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Complexation of sodium, potassium, calcium, and ammonium 
cations by one- and two-armed (bibracchial) lariat ethers is sur- 
veyed and analyzed. A comprehensive list of binding data deter- 
mined at 25.0iO.1 “C in anhydrous methanol is presented. More 
than 100 new, experimentally determined (K,) and calculated (se- 
lectivity) values especially for calcium and ammonium are present- 
ed. Both cation binding strength and selectivity are evaluated in 
terms of ring size, sidearm length, number and type of donor 
groups and other factors. Hitherto unreported divalent calcium 
cation binding selectivities for bibracchial lariat ethers in aqueous 
solution rival the cation selectivities of some cryptands. N,N’- 
bis(Ethoxycarbonylmethyl)-4,13-diaza-18-crown-6 exhibits a 
Ca2+/K+ selectivity equal to that of [2.2.1]-cryptand and a Ca2+/Na+ 
selectivity better than that of any cryptand. Two bibracchial sys- 
tems having >NCH,CONHCHRCOOCH,CH, sidearms (R=H, s- 
butyl), have shown CaZ+ over Na+ selectivity in water of 2103. 
Cation binding constants determined by extraction and ISE meth- 
ods are also compared with transport rates determined in bulk or- 
ganic membranes and by dynamic uNa-NMR methods. 

INTRODUCTION 

lectivity. We have reported, in a number of previocs pa- 
pers, the syntheses, cation binding properties, solid-state 
structural properties, and some thermodynamic data for 
the class of compounds we have called “lariat ethers.”2 
In this paper, we add Ca2+ and NH,+ binding constants 
for a large number of these previously known structures 
and data for several previously unreported structures. We 
analyze the binding and selectivity for the broad family 
of one- and two-armed (bibracchial) lariat ethers. We at- 
tempt to bring forth some general rules concerning bind- 
ing strengths, binding selectivities, and to offer some ob- 
servations on ring sizes, donor groups, and complexation 
geometries. We discuss the relationship between cation 
binding strengths as assessed by extraction procedures 
and ISE methods and their relationship to transport in 
bulk organic membranes and bilayers. Finally, we 
demonstrate extremely high Ca2+ cation binding 
strengths and selectivities in aqueous solution for certain 
dipeptide-substituted BiBLEs. 

An important goal of our lariat ether program has been 
to understand the factors that affect binding strengths 
and selectivities. Although the K+-selective ionophore 

AND DISCUSSION 

Equilibrium and kinetic components of the binding 
valinomYcinl gave to Our Program, 
we have long been interested in the Problem Of Ca2+-se- 

constant. The complexation phenomenon, when deter- 
mined for a homogeneous system, is represented hv the 
equation 

*To whom correspondence should be addressed. cation + l i gand3  complex 

45 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
0
 
2
9
 
J
a
n
u
a
r
y
 
2
0
1
1



46 G.W. GOKEL ETAL 

The position of the equilibrium (KeJ is expressed for the 
solvent and temperature used and is usually called K, 
(for stability constant). The magnitude of the equilibrium 
constant is substantially affected by solvent. For exam- 
ple, when the ligand is 18-crown-6 and the cation is Na+, 
K, is about 6 in water3 and about 23,000 in absolute 
methanol.4 Note that these equilibrium constants are 
usually expressed as their decadic logarithms (0.8 and 
4.36, respectively) because the range known for cation 
binding constants is so large. In this paper, binding is ex- 
pressed throughout as log,, K,. The trend observed here 
is general and well-known:s the less polar the solvent, 
the greater the magnitude of K,. The same trend holds 
for the cryptands. Thus, for example, [2.2.1 ]-cryptand 
binds Na+ with log K, = 5.4 in water6 and ca. 9.3 in  
methanol? 18-Crown-6 binds Ca2+ with log K, = 1.8 in 
water and 3.90 in methanol solution.4d 

The equilibrium constant can be expressed as the ratio 
of forward and reverse rate constants: K, = kcomprex/kre. 
lease. Binding rates (kcomplex) are now well known to be 
rapid for flexible binders such as crown ethers and slow- 
er for less flexible (or more rigid) systems such as 
cryptands. In aqueous solution, K, for the reaction of K+ 
with 18-crown-6 is 115 M-1 (log K, 2.06). The rates for 
this system are reported to be kcomplex = 4.3X 108 M-Is-' 
and kelease = 3.7X 1 0 6 ~ - ~ .  In the same solvent, the binding 
rates for K+ by (2.2.21-cryptand are reported to be k,,,. 
plex = 7.5X 106 M-1s-1 and krelease = 38 s-1.9 The value of 
K, is thus 2.0X1OS M-I (log K, = 5.3).9 In absolute 
methanol solvent, the rates for [2.2.2]-cryptand are re- 
ported to be kcompIex = 4.7X lo* M-ls-] and krelease = 0.018 
s-~.IO The binding constant (log K,) is thus 10.410 It is in- 
teresting to note that valinomycin, an ionophore that is 
flexible but adopts a three-dimensional binding confor- 
mation, is found to have the following kinetic and equi- 
librium constants in methanol: ~ o m p l e x  = 4.0X 107 M-Is-,; 
krelease = 1.3X lo3 s - I ;  K, = 3.1 X 104 M-I; log K, = 4.49." 

When cation binding is assessed by extraction tech- 
niques," the situation is more complicated. In such cas- 
es, not only are the rates and equilibrium noted above in- 
volved, there are phase transfer processes that must be 
considered as well. Although extraction techniques have 
been used extensively from the earliest report of 
Pedersen,13 comparisons among different solvent and 
salt systems are problematic. It is in part because of this 
latter difficulty that all of the data reported here are for 
homogeneous complexation reactions, most in absolute 
methanol at 25.0a.  1 "C. 

Cation binding measurements. The equilibrium com- 
plexation constants for macrocycles may be obtained us- 
ing a variety of techniques including ~alorimetry,'~ spec- 
troscopic methods,*S and ion selective electrode (ISE) 
techniques. The ISE approach was described in 1971 by 
Frensdorff16 and has proved extremely useful. We have 

modified the latter technique and used our own variation 
(see Experimental Section) to obtain the data reported 
here. 17 Calcium cation binding measurements were 
made either by the competitive method previously de- 
scribed (for methanol solution) or by using an ion-selec- 
tive electrode designed for determination of divalent cal- 
cium (in water).'* 

Syntheses of nitrogen-pivot lariat ethers. The com- 
pounds reported here fall into two distinct groups. The 
single-armed compounds were prepared by N-alkylation 
of the pre-formed macroring or alkylation of an appro- 
priate fragment (e.g., diethanolamine) followed by cy- 
clization. 19 The two-armed (bibracchial) lariat ethers 
(BiBLEs) were prepared either by our single-step 
method20 or the more conventional two-step approach?, 
In either case, the compounds discussed here have been 
reported previously or their syntheses and full character- 
izations may be found in the Experimental Section. 

Cation binding by cryptands. Almost no class of syn- 
thetic molecules has proved to be of such great interest 
as the cryptands.22 Alkali and alkaline earth cation bind- 
ing by these structures is strong and a "hole" or "cavity- 
size" relationship is appropriate to account for the cation 
selectivity. Among the cryptands, only [2.1 . l ]  exhibits 
substantial Ca2+-selectivity and this is for Ca2+/K+ = 
1350. This selectivity is achieved at the expense of over- 
all binding strength (see Table 1). The best selectivity of 
Ca2+ over Na+, a more difficult test because both cations 
are approximately 2A in diameter, is exhibited by [2.2.1] 
and is only 3.3. Indeed, the [2.1.1] selectivity ratio for 
Ca2+/Na+ is 0.11. The specification of cation selectivities 
is a somewhat arbitrary affair: the selectivities of the 
cation relative to each other must be specified. Note also 
that the values reported as part of the present work are 

The approaches are shown in Figure 1. 

ono 
b*M c 7 

R-NH2 + ICH2(CH20CH2)2CH21 - R - N N - R  
( 
L o  OJ 
U 

Figure 1 Preparation of one-and two-armed lariat ethers. 
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A 

[2.2.1] 12.2.21 

Figure 2 Structures of [2.2.1]-and [2.2.2]-crytands. 

for the ratios of binding constants in which each value 
was determined in the absence of the other (non-compet- 
ing conditions). The cryptand binding affinities reported 
in the literature and our calculated cation selectivities are 
tabulated below. 

In the discussion that follows, the questions of binding 
strength and selectivity are addressed together as these 
cannot be considered separately. 

Cation binding by single-armed, nitrogen-pivot lariat 
ethers. The family of single-armed, nitrogen-pivot lariat 
ethers is shown below in Table 2. The previously unre- 
ported Ca2+ and many NH4+ (along with Na+ and K+) 
binding constant values are included. Although some of 
the Na+ complexation constants have appeared in various 
references before, they are included here to aid the over- 
all comparison and to reinforce conclusions. 

Aza-12-crown-4 lariat ethers. 12-Crown-4 derivatives 
lacking sidearms normally form sandwich complexes24 
with such metals as Na+ and K+ (see Figure 3). The sim- 
plest example noted in this study is aza-12-crown-4 
which has no sidearm. Evidence for 2:l ligand to metal 
complexation was obtained for aza-12-crown-4 both in 
solution24-25 and in the solid state.26 The sodium binding 
constants obtained from solution binding studies are log 

Table 1 Cryptand cation binding affinities and selectivities” 

Crown or Carion Binding Constants ~ Selectivities ~ 

Cyprand Na+ K+ NH4+ Ca2+ K/Na WCa Ca/Na CdK 

18-crown-6 4.35 6.08 4.2 3.9 54 151 0.35 cO.01 

2.1.1 6.4b 2.3 NDC 5.43 <0.01 cO.01 0.11 1350 

2.2.1 9.4b 8.5 ND 9.92 0.12 0.04 3.3 26 

2.2.2 8.0 10.6 ND 8.14 398 288 1.3 <0.01 

3.2.2 4.8 >7 ND 4.7“ 158 200 0.8 cO.01 

a Values expressed as log,,K, for anhydrous methanol at 25 “C, some- 
times with supporting electrolyte added; data from the collection by 
Izatt et al., reference 23. 

C ND means not determined and not reported in the literature. 
d Value for 95% methanol. This value should be similar to, but lower 
than, those observed in anhydrous methanol. 

Average of two reported values. 

