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Ditopic open-chain guanidinium receptors have been developed es- 
pecially for a selective extraction of tetrahedral oxoanions. The an- 
ion extraction behaviour of these host compounds has been studied 
in the system sodium salt-H,O-buffer/host-CHCly Lipophilic bis- 
guanidines are capable of extraction of even strongly hydrated an- 
ions as hydrogen phosphate, sulfate and nucleotides over a wide 
pH range. A remarkable selectivity of sulfate over hydrogen phos- 
phate was obtained using receptors 2,5 and 7. The ditopic host 2 
shows a pronounced preference for ATP versus ADP and AMP. 
The 1:l complex formation observed in the organic phase points to 
a well-organized complex structure for the oxoanions investigated 
and ditopic hosts. 

INTRODUCTION 

The vital dependence of life on the presence and 
turnover of inorganic phosphate legitimates the current 
strive to influence its uptake and metabolism. Among all 
metabolic reactions the formation of phosphate esters, 
phosphoryl amidates or phosphoric anhydrides appears 
to be most fundamental. One of the multitude of biologi- 
cal functions of phosphorylation is simply the prevention 
of passive transport of substrates across compartment 
boundaries (membranes)'. Vital metabolites by virtue of 
covalent binding to phosphoryl groups thus may be ki- 
netically trapped within a membrane enclosed volume 
unless a dedicated transport system allows the exchange 
of this anionic species. The reason for the inability of 
phosphate and its esters to pass the membrane phase by 

*Presented in part at the XIX International Symposium on 
Macrocyclic Chemistry, Lawrence/Kansas (USA), 12- I7 June, 1994. 
Abstract ST 14, and XXX. International Conference on Coordination 
Chemistry, Kyoto (Japan), 24-29 July, 1994, Abstract S 5-12. 
"To whom correspondence should be addressed. 

passive diffusion lies in its tremendous hydration free 
energy2 (AG,,,,[ H2P04-} = -465 kJ*mol-'; AGhydr 
(P043-) = -2765 kJ*mol-l), which places these anions 
at the extreme hydrophilic end of the Hofmeister series3. 

Certain promising chemotherapeutic approaches for 
the treatment of viral infections (e.g. "antisense" nu- 
cleotide4), require efficient transport of externally ap- 
plied polyanionic phosphoryl species across the cell 
membrane of the like charge. An artificial carrier would 
be beneficial if not essential to the success of this 
method5. This perception caused various attempts to 
construct synthetic host molecules which would bind 
phosphate esters (i.e. nucleotide) in aqueous solution6~7. 
One can distinguish approaches based on recognition of 
the hydrophobic ester moiety (the nucleotide base) from 
an alternative that is primarily directed towards the com- 
plexation of the anionic phosphate substructure. Only the 
latter may eventually function as a carrier system, be- 
cause it is of prime importance to replace the hydration 
shell around phosphate by a specific ligand (receptor) in 
order to extract the entire guest from water into the hy- 
drophobic membrane phase. Following this idea some 
very simple and some more sophisticated examples for 
phosphate ester transport have been tested and described 
in the literatures. The comparison and reliable assess- 
ment of these systems, however, is complicated by non- 
standardized experimental conditions. Transport rates as 
the true parameters of merit of a carrier system depend 
on a multitude of influential factors including even the 
geometry of the transport cell and the stirring speed etc. 
The effects of differences in the experimental set up used 
by different laboratories are thus quite hard to predict 
and hamper a straightforward evaluation of the basic 
transport properties of a carrier under study. As a corol- 
lary it is quite hard to pinpoint enhanced transport rates 
reported to well defined improvements of carrier design. 
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274 H. STEPHAN ETAL 

In addition to the development of transport systems 
the phase transfer of phosphate and its esters may be ex- 
ploited for the construction of ion-selective sensorsg. If 
some receptors can be designed that would bring about 
the selective and fast transfer of phosphate guests from 
the aqueous environment to a membrane phase, this ba- 
sic complexation event could be coupled to electrochem- 
ical or optical signalling to make up an on-line sensing 
devicelo. Phosphate sensors are in high demand as no 
satisfactory device is currently available, but concern 
about the role of phosphate in  the environment, and 
thereby the need for analysis is ever increasing' I .  

