.

D,,, K., and K, x of

ag >

Carrier liag Dy, D, K., K.x

[s] [1072 m?s7!] [10722 m2s71] M1 [10*M~1]
1 714 9.3 6.0 0.017 2.6 x 10*
2 790 8.4 5.4 0.065 10.1 x 10*

[a] Calculated with K, =645 x 10~°.

The extraction constant K for the 2:1 carrier:anion
stoichiometry (as observed for 3,-H,POy, 4,-H,POjy, and
5,-Cl") is defined by Equation (16).

2 Lot X5 MY = L X My (16)
The initial flux J, as a function of the diffusion coefficient

D, the extraction constant K, the salt activity a,, and the
carrier concentration L, is given by Equation (17).

D, [44L,—\/4ALY —4a@A -1 L}
T 2d, 2(4A — 1)

0

with A = (Ki,a?)  (17)

The calculated extraction constants (Table 4) decrease in
the order K, (3) > K., (4) > K., (5). Despite the fact that Cl- is
much less hydrophilic than H,POj, K, of carrier 5 for NPr,Cl
is lower than of uranyl salenes 3 and 4 for NPr,H,PO,,
indicating the high stability of dihydrogen phosphate com-
plexes.

From the extraction constants as determined above and the
partition coefficients calculated from the Gibbs free energy of
transfer the association constants K, for these complexes can
be calculated. The association constants K, x of uranyl salenes
1 and 2 for ClI~ in NPOE (Table 5) were 2.6 x 10* and 10.1 x
10*m~!, respectively. The stability in NPOE is higher (by a
factor of about 10) than found for similar compounds in
MeCN/DMSO (99:1).5% To put
these values in perspective, a
comparison is made with the
association constants of the so-
dium selective calix[4]arene
tetraester 6 and calix[4]arene
tetramethylketone 7. K, values
of carriers 6 and 7 transporting

Chem. Eur. J. 2000, 6, No. 8

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

NaClO, have been reported previously®?! (14 and 68m~!,
respectively) and the partition coefficient K, of NaClO,
follows from Table 3 (6.0 x 10~°m~1).

The association constants K, of carriers 6 (K, =2.4 x
10°m7") and 7 (K, =114 x 10°m7") for Na* are about five
orders of magnitude larger than the K,x values of uranyl
salenes 1 and 2 for CI. It is therefore clear that the low anion
transport efficiency of carriers 1 and 2 in this study is due to
the low binding constant K.

From the extraction constants of 2:1 carrier:anion com-
plexes, only the association constants Ky for the 5,-Cl-
complex [as defined in Eq. (18)] could be calculated accu-
rately (9.5 x 108m72, Table 4).

2 Lyt X5 = (L) X5
Ky = (Lx), X ], (18)
T KRX ],

From the minimum value for the Gibbs free energy
of transfer for NPr,H,PO, (AGnpor(NPr,H,PO,)>
52 kJmol~!) we estimated that the association constants of
complexes 3,- H,PO; and 4, - H,PO; in NPOE are more than
two orders of magnitude higher than of 5, ClI". Apparently,
the two sulfonamido hydrogen bond donating groups in close
proximity of the uranyl salene cleft make them excellent
phosphate receptors.?]

Competition experiments: The selectivity S for the transport
of H,POj in the presence of Cl- is defined by Equation (19).
_ JHZP(); [Cli]a

S = X (19)
Ja- [H,PO; ],

The intrinsic anion selectivity in NPOE was measured by
the competitive transport of the lipophilic tetrabutylammo-
nium salts NBu,Cl and NBu,H,PO, without carrier in the
membrane phase. The transport of NBu,H,PO, was too slow
to be determined accurately and the phosphate concentration
was taken equal to or smaller than the detection limit S <
0.035 (Table 6). The selectivity S gives a lower limit for the

Table 6. Transport selectivities S from time-averaged fluxes (24 h) of CI
and H,PO; for uranyl sal(oph)enes 1-5 in competitive transport experi-
ments.