K,,,,=1.3&.1 and log Ks2:,=2.0d.1. Examples of other 
2: 1 complexes of 12-membered rings are 12-crown-4 
with Na+,26 and Ag52’ and N-methylaza- 12-crown-4 
with Na+.24 Further, solid state structural data showed 
that aza-12-crown-4, forms a sandwich complex with the 
sodium cation.25 

Sandwich complex formation24 permits the cation to 
be enveloped in a three-dimensional array of donors and 
also permits the actual number of donor groups to be in- 
creased. It is the number of donors rather than their 
arrangement that is most critical for alkali metal com- 
plexation. As additional donor groups are added to the 
complexing array in the form of a sidearm 
[e.g. < 12N>(CH2CH20),CH, (“<YOOY>” indicates 
ring size (“00”) and the presence of non-oxygen atoms 
(“Y”) in the macroring], which has 7 oxygen atoms and 
one nitrogen, log K,=3.76] binding strength for Na+ ex- 
ceeds that of 15-crown-5 (3.24) and approaches that of 
18-crown-6 (4.35). 

Flexibility in the molecular ensemble and donor group 
position are crucial to cation binding strength. For virtu- 
ally all of the systems described here, the molecular 
framework is flexible. In a few cases, secondary (non- 
ring) donor groups are positioned on fairly rigid 
sidearms. The similarity in Na+-binding constants ob- 
served for compounds < 12N>(CH2CH,0),R (R = CH, 
or allyl) confirms their flexibility and also suggests that 
only the first three or four sidearm donors in the polyeth- 
yleneoxy chain affects cation complexation. The pres- 
ence of a donor group in the sidearm is a necessary but 
not a sufficient condition for binding eahancement. N-(2- 
Methoxypheny1)aza- 12-crown-4 binds Na+ about 25-fold 
more strongly than does N-(4-methoxyphenyl)aza- 12- 
crown-4. In the former, the methoxy group may serve as 
an additional donor site for the ring-bound cation but the 
para-isomer is sterically prohibited from engaging in 
such an interaction (Figure 4). 

In collaboration with Gandour and Fronczek, we have 
also been fortunate enough to confirm the sidearm inter- 
action by obtaining the sodium complex of 
< 12N>CH,CH20CH,28 and the potassium complex of 
< 12N>(CH2CH,0),CH,.29 In the latter case, the 
sidearm so enveloped the cation that no counterion or 
water molecule was observed in the metal ion’s solvation 
sphere. 

It is interesting to consider the Na+ and K+ selectivities 
for aza-12-crown-4 lariat ethers. The small size of the 
macrocyclic ring might suggest that complexation of 
smaller cations would be favored. Only when the 
sidearm on aza-12-crown-4 contains a single oxygen 
(<12>CH2CH20CH,) is Na+ favored over K+ 
(K+/Na+ = 0.3). When the sidearm is extended to 
(CH,CH,OCH,), in which n = 3.5, or 8, the calculated 
potassiudsodium selectivity ratios are 1,62, 4.07, and 
2.69 respectively. As observed for the simple crowns, the 
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48 G.W. GOKEL ETAL 

Table 2 Summary of cation binding by single-armed nitrogen-pibot lariat ethersa 

cpd -Cation Binding. log K, Selectiviry CPd 
No. Sidearmb Na+ K+ NH,+ Ca2’ C d a  CtJK No. Sidearmb 

Derivatives of azaa-l?-crown-4 lariar ethers 
1 H  -C NDd ND 
2 CH,CH2CH20H 2.35 ND ND 
3 CH2CH20CH3f 3.25 2.73 3.06 
4 (CH,CH20)2CH, 3.60 ND ND 

6 (CH,CH,O),CH, 3.76 ND ND 

8 (CH,CH,O),allyl 3.97 ND ND 

5 (CH?CH,O),CH, 3.64 3.85 3.29 

7 (CH,CH,O)sCH, 3.73 4.34 3.49 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

NAe 
NA 
NA 
NA 
NA 
NA 
NA 
NA 

N.4 
N.4 
N.4 
N 4  
N 4  
N 4  
N 4  
N 4  

9 (CH,CH;O),CH, 
10 CH,CON(C,H, I ), 

12 benzyl 
13 2-methoxyphenyl 
14 4-methoxyphenyl 
15 2-methoxybenzyl 
16 2-nitrobenzyl 
Derivatives of aza-15-c 
17 H 
18 CH, 
19 CH,COOH 

21 CH2CH20CH, 
22 CH,CH,SCH, 
23 CH,CH,SOCH, 

11 CH,CON(C,@,7)2 

20 ally1 

24 n-butyl 
25 t-butyl 
26 (CH,CH,O)TH, 
27 CH,COOEt 

29 (CH,CH,O),CH, 
30 CH,CONHC5H,, 
31 CH,CON(C,H,,), 
32 CH,COOC,H,, 

34 CH,CONHC,,H,, 

28 CH2COO-r-butyl 

33 CH,COOC,oH?l 

35 CH,CON(Cl&,)2 
36 CH,COOC,,H,, 

38 CH,CON(C,SH37), 
37 CH2COOC,,H,, 

39 (CH,CH,O),CH, 
40 (CH,CH,O),CH, 
41 (CH,CH,O),CH, 
42 2-methoxyphenyl 
43 4-methoxyphenyl 
44 CH,CH,SPh 

3.84 4.27 3.45 ND NA N 4  
3.32 2.58 ND ND NA N 4  
3.42 2.64 ND ND NA N 4  
2.08 ND ND ND NA N A  
2.75 ND ND ND NA NA 
1.38 ND ND ND NA NA 
2.49 ND ND ND NA NA 
1.77 ND ND ND NA NA 

-rown-5 lariat erhers 
1.70 1.60 2.99 ND NA NA 
3.39 3.07 3.22 3.50 1.3 2.7 
2.31 2.02 ND ND NA NA 
3.14 2.97 ND 2.73 0.4 0.6 
3.88 3.95 3.14 3.75 0.7 0.63 
3.18 3.04 ND ND NA NA 
3.06 2.75 ND ND NA NA 
3.02 2.90 ND 2.86 0.7 0.9 
2.15 2.41 ND ND NA NA 
4.54 4.68 3.19 4.06 0.3 0.2 
4.10 4.03 2.48 4.36 1.8 2.1 
4.20 4.06 2.51 4.60 2.5 3.5 
4.32 4.91 3.38 3.84 0.3 0.08 
3.09 3.20 ND ND NA NA 
4.20 3.84 ND ND NA NA 
4.10 3.97 ND 4.36 1.8 2.45 
3.95 3.95 ND ND NA NA 
3.04 2.61 ND ND NA NA 
4.35 3.77 ND ND NA NA 
4.07 3.95 ND 4.34 1.9 2.4 
4.1 1 3.99 ND 4.41 2.0 2.6 
4.10 3.51 ND ND NA NA 
4.15 5.28 3.48 3.78 0.4 0.03 
4.19 4.91 3.49 3.80 0.4 0.08 
4.18g 4.15 ND ND NA NA 
3.86 3.46 ND 2.46 0.04 0.1 
2.12 2.13 ND ND NA NA 
3.08 2.93 ND ND NA NA 

lariat ethers can thus compete more effectively with the 
medium for solvation of K+ than for the solvation of 
Na+. Indeed, the hydration numbers reported30 for these 
ions: Na+ 4-5; K+, 3 4 ;  and Ca2+, 6; reflect this. 

n 

O> 

0 

0 P 
Na+ 

Figure 3 “Sandwich Complex between. 

Cation Binding, log K, ~ 

Na+ K+ NH,+ Ca2+ 
Selectivity 

C d a  C d K  

45 benzyl 
46 2-methoxybenzyl 
47 2-nitrobenzyl 
48 4-nitrobenzyl 
49 COOcholesteryl 
50 CH,COOcholesteryl 
51 CH,COOcholestanyl 
52 CH2CH,0Ph 
53 CH,CH,OCH,Ph 

2.77 2.61 ND 2.45 
3.54 3.21 ND 2.93 
2.40 ND ND ND 
2.30 ND ND ND 
<1.5 c1.5 ND ND 
4.10 4.03 ND ND 
4.12 4.03 ND ND 
3.57 ND ND ND 
3.83 ND ND ND 

0.5 0.7 
0.2 0.52 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
NA NA 

Derivatives of aza-18-crown-6 lariat ethers 
54H 2.69 3.98 ND 3.96 18.6 1 
55 CH, 3.93 5.33 4.08 ND NA NA 

3.50 4.92 ND 3.49 1 0.04 56 n-propyl 
57 ally1 3.58 5.02 ND 3.65 1.2 0.04 
58 CH,CH,OCH, 4.58 5.67 4.21 4.34 0.6 0.05 
59 CH,COOEt 4.67 5.92 ND ND NA NA 
60CH2COOCl0H2, 4.48 5.74 ND ND NA NA 
61CH,COOC,,H,7 4.61 5.82 ND ND NA NA 
62CH,CON(CsH,,), 4.61 5.47 ND ND NA NA 
63 CH2NHC,oH2, 3.63 4.70 ND ND NA NA 
64CH2CON(C,,H2,), 4.71 5.58 ND ND NA NA 

66CH2CONHC,,H,, 3.64 4.77 ND ND NA NA 
67CH,CON(CIRH3,), 4.58 5.12 ND ND NA NA 

65CH2COOCI8Hy 4.61 5.82 ND ND NA NA 

68(CH,CH,O)ZCH, 4.33 6.07 4.75 4.23 0.8 0.01 
69 CH,CONHCH,COOCH, 

70 CH$ONHCH(i-Pr)COOCH, 

71 CH,CONHCH(s-Bu)COOCH, 

72 (CH$H,O),CH, 4.28 5.81 4.56 4.11 0.7 0.02 
73 (CHZCH,O),CH, 4.27 5.86 4.40 4.13 0.7 0.02 

3.50 4.53 ND ND NA NA 

4.04 5.03 ND ND NA NA 

4.03 5.10 ND ND NA NA 

74(CH2CH20),CH, 4.22 ND 4.04 4.11 0.8 NA 
75(CH,CH20),CH, 4.809 6.03 ND ND NA NA 
76 2-methoxyphenyl 4.57 6.12 ND ND NA NA 
77 benzyl 3.41 4.88 ND 3.10 0.5 0.02 

Values determined at 25.0H.1 “C in anhydrous methanol. 
Sideam attached to nitrogen in the indicated macroring. 
Forms 2:1 complex with Na+ log K,,., = 1.3 log K,?,:, = 2.0 
ND means not determined. 
NA means not available. 
E = CH2CH2. 

g The long chain -(CH,CH,O),CH, lariat ether derivatives have proved 
somewhat unstable (see text). 