With these possible applications in mind we embarked 
on the construction of phosphate (ester) receptors capa- 
ble to serve as carriers in the transfer of these hy- 
drophilic guests to an apolar organic phase. Towards this 
goal a number of features appeared essential: i) The re- 
ceptor was to interact with the anionic phosphate moiety 
in an highly dedicated fashion. This should outmatch the 
solvation energy and give an host-guest complex of de- 
cent stability. ii) Unspecific charge-charge interactions, 
however, had to be minimized, in  order not to harm 
guest-selectivity and to maintain low overall hy- 
drophilicity. iii) The host should display extreme distrib- 
ution behaviour in solvent mixtures for the organic sol- 
vent to avoid leakage of the carrier into the aqueous 
phase. iv) The receptor design should allow for rapid 
complexatioddecomplexation rates across phase bound- 
aries since slow exchange rates most frequently limit 
overall transport or cause a sluggish response of mem- 
brane-based sensors' O. 

Our concept to meet these challengesI2 is based on 
foldable guanidinium hosts (scheme l),  which make use 
of bicyclic guanidines as the fundamental receptor 
units13 connected to each other via an aromatic spacer 
moiety. As the guanidinium anchor group is prominent 
for its dedicated and structured binding of oxoanions in 

natural as well as in artificial receptors14 one can predict 
that both guanidinium substructures will fold in an hinge 
motion to pinch the phosphate guest between them. 
Owing to the chirality of the bicycles their main planes 
will align in perpendicular fashion. This sets the stage 
for an optimum hydrogen bonding network that is com- 
plementary to the topology of tetrahedral oxoanions. 

The synthesis of the ensemble of hosts 1-8 (figure 1) 
and the binding properties of some members with anion- 
ic guests in homogeneous protic solution have been 
cornmuni~ated'2a.1~. Here we want to report on the anion 
extraction behaviour of this host series in the two phase 
system sodium salt-HzO-buffer/host-CHCl3. The aim of 
our investigations consists in the search for structure-re- 
activity relationships. Thus, spacer dimensions were 
modified and connection functions and overall hy- 
drophobicity were altered. Liquid-liquid extraction cho- 
sen as the method for study compares favourably with 
respect to accuracy, reproducibility, speed and expres- 
siveness with standard transport experiments, and allows 
to delineate advantages and weaknesses in the design of 
this family of hosts. 

RESULTS AND DISCUSSION 

The investigations performed show that a sufficient 
lipophilicity of the receptors is a prerequisite for an ef- 
fective phase transfer. Using compounds 3, 4, 6 and 8 
possessing a OH group at the molecule periphery a grad- 
uated complex formation were found, but the extraction 
experiments were accompanied by difficulties as the for- 
mation of a third phase, precipitation and poor coales- 
cence behaviour. Obviously, owing to the hydrophilic 
character these receptors are not able to form hydropho- 
bic complexes with oxoanions which are well-soluble in 
organic diluentsl6. Therefore, only the highly lipophilic 

-1 
Scheme 1 Conceptual sketch of complex formation of foldable ditopic guanidinium hosts with tetrahedral oxoanions 
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Figure 1 Investigated compounds. 

ditopic guanidinium compounds 2, 5 and 7 have been 
used for the subsequent extraction experiments. 
Furthermore, the monotopic guanidinium receptor 1 has 
been included in these investigations for comparison. 
The extraction equilibrium with these compounds is 
achieved very fast which is useful in view of a practical 
application. 

The liquid-liquid extraction equilibrium of an anion 
Xn- with a guanidinium chloride Lm+Cl, is generally 
described by eq. (1): 

KEX 
pX& + s * ( L m +  - cl%)(org) +(I$+ * x$-)corg, 

+ (n * P)CI(i) (1) 

with s m = n - p; the subscripts (org) and (w) denote the 
organic and aqueous phase, respectively. The extraction 
constant is then defined by eq. (2): 

The distribution ratio D, of the anion X- describes the 
phase transition quantitatively defined in eq. (3) 

The composition of the extracted species can be deter- 
mined from the experimental data by graphical slope 
analysis or nonlinear curve fitting using eq. (2) and (3)17. 