Carrier [H,PO;]; [CIT]y  Joyn(H,POZ)H!

Joan(CI)E Stel

[1073Mm] [1073M] [10® molm~2s~!] [10~® molm—2s~!]
Ll 150 150 < 0.5l 14.5 <0.035
20l 150 150 5.6 85 0.66
3l 150 150 19 < 0.5 >38
10 24 150 < 0.5k 7.1 -
21l 24 150 1.7 7.6 1.4
3l 24 150 17 < 0.5 >212
4l 24 150 10.7 1.0 67
5l 24 150 < 0.5 22 -
3l 10 150 12 < 0.5 > 360
4l 10 150 6.0 1.3 69

[a] Jo4, determined after 24 h of transport. [b] S is defined according to
Equation (19). [c] Inherent selectivity S to NPOE from the difference in the
transport of NBuj salts. [d] Selectivity determined from the competitive
transport of NPr; salts. [e] Estimated maximum flux from the detection
limit of the UV experiment.
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difference in Gibbs free energy of transfer between Cl- and
H,PO; of A(AG, npor) > 16.6 kI mol B! This intrinsic differ-
ence needs to be compensated by a favorable anion complex-
ation by the carrier in order to transport H,PO; over CI-.

The selectivities of receptors 1-5 were measured in
competition experiments with mixtures of NPr,Cl and
NPr,H,PO, (Table 6), at a constant concentration of CI-
(150mmMm) and varying concentrations of H,PO; (10 to
150mm). The fluxes were determined from the concentrations
of Cl~ and H,POyj in the receiving phase after 24 h. Carriers 1
and 5 do not transport H,POj; selectively. The selectivity S for
2 isin the range 0.7 < § < 1.4 and is significantly different from
the inherent selectivity in NPOE (S < 0.035).

Carriers 3 and 4 transport very selectively H,PO; in the
presence of Cl-. The selectivity increases with decreasing ratio
of [H,PO;]/[CI"] in the aqueous source phase reaching a
value of 350 for a concentration ratio of 0.067.

Conclusion

Gibbs free energies of transfer of individual ions from water
to NPOE were determined from partition coefficients. NPOE
and MeCN have comparable anion solvation properties and
an empirical free energy relationship holds between
AG; npor(X7) and AG; peen(X0).

Tetrapropylammonium salts of C1- and H,PO; were trans-
ported by neutral uranyl sal(oph)ene anion receptors 1-5.
The rates of salt transport by anion carriers are much lower
than of salt transport by cation carriers, due to the low values
for both D,, and K. The diffusion coefficients D,, of the
uranyl sal(oph)enes are about two to three times lower,
whereas the extraction constants are more than four orders of
magnitude lower than of the cation carriers.

The competition experiments illustrate the importance of
anion receptors in selective extraction processes. In order to
achieve selective phase transfer to organic solutions, large
differences in Gibbs free energies of transfer for different
anions have to be compensated by highly selective anion
complexation.’> ] Generally, the differences of Gibbs free
energies of transfer between anions (ClO;, NOj3, Cl-, and
H,POj) are much larger than between cations (Na™, K, Rb",
and Cs™). It is therefore much more difficult to reverse the
inherent and solvent-imposed selectivity in anion transport
than in cation transport.

Experimental Section

Melting points were determined with a Reichert melting point apparatus
and are uncorrected. 'H-NMR and '*C-NMR spectra were recorded with a
Bruker AC 250 spectrometer in CDCl;, unless stated otherwise. The
presence of solvent in the analytical samples was confirmed by 'H-NMR
spectroscopy. Fast atom bombardment (FAB) mass spectra were obtained
with a Finnigan MAT 90 spectrometer. The spectra were obtained with use
of m-nitrobenzyl alcohol as a matrix.