A limited number of ammonium (NH,+) binding con- 
stants for aza-12-crown-4 lariat ethers are shown in 
Table 2. They are as follows for the indicated sidearms: 
CH,CH,OCH,, 3.06; (CH,CH,O),CH,, 3 .29;  

OCH3 

0 0 

13 14 
Figure 4 ortho and para-methoxyphenylaza- 12-crown-4 compounds. 
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3 6.00 

gj 5.50 

4 5 0 0 -  

3 4.50 ’ 4.00 B 
7 
i3 3.50 

3.00 

B 

c .- 

(CH,CH,0)8CH3, 3.45. Ammonium ion differs from 
Na+ or K+ in that the latter are spherical but non-direc- 
tional. Ammonium ion is similar in size to potassium but 
complexes using tetrahedrally directed N-H bonds. 
We,31 and others,,, have previously demonstrated that 
stringent steric requirements control ammonium ion 
binding and 12- or 15-membered rings are simply too 
small to accommodate the tripod of N-H bonds. We 
observe that, empirically, each ammonium ion hydrogen 
bond to a lariat ether is worth about 1.2 (log K,) units 
(K, = 15, in MeOH at 25.0a.1 “C). The expectation that 
either two or three hydrogen bonds could form in the 12- 
membered ring cases is borne out by the 3.06-3.49 range 
for log K,. The larger number of bonds is apparently 
formed when more donors are present. Regrettably, too 
few Ca2+ binding data are available for this system to 
comment on calcium selectivity. 

Aza-15-crown5 lariat ethers. Cation binding affinities 
for Na+, K+, NH4+, and CaZ+ with aza-15-crown-5 lariat 
ethers having (ethy1eneoxy)n monomethyl ether 
sidearms are shown in Figure 5. Small, but significant, 
peaks are observed for identically-sized Na+ and Ca2+ 
cations when two ethyleneoxy units augment the 
macroring < 1 5N>(CH,CH,0),CH3. The latter com- 
pound possesses six oxygen atoms and a single nitrogen. 
Note that cation binding strength is greatest for K+ 
among all of the compounds studied although only mar- 
ginally so in some cases. The larger K+ required 8 oxy- 
gen donors for optimal binding in this system. Note that 
ammonium ion, which complexes by directional hydro- 
gen bond formation shows only weak binding which in- 
creases with increasing sidearm length. 

When 8 oxygen atoms are present as in 
< 1 SN>(CH,CH,O),CH,, the compound can offer the 
octacoordination K+ favors33 the highest K+/Na+ (13: 1) 
and K+/Caz+ (32:l) selectivities in this series are ob- 
served. The difference in selectivity ratios between sodi- 
um and calcium reflects the latter cation’s greater solva- 

- 

- 

- 

- 

- 

- 

6 5 0 ,  

<I 5N>(CH2CH2),0CH, I 
I 

. NH; -A---A._ 

#..& , 1. 
,A- 

*--A’ 

5 6 7 8 9 10 11 12 13 14 

Total number of oxygen atoms in compound 

Figure 5 Na+, K+, Ca2+, and NH,+ cation binding by aza-15-crown-5 
derivatives having (CH,CH,O),CH, sidearms. 

tion enthalpy.34 This makes it more difficult for the 
crown to capture i t  from the bulk medium. The NH4+ 
binding values are nearly identical to those obtained for 
the 12-membered ring analogs suggesting that only three 
hydrogen bonds form in the complex. 

Lipophilicity effects on aza-15-crown-5 and aza-18- 
crown-6 lariats. The Na+, K+, and Ca2+ binding of six 
aza-15-crown-5 ethers are compared in Figure 6. They 
are <15N>H, <15N>CH3, <lSN>CH,CH=CH,, 
< 1 5 N > C H , C H , C H , C H 3 <  1 5 N > C ( C H 3 ) , ,  
and  <15N>CH,C,H,. Very little cation selectivity is 
observed for any of these compounds. Binding is notica- 
bly diminished for < 15N>H and slightly reduced for 
<15N>C(CH3),. The former is likely a hydrogen-bond- 
ing effect and the latter is due to the bulk of the t-butyl 
group. An examination of CPK molecular models sug- 
gests that in the latter case there is steric interference be- 
tween the sidearm’s methyl groups and the ring a-meth- 
ylenes. 

Although a different selection of compounds was sur- 
veyed in the aza-18-crown-6 lariat series (see Table 2), 
the findings were generally similar. The only notable dif- 
ference is that when six donors are present in the macro- 
cycle (five 0 and one N), potassium binding is favored 
over either sodium or calcium complexation. Very little 
difference in binding strength is observed for Na+ and 
Ca*+ for the 18-membered ring systems where direct 
comparisons can be made. 

An interesting correlation can be drawn for the aza- 
crown glycine derivatives (see Figure 7). These com- 
pounds were prepared to assess the effects of both hy- 
drophobic groups and a polar donor (amide or ester car- 
bonyl) on cation transport in a bulk liquid membrane35 
and in lipid bilayers.37.38 The compounds studied fall 
into three groups: esters, secondary amides, and tertiary 
amides. In general, amide oxygen is expected to be a 
stronger donor group than ester oxygen because of the 
former’s more extensive resonance. Superimposed upon 

0 1  Na’ = circles I 

’ 
I n  myl w *Wl tautyl taw 

Sidearm on <15N>-R 
Figure 6 Na+, K+, and Ca2+ cation binding by aza-15-crown-5 deriva- 
tives having hydrocarbon sidearms. 
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closed markers = 15-membered rings 
open markers = lamembered rings 

all compounds are <cmwnN>CH,COO-R 
0 
none methyl propyl ally1 n-butyl t-butyl benzyl 

Ester group on glycine sidearm 

Figure 7 Na+, K+, and Ca?+ cation binding by aza-15-crown-5 and 
aza-18-crown-6 derivatives having alkyl groups that form esters on 
CH,COOR sidearms. Open markers indicate 18-membered rings and 
closed markers signify IS-membered rings. 

this expectation is what effect can be anticipated from 
the presence of a hydrogen bond donor in the secondary 
amide system, Clearly, it could form a hydrogen bond 
bridge to the macroring which would severely restrict 
the sidearm's motion. We have recently reported evi- 
dence that such an interaction does, in fact, occur.38 

The Na+, K+, and Ca2+ binding profiles for the ester 
series, i.e. < 15N>CH,COOR is shown in Figure 7. The 
effect of the alkyl ester chain is marginal from R = C, 
through C,, on the binding of all three cations. Indeed, 
the binding constants determined for Na+ and K+ are 
nearly superimposable. The higher binding noted for 
more charge dense divalent calcium is due to the greater 
polarity of ester carbonyl compared to ether as a donor 
group. The presence of this additional donor group in- 
creases the cation binding constants for Na+ and K+ by 
about a power of ten. This is a greater binding increment 
than would be expected for addition of an ether residue. 

Consider the following group of relatives: 
< 15N>CH,CH2CH2CH,, < 1 5N>CH,CH20CH,, and 
< 1 SN>CH,COOCH,CH,. Their Na+ binding constants 
are, respectively: 3.02, 3.88. and 4.10. A comparable but 
even more dramatic increase is observed for Ca2+, which 
is the same size as Na+ but more charge dense and there- 
fore more demanding of a donor group array. The W+ 
complexation constants for these three compounds are, 
respectively: 2.86, 3.75, and 4.36. The difference i n  
binding due to the presence of an oxygen donor is about 
a power of ten. The carbonyl makes overall binding of 
Na+ less than twice that observed for the ether but in the 
Ca2+ case, the increase in binding is more than four-fold. 
This effect is noted further below for the dipeptide lari- 
ats. 

Considering the absence of any significant lipophilici- 
ty effect, it is especially interesting to note that cation 
transport either in a bulk organic membrane or in  a 
vesicular bilayer, is significantly affected. Sodium trans- 
port mediated by this series of compounds has been stud- 

ied in a concentric tube apparatus using CHCI, as the 
model membrane. In addition, it was assessed by dynam- 
ic "Na-NMR in large unilamellar vesicles assembled 
from a mixture of phosphatidyl choline (PC) and phos- 
phatidyl glycerol (PG). The data obtained from these ex- 
periments are plotted in Figure 8 against the individually 
determined35 cation binding constants (see Table 2). The 
transport rates determined by each method are recorded 
in the references indicated and their absolute values have 
been scaled so they can be compared on the same graph. 
There is clearly scatter in the data: the R values for the 
lines are 0.88 (CHCl, membrane) and 0.82 (bilayer). 
Even so, the calculated best fit of the data gives two par- 
allel lines suggesting that the two types of data correlate 
reasonably well. To our knowledge, this is the first time 
it has been possible to directly compare data obtained by 
thcsc two different techniques for a series of carriers 
having systematically varied functional groups and 
lipophilicities. Our previous finding35 that transport rates 
in a bulk organic membranes are predicted equally well 
by extraction constants and equilibrium binding con- 
stants suggests the overall validity of the approaches tra- 
ditionally used in the macrocycle area. 

Lariat ethers having sulfur donors in the sidearm. 
Much is known about sulfur-containing macro cycle^^^^^^ 
especially as transition metal complexing agents but no 
compound having a sulfur-donor-containing sidearm had 
appeared prior to our recent rep0rt.3~ The compounds of 
interest (data in Table 2) are shown in Figure 9 along 
with Na+ binding constants (additional data are in Table 
2). As expected, oxygen as part of an alkyl or aryl ether 
results in better binding than does sulfur in either case. It 
is a little surprising that sulfoxide is no more effective 
than its non-oxidized counterpart. One may speculate 
about solvation effects but we have no definitive expla- 

60 

50 t 
30 

Na' transport in a PC/PG bilayer 
rate in s-1 

10 y x  Na' transport in a CHCl membrane 1 
P #  rate x 10-8 molhh 

0 
3.00 3.20 3.40 3.60 3.80 4.00 4.20 440 460 4.80 5.00 

Log Ks (in MeOH at 25 deg. C) 

Figure 8 Comparison of sodium transport rates for <OON>CH,COY 
derivatives in which COON> includes 12-. IS-, and 18-membered aza- 
crown rings. Transport was determined in vesicles by NMR methods or 
in a hulk chloroform memhrane (see text). 
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I I 

Y = CH2: 3.02 Y = 0: 3.57 
Y = S: 3.08 Y = 0: 3.88 

Y = S: 3.02 
Y = SO: 3.06 

Figure 9 Structures and binding constants (log K,) for azacrowns. 

nation for sulfoxide’s remarkable lack of donicity in this 
case. 