In case of a 1 : 1 complex formation between a ditopic 
guanidinium salt L2+C1? and a divalent anion X2- the ex- 
traction reaction can be analyzed using eq. (4): 

Under experimental conditions of constant ionic strength 
in the aqueous phase and excess of the receptor com- 
pared with the anion concentration, the slope of the line 
in the Log Dx - Log cRecepror diagram gives the stoichio- 
metric coefficient s of the formed complexlg. 

Figure 2 shows the results of extraction investigations 
of different anions with compounds 1 and 2. The mono- 
topic guanidinium compound 1 extracts only the hy- 
drophobic monocharged anions bromide and iodide. 
Under the experimental conditions chosen19 the oxoan- 
ions hydrogen phosphate, sulfate and the nucleotides 
AMP, ADP and ATP are practically not extracted. 

In contrast to this, high extractabilities of oxoanions, 
in particular for sulfate, ADP and ATP, are obtained with 
the ditopic guanidinium receptor 2. Amazingly, a high 
selectivity of sulfate over hydrogen phosphate is found. 
Sulfate and hydrogen phosphate are similar anions with 
respect to their size, geometry and Lewis-basicity20. One 
possible reason for the preference of sulfate over hydro- 
gen phosphate during extraction might be the lower hy- 
dration free energy for sulfate2.21. In the case of hydro- 
gen phosphate the remaining proton can form additional 
hydrogen bonds to water, and consequently the host- 
guest complex should be more hydrophilic with respect 
to sulfate. 

Furthermore, a remarkable graduation of nucleotide 
extraction22 was observed. Thus, a pronounced selectivi- 
ty of ATP over ADP and AMP is found correlating with 
the rising charge of the nucleotides. 

Slope analyses of straight lines obtained in the Log 
D,-Log cRecepror diagram (figure 3) indicate the stoi- 
chiometry of complex formation of the monotopic 
guanidinium compound 1 with the monovalent anions 
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276 H. STEPHAN E T A L  

Figure 2 Extractability of anions with the monotopic and ditopic guanidinium compound 1 and 2. 
([NaX, (Na,X)] = 1-10-4 M (X = Br,  I-, SO,*-, HP0,2-); pH = 8.7 (TAPSmaOH-buffer); [nucleotide] = 1=10-4 M; pH = 7.4 (HEPESNaOH-buffer); 
[receptor] = 1*1G-3 M in chloroform) 

bromide and iodide as 1 : 1 (anion : receptor), and with 
the divalent sulfate and hydrogen phosphate ions as 1:2. 

As shown in figure 4, the slope of the extraction line 
for hydrogen phosphate with the ditopic guanidinium re- 
ceptor 2 in the Log &-Log cRerepIor diagram points to the 
preferred formation of a 1:l complex in the organic 
phase. In the case of sulfate extraction, the relating slope 
is lower than 1 and indicates additional interactions. The 
reason of this behaviour is probably a coextraction of the 
buffer anion23. At the pH of 8.7 the used buffer TAPS 
(pK, = 8.55) is preponderantly in its anionic form. 
Switching the pH to 7.8 the coextraction is considerable 
suppressed, since the major buffer species now is the 
zwitterion. As can be seen in figure 5, at the pH of 7.8 
the slope of the Log DrLog cRecepror diagram indicates 
the expected 1 : 1 complex formation of the ditopic host 2 
with sulfate in the organic phase. In addition the ex- 
tractability of sulfate is improved by twofold. 