CH,CI, was distilled from CaH, and stored over molecular sieves (4 A)
prior to use. CH;CN and DMSO were dried over molecular sieves (4 A)
prior to use. Petroleum ether refers to the fraction with b.p. 40-60°C.
Other chemicals were of reagent grade and were used without purification.
Column chromatography was performed with silica gel (Merck,
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0.015-0.040 mm) unless stated otherwise. All reactions were carried out
under an argon atmosphere. Uranyl salene 1°2 and uranyl salophene 5834
were prepared according to a literature procedure.

N-[3-(n-Octyloxyphenyl) |chloroacetamide (9): Chloroacetyl chloride
(1.47 g, 13 mmol) was added dropwise to a vigorously stirred solution of
m-octyloxyaniline (2.21 g, 10 mmol) and K,CO; (1.38 g, 10 mmol) in
EtOAc/H,0 (1:1, 100 mL). The reaction was stirred for 3h at room
temperature. The organic layer was separated from the aqueous layer,
dried with MgSO, and evaporated. The residual solid was purified by
column chromatography (CH,CL,) (82%). M.p.: 92-94°C; '"H NMR: 6 =
8.12 (brs, 1H, NH), 7.2-7.1 (m, 2H, ArH), 6.95 (d, 1H, /=79 Hz, ArH),
6.7-6.6 (m,J=8.3 Hz, 1H, ArH), 4.11 (s, 2H, CICH,CO), 391 (t,2H, /=
6.5 Hz, OCH,), 1.8-1.6 (m, 2H, OCH,CH,), 1.4-1.2 (m, 10H, CH,), 0.84
(t,3H,J=4.5 Hz, CH;); ®*C NMR: 6 =129.8 (s, NCO), 68.1 (t, OCH,), 42.9
(t, CICH,CO), 31.9-22.7 (t, CH,), 14.1 (q, CH;); FAB-MS: m/z: 298.2
[M+H]", calcd 298.2; anal. calcd for C;sH,,CINO,: C 64.53, H 8.12, N 4.70;
found: C 64.48, H 7.77, N 4.89.

General procedure for the preparation of compounds 12a-b: A mixture of
the appropriate sulfonyl chloride (15 mmol), chloroalkylamine-HCI
(19 mmol), and Et;N (3.11 g, 31 mmol) was stirred in CH,Cl, (100 mL) at
0°C for 1 h. Subsequently, the solution was stirred at room temperature for
10 h. The organic layer was washed with saturated NH,Cl (2 x 50 mL), IN
HCI (2 x 50 mL), H,O (2 x 50 mL), and dried with MgSO,. After filtration,
the solvent was evaporated and the residual solid was purified by
trituration or column chromatography.

N-(3-Chloropropyl)-n-hexadecanesulfonamide (12a): The crude product
was triturated from acetone. Yield 37 % ; m.p.: 86 -87°C; 'HNMR: 6 =4.32
(t, 1H, J=6.4 Hz, NH), 3.67 (t, 2H, J=6.0 Hz, CICH,), 3.34 (q, 2H, /=
6.5 Hz, CH,N), 3.1-2.9 (m, 2H, SO,CH,), 2.1-1.95 (m, 2H, CICH,CH,),
1.85-1.7 (m, 2H, SO,CH,CH,), 1.4-1.15 (m, 26 H, CH,), 0.89 (t, 3H, /=
6.3 Hz, CH;); BC NMR: 6=53.6 (t, SO,CH,), 44.9 (t, CICH,), 44.4 (t,
CH,N), 32.8 (t, SO,CH,CH,), 31.9-22.7 (t, CH,), 14.1 (q, CH;); FAB-MS:
mlz: 3822 [M]*, calcd 382.2; anal. calcd for C;iH,CINO,S: C 59.73, H
10.55, N 3.67; found: C 59.77, H 10.60, N 3.80.

