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Abstract: A new family of macrocyclic polyethers and polyamines 
having pendant "arms" available for cation binding were prepared 
and examined as synthetic ion carriers. They offered characteristic 
cation transport phenomena, based on their unique ligand topology. 
By appropriate choice of parent mac~ocyclic ligand and pendant donor 

+ L+ 2+ + 
group, specific transport of K , Ba , Pb , and NH 4 cations was 
realized. 

i. Introduction 

Several types of synthetic macrocyclic host molecules have b~en 
developed, which mimic the biological cation transport phenomena. In 
particular, cryptand molecules are well-recognized as specific carriers 
for alkali and alkaline earth cations. They offer highly stable and 
selective complexation as well as effective shielding of eomplexed 
guest cations. However, further dynamic complexing properties of the 
potential carriers (effective binding and rapid releasing) are required 
to realize efficient transport as observed in the naturally occurring 
ion carrier systems. 

Here we present a new family of "open-chain cryptands" showing 
specific cation transport abilities, which are characterized by parent 
macrocyclic ligands (polyethers and polyamines) and ligating pendant 
donor arms. They are expected to wrap around the guest cations in such 
a way that pendant groups on their side arms would provide further 
coordination to the guest cations trapped into the parent macrocycles. 
Although their complex structures, based on three-dimensional ligand 
topology, are somewhat similar to those of cryptand systems, higher 
mobilties of the pendant arms attached to the macrocyeles may permit the 
highly dynamic cation binding that is required for efficient cation 
transport. 

We prepared two typica~ examples of "open-chain c~yptands"__ 
"double armed crown ethers"- and "multi-armed cyclams"~and examined 
them in a bulk liquid membrane system. Some kinds of armed macrocycles 
have been reported,- but we know only a few examples of effective 
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cation carriers. Hence, the present study can provide new possibilities 
in modelling biomembrane transport systems as well as in designing 
specific host molecules. 

2. Experimental 

2. i. Materials 

"Double armed crown ethers" were prepared from corr$sponding di- 
azacrown ethers (Kryptofix 21, 22, and 23, Merck Japan). ~ Typically, 
Kryptofix 22 (l,7,10,16-tetraoxa-4,13-diazacyclooctadecane) was 
condensed with 2-furoyl chloride, and the resultant diamide was reduced 
by diborane in THF. Recrystallization from CH~Cl~-hexane gave white 
crystals 4. Mp, 37-38~ Elemental analysis: ~al~d.; C 62.54, H 8.11, 
N 6.63. Found; C 62.76, H 7.91, N 6.86. ~H-NMR (CDCI3, ppm from Me4Si) 
2.80 (8H) 3.67 (20H) 6.27 (4H) 7.40 (2H). 

Crown ethers 2, ~, ~, and ~ were similarly obtained. 
The structures of the prepared "double armed crown ethers" are shown 
in Figure i. 
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Figure i. "Double Armed Crown Ethers" 

3 
"Multi-armed cyclams" were also obtained from cyclam (Strem). 

Cyclam (l,4,8,11-tetraazacyclotetradecane) was condensed with 2-furoyl 
chloride, and the resultant tetraamide was reduced by diborane in THF. 
Recrystallization from ether-hexane gave colorless crystals 9. Mp, 
83-84oc. Elemetal analysis: Calcd.; C 69.20, H 7.74, N 10.76. Found; 
C 69.25, H 7.70, N 10.88. IH-NMR (CDCI~, ppm from Me.Si) 1.67 (4H) 
2.60 (16H) 3.67 (8H) 6.17 (4H) 6.40 (4H~ 7.43 (4H). 

Simple macrocyclic polyamine ~ and polyamidelO were also employed 
for comparisons (see Figure 2). 
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Figure 2. 
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2. 2. Transport Experimental Procedure 

Cation transport experiments were ~erformed in a U-tube glass 
cell (2.0 cm, i.d.) as reported before.~ The carrier in CH_CI^ or 

E 
CHClq (12 ml) was placed in the base of the U-tube, and two aqueous 
phases (5 ml, each) were placed in the arms of the U-tube, floating 
on the membrane phase. The membrane phase was stirred constantly with 
a magnetic stirrer. The transport rates were calculated from the 
initial rates of appearance of guest cations and cotransported anion 
(CIO.-) into the receiving aqueous phase, which were determined by 
means Qf ion selective electrodes (Orion Model 92-32 for Ha ; 94-82 
for Pb ; 95-12 for NH. ; 93-19 for K ; 93-81 for ClO.-). 