Likewise, the bisguanidinium host 2 forms only 1: 1 
complexes with the nucleotides investigated (figure 5). 
This fact in the case of AMP is readily understandable. 
At pH 7.8 AMP dissociates almost completely in aque- 
ous solution24. But the same behaviour is characteristic 
for ADP and ATP, too. Nevertheless, a 1: 1 complex for- 

mation of the dication 2 with ADP and ATP was ob- 
served indicating also the presence of dianions of these 
nucleotides in the organic phase, which might eventually 
be formed by supplementary association of sodium ions. 
To clarify these findings further investigations especially 
on the structure of the complexes formed are necessary. 
Another noticeable result is the decreasing slope25 of the 
curves in the region of higher receptor concentrations 
which can be caused by a limited lipophilicity of the 
complexes formed in the organic phase. Altogether, the 
selectivity of nucleotide extraction using the ditopic host 
2 is considerable. Under the experimental conditions 
given in figure 5, the distribution ratios for the extraction 
of ATP are more than one or even two orders of magni- 
tude higher relative to ADP and AMP extraction, respec- 
tively. 

The separation selectivity as a whole strongly depends 
on both the pH and the composition of the aqueous 
phase. This is illustrated in figure 6 using three different 
buffer systems. As expected the nucleotide extraction is 
rather poor at the low pfI region where AMP, ADP and 
ATP are not completely dissociated. At a pH higher than 
7, especially ATP can be efficiently extracted with pro- 
nounced selectivity towards ADP and AMP, respectively. 
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Figure 3 Extraction of anions with a monotopic guanidinium com- 
pound 1 as a function of receptor concentration. 
([NaX, (Na,X)] = 1*104 M (X = Br-, I-, S042-, HPO,Z-); pH = 8.7 
(TAPSMaOH-buffer); [receptor 11 = 2.5-10-4.. .5*10-3 M in chloro- 
form I 

Remarkable, the nucleotide extraction decreases with 
rising pH in all buffer systems investigated. This is prob- 
ably caused by the coextraction of the buffer anion dis- 
cussed above. On the other hand the concentration of 
sodium increases with rising pH. Due to the increasing 
formation of nucleotide complexes with sodiumZ6 in the 
aqueous phase the concentration of free nucleotides is 
degraded, and consequently the nucleotide extraction 
goes down. 

By variation of the spacer and junction elements the 
size and rigidity of the ditopic guanidinium compounds 
can be altered, and thus the oxoanion extraction efficien- 
cy and selectivity is influenced. Figure 7 shows the re- 
sults of anion extraction with the ditopic receptors 5 and 
7 having a isophthalic acid spacer moiety. As can be 
seen (cf. figure 2), the replacement of the naphthalene 
spacer element (host 2) in the molecule by the smaller 
and more flexible isophthalic acid (host 5) leads to a de- 
crease of the nucleotide extraction. This result indicates 
that the dimension of the spacer strongly determines the 
extraction properties. Introducing an amide group as 
junction element (host 7), the receptor becomes more 

-3 

iodide x 

bromide 

1 

1 

*/hydrogen phosphate 

I I I I I I I I I 

-4 -3.8 -3.6 -3.4 -3.2 -3 -2.8 -2.6 -2.4 -2.2 -2 

Log CR.ceplor(org, 

Figure 4 Extraction of anions with a ditopic guanidinium compound 2 
as a function of receptor concentration. 
([NaX, (Na,X)] = 1010-4 M (X = Br-, I-, S042-, HP042-); pH = 8.7 
(TAPSNaOH-buffer); [receptor 21 = 2.5*10-4...5*10-3 M in choloro- 
form) 

rigid. On top, the secondary amide groups may form ad- 
ditional hydrogen bonds to the guest. The ditopic host 7 
strongly extracts all the oxoanions investigated. 
Surprisingly, the strongly hydrated sulfate anion is al- 
most quantitatively transferred into the organic phase. 
The extractability of sulfate is even higher than the ex- 
traction of the hydrophobic iodide. Certainly, the strong 
complex formation leads to a loss of separation selectivi- 
ty proven especially for the nucleotide extraction. 

The remarkable anion extraction behavior of host 7 is 
obviously caused by the cooperative effect of the hydro- 
gen bonding of the amide groups superimposed on the 
general ionic interactions of the guanidinium moieties 
with the guest. 