N-(3-Chloropropyl)-[ (2,4,6-triisopropyl)benzene Jsulfonamide (12b): The
crude product was purified by column chromatography (SiO,, CH,CL,).
Yield 91 %; m.p.: 81 -82°C; 'HNMR: 6 =7.18 (s, 2H, ArH), 5.45 (brs, 1H,
NH), 4.3-4.0 [m, 2H, o-ArCH(CH,),], 3.60 (t, 2H, J=6.2 Hz, CICH,),
3.17 (t,2H, J=6.6 Hz, CH,N), 3.0-2.8 [m, 1H, p-ArCH(CH,),], 2.1-1.9
(m, 2H, CICH,CH,), 14-12 [m, 18H, ArCH(CH,),]; *C NMR: 6 =42.0
(t, CICH,), 40.1 (t, CH,N), 34.1,29.6 [d, ArCH(CHs;),], 32.4 (t, CICH,CH,),
24.9 and 23.6 [q, ArCH(CH,),]; FAB-MS: m/z: 360.3 [M+H]", calcd 360.2;
anal. calcd for C;3H;,CINO,S: C 60.06, H 8.40, N 3.89; found: C 60.30, H
8.57, N 3.98.

General procedure for the preparation of compounds 10, 13a-b: A
mixture of 9, 12a, or 12b (10 mmol), 2-(2-allyloxy)-3-hydroxybenzaldehyde
(1.78 g, 10 mmol), and K,CO; (2.76 g, 20 mmol) was refluxed in MeCN
(200 mL) for 48 h. The solution was filtered and the solvent evaporated.
The crude product was taken up in CH,Cl, (50 mL) and washed with a
saturated solution of Na,CO; (2 x 50 mL), water (2 x 50 mL), and brine
(50 mL). The organic layer was dried with MgSO, and the solvent
evaporated.

2-[3-Formyl-2-(2-propenyloxy) |]-N-[3-(n-octyloxyphenyl)phenoxy]acet-
amide (10): The crude product was triturated from iPrOH. Yield 63 %;
m.p.: 92-94°C; '"H NMR: 6 =10.43 (s, 1H, CHO), 8.61 (s, 1H, NH), 7.6
75 (m, 1H, ArH), 7.15-71 (m, 1H, ArH), 7.32 (s, 1 H, ArH), 725-7.15 (m,
2H, ArH), 7.07 (d, 1H, J=7.9 Hz, ArH), 6.75-6.65 (m, 1H, ArH), 6.25—
6.0 (m, 1H, CH=CH,), 5.55-5.25 (m, 2H, CH=CH,), 471 (d, 2H, J=
4.7 Hz, OCH,CH=CH,), 4.69 (s, 2H, OCH,CO), 3.99 (t, 2H, J=6.5 Hz,
OCH,CH,), 1.85-1.7 (m, 2H, OCH,CH,), 1.5-1.15 (m, 10H, CH,), 0.84 (t,
3H, J=65Hz, CH;); *C NMR: 0=189.4 (d, CHO), 132.6 (d,
OCH,CH=CH,), 1309 (s, NCO), 119.7 (t, OCH,CH=CH,), 76.6 (t,
OCH,CH=CH,), 694 (t, OCH,CO), 68.1 (t, OCH,CH,), 31.9-22.6 (t,
CH,), 14.1 (q, CH;); FAB-MS: m/z: 440.5 [M+H]", calcd 440.2; anal. calcd
for C,sH3;3NOs-0.5H,0: C 69.62, H 7.42, N 3.12; found: C 69.54, H 7.28, N
3.37.