�9 . + 4 

Under the employe~ condltlons, H -leakage was usually negligible. 
Reproducibility was confirmed as +15 per cent or better. 

3 .  Results and  Discussions 

3 .  1 .  M e m b r a n e  S y s t e m  

The liquid membrane system operated here is shown schematically 
in Figure 3. The employed carriers are much less soluble in the 
aqueous solution than in the CH~Cl~ or CHC1 "membrane". After 

z 3 
complexation of the carrier wit~ metal cation on the left side of the 
membrane, the complex slowly diffuses down its concentration gradient, 
together with eotransported anion. On the right side of the membrane, 
matal cation is released into the receiving aqueous phase. Then free 
carrier diffuses back across the membrane. The net result is that metal 
cation is transported across a bulk liquid membrane, with cotransported 
anion. Although the nature o~ cotransported anion largely influenced 

the cation transport process, CIO n- anion was generally effective as a 
cotransported anion for providing-fast cation transport. 
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SOURCE I PHASE 
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Figure 3. Liquid Membrane for Cation Transport 

(M+:Guest Cation; X-:Cotransported Anion) 

3. 2. Transport Properties of "Double Armed Crown Ethers" 

The "double armed crown ether" 4, bearing furan rings as secondary 
oxygen donor groups, transported K + ~on much more effectively than 
corresponding diazacrown ethers i and ~ (Table i). Its oxygen donor 
groups on both arms clearly enhanced complexing and transporting 
abilities for K + ion. Cryptand Z, which forms a highly stable and static 
complex with K + ion, showed lower transport efficiency than the carrier 
~. The present result strongly suggests that cation binding property of 
the carrier ~ would be dynamic as observed with single armed crown 
ethers (so-called "lariat ethers"), though the carrier ~ has a three- 
dimensional ligand topology. 

Table i. Membrane Transport of Alkali Metal Cations 

Transport Rate x 106(mol/h) 
Carrier 

Li + Na + Ag + K + Cs + 

i_ 0.22 0.24 0.68 2.16 0.29 

2 0.20 0.23 1.62 0.97 0.33 

4 0.16 0.78 1.68 7.52 0.92 

_6 0.23 0.23 * 2.59 0.56 

7 0.84 6.45 2.02 1.21 1.42 

Transport Conditions: Source phase; Metal perchlorate(0.50 mmol)/ 
H90(5 ml). Membrane; Carrier (0.0372 mmol)/CHCl3(12 ml). Receiving 
pNase; H20(5 ml). 

pH Values of the aqueous phases were ca.6 except for pb2+systems 
(pH ca. 3). 

*Considerable amounts of Ag(O) were deposited on the cell wall. 
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Table 2. Membrane Transport of Alkaline Earth Cations 

Carrier Transport Rate xl06 (mol/h) 

Ca 2+ Sr 2+ pb 2+ Ba 2+ 

! 0.23 0.23 2.32 3.76 

0.27 0.25 9.09 0.53 

0.16 1.37 8.17 12o50 

0.26 0.32 16.00 1.86 

0.75 2.85 1.63 7.33 

Transport Conditions: see Footnote to Table i. 

Table 2 also shows Zhat thiophene-bearing crown ether ~ is an 
excellent carrier for Pb z+ " ion. The replacement of oxygen atoms in the 

carrier ~ by sulfu~ atoms in the carrier 6 decreased transport rates 

for hard-K + and Ba z+ ions, but offered fast transport of soft pb2+ion. 
Since the coordination character of the pendant donor group clearly 

reflected on the cation transport properties, further modifications of 

"arm" donor groups may offer new and unique transport selectivities. 
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Figure 4. Relationship between Ring-Size of Parent Crown and Transport Efficiency 
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The ring size of the double armed crown ether was anessential factor 
determining transport properties. We examined furan-bearing crown ethers 
having 15- to 21-membered rings, 3~. As shown in Figure 4, they 
showedTcharacteristic transport selectivities, depending on their ring 
sizes; The carrier ~ with 15-membered ring effectively mediated Na + 
transport, while 21-membered crown ether ~ transported K + and Cs + ions 
with relatively high efficiencies. Therefore, the present transport 
process was significantly controlled by two factors at least: the 
cavity size of the parent crown ether ring and the nature of the arm 