Aza-18-crown-6 lariat ethers. Binding data for the se- 
ries of compounds < 18N>(CH2CH20),CH, are shown 
in Figure 10. Binding constants determined for the aza- 
18-membered ring lariat ethers are generally stronger 
than for the corresponding 15-membered ring com- 
pounds (see Figure 5) .  In the 18-membered ring case, 
binding of K+ is still favored over the other cations but 
less dramatically. Overall, binding of Na+, Ca2+, and 
NH,+ are similar but notably inferior at the 8-oxygen 
peak observed for K+. Solvation of K+ by the 18-mem- 
bered macroring is more favorable than for other ring 
sizes due, in part, to the near perfect fit between the 
macroring and this cation. In addition, the 18-membered 
ring system is inherently more flexible and less strained 
(judged from CPK model examination) than either the 
12- or 15-membered ring systems. Peak binding was ob- 
served for Nat and Ca2+ when 6 oxygen (7 total) donors 
were present in the donor group ensemble. Similarly- 
sized K+ and NH4+ exhibited binding peaks at 8 total 
donors. An examination of CPK molecular models sug- 
gests that when a tripod of N-H bonds attaches to the 
macrocycle, the fourth N-H of tetrahedral NH4+ is 
bound by the second sidechain oxygen atom. As K+ is 
approximately the same size as NH4+, optimum com- 

5.50 - 

500 ~ 

4.50 - 

400 

350 

- 

- 

K‘ 
<I BN>(CH,CH,O),CH, 

circles = Na+ 

3.001 ’ ’ ’ ’ ’ ’ ’ ’ I 
4 5 6 7 8 9 10 11 12 I 3  14 

Total number of oxygen atoms in compound 

Figure 10 Na+, K+, Ca?+, and NH,+cation binding by aza-18-crown-6 
derivatives having (CH,CH,0)nCH3 sidearms. 

plexation of either cation could occur with the same lig- 
and. 

Sodium binding strengths were similar in the 15- and 
18-membered ring systems when an identical number of 
donors was present. Potassium cation binding was, how- 
ever, favored for the 18-membered ring structures over 
those having 15-membered macrorings in all cases stud- 
ied. These datacshow that for flexible systems, the pres- 
ence of a suitable number of accessible donors is as use- 
ful as having them arrayed in a ring that corresponds in 
size to the cation. The equivalence of sidearm and 
macroring makes clear that if the molecular ensemble is 
flexible, there is no inherent advantage to having the 
donors contained in a macrocyclic ring of “appropriate” 
size.18 

The longest-chain < 1 SN>(CH,CH,O),CH, (41) and 
< 1 8N>(CH2CH,0),CH, (75) derivatives pose an inter- 
esting question. Our first examination of these com- 
pounds suggested that the sidearm hindered cation bind- 
ing when it became quite long.I9 Additional samples of 
these long-chain compounds were prepared and the at- 
tenuation in binding was no longer apparent. Indeed, our 
current experimental observation is that the long-chain 
compounds show an unexpected and unaccountable lack 
of stability. Thus, the binding measurements are affected 
by sample freshness. Moreover, the excess of cation pre- 
sent in the solutions under study affects the binding con- 
stant with these longest-chained compounds whereas 
this was not the case for the others. We have thus ob- 
tained both unusually high and unusually low values for 
cation binding by 41 and 75.28 The binding constant val- 
ues reported here for these two compounds should there- 
fore be treated with due caution. 

Peptide-sidearmed lariat ethers. The Na+ and K+ bind- 
ing constants for several 18-membered ring azalariats 
are shown in Table 2. Generally speaking they exhibit 
surprisingly poor binding for either cation. This group of 
structures is of interest, however, in the context of two- 
armed, dipeptide systems where it is discussed further 
(see below). 

18-Membered ring lariats having sidearms lacking 
donor groups. Binding constants for the aza-18-crown- 
6 derivatives in which the sidearms contain no donor 
groups are recorded in Table 2. As in the 15-membered 
ring series, a bulky sidearm appears to inhibit binding at 
the apical positions and reduce K,. In general, if donors 
are lacking, cation binding strength is indifferent to the 
length of the sidearm chain. 

Generalizations concerning single-armed, nitrogen- 
pivot lariat ethers. The ring size of the azalariat ether is 
important in two senses. First, the larger the ring, the 
greater the number of donors available for complexation. 
Second, as the ring size increases from 12- to 15- to 18- 
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52 G.W. GOKEL ETAL 

membered, strain and congestion within the macroring 
decrease. In the absence of a sidearm, the 12-membered 
ring compounds form sandwich complexes with Na+ 
(see above) as 15-crown-5 does with K+.39 Neither of 
these factors has to do with “hole-size” the importance 
of which is inversely proportional to the ligand’s rigidity. 
When a minimum of six oxygen atoms are present, gen- 
erally strong binding is observed for all of the alkali met- 
als, although K+ is nearly always favored. Potassium 
cation selectivity may be overridden by such factors as 
the presence of an especially polar sidearm (ester or 
amide) or unusual bulk in the sidearm. Binding strength 
and selectivity in this series of compounds are still very 
difficult to predict, Divalent calcium is favored by lig- 
ands that are polar and rigid. Potassium is favored by 
flexible ligands and the best binding is observed when at 
least six oxygen donors are available to coordinate the 
cation. The cation need not reside within the macroring 
hole but will assume the complex geometry that opti- 
mizes solvation. 

Diaza-bibracchial lariat ethers. The two-armed lariat 
ethers thus far prepared are known in 12-, 1 5 ,  18-, and 
21 -membered ring sizes. Although compounds have 
been prepared by several groups,4O to our knowledge, no 
systematic cation binding study was conducted on these 
structures prior to our own work (see above). 

In all previous cases noted herein, consideration was 
given to the total number and identity (N or 0, carbonyl 
or ether) of the donors as well as to whether they resided 
in the macroring, sidearm, or both. These variables must 
also be considered with diaza-BiBLEs but the presence 
of a second sidearm is also an issue. Solid state struc- 
tures of diaza-BiBLEs have shown that complexation 
can occur which does not involve the sidearms or in 
which the sidearms are on the same or opposite sides of 
the macroring. These issues are addressed below in indi- 
vidual cases. Comprehensive binding data for these com- 
pounds are presented below in Table 3. 

Diaza-12-crown-4 derivatives. No diaza- 12-crown-4 
derivatives were prepared as part of this study. Parker, 
Buschmann, and their coworkers42 have prepared several 
such compounds and their binding properties are consid- 
ered briefly here so that the following discussion is in 
the proper context. The compounds studied in their 
group are shown in Figure I 1. Cation binding constants 
in anhydrous methanol solution show a strong Ca2+ se- 
lectivity and binding shows the order Ca2+ > Na+ > K+. 
The most favorable selectivity ratio they observed was 
for the 2-hydroxymethyl derivative in which Ca?+/K+ = 
104.9 and Ca2+/Na+ = 103.3.42b The dimethylaminoac- 
etamide derivative is shown to have a binding constant 
of “ > S . S ”  but it is suggested in a footnote that log K, 
could be as high as 8.2. In this case, Ca*+/Na+ = 103.5. 
The values reported by Parker, Buschmann, et af. were 

Table 3 Summary of cation binding properties for nitrogen-pivot, 
bibracchial lariat ethersa 

Sideunnb 
~ Cation Binding, log K, -  
Na+ K+ NH,f  Ca2+ CdNa C d K  

Selectivity 

Derivatives of 4,10-diaza-15-crown-5 lariat ethers 
18 H c1.5 <1 .5ND ND 
79 CH,CH,0CH3 5.09 4.86 ND 4.97 
80 CH,COOEt 5.34 4.65 ND 6.04 
81 2-furanylemthyl 3.99 3.87 ND 3.45 
82 benzyl 2.59 2.12 ND 2.34 
83 2-methoxybenzyl 3.59 3.13 ND 3.04 
Derivative of 4.10-diuzu-18-crown-6-lariat ethers 
84 benzyl 2.88 ND ND ND 
Derivatives of 4,13-diaza-18-crown-6 lariat ethers 
85 H 1.5 1.8 ND ND 
86 CH2CH,0H 4.87 5.08 ND 6.02 
87 CH,CONH, 3.78 3.75 ND ND 
88 n-propyl 2.86 3.77 ND ND 
89 ally1 3.00 4.03 ND 2.84 
90 PrOPaeY I 3.67 5.00 ND 3.52 
91 cyanomethyl 2.69 3.91 ND ND 
92 CH,CH$XH, 4.75 5.46 ND 4.48 
93 n-butyl 2.84 3.82 ND 2.86 
94 CH,COOEt 5.51 5.78 ND 6.78 
95 CH,CON(C,H,,), 5.69 5.49 ND ’ND 

97 CH,CONHCH(Me)COOCH, 

98 CH$ONHCH(i-Pr)COOCH, 

96 CH2CONHCH2COOCH3 3.35 3.32 ND 5.36’ 

4.36 4.21 ND ND 

4.18 4.11 ND ND 

4.26 4.17 ND ND 

4.16 4.09 ND 5.86b 

99 CH,CONHCH(i-Bu)COOCH3 

100 CH,CONHCH(s-Bu)COOCH, 

101 n-hexyl 2.89 3.78 ND ND 
102 n-nonyl 2.95 3.70 ND ND 
103 n-dodecyl 2.99 3.80 ND ND 
104 2-furanylmethyl 3.77 4.98 ND ND 
105 benzyl 2.68 3.38 ND 2.79 
106 2-methoxybenzyl 3.65 4.94 ND 3.27 
107 4-methoxybenzyl 2.79 ND ND ND 
108 2-hydroxybenzyl 2.40 2.59 ND 2.95 
109 4-chlorobenzyl 2.40 ND ND ND 
110 4-cyanobenzyl 2.07 ND ND ND 

NA NA 
0.8 1.3 
5.0 25 
0.3 0.4 
0.6 0.8 
0.3 0.8 

NA NA 

NA NA 
15 8.7 
NA NA 
NA NA 
0.6 0.06 
0.8 0.03 
NA NA 
0.5 0.1 
I 0. I 
19 10 
NA NA 
NA NA 

NA NA 

NA N A  

NA NA 

NA NA 
NA NA 
NA NA 
NA NA 
NA NA 
1.3 0.3 
0.4 0.02 
NA NA 
3.5 2.3 
NA NA 
NA NA 

Values determined at 25.0a.1 “C in anhydrous methanol unless oth- 

In water at 25.0d. I “C. 
erwise noted. 

determined calorimetrically in methanol, a solvent in 
which it is difficult to determine this ion using ISE meth- 
ods. In aqueous solution, they determined Na+, K+, and 
Ca2+ complexation constants for diaza- 12-crown-4 
derivatives having CH,CONHCH, and CH,CON- 
HCH2COOEt sidearms. The values for the N-methylac- 
etamide derivative was 2.65, 2.70, and 4.74 respectively. 
The compound having 2 gly-gly-OEt sidearms gave val- 
ues of 2.48,2.50, and 4.52 respectively. 