N-[3-[3-Formyl-2-(2-propenyloxy)phenoxy]propyl]-n-hexadecanesulfon-

amide (13a): The crude product was purified by column chromatography
(SiO,, CH,Cl,) to give a light yellow solid. Yield: 45%; m.p.: 64—66°C;
'"H NMR: 6 =10.40 (s, 1H, CHO), 743 (dd, 1H, J=6.3 Hz, 3.1 Hz, ArH),
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715-7.1 (m, 2H, ArH), 6.15-6.0 (m, 1H, CH=CH,), 5.4-5.25 (m, 2H,
CH=CH,), 477 (t, 1H, J=62Hz, NH), 465 (d, 2H, J=6.1Hz,
OCH,CH=CH,), 4.15 (t, 2H, J=5.8 Hz, OCH,CH,), 3.37(q, 2H, J=
6.3 Hz, CH,N), 3.0-2.9 (m, 2H, SO,CH,), 2.15-2.0 (m, 2H, OCH,CH,),
1.8-1.7 (m, 2H, SO,CH,CH,), 1.3-1.1 (m, 26H, CH,), 0.86 (t, 3H, J=
6.8 Hz, CH;); BC NMR: 0 =190.1 (d, CHO), 133.0 (d, CH=CH,), 118.9 (t,
CH=CH,), 75.7 (t, OCH,CH=CH,), 67.0 (t, OCH,CH,), 53.2 (t, SO,CH,),
42.6 (t, CH,N), 31.9-22.7 (t, CH,), 14.1 (q, CH;); FAB-MS: m/z: 524.3
[M+H]", caled 524.4; anal. caled for C,yH,NOsS: C 66.50, H 9.43, N 2.67;
found: C 66.62, H 9.35, N 2.68.

N-[3-[3-Formyl-2-(2-propenyloxy)phenoxy Ipropyl]-[ (2,4,6-triisopropyl)-
benzene] sulfonamide (13b): The crude product was purified by column
chromatography (CH,CL,) to give a yellow solid. Yield 38 %; m.p.: 81—
82°C;'HNMR: 6 =10.32 (s, 1H, CHO), 7.38 (t, 1H, J = 4.6 Hz, ArH), 7.09
(s,2H, ArH), 7.05-6.95 (m,2H, ArH), 6.1-5.8 (m, 1 H, CH=CH,),5.3-5.1
(m, 2H, CH=CH,), 4.95 (t, 1H, J=6.3 Hz, NH), 4.54 (d, 2H, J=6.1 Hz,
OCH,CH=CH,), 42-4.0 [m,4H, OCH,CH,, 0o-ArCH(CH}),],3.20 (q,2H,
J=6.3Hz, CH)N), 2.90-2.70 [m, 2H, p-ArCH(CH,),], 2.1-1.9 (m, 2H,
OCH,CH,), 1.25-1.1 [m, 18H, ArCH(CH,),]; *C NMR: 6=190.4 (d,
CHO), 132.8 (d, CH=CH,), 119.3 (t, CH=CH,), 75.5 (t, OCH,CH=CH,),
67.1 (t, OCH,CH,), 40.6 (t, CH,N), 34.1 and 29.6 [d, ArCH(CHs;),], 294 (t,
ArOCH,CH,), 24.9, 23.6 [q, ArCH(CHy,),]; EI-MS: m/z: 501.1 [M]*, calcd
501.3; anal. calcd for C,sH3gNOsS: C 67.04, H 7.84, N 2.79; found: C 67.18, H
8.24, N 2.68.

General procedure for deallylation of the protected aldehydes 10, 13a—b:
A mixture of 10, 13a—b (3 mmol), Pd(OAc), (20 mg, 0.1 mmol), PPh,
(125 mg, 0.5 mmol), Et;N (3.7 g, 37 mmol), and HCOOH (1.65 g, 37 mmol)
was refluxed in 80% aqueous EtOH (60 mL) for 2 h. The solvent was
evaporated and water (100 mL) was added. The aqueous layer was
extracted with CH,Cl, (3 x 100 mL). Subsequently, the organic layer was
dried with MgSO, and the solvent evaporated. A yellow solid was obtained
after column chromatography of the crude mixture.