CONCLUSIONS 

Selective anion recognition and their effective phase 
transfer from aqueous into organic phase require a per- 
fect complementarity of the topology of the host de- 
signed and the anionic substrate connected with a high 
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Figure 5 Extraction of sulfate and nucleotides with guanidinium com- 
pound 2 as a function of receptor concentration. 
([Na,SO,, (nucleotide)] = 1*104 M; pH = 7.8 (TAPSMaOH-buffer); 
[receptor 21 = 5.104 ... 5.10-3 M in chloroform) 

lipophilicity of the host guest complex formed. A series 
of ditopic guanidinium compounds was developed espe- 
cially for the extraction of tetrahedral oxoanions, where- 
in the selectivity is governed by a combination of elec- 
trostatic interactions and ligand-anion complementarity 
of shape, size, and functionality. 

A high lipophilicity of the receptor is a prerequisite for 
an effective phase transfer. Bisguanidinium compounds 
possessing OH groups at the molecule periphery are not 
capable of an effective oxoanion extraction. On the other 
hand highly lipophilic bisguanidinium receptors extract 
even strongly hydrated oxoanions like sulfate, hydrogen 
phosphate and nucleotides from water into chloroform. 
Remarkable selectivity of sulfate over hydrogen phos- 
phate, and ATP over ADP and AMP extraction are ob- 
tained. In all cases the composition of the extracted an- 
ion complexes of sulfate, hydrogen phosphate and nu- 
cleotides with ditopic hosts is 1: 1 reflecting a well-de- 
fined complex structure. In contrast to the bisguanidini- 
um compounds the oxoanions investigated are practical- 
ly not extracted by a monoguanidinium salt. 

' t  

-4 
5 5.5 6 6.5 7 7.5 8 8.5 9 9.5 10 

PH 
Figure 6 Extraction of nucleotides with guanidinium compound 2 as a 
function of pH. 
[ [nucleotide] = 1-10-4 M; [receptor 21 = 1*10-3 M in chloroform; pH = 
5.4 ... 6.5 (MESMaOH-buffer); 7.0 ... 8.0 (HEPESMaOH-buffer); 
7.7.. .8.9 (TAPSMaOH-buffer)) 

EXPERIMENTAL 

The extraction studies were performed at 25 k 1°C in 2 
ml micro test tubes by means of mechanical shaking. 
The phase ratio Vtorg):V(w) was 1:l (0.5 ml each); the 
shaking time was 30 min. In this time the equilibrium 
was achieved. All samples were centrifuged after extrac- 
tion. The determination of anion concentration in both 
phases was carried out radiometrically using the y-radia- 
tion measurement of 82Br and I3lI in a NaI(T1) scintilla- 
tion counter (Cobra 11, Canberra-Packard), and the f3-ra- 
diation of I4C (nucleotides), 32P and 35s in a liquid scin- 
tillation counter (Tricarb 2500, Canberra-Packard). In 
each case two independent experiments were performed. 
The experimental error is I 2 % for D = 10-2.. .102; in the 
case of lower extraction 5 10 %. The radioisotopes were 
supplied by Medgenix Diagnostics GmbH, Rathingen. 
The pH of aqueous solutions were adjusted using Good's 
buffers; 4-morpholino ethane-sulfonic acid (MES) / 
NaOH (buffering range 5.4.. .63), 4-(2-hydroxyethyl)- 1 - 
piperazine ethanesulfonic acid (HEPES) / NaOH 
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Figure 7 Extractability of anions with ditopic guanidinium compounds 5 and 7. 
([NaX, (Na,X)] = 1.10-4 M (X = Br, I-, Soh-, HPOd2-); pH = 8.7 (TAPSMaOH-buffer); [nucleotide] = 1*10-4 M; pH = 7.4 (HEPESNaOH-buffer); 
[receptor] = 1910-3 M in choloroform] 

(7.0.. .S.O), and 3-([2-hydroxy-l,l-bis(hydroxy- 
methyl)ethyl]-amino)- 1 -propanesulfonic acid (TAPS) / 

pared. The TAPS buffer concentration in the organic 
phase after extraction was determined by ICP-AES 
(IY38plus, Instruments S. A.) at 181,978 nm (sulfur). 

NaOH (7.7 ... 8.9). 0.05 M buffer solutions were pre- 3 

5 
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