Comparison of diaza-15-crown-5 and 4,13-diaza-18- 
crown-6 derivatives. Sodium and potassium binding 
constants for diaza-15- and 18-membered ring crowns 
having the same sidearms are shown in Table 3 and com- 
pared graphically in Figure 12. Clearly, appropriate 
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r0-l 
R- N N-R 

Log KS 
R Na+ K+ Ca2+ 

d 

CH2CONMe2 4.72 3.85 >5,5 

CH2CH2CONMe2 3.01 3.03 4.10 

CH,CH,OH 3.6 2.0 6.9 

Figure 11 Binding constants for diaza- 12-crown-4 derivatives. 

placement of donors is of greater import in these cases 
than the total number of donors. 

It is difficult to generalize about the cation binding se- 
lectivities of these compounds. The complexation con- 
stants are shown for 5 pairs of diaza-BiBLEs in Figure 
12. When the sidearms are benzyl, 2-methoxybenzyl, or 
2-methoxyethyl, there is little difference in the binding 
strengths as a function either of ring size or cation. The 
benzyl- and 2-methoxylbenzyl-sidearmed compounds 
are poorer binders overall than the pair of 2- 
methoxyethyl derivatives. In the benzyl case, this is like- 
ly  due to the absence of a sidearm heteroatom donor (al- 
though the n-electron cloud may afford some cation sol- 
vation). In the 2-methoxybenzyl case, the methoxy 
group is removed from the macroring by three non-hy- 
drogen atoms. An example of this situation is illustrated 
in Figure 11 and binding by the 3-atom chain is decided- 
ly inferior to the 2-atom case. 

The only group of compound pairs where trends seem 
clear involves the carbethoxymethyl derivatives. In all 
cases the larger ring affords a higher cation binding con- 
stant with a given cation. Even so, the differences are 
small overall and paradoxically, complexation of Ca2+ 
represents both the best and worst cases in this group. 

The 2-furanylmethyl derivatives were available in 
both 15- and 18-membered rings but were not studied 

8 ,  1 

filled markers refer to R-<NISN>-R 
open markers refer to R-<NlBN>-R 

W M O E t  Z-tumybnmyl CMR,  Zh*OPhCH 
0 

2MaoE1 

Sidearm on R-<NIB>-R or R-<NI8N>-R 

Figure 12 Na+, Kf, and Ca*+ cation binding by diaza-15-crown-5 and 
diaza- 18-crown-6 derivatives having the indicated sidearms. 

with all 3 cations. Potassium cation binding by the 18- 
membered ring system appears to be low, perhaps be- 
cause of the sidearm's rigidity. This hypothesis is sup- 
ported by the fact that the 18-membered ring system 
seems to strongly favor smaller Na+ which is bound best 
of all cations studied (binding of Ca2+ with <18> was 
not determined). Another consideration with the furanyl- 
methyl and 2-methoxybenzyl derivatives is that the oxy- 
gen donor present in the non-basic, sp2 hybridized form. 
Calcium binding strength and selectivity is quite high for 
both 15- and 18-membered rings having car- 
bethoxymethyl sidearms. Indeed, the Ca2+/K+ selectivity 
is nearly identical to that observed for t2.2.11 cryptand, 
the compound having the correct hole size for Ca2+. The 
Ca2+/Na+ selectivity is better for EtOCOCH, 
< N15N>CH2COOEt than for [2.2.1] (5 vs. 3) but the 
selectivity of EtOCOCH, <N18N>CH2COOEt (94) 
shows a higher Ca2+/Na+ selectivity than any cryptand. 
Indeed, the Ca2+ binding constant for 94 is higher than 
for [2.1.1], the cryptand showing the highest Ca2+/K+ se- 
lectivity. 

Lipophilic diaza-18-crown-6 lariat ethers. The effect 
of lipophilicity on binding is difficult to predict due to 
enthalpy-entropy compensation effects.42 An increase in 
binding strength with an increase in chain length would 
suggest a favorable entropy effect due to increasing sol- 
vent disorder. A binding decrease would indicate an un- 
favorable enthalpy effect. The Na+ binding constants for 
R <N18N>R derivatives where R= n-propyl (88), n- 
butyl (93), n-hexyl (101), and n-nonyl (102) derivatives 
range from 2.84-2.95.,The corresponding range of K+ 
binding constants for these compounds is 3.70-3.82. 
This spread is barely outside of experimental error. It 
thus appears that enthalpy and entropy effects, if operat- 
ing as supposed, cancel each other. 

Sidearms containing n-systems. It was hoped that NJV- 
disubstituted lariat ethers having sidearms containing n- 
systems would show an unprecedented n-donor interac- 
tion with an alkali metal cation due to proximity between 
the ring-bound cation and the sidearm. The Na+ and K+ 
binding constants for R <N18N>R (88-90) both in- 
creased in the order n-propyl<allyl<propargyl. The Na+ 
binding constants ranged from 2.69 to 3.61 and the K+ 
binding constants ranged from 3.91 to 4.99. If no 
sidearm interaction occurred, one would expect the bind- 
ing constants to be similar. Bis(cyanomethy1)BiBLE 91 
is isosteric with bis(propargy1)BiBLE 90 but its binding 
ability is far lower. 

An X-ray crystal structure determined for the KSCN 
complex of the bis(propargy1) derivative, showed that in 
the solid state the propargyl sidearms did not interact 
with the ring-bound cation but were turned away from 
the macroring.43 The Na+ binding constants for the 4,13- 
N,W-disubstituted lariat ethers having n-butyl, allyl, and 
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propargyl sidearms have also been obtained in anhy- 
drous acetonitrile and they are (log Ks): 5.66, 5.70, and 
5.65, respectively.a Note that acetonitrile has approxi- 
mately the same dielectric constant as methanol but is a 
non-hydrogen bonding solvent. 

4,13-Diaza-l8-crown-6 lariat ethers having benzyl 
sidearms. Binding constants were obtained for a series 
of para-substituted benzyl derivatives of 4,13-diaza- 18- 
crown-6. The correlation with Taft's so was excellent. A 
plot of log K/log K, vs. -2s" gave a straight line with a 
conelation coefficient of 0.998 and an r value of 0.45.43 
It is interesting to compare the Na+ and K+ binding 
strengths of Nfl-dibenzyldiaza- 18-crown-6 and NN-di- 
hexyldiaza- 18-crown-6. Sodium cation binding is slight- 
ly but significantly weaker when the sidearms are benzyl 
(2.68) rather than n-hexyl (2.89). The K+ binding 
strengths show a similar order: 3.78 for n-hexyl and 3.38 
for benzyl. It is interesting to note, however, that the en- 
thalpies of cation complexation (AH = -4.53 kcaVmol for 
the reaction Na+ + crown -+ complex) determined for 
sodium binding suggests that this interaction is signifi- 
cantly stronger than when the sidearm is n-propyl (AH = 
2.86 kcaVmo1). This suggests a greater inherent donicity 
of the x-system than for a hydrocarbon chain and this 
fact may be of special significance in light of the propos- 
al made recently by Kumpf and Dougherty45 that the 
aromatic residues present in phenylalanine, tryptophan, 
and tyrosine mediate the relay of K+ in peptidic cation- 
conducting channels. 

Peptide sidearms. A series of lariat ethers having pep- 
tide sidearms (see structure below) was prepared.16 in the 
hope that the presence of both ester and arnide carbonyl 
groups would enhance binding strength and Ca2+ selec- 
tivity. The sidearms complex both Na+ and K+ using 
only one donor in each sidearm and these sidearms ap- 
pear to be quite rigid. There is thus little selectivity and 
the binding is not as strong as for simple ether deriva- 

A 
/-0 0 7  

W 

n 
-0 0- 

U 
Figure 13 Structures of "peptide lariat ethers" 

tives. These conclusions can be readily confirmed by a 
perusal of Table 3. 

The dipeptide BiBLEs differ markedly in their behav- 
ior from the single-nitrogen analogs, and from the 
analogs that contain a single sidechain amino acid 
residue. The aza-18-crown-6 lariat having a glycine 
sidearm (< 18N>CH2COOEt = < 18N>glyOEt = 
< 18N>GOEt) exhibits Na+ and K+ binding constants of 
4.67 and 5.92 respectively. The dipeptide relative. 
< 18N>glyglyOMe is found to have Na+ and K+ binding 
constants of 3.50 and 4.53 respectively. When two 
dipeptide sidearms are present (MeOglygly 
< N18N>glyglyOMe), the K+/Na+ selectivity drops to 
(3.3Y3.32) =1. 