2-[3-Formyl-2-hydroxyphenoxy]-N-[3-(n-octyloxyphenyl) Jacetamide (11):
The crude product was purified by column chromatography (CH,CL/
EtOAc 95:5). Yield 88 %; m.p.: 73-74°C; 'THNMR: 6 =11.29 (s, 1H, OH),
9.87 (s,1H, CHO), 8.81 (s, 1H,NH), 7.3-7.2 (m,2H, ArH), 72-7.1 (m, 2H,
ArH), 71-6.8 (m, 2H, ArH), 6.7-6.5 (m, 1H, ArH), 4.64 (s, 2H,
OCH,CO), 392 (t, 2H, J=6.5Hz, OCH,CH,), 1.8-1.6 (m, 2H,
OCH,CH,), 1.6-12 (m, 10H, CH,), 091 (t, 3H, J=64Hz, CH;);
BC NMR: 6 =196.7 (d, CHO), 129.7 (s, NCO), 70.5 (t, OCH,CO), 68.1
(t, OCH,CH,), 31.9-22.6 (t, CH,), 14.1 (q, CH;); EI-MS: m/z: 399.1 [M]*,
caled 399.2; anal. caled for C,3H,0NOs-0.25H,0: C 68.38, H 7.36, N 3.47;
found: C 68.25, H 7.13, N 3.64.

N-[3-(3-Formyl-2-hydroxyphenoxy)propyl]-n-hexadecanesulfonamide
(14a): The crude product was purified by column chromatography
(CH,CL,). Yield 80%; m.p.: 83-85°C; 'H NMR: 6 =11.10 (s, 1H, OH),
9.90 (s, 1H, CHO), 723 (d, 1H, J=7.7 Hz, ArH), 720 (d, 1H, /=78 Hz,
ArH), 6.95 (t, 1H, /=78 Hz, ArH), 5.21 (t, 1H, J=6.1 Hz, NH), 4.15 (t,
2H, J=5.5Hz, OCH,), 3.38(q, 2H, J=6.0 Hz, CH,N), 3.1-2.9 (m, 2H,
SO,CH,;),2.2-2.0 (m,2H, ArOCH,CH,), 1.85-1.75 (m,2H, SO,CH,CH,),
1.4-1.2 (m, 26 H, CH,), 0.86 (t, 3H, J=6.8 Hz, CH;); ®*C NMR: 6 =196.5
(d, CHO), 68.4 (t, OCH,CH,), 52.5 (t, SO,CH,), 41.4 (t, NHCH,), 31.9—
22.6 (t, CH,) 14.1 (q, CH;); FAB-MS: m/z: 483.1 [M]", calcd 483.3; anal.
caled for C,sH,sNO;S: C 64.56, H 9.38, N 2.90; found: C 64.55, H 9.18, N
2.89.

N-[3-(3-Formyl-2-hydroxyphenoxy)propyl]-[ (2,4,6-triisopropyl)benzene]-
sulfonamide (14b): The crude product was purified by column chromatog-
raphy (CH,CL,). Yield 79 %; m.p.: 119-120°C; 'H NMR: 6 =11.08 (s, 1H,
OH), 9.89 (s, 1H, CHO), 719 (d, 1H, J =78 Hz, ArH), 7.14 (s, 2H, ArH),
710 (d, 1H,J =79 Hz, ArH), 6.96 (t, 1H,/ =79 Hz, ArH), 543 (t, 1H,J =
6.2 Hz, NH), 43-4.1 [m, 4H, OCH,, 0-ArCH(CH,),], 3.20 (q, 2H, J=
6.2Hz, CH)N), 3.0-2.8 [m, 1H, p-ArCH(CH,),], 2.1-2.0 (m, 2H,
OCH,CH,), 1.3-1.2 [m, 18H, ArCH(CHs),]; BC NMR: 6=196.6 (d,
CHO), 68.4 (t, OCHy,), 40.9 (t, CH,N), 34.1, 29.6 [d, ArCH(CH,),], 29.1 (t,
OCH,CH,), 24.9 and 23.6 [q, ArCH(CHj),]; EI-MS: m/z: 461.0 [M]*, calcd
461.2; anal. caled for C,sH3sNOsS: C 65.05, H 7.64, N 3.03; found: C 65.35,
H 7.77, N 3.04.

