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Abstract—The preparation of a senies of neutral ligands featuring cther and N -methyl-N-carbethoxypentylamide
groups is described. These ligands as well as related ones bearing other diamide groups are shown to selectively
chelate Group 1A cations by picrate extraction from water to methylene chioride, The changes in UV absorption
of aromatic rings and armde groups in the ligands upon titration with metal salts in methanol allow the estimation of
the stoichiomeltry of complexation and the ordering of cation binding. The observed selectivity sequences of cation
extraction and binding are bricfly discussed. Preliminary proton and ""C NMR studies on the effect of addition of
Group 1A cation salts to several of the ligands in methanol suggest that most of the complexation occurs at the
central ether and amide groups. ""C NMR T, changes by the Inversion Recovery Fourier Transform method are in

agreement with the cation-induced shift data.

Naturally occurring macrocyclic and acyclic tonophores
are involved in the sclective transport of essential metal
cations across biological membranes.™" Synthetic iono-
phores are of interest in that they provide model
systems™ which can be varied greatly in structure. They
can solubilize metal cations in lipid-like solvents and are
useful in applications such as cation analysis, catalysis,
organic synthesis and the study of the mechanisms of ion
transport across membranes.

Previously., an acyclic 1.2-ethylenedioxydiacetamide
system was found to show sclective Group HA cation
complexation.™ It was recently reported that aromatic
and alicyclic analogues of this svstem display a wider
range of selective binding properties in ion sensitive
electrodes.™ N -Methyl- N -carbethoxyundecylamides
were originally used to enhance the lipophilic character
of the potential ionophores and to give additional chela-
tion sites. The Group 1A and Group I1A cation selectivity
of these ligands is somewhat less than that exhibited by
the corresponding N, N-dipropylamides.” The latter
compounds are less soluble in the usual organic solvents
than are the N-methyl-N-carbethoxyundecylamides and
a compromise was sought via the use of the shorter and
readily available N-methyl-N-carbethoxypentylamides
59V which are prepared from the acid chlorides 1-4.
The ion selective behavior of §-9V is about the same as
that of the N.N-dipropylamides 5-9PR but their slight
water solubility makes them less desirable for incor-
poration into liquid-membrane electrodes.™  The
syntheses of the carbethoxypentylamides are described
together with the complexation properties of these and
related ligands using picrate extraction and differential
UV spectroscopy.

RESULTS
The reaction of acid chlorides 1-4 with N-methyl-N-
carbethoxypentylamine 10 gives the amides 5-9V. Pre-
viously, the N N-dipropylamides 5-9PR had been pre-
pared in the same manner.™
We have also prepared the N-methyl-N-octadecyl
amide SXVII which can perhaps be more directly com-

pared with the corresponding dipropyl amide than can
the w-carbethoxyalkyl amides. Octadecyl amides are
expected to be more lipophilic than are dipropyl amides.
and they may thus enhance cation transfer through
membranes.

Extraction of metal cation picrates by the ligands

The extraction of metal cation picrates from water into
an organic phase by a potential ligand provides a rapid
screening of the selectivity of cation complexation of
that ligand and a method for the comparison of the
relative chelating abilities of different ligands.* Figure |
(for TPR}] illustrates the general appearance of the picrate
extraction curve. Table | summarizes the relative ex-
tractability of cations by various ligands. The cis ligands
TPR (Table 2) and 7V (data not shown) behave similarly
and extract cations in the order: Ca’* >Ba’ ~Mn™ >
Sr »La" >Mg'" >Na'. Thus the carbethoxypentyl
group in 7V did not enhance the ability of the ligand to
extract cations, Both 7PR and 7V show a high M**/M’

CATION FRACTION EXYRACTFD

LGARD  CRATE

Fig. 1. The extraction of cation picrates from water to methylene
chionde by TPR at cation concentration of 10 * M (data of Table 1),

1697



1698

I. ). BOrROWITZ et al

0 0 0
I I I
. ¢ .
OCH: A Sy OCH.” \Y OCH,” \Y
OCH AN~ . Y Y
2 (”) Y ()(.H:\(‘/ ()CH:\(‘/
Il I
(] 0O
1 Y=ql )
SPR Y  —N(C,H., 2 Y= 3 Y-a
SV Y =—N(CH,),CO,C,;H, 6PR 7PR
| v v
(‘H\
SXVIIl Y = —T((tH,).,CH,
CH,
0 (o)
Il Il
P . . /C\
O/OCHX Y (CH)C OCH: Y
"OCH, Y : :ocu, Y
\C/ \C
Il Il
o} o}
4 Y=Cl B Y=l
8PR 9PR
8V 9V

Table 1. Cation picrate extraction by ligands®

Fraction of cation cxtracted

Picnic®

Ligand Ca™ SP°  Ba”™ Mg Mn’ Acid
TPR 084 0.43 0.50 0.15 0.50 0.14
R 037 0.15 0.19 0.05 0.50 0.06
v 0.64 0.25 0.30 0.19 029 021
SPR 0.06 0.11 0.12 0.04 0.08 0.05
PR 0.06 0.10 0.12 0.05 0.0§ 0.06
sXvili 0.10 0.12 0.13 0.09 0.09 0.11
PR 0.70 0.28 043 0.07 0.31 0.07

*Experimental procedures as described except: done between
equal volumes (1.5ml) of water and CH,Cl, at 26°. ligand -
7.0x10 “M, picric acid =686x 10 *M, cation=10x10*M
using MCI,. The error limit is estimated tc be less than 0.01 for
extraction performed in triplicate.