We were unable to determine Ca2+ cation binding con- 
stants in methanol by our usual competitive method, pre- 
sumably because this cation was bound much more 
strongly than either Na+ or K+. Binding constants for 
Ca2+ were determined in water where their values could 
be measured using a commercial electrode designed for 
the purpose. The following values for log K, (water) 
were obtained for Na+ and Ca2+ respectively (A = alanyl, 
G = glycinyl, L = leucinyl, and V = valinyl): MeOGG 
<N18N>GGOMe, 2.2,6.7; MeOAG<Nl8N>GAOMe, 
2 .2 ,  87 ;  M e O V G < N 1 8 N > G V O M e ,  2 .2 ,  87 ;  
MeOLG<Nl8N>GLOMe, 2.3, 87. The divalent calci- 
um cation binding strengths reported here as 27 were 
originally reported47 as 7.7-7.8 with the caveat that the 
ISE electrode method was unreliable when binding was 
so high. Parker, Buschmann, and their coworkers48 found 
Na+ and Ca2+ values for MeOGG <N 1 8N>GGOMe of 2.36 
and 5.97 (Ca2+/Na+ = 103.6'). Very recently, Gu, Kenney, 
and Brown49 determined Na+ and Ca2+ complexation 
constants for MeOAG<N 18N>GAOMe in methanol 
using circular dichroism measurements. They reported 
values of 4.46 and 9.13, respectively. The Ca2+/Na+ se- 
lectivity for this system in methanol is 104.7. In water, 
our calculated selectivity value is 1 0 4 8 .  

The extraordinarily strong Ca*+ cation binding ob- 
served for these systems reflects the demand divalent 
calcium makes on the relatively polar carbonyl donors 
groups for solvation. '3C-NMR studies conducted by 
Parker, Buschmann, e l  al. tentatively suggest that the 
both carbonyl groups in each chain serve as donor 
groups for the ring-bound cation. Work of our own in 
collaboration with Izatt and Chu confirm this notion. X- 
Ray crystal structure data29 showed clearly that Na+ 
complexes of MeOGG<N18N>GGOMe utilizcd a sin- 
gle carbonyl donor group in each sidearm. The present 
binding selectivities strongly suggest that all four car- 
bony1 donor groups are being used in complex forma- 
tion, although we have been unable to confirm this by 
solid state structure analysis. 

Generalizations concerning bibracchial, nitrogen- 
pivot lariat ethers. The influence of ring size is general- 
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ly similar for both the one- and two-armed derivatives. 
Larger rings afford a macrocycle-bound cation a greater 
number of donors and, usually, a less strained system. As 
noted previously, these factors have little to do with 
“h~ le - s i ze . ”~~  The importance of hole-size increases as 
the ligand’s rigidity increases and is of obvious conse- 
quence for cryptand binders. No direct comparison is 
possible from our own work with the 12-membered ring 
systems although the work of others suggests parallels to 
the observations presented here for the larger-ring sys- 
tems. When a minimum of six oxygen atoms are present, 
generally strong binding is observed for Na+ and K+, al- 
though K+ is nearly always favored in the absence of 
other factors (sideam bulk, rigidity, or polarity). 

It is still difficult to predict cation binding strength and 
selectivity for crown and lariat ether compounds. It is 
clear, however, that (i) lipophilicity has relatively little 
effect on binding constants; (ii) although n-donors do 
not appear to be better than simple alkyl donors based on 
binding constant, their enthalpic contributions are 
greater; (iii) neither divalent sulfur nor sulfoxide donor 
groups showed any significant binding enhancement de- 
spite “appropriate” placement. In general, if flexibility 
can be maintained, polar donor groups (ester, amide) on 
the sidearms will favor more charge dense cations (e.g. 
Ca2+) and disfavor less charge dense species such as K+. 
The remarkable cryptands show excellent hole-size se- 
lectivity and binding strengths are high when the fit is 
good and the cation is monovalent. Divalent cations are 
not accommodated nearly as well whereas the BiBLEs 
do very well in this case. Of course, sidearms must retain 
their flexibility in order to utilize the donors effectively. 
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EXPERIMENTAL SECTION 

General. IH-NMR were recorded on a Varian EM 360A, 
Hitachi Perkin-Elmer R-600, JEOL FX90Q, or Varian 
VXR-400 High Resolution NMR Spectrometer in CDCl, 
solvents and are reported in ppm (6) downfield from in- 
ternal Me,%. 13C-NMR were recorded on a JEOL 
FX90Q or Varian VXR-400 NMR Spectrometer or as 
noted above. IR spectra were calibrated against the 1601 
cm-1 band of polystyrene. Melting points were deter- 
mined in open capillaries and are uncorrected. TLC 
analyses were performed on aluminum oxide 60 F-254 
neutral (Type E) with a 0.2 mm layer thickness or on sili- 
ca gel 60 F-254 with a 0.2 mm layer thickness. 
Preparative chromatography columns were packed with 
activated aluminum oxide (MCB 80-325 mesh, chro- 

matographic grade, AX 611) or with Kieselgel 60 
(70-230 mesh). Chromatotron chromatography was per- 
formed on 2 mm circular plates prepared from Kieselgel 
60 PF-254. Gas chromatographic analyses (thermal con- 
ductivity detector) were conducted on a 5 ft. X0.25 in. 
column packed with 1.5% OV-101 on 100/120 mesh 
Chromosorb G. Helium was used as the carrier gas, and 
the flow rate was ca.60 mL/min. 

All reactions were conducted under dry Nz unless oth- 
erwise noted. All reagents were the best (non-LC) grade 
commercially available and were distilled, recrystallized, 
or used without further purification, as appropriate. 
Molecular distillation temperatures refer to the oven 
temperature of a Kugelrohr apparatus. Combustion 
analyses were performed by Atlantic Microlab, Inc., 
Atlanta, Ga., and are reported as percents. 

Compounds used in the present study. Syntheses for 
some of the compounds for which new binding data are 
presented here have been previously described. They are 
presented in the following sections. If the compound has 
previously been fully characterized, only the compound 
number and sidearm followed by the appropriate refer- 
ence are given. 

Derivatives of Aza-12-crown-4 Lariat Ethers. 1, H;l9 

(CH,CH,0),CH3;19 5 ,  (CHZCH20)3CH3;19  6 ,  
(CH,CH20),CH3;19 7 ,  (CHzCH,0),CH,;19 8 ,  
(CH2CH20),CH2CH=CH,;l9 9, (CH2CH20)8CH3;28 10, 
CH,CON(C,H,,),; (see below); 11, CH,CON(C,8H,,)2;37 
12, benzyl;I9 13, 2-Me0-Ph;29 14, 4-Me0-Ph;28 15, 2- 
methoxybenzyl;19 16,2-nitroben~yl.’~ 

N-(N,’N’-Di-n-pentylamidomethyl)aza-12-crown-4, 
11. Sidearm precursor: A solution of di-n-pentylamine 
(2.94 g, 19 mmol) and Et,N (1.92 g, 19 mmol) in C,H, 
(30 mL) was slowly added to a stirred (0-8 “C) solution 
of chloracetyl chloride (2.12 g, 0.019 mol) in C,H, (20 
mL). The mixture was stirred for 2 h at ambient tempera- 
ture and the solvent evaporated. The residue was parti- 
tioned between C&Cl, (50 mL) and brine (30 mL), 
dried (MgSO,), concentrated in vacuo, and the brown oil 
was then distilled (Kugelrohr apparatus, bp 130 “C at 
0.35 torr) to afford the side-arm precursor (3.4 g, 77%) 
as a colorless oil that was pure as judged by ‘H-NMR. 

Aza-12-crown-4 (1.3 g, 7.4 mmol), N,N-dipentyl chlo- 
racetamide (1.73 g, 8.0 mmol) and Na,C03 (1.55 g, 14.8 
mmol) were added at once to butyronitrile (50 mL). The 
resulting mixture was stirred at reflux for 24 h, cooled, 
filtered, and concentrated in vucuo to a heavy yellow oil 
which was redissolved in CH,Cl, (100 mL), washed 
with 3N HCl(3 X 30 mL), 5% Na,CO, (3 X 30 mL), brine 
(30 mL), dried (MgSO,) and concentrated in vucuo. The 
residue was chromatographed over alumina [neutral, 
O-~%(V/V) MeOH/CH,Cl,] to give a pale yellow oil 
which gave 11 (2.5 g, 75%), after Kugelrohr distillation 

2 ,  CH,CH,CH,-OH;” 3 ,  CH,CH2OCH,,I9 4 ,  
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[bp 150-152 “C (0.15 tom)]. IH-NMR: 0.90 (m, 6H); 
1.27 (m, 8H); 1.52 (m, 4H); 2.94 (t, 4H, 5-4.6 Hz); 3.26 
(m, 4H); 3.49 (s, 2H); 3.61 (t, 4H, J=4.6 Hz); 3.68 ppm 
(m, 8H). IR (neat): 2880 (s), 1620 (s), 1430 (s) cm-I. 
Anal. calcd for C,oH40N204: C, 64.48; H, 10.82%. 
Found: C, 64.23; H, 10.84%. 

Derivatives of aza-15-crown-5 lariat ethers. 17, H; 19 
18, CH,; 19 19, CH,COOH (see below); 20, ally1;ly 21, 
C H , C H , 0 C H , ; 1 9  22, CH,CH,SCH3;38  23; 

(CH,CH,O),CH,;ly 27, CH,COOEt (see below); 

CH,CONHC,H,,; 31, CH,CONH(CSHll)2;37 32, 
CH,COOC,H,, (see below); 33, CH2COOC,oH,l;37 34, 
C H ,CON H C ,H , ; 3 6, 
CH,COOC1,H,, (see below); 37, CH2COOC161433 
(see below); 38, CH2CON(C,,H3,)2;37 39, 
(CH,CH,0),CH3;19 40, (CH,CH,0),CH3;~9 41, 
(CH,CH,O),CH,;lY 42, o-meth~xyphenyl ;~~ 43, p -  
meth0xyphenyl;~9 44, CH,CH,SPh;lY 45, CH,Ph;l9 46, 
o-methoxybenzyl;ly 47; o-nitrobenzyl;I9 48, p-nitroben- 
zyl;19 49, COO-cholestery1;50 50, CH,C00-choles- 
teryl;50 51, CH2C00-cholestany1;50 52, CH,CH,OPh 
(see below); and 53, CH,CH,OCH,Ph (see below). 

N-Carboxymethylaza-l5-crown-5,19, was obtained by 
hydrolysis of 27 (see below) in refluxing distilled water. 
Crystallization proved difficult and appeared to depend 
on the sample. In one case, 19 was crystallized from cold 
acetone, the solvent was evaporated in vacuo, and the 
product crystallized by slow addition of diethyl ether. 
The ether was then removed by pipette and the residue 
recrystallized from EtOAc (5 mL/g). The producl, a 
white solid (mp 80-81 “C), was obtained in 85% yield. 
‘H-NMR: 3.08 (m, 4H), 3.25-3.82 (m, 18H), 9.99 (s, 
1H). I3C-NMR. 55.3, 58.2,70.1,70.3,70.5, 171.1. Anal. 
calcd for C,,H,,NO,: C, 51.97; H, 8.36; N, 5.05%. 
Found: C, 52.08; H, 8.65; N, 4.93%. 