General procedure for the synthesis of UQO,-salens 2—4: A solution of
aldehyde 11, 14a, or 14b (1.03 mmol) and cis-1,2-dicyclohexane diamine
(0.062 mL, 0.52 mmol) was refluxed in MeOH (25 mL) for 1 h. A solution
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of UO,(OAc),-H,0 (0.219 g, 0.52 mmol) in MeOH (10 mL) was added and
refluxing was continued for 1 h. The solution was evaporated to give the
crude product.
[[2,2"-[1,2-Cyclohexanediylbis[nitrilomethylidyne(2-hydroxy-3,1-phenyl-
ene)oxy]]-bis-[ V-(3-n-octyloxyphenyl)acetamidato]](2-) Jdioxouranium
(2): The crude product was triturated from MeOH. Yield 89 %; m.p.: 149—
151°C;'H NMR (CDCly/[Dg]DMSO 9:1): 6 =10.45 (s,2H, HC=N), 9.27 (s,
2H,NH), 7.4-72 (m, 6H, ArH), 712 (d, 2H, J =78 Hz, ArH), 6.79 (t,2H,
J=82Hz, ArH), 6.70 (t,2H, /=78 Hz, ArH), 6.5-6.3 (m, 2H, ArH), 4.84
(s, 4H, OCH,CO), 4.66 (brs, 2H, C=NCH), 3.59 (t, 4H, J=6.4 Hz,
OCH,CH,), 2.6-2.3, 2.1-1.9 (m, 2 x 2H, C=NCHCH,CH,), 1.8-1.4 (m,
2 x 4H, C=NCHCH,CH,, OCH,CH,), 1.3-1.1 (m, 20H, CH,), 0.83 (t, 6 H,
J=6.4Hz, CH;); "C NMR (CDCIly/[Dg]DMSO 9:1): d =167.9 (d, C=N),
129.1 (s, NCO), 72.2 (t, OCH,CO), 71.5 (d, C=NCH), 67.7 (t, OCH,CH,),
31.9-22.6 (t, CH,), 14.1 (q, CH;); FAB-MS: m/z:1145.5 [M]*, calcd 1145.8;
anal. calcd for C5,H¢N,O,,U: C 54.21, H 5.93, N 4.85; found: C 54.54, H
5.81, N 4.89.
[[2,2’-[1,2-Cyclohexanediylbis[nitrilomethylidyne(2-hydroxy-3,1-phenylene)-
oxy]] bis-[N-(3-propyl)-n-hexadecanesulfonamidato]](2-) Jdioxouranium
(3): The crude product was purified by column chromatography (ALOs;,
CH,Cl,/MeOH 95:5) and recrystallized from MeOH/diisopropyl ether.
Yield: 67 %; m.p.: 82-84°C; 'H NMR: 6 =9.21 (s, 2H, HC=N), 7.14 and
710 (d,4H,J =78 Hz ArH), 6.56 (t,2H, /=78 Hz, ArH), 6.44 (t,2H, J =
5.5 Hz, NH), 4.56 (brs,2H, C=NCH), 4.29 (t, 4H, /=5.9 Hz, OCH,), 3.34
(q,4H,J=6.0Hz, CH,N),2.9-2.8 (m, 4H, SO,CH,),2.6-2.5,2.1-1.9 (m,
2 x2H, C=NCHCH,CH,), 2.2-2.0 (m, 2H, OCH,CH,), 1.7-1.5 (m 8H,
C=NCHCH,CH,, SO,CH,CH,), 1.4-1.1 (m, 52H, CH,), 0.86 (t, 6H, /=
6.8 Hz, CH;); C NMR: 6 =1674 (d, HC=N), 71.3 (d, C=NCH), 67.2 (t,
OCH,CH,), 51.8 (t, SO,CH,), 40.5-39.1 (t, CH,N), 31.7-21.6 (t, CH,) 14.0
(q, CH;); FAB-MS: m/z: 1336.0 [M+Na]", calcd 1335.9; anal. calcd for:
CsgHogN,O,0S,U - 0.5 (C4H,,0): C 53.69, H 7.75, N 4.11; found: C 53.69, H
790, N 4.24.