* Fraction extracted = 0.04 without ligand. Done on a Cary 14
spectrophotometer.

selectivity even in methylene chioride (dielectric
constant =9). Such selectivity should be enhanced in
solvents of higher polarity.’ Incorporation of a t-butyl
group into 7PR produces a conformationally more rigid
molecule: 9Pr is somewhat less potent in its ability to
extract Group Il cations, but the selectivity sequence is
retained. Thus some flexibility is apparently desirable in
the cis-cyclohexanedioxy moiety. The trans isomer,
8PR, extracts less Group I1A cations than the cis-isomer
TPR. The 1.2-phenylenedioxy ligand SPR and the naph-
thalenedioxy ligand 6PR extract cations to a lesser extent
than 8PR and do so in the order: Ba’ ~Sr" > Ca™* >
Mg’ ~ Mn'".

The trans-ligand 8V extracts cations in the order:
Mn’* >Ca’ >Ba™ > Sr’" > Mg™ >Na" (Table 3). The
large extent of Mn** extraction is interesting since Mn®*
has been suggested as a substitute cation for Ca’ (radius
1.00 A) even though its ionic radius (0.80 A) is smaller ®
Ligands TPR and TV extract Ca®* much more cffectively

Table 2. Cation picrate extraction by 7PR

Fraction of cation extracted

Ligand/picric Picric*

acid ratio Ca’*  Ba™ Mn’"  Srt Mg’ Na' la" acid
1.95 0.33 018 0.14 0.11 0.0s 0.03 0.0¢§ 0.06

3190 0.58 0.28 0.22 018 0.05 0.04 0.065 0.08

$.85 0.65 0.32 029 024 0.06 0.06 0.08 0.10

7.80 0.71 0.39 034 0.3 0.065 007 0.10 0.10

9.7§ 0.76 0.43 0.39 03 0.07 0.078 0.12 0.13
11.70 0.80 0.48 0.44 0.37 0.08 0.08 0.13 0.13
13.65 0383 0.51 0.49 0.43 0.10 0.09 0.13 0.13

“Between equal volumes of water and CH,Cl,. Picric acid = 7.17x 10 * M. cation =

10 ¥ M using MCl,.

*Fraction extracted = 0.04 without ligand.
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Table 3. Cation picrale extraction by 8V*

Ligand/pxnc Fraction of cation extracted

acid ratio Mn  Ca**  Ba  SP° acld Mg
2.00 0.07 0.07 0.08 0.0¢ 0.04 0.04

40] 0.1l 0.11 0.08 006 0.04 0.04
6.00 0.1% 0n 0.08 0.07 0.0 0.04
8.02 0.19 0.18 009 0.08 0.0¢ 004
10.02 021 0.18 0.10 0.08 0.0§ 0.04
12.02 0.2§ 021 0.11 0.10 0.08 0.04
14.03 0.29 0.23 0.12 0.1 0.08 0.04

“As for Table 2.
® Fraction extracted

(76-85% of the total Ca™ is extracted by 10-16 fold
excess of ligand to picric acid at 10 * M cation) than does
dicyclohexyl-18-crown-6 (11, 10% of Ca’* extracted by a
20-fold excess of ligand to picric acid at 10 * M cation).
Our ligands are generally selective for the complexation
of the Group I1A cations while the crown ethers complex
both Group IA and IIA cations.’

In picrate extraction measurements, the assumption is
made that only picrate anions are transferred and not Cl
which is used in the in situ preparation of the metal
cation picrates. This was shown to be valid for the
extraction of monovalent cation picrates with the actins
by Eisenman et al.* Data for divalent cation picrates
have not been available. Since the estimate of the extent
of cation transfer could be complicated by the transfer of
picric acid, we measured the extent of picric acid trans-
fer by each ligand. Although the transfer of picric acid is
not insignificant, it is occasionally somewhat higher than
the transfer of some picrates such as magnesium picrate
(see Tables 2 and 3). This suggests that our ligands have
affinity for protons as has been shown in ion-selective
membrane measurements.™ The following data helped to
validate the use of the picrate extraction method for
divalent cations.

tWe attempted to calculate extraction equilibrium constants
using the method of Hayncs and Pressman,“ modified for the
equilibnia involved in the extraction of divalent cations. The
treatment gave upward curves instead of straight hines. It was
suggested that this may be explained by a transition of extraction
mechanisms from one involving cation-ionophore-anion® =
anion at lower ionophore concentrations 1o onc involving
cation-lonophore-(anion), at higher tonophore concentrations.”
Therefore it was decided to delay the estimation of picrate
extraction equilibrium constants until more detailed work could
be done in the future.