N-Ethoxycarbonylmethylaza-lS-crown-5,27. A 2.50- 
mL, round-bottomed flask was charged with aza- 15- 
crown-5 (2.0 g, 0.009 moll, Na2C03 (4.9 g, 0.038 mol), 
and MeCN (100 mL). Ethyl bromoacetate (1.5 g, 0.009 
mol) was dissolved in MeCN (50 mL), and added at 
once. The reaction mixture was stirred at reflux tempera- 
ture and followed by tlc. After ca. 3 h, the mixture was 
cooled, filtered, and the solvent evaporated. The result- 
ing oil was dissolved in water (50 mL), extracted with 
CH,Cl, (2X 30 mL) and evaporated. Chromatography 
over alumina (10 g/g crude product; eluent: 9 column 
volumes of hexanes, then 1% 2-propanolhexanes) af- 
forded 27 (1.5 g, 53%) as a pale yellow oil. 13C-NMR 
(CDCI,): 14.3, 54.9, 57.3, 60.0, 70.0, 70.6, 71.1, 171.4. 
Anal. calcd for C14H2,N0,: C, 55.07; H. 8.91; N, 4.59%. 
Found: C, 54.85; H, 9.20; N, 4.59%. 

CH2CH2SOCH3;”, 24, n-butyl;” 25, t-butyl;’’ 26, 

28, CH,COO-t-butyl;ly 29, (CH,CH,O)3CH3;” 30, 

35, C H , C 0 N ( C I H I ) ; 

Sodium Bromide Complex of 27. A 500-mL, round- 
bottomed flask was charged with aza-15-crown-5 ( 1  0.0 
g, 0.046 moles), Na2C03 (5.0 g, 0.047 moles), and 
MeCN (260 mL). Ethyl bromacetate (7.8 g, 0.047 moles) 
was dissolved in 100 mL of MeCN, and added to the 
flask. The reaction mixture was refluxed for 3 hours, 
cooled, filtered, and the solvent was evaporated. After 
standing at room temperature for several hours, white 
crystals separated from a yellow oil. THF was added to 
the mixture (250 mL), and the crystals were collected 
over a sintered glass filter, washed with more THE and 
dried. The crystals were then dissolved in CHCl, and fil- 
tered. The solvent was evaporated, and the residue dried 
for several hours in vacua to afford a white powder (15.2 
g, 80%). The melting point was determined in a sealed 
tube: 114-1 15 “C. IH-NMR: 1.3 (t, 3 H), 2.88 (t, 4 H), 
3.5-3.9 (m, 18 H), 4.2 (m, 2 H). IR (thin film from 

14.3, 55.0, 56.4, 61.2, 67.4, 68.7, 69.1, 69.3, 172.4. 
Anal. calcd for C,,H,,NO,BrNa: C, 41.19; H, 6.66; N, 
3.43; Br, 19.57%. Found: C, 41.02; H, 6.84; N, 3.22; Br, 
20.10%. A portion of the complex (1.1 g) was vaccum 
distilled (Kugelrohr, 115-120 “C, 0.01 tom) to afford 27 
(0.8 g, 95%) as a clear oil. 

N-(n-Hexyloxycarbonylmethyl)aza-l5-crown-5, 32. n- 
Hexyl chloroacetate was prepared by esterification of 2- 
chloroacetic acid with 1-hexanol in C,H, using a Dean- 
Stark apparatus. The product was distilled under reduced 
pressure (bp 1 13-1 16 “C) prior to use. A 500-mL round- 
bottomed flask was charged with aza-15-crown-5 (3.0 g, 
0.014 moles), Na2C0, (2.5 g, 0.024 moles), and MeCN 
(250 mL). Hexyl chloroacetate (2.5 g, 0.014 moles) was 
dissolved in 50 mL of MeCN and added to the flask. The 
reaction mixture was heated at reflux for 24 h, cooled, 
filtered, and the solvent was evaporated. The residue was 
dissolved in water (100 mL), extracted with CH,CI, 
(2X 100 mL), evaporated in vacuo of the solvent afford- 
ed a yellow oil which was chromatographed on alumina 
(25 g of adsorbent per gram of crude; 10 bed volumcs of 
hexanes, then I % 2-propanol in the hexanes until com- 
plete elution) to provide the product (2.8 g, 56%) as a 
pale yellow oil. IH-NMR: 0.9 (m, 3 H), 1.3 (m, 9 H), 2.9 
(m, 4 H), 3.2-3.8 (m, 18 H), 4.1 (m, 2H). IR (neat): 
2850, 1740, 1460, 1350, 1130. Anal. calcd for 
CI8H3,NO,: C, 59.81; H, 9.76; N, 3.87%. Found: C, 
59.96; H, 9.78; N, 3.80%. 

N-(n-Dodecyloxycarbonylmethyl)aza-l5-crown-5, 36. 
Compound 36: dodecyl chloroacetyate was prepared 
form 1 -dodecanol and 2-chloroacetic acid as described 
before; the compound was used without further purifica- 
tion. Aza-15-crown-5 (2.0 g, 0.009 moles), Na,CO, (2.0 
g,  0.019 moles), and MeCN (200 mL) were added to a 
500 mL flask equipped with magnetic stirrer and N, 
purge. Dodecyl chloroacetate (2.4 g, 0.009 moles) was 

CHCI,): 2880, 1730, 1450, 1350, 1210, 1110. I3C-NMR: 
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dissolved in 50 mL MeCN and added to the flask. The 
reaction mixture was refluxed for 24 hours, cooled, fil- 
tered, and the solvent was evaporated. The crude product 
was dissolved in 2,2,1 -dichlorodifluoroethane (20 mL) 
and washed with water (3X 15 mL). Evaporation of the 
organic layer afforded 36 (3.6 g, 89%) as a pale yellow 
oil. IH-NMR: 1.3 (m, 23H), 2.9 (t, 4H), 3.4-3.8 (m, 
18H), 4.1 (m, 2H). IR (neat): 2950, 2880, 1750, 1480, 
1370, 1140 cm-I. 13C NMR: 14.0, 22.7, 26.0, 28.8, 29.3, 
29.6, 31.9, 54.9, 57.3, 64.2, 70.3, 70.6, 71.1, 171.4. 
Anal. calcd for C2,H4,N06: C, 64.69; H, 10.63; N, 
3.14%. Found: C, 64.95; H, 10.90; N, 3.30%. 

N-(n-Hexadecyloxycarbonylmethyl)aza-15-crown-5, 
37. Hexadecyl chloroacetate was prepared from l-hexa- 
decanol and 2-chloroacetic acid as described before; the 
compound was used without further purification. 
Monoaza-15-crown-5 (2.0 g, 0.009 moles), Na,C03 (2.0 
g, 0.019 moles), and MeCN (200 mL) were added to a 
500 mL flask equipped with magnetic stirrer and nitro- 
gen purge. Hexadecyl chloroacetate (2.9 g, 0.009 moles) 
was dissolved in 50 mL of MeCN, and added to the 
flask. The reaction mixture was refluxed for 24 hours, 
cooled, filtered, and the solvent was evaporated. The 
residue was dissolved in CH,Cl, (100 mL) and washed 
with water (2X 100 mL). After evaporation of the organ- 
ic layer, the resulting yellow oil was chromatographed 
on silica (22 g of adsorbent per g of crude; eluent: 8 bed 
volumes of CHC1,:EtOAc 95.5 (v/v), the gradually to 
CHC1,MeOH 9: 1 v/v until complete elution of the prod- 
uct) to afford the product (3.2 g, 69%) as a yellow pale 
oil. IH-NMR: 1.3 (m, 31 H), 2.9 (t, 4 H), 3.4-3.8 (m, 18 
H) 4.1 (m, 2H). IR (neat): 2940, 2880, 1750, 1480, 1370, 
1140 cm-1. 1"-NMR: 14.0, 22.7, 26.0, 28.8, 29.3, 29.7, 
31.9, 54.9, 57.3, 64.2, 70.3, 70.6, 71.1, 171.4. Anal. cal- 
cd for C,,H,,NO,: C, 67.03; H, l l .05; N, 2.79%. Found: 
C, 66.84; H, 11.20; N, 2.70%. 

N-(2-Phenoxyethyl)aza-l5-crown-5,52. Preparation of 
2-phenoxyethyl rosylare. To a solution of tosyl chloride 
(2 1.5 g, 0.1 13 mol) in pyridine (20 mL) was added drop- 
wise a solution of 2-phenoxyethanol (13.0 g, 0.094 mol) 
in pyridine (10 mL) at 0 "C. The reaction mixture was 
stirred for 30 min, poured into ice-water (100 mL), and 
extracted with CHCl, (200 mL then 100 mL). The com- 
bined organic phases were washed with 6N HCl(3X 100 
mL), and concentrated in vacuo. Recrystallization from 
EtOH gave the tosylate (25.5 g, 93%) as a white solid, 
mp 76.0-77.0 "C; IH-NMR: 2.44 (s, 3H), 4.014.45 (m, 
4H), 6.67-7.86 (m, 9H); Anal. calcd for C,,HI6O4S; C, 
61.62; H, 5.53%. Found: C, 61.64; H, 5.55%. 

Alkylation to form N-(2-phenoxyethyl)aza-15-crown-5, 
52. A solution of aza-15-crown-5 (2.00 g, 9.12 mmol), 
2-phenoxyethyl tosylate, (3.05 g, 10.40 mmol), Na,CO, 
(1.00 g, 9.43 mmol), NaI (1.61 g, 10.73 mmol) was 
stirred at ambient temperature for 7 days. The reaction 

mixture was filtered and concentrated in vacuo. CH,Cl, 
was added and washed with water. Chromatography 
(alumina, 10% 2-propanol-hexane) followed by distilla- 
tion (Kugelrohr, apparatus, 165-173 "C at 0.15-0.20 
tom) gave 52 (1.60 g, 52%) as a colorless oil: 1H-NMR 
2.77-3.16 (m, 6H), 3.53-3.74 (m, 16H), 3.944.15 (t, 
2H), 6.78-7.38 (m, 5H). IR (neat): 2880, 1610, 1600, 
1500, 1485, 1360, 1300, 1260, 1130, 760, 695 cm-1; 
Anal. calcd for C,,H29N0,; C, 63.68; H, 8.63; N, 4.12%. 
Found: C, 63.17; H, 8.67; N, 4.06%. 