[[2,2-[1,2-Cyclohexanediylbis[nitrilomethylidyne (2-hydroxy-3,1-phenylene)-
oxy]]-bis-[ N-(3-propyl)-[ (2,4,6-triisopropyl)benzene]sulfonamidato]](2-) -
dioxouranium (4): The crude product was purified by column chromatog-
raphy (ALO;, CH,CL). Yield 56 %; m.p.: 83-86°C; 'H NMR (CDCly/
[Dg]DMSO 9:1): 6 =9.21 (s, 2H, HC=N), 7.2-7.0 (m, 6 H, ArH), 6.44 (brs,
2H, NH), 6.54 (t, 2H, /=78 Hz, ArH), 4.54 (brs, 2H, C=NCH), 4.3-4.0
[m, 8H, OCH,, 0-ArCH(CHs),], 3.22 (q, 4H, J=6.4 Hz, CH,N), 3.0-2.7
[m, 2H, p-ArCH(CH,),], 2.5-2.2, 1.8-1.6 (m, 2 x 2H, C=NCHCH,CH,),
2.1-2.0 (m, 4H, OCH,CH,), 1.8-1.6 (m, 4H, C=NCHCH,CH,), 1.2-1.1
[m, 18 H, ArCH(CHs),]; *C NMR (CDCly/[D¢]DMSO 9:1): 6 =167.1 (d,
HC=N), 71.0 (d, C=NCH), 66.9 (t, OCH,CH,), 40.6 (t, CH,N), 33.5 and 29.3
[d, ArCH(CH,),], 28.8 (t, OCH,CH,), 27.4 (t, NCHCH,CH,), 24.5, 23.1 [q,
ArCH(CHs;),], 212 (t, NCHCH,CH,); FAB-MS: m/z: 1369.7 [M+H]",
caled 1369.5]; anal. caled for CssH;sN,O,,S,U-2H,0: C 51.52, H 6.33, N
4.29; found: C 51.54, H 6.18, N 4.59.

Transport measurements: The polymeric film Accurel 1E-PP was obtained
from Enka Membrana (thickness d,, =100 mm, porosity Q=64%). o-
Nitrophenyl n-octyl ether (NPOE) was purchased from Fluka and used
without further purification. All salts (Phosphoric acid, tetrapropylammo-
nium hydroxide, tetrapropyl-ammonium chloride, tetrabutylammonium
hydroxide and tetrabutylammonium chloride) were of analytical grade and
were obtained from Acros. The transport experiments were performed at
298 K in an apparatus that consists of two identical cylindrical compart-
ments made of glass (half-cell volume ca. 50 mL, effective membrane area
ca. 13.5 cm?). Details of the cell have been described elsewhere.’?l The
membrane was positioned in between the cylindrical compartments
containing the two aqueous phases. The carrier was dissolved in o-
nitrophenyl n-octyl ether (NPOE). The carrier was dissolved in o-nitro-
phenyl n-octyl ether (NPOE) and immobilized in the solid support
according to a standard procedure previously described by our group.*
Solutions of NPr,H,PO, were obtained by titration of a known amount of
H;PO, with NPr,OH to the required pH value. Dilution of the sample with
distilled water gave the desired concentration of NPr,H,PO,/(NPr,),HPO,,
pH 6.7. The transport of salts was monitored by measuring the conductivity
(Radiometer CDM 83) as a function of time. The concentration was
calculated using a salt constant that correlates the conductivity to the
concentration. The activity was determined by calculation of the activity
coefficient using the Debye —Hiickel equation The transport rates of
NPr,H,PO, and NBu,H,PO, were determined by phosphate analysis of the
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receiving phase after 14 h of transport. From the receiving phase several
aliquots of 100 mL were taken. To each sample, 1 mL of commercial
phosphorus reagent (Sigma chemicals) was added. The reaction of the
inorganic phosphorus with ammonium molybdate in the presence of
sulfuric acid, produces an unreduced phosphomolybdate complex, of which
the absorbance at 320 nm is directly proportional to the phosphorus
concentration. All transport experiments were performed at least in
duplicate.

Caution: Care should be taken when handling uranyl-containing com-
pounds because of their toxicity and radioactivity.?’!
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