coordination group. 
Recently, "lariat ethers" and ~ther single armed crown ethers 

have extensively been investigated. They exhibited interesting cation 
binding and extracting profiles, based on their three-dimensional 
coordination geometry. Similar principles should be involved in the 
present "double armed crown ether" systems. 

3. 3. Transport Properties of "Multi-Armed Cyclams" 

As a new series of "open-chain cryptands", "multi-armed cyclams" 
were designed and employed in the cation transport experiments. Parent 
polyamine maerocycle (cyclam) is well known to show somewhat different 
cation binding properties from those of macrocyelic polyethers.- It 
effectively bind ammonium cations via strong hydrogen bonding as well 
as transition metal cations via coordination interaction. Hence, new 
"multi-armed cyclams" are expected to exhibit unique cation transport 
abilities. Their cation transport results are summarized in Table 3. 

Table 3. Membrane Transport Mediated by "Multi-Armed Cyclams" 

Carrier 
Transport Rate xl06(mol/h) 

Na + K + + NIt4+ Ag Cs + 

0.05 0 . 0 7  1.19 0.35 0.15 

0.07 0.08 3.68 0.23 0.14 

iO 0.I0 0.09 1.12 0.30 0.57 

DBISC6* 0.34 10.94 1.19 2.39 2.79 

Transport Conditions: Source phase; Metal perchlorate(0.50 mmol)/ 

H20(5 ml). Membrane; Carrier(0.0372 mmol)/CH2Cl2(12 ml). Receiving 

phase; H20(5 ml). 

*Dibenzo-18-crown-6 was employed in these cases. 
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"Multi-armed cyclam" R bearing furan oxygen atoms on its four 
-- + 

arms mediated specific transport of NH 4 cation across a liquid membrane, 
while H +, K +, and other metal cations were hardly transported under 
the employed conditions. Since simple cyclam derivatives ~ and i__0 
exhibited low transport rates of NHn + cation, the furan ox-ygen a-~oms 
attached to the cyclam ring may pla9 an important role in complexation 
and transportation of NH cation. 

4 . + . 

As well known, 18-crown-6 type carriers transported NH 4 cation 
�9 . . + . + . . 

but could not discriminate NH 4 cation from K catlon In the transport 
process. Furan-bearing double-armed crown ether ~ also showed high 
transport efficiencies for both cations and seemed to be non-selective 
carrier in some sense. 

�9 -~ . . 

Although the detalls of NH_ cation binding and transport 
. + /4 . . . .  + 

mechanism are not clear, NH_ cation may be dlstlngulshed from K 
cation not by "ion size" (N~_ + : 2.89 ~; K+: 2.664~) but by "charge 

+ 4 + . IU . 

distribution" (NH. : tetrahedral; K : spherlcal). Corey-Paullng- 
Koltun molecular model of carrler 9 �9 NH_ cation complex suggests that 

+ . , , - -  .4  , l  " NH. cation can be encapsulated, tetra~edrally , donatlng two hydrogen 
4 

bonds to two diametric ring nitrogen atoms as well as two furan oxygen 
atoms. Similar complex structure has been reported in the compl of 
i, 4,7, I0- tetrahydroxyethyl- 1,4,7, i0 -tetraazacyclododecane �9 H20. ~ 

4 .  Concluding Remarks 

The "open-chain cryptands" represent an interesting class of host 
molecules, which combine both properties of parent macroeyclic system 
with those of arm donor groups. Our transport results clearly indicate 
that cooperative participation of side arm groups in the cation binding 
can offer complex of intermediate stability and microdynamic property, 
which are required for effective ion transport systems. Our present 
strategy in the design of specific host molecules may be applied to 
the open-chain cryptands based on thiamacrocycles, cyclophanes, and 
cyclic oligopeptides. A variety of new armed macrocycles are now being 
studied in our laboratory. 
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