Preparation of N-(2-benzyloxethylaza-15-crown-5, 
53. A 50-mL flask was charged with aza-15-crown-5 
(1.44 g, 6.56 mmol), 2-benzyloxyethyl tosylate (2.31 g, 
7.54 mmol), Na,CO, (1 .O g, 9.43 mmol) and CH,CN (10 
mL). The reaction mixture was heated at reflux for 3 d, 
cooled, and then CHC1, was added. This suspension was 
filtered and concentrated in vacuo. Chromatography 
(alumina, 2% MeOH-CH,Cl,) followed by Kugelrohr 
distillation (140-150 "C at 0.01 torr) gave 53 as a color- 
less oil (1.91 g, 82%); lH-NMR 2.71-2.91 (t, 6H), 
3.49-3.73 (m, 18H), 4.50 (s, 2H), 7.30 (s, 5H). IR (neat): 
2890, 1455, 1360, 1300, 1250, 1130, 750, 700 cm-1; 
Anal. calcd for C19H31N0s; C, 64.55; H, 8.86; N, 3.96%. 
Found: C, 64.29; H. 8.92; N, 3.88%. 

Derivatives of aza-18-crown-6 lariat ethers. 54, H;I9 
55, CH3;I9 56, n-propyl (see below); 57, ally1 (see be- 
low); 58, CH2CH20CH,;19 59, CH,COOEt (see below); 
60, (CH,CH2O),CH3;I9 61 CH,CONHCH,COOCH3;46C 
56, CH2CONHCH(i-Pr)COOCH,;46C 57, CH,CON- 

(CH,CH,O),CH,; l 9  60, (CH,CH,0),CH,;19 61, 
(CH,CH20),CH,;19 62, 2-Me0-Ph;19 63 benzyl. I 9  

N-n-Pmpylaza-l&rown-6,56. N-n-Propyldiethanolamine 
(14.7 g, 0.1 mol), tetraethylene glycol ditosylate (50.2 g, 
0.1 mol), and NaH (10.1 g, 0.5 mol) in 500 mL of anhy- 
drous THF were heated at reflux overnight. Column 
chromatography on alumina (4% 2-propanol in hexa- 
nes), followed by distillation (Kugelrohr, 140-145 "C, 
0.6 ton) afforded 56 (5.7 g, 18.6%). 'H-NMR: 0.80 (t, 
3H), 1.41 (m, 2H), 2.45 (t, 2H), 2.72 (t, 4H), 3.45-3.70 
(m, 20H). Anal. calcd for C,,H,,NO,: C, 58.98: H, 
10.23; N, 4.58%. Found: C, 59.12: H, 10.40; N, 4.62%. 

N-Allylaza-l8-crown-6,57. To a virgorously stirred so- 
lution containing NaH (17 g, 0.7 mol) in anhydrous THF 
(900 mL) were added dmpwise N-allyldiethanolamine (50 
g, 0.34 mol) and tetraethylene glycol ditosylate (104.2 g, 
0.21 mol) diluted to 250 mL with THE After the addi- 
tion was completed, the reaction mixture was refluxed 
for 22 hours, cooled, and the excess of NaH was 
quenched with water. The reaction mixture was then fil- 
tered, and concentrated in vacuo. The residue was dis- 
solved in 500 mL of water, extracted with CH2C12 
(3x250 mL). The combined organic layers were dried 

HCH(S-BU)COOCH,;~~~ 58, (CH,CH,0),CH,;19 59, 
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over Na,SO,, filtered, and the solvent was evaporated. 
Column chromatography over alumina (2% 2-propanol 
in hexanes) followed by three distillations (Kugelrohr, 
130 “C, 0.4 torr) afforded the product (30.2g, 47%) as a 
colorless oil. 1H-NMR: 2.78 (t,  4H), 3.17 (d, 2H), 
3.60-3.70 (m, 20 H) 5.19 (m, 2 H), 5.87 (m, 1 H). I3C- 
NMR: 53.6, 58.7, 69.7, 70.2, 7.05, 76.7, 116.6. 135.9. 
AnaI. calcd for C1SH29NOs: C, 53.39; H, 9.63; N. 4.6.3%. 
Found: C, 53.49; H, 10.00; N, 4.79%. 

N-Allylaza-18-crown-6,57 (alternate preparation). Aza- 
18-crown-6 ( I  .0g. 0.0038 mol), ally1 chloride (0 Sg, 
0.006 mol). and anhydrous Na,CO, (2 g, 0.02 mol) were 
combined with 15 mL of MeCN in a 100 mL flask heat- 
ed under gentle reflux while stirring for 20 h, cooled, 
and the salts were filtered. The solvent was evaporated 
in L’UCUU, and the resulting yellow oil and solid were dis- 
solved in 25 mL of CHCI,. The solution was washed 
with water (3 X 20 mL), and the combined aqueous lay- 
ers were extracted with CHCI, (15 mL). The combined 
organic layers were dried over Na2S04, filtered, and the 
solution was concentrated in vucuo. The resulting oil 
was distilled (Kugelrohr, 120-125 “C, 0.25 torr) afford- 
ing compound 57 (0.8 g, 70%) as a colorless oil which 
was characterized as described above. 

N-(Ethoxycarbonylmethyl)aza-18-crown-6,59. Aza- 
18-crown-6 (0.53 g, 2.0 mmol), Na2C03 (0.23 g, 2.2 
mmol), MeCN ( S O  mL), and CICH,COOEt (0.26 g, 2.1 
mmol) were stirred and heated to reflux for 12 h. The 
mixture was then cooled, filtered, and concentrated in 
W ~ C I I O .  The residue was dissolved in CH,CI, ( 1  SO mL) 
and washed with H 2 0  (2x150 mL). After drying 
(Na?SO,), the organic phase was reduced in vucuu. The 
residue was chromatographed [alumina, 60 g, 2- 
PrOH/hexane, 9: 1 (v/v)J, distilled (Kugelrohr) and ob- 
tained as a colorless oil (0.55 g, 79%), bp 140-145 
“C/O.I torr. [H-NMR: 1.20 (t, 3H); 2.90 (t, 4H); 3.60 (m, 

57.90, 68.00, 68.20, 68.62, 169.59 ppm. IR: 2860, 1740, 
1450, 1350, 1300, 1250, 1180, I 1  10, 1020,980, 940, 830 
cm-1. Anal. calcd for C16H31N07: C. 54.98; H, 8.96%. 
Found: C, 54.87; H, 8.96%. 

22H); 4.13 (q, 2H). I3C-NMR: 12.18, 51.99, 54.14, 

Derivatives of 4,10-diaza-15-crown-5 lariat ethers. 78, 
H;21 79, CH2CH20CH,;21 80, CH2COOEt;21 81, 2-fu- 
ranylmethyl;*I 82, benzy1;zl 83, 2-methoxybenzyl.:’l 

Derivative of 4,10-Diaza-l8-crown8.84, benzy1.21 

Derivatives of 4,13-diaza-18-crown-6 lariat ethers. 85, 
H;?’ 86, CH,CH,OH;’O 87, CH2CONH2;”) 88. n- 
propyl;21 89, ally1:21 90, propargyl;” 91, cyanomethyl 
(see below): 92, CH,CH,OCH,;?O 93. n-butyl;?’ 94, 
CHZCOOEt;20 95, CH,CON(C,Hll),;37 96, CH,CON- 
HCH,COOCH,;46 97, CH,CONHCH(Me)COOCH3;46 

98, CH2CONHCH(i-Pr)COOCH3;46 99, CH,CON- 
H C H ( ~ - B U ) C O O C H , ; ~ ~  100, CH,CONHCH(s-  
Bu)COOCH,;46 101, n-hexyl;,’ 102, n-nonyl;,’ 103, n- 
dodecyl;” 104, 2-furanylmethyl:” 105, benzyl;*O 106, 2- 
methoxybenzyl;20 107, 4-metho~ybenzyl ;~~ 108, 2-hy- 
droxybenzyl;’O 109, 4-chlorobenzyl;“ 110, 4-cyanoben- 
zy1.44 

N,N’-bis(Cyanomethy1)-4,13-diaza-18-crown-6,91. To 
a stirred solution of 4,13-diaza-18-crown-6 (0.52 g, 2 
mmol) and chloroacetonitrile (0.38 g, 5 mmol) in dry 
acetone (30 mL) was added Na2C03 (0.32 g). The mix- 
ture was heated at reflux while stirring vigorously for 10 
h, cooled, and then filtered. After evaporation, the dark 
yellow solid was decolorized (activated C in C,H6, S O  
mL). Recrystallization from THF (20 mL) gave pure 91 
(0.54 g,  75%) as a white solid, mp 105-105.5 “C. 1H- 
NMR: 3.92 ( 5 ,  4H); 3.60 (m, 16H); 2.75 (t, 8H). IR 
(KBr): 2260 cm-I. Anal. calcd for C16H28N404: C, 56.44; 
H, 8.30; N, 16.46%. Found: C, 56.50; H, 8.31; N,  
16.38%. 

Determination of cation binding constants. Reagent 
grade methanol was distilled from magnesium turnings 
through a 20-cm. Vigreux column. Either ClO,- or C1- 
salts were used. NaClO,, KCIO,, NaC1, and KCl were 
the purest available from Aldrich Chemical Co., recrys- 
tallized from water, and dried in a vacuum oven [60 “C 
(0.05 torr)] for 2 days. 

Apparatus and procedure. Potentials to within k O . 1  
mV were measured by using an Orion Model 701A volt- 
meter. Sodium activity was determined with a sodium 
ion selective electrode (ISE, Corning Model No. 
4762 10). Potassium and ammonium cation activities 
were determined by a Corning monovalent cation elec- 
trode, Model No. 476220. A Corning AgIAgC1 reference 
electrode (Model 476029) was used with each of the ion 
selective electrodes. A water bath placed on a magnetic 
stirrer, was maintained at 25k0.2 “C with a Cole Parmer 
circulator heater (Model 125200). Calcium cation bind- 
ing constants were determined in methanol by our previ- 
ously described competition method18 or as described 
above but using a standard calcium-selective electrode in 
water. Sample cells were constructed as previously de- 
scribed. The procedure and applicable calculations 
have also been described.” 
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