- 0.04 without ligand.

The transfer of “CaCl, from water to methylene
chloride without picric acid by 7PR was less than $9% of
that obtained in the presence of picric acid (see Ex-
perimental and Table 4). In the presence of picric acid,
such extractions gave picrate/Ca’" transfer ratios of 2.0.
Furthermore. the percent of Ca’" transferred by TPR
with calcium picrate alone or with calcium picrate-CaCl,
containing varying amounts of excess Cl varied by only
3%. Much larger variation is expected if Cl were trans-
ferred. Thus the use of picrate transfer to estimate the
amount of divalent cation transfer in our systems seems
to be justified.*

The complexation of various cations with SPR was
studied in anhydrous methanol, a solvent for which there
1s much data on the complexation of crown ethers and
other molecules.™* The single broad absorption of SPR
at 272-273 nm changes to a doublet at 269, 273 nm upon
its complexation with various cations (Fig. 2), a situation
reminiscent of the behavior of dibenzo-18-crown-6 and
other catechol-derived crown ethers.™ A qualitative es-
timate of the extent of complexation of SPR with various
salts is obtained by the method of Pedersen.™ Thus, the
UV spectrum of SPR is taken in the presence of a large
(usually fifty-fold) excess of the salt in anhydrous
methanol so as to maximize the possibility of com-
plexation. Although different anions are used. both our
data and the crown ether work™ suggest that anion
differences are negligible as long as the salt is soluble in
methanol and does not itself absorb in the 275 nm region.
The following cations form complexes: Mg**, Ca*", Sr*°,
Ba’". Cd*". Na’, La", Mn*" and Cu’". Weak complexa-
tion of SPR is found with Co™* and Al and very weak
complexation with 1i", K* and Ni"". No complexation is
found with NH,". Zn*" or Hg*". The effect of water on
some of these complexes can be determined by com-
paring the above results with those obtained in 95%

Table 4. Two-phase extraction of “‘Ca’” by TPR with and without picric acid

Species transferred”

Mole ratio

Conditions  Conc. 7PR Total *Ca’" Picrate Net*Ca®*" Pic IVCa’"
A with 1SIx10 "M 1.76x10 "*mol 3.44x10 "mol  1.66x 10 *mol 20°

picnc 302x10° 260x10 " 471x90 * 282x10 " 1.87

acid 6.04x 10" 29x10"* $65x10* 290x 10 * 1.9¢
B.without 151x10'M 0.098x 10 *mol

picric 302x10'M 0080x10°

acid 6.04x10 ° 0.087x10 *

“From water to methylene chloride.
*Obtained by A-B.
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Fig. 2. Changes in UV absorption of SPR (3.4 x 10 * M in methanol} upon the addition of 50-fold excess of the indicated
salt, using a Cary 118 spectrophotometer.

ethanol. In the presence of 5% water, the Ca*", Sr*” and
Cd** complexes remain stable, the Ba™ and Na’ com-
plexes are partially decomposed, while Mg*" does not
complex with SPR at all.

Further data on the relative stability of tsolable pre-
formed complexes of SPR to water are given in Table 5.
The ordering is: Ca’” > SF" > Ba™ » Mg™". More detailed
information can be obtained by the addition of incre-
mental amounts of a salt to SPR. It is found that the
spectrum of the complex forms fully at 09-12
equivalents of salt with no further significant change for
the calcium, strontium and barium complexes (Fig. 3).
The sodium complex starts to form at 10:1 (salt/ligand)
and does not fully form until 40 equivalents of Nal have
been added.

Differential UV spectroscopy was utilized to obtain
the stoichiometry of complexation. In this method,
ligand is initially present in both beams of the spec-
trophotometer and the differential spectrum of the
complex is recorded as a function of added increments
of a salt to the sample cell until there is no further
change in the UV spectrum (see Fig. 4). The data thus
obtained for SPR and 6PR were analysed by the mole-
ratio method'' to give the stoichiometry of chelation. It
was thus found that SPR or 6PR gave 1:1 stoichiometry
with the bromides of calcium, strontium. or barium in
methanol if the concentration of ligand was kept at a
maximum value of Sx10 *M. The stoichiometry of
complexation of SPR with lanthanum tribromide was 2
ligand: 1 cation. In order to estimate formation constants

oo
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Fig. 3. Changes in the UV absorption of $PR (ca. 7x 10 ‘M in
anhydrous methanol) upon the addition of the indicated molar
equivalents of CaBr,.

in methanol, and to obtain the ordering of the com-
plexation of various cations for one ligand, we at first
used the graphical method of Prestegard and Chan” A
plot of the fraction of UV absorbance changeltotal ab-
sorbance change vs cationfligand ratio for SPR and
CaBr; at a ligand concentration of 9x 10 * M generated a
smooth curve with all of the data points within the
theoretical 1:1 limit” and a K, of 1.1 x 10'M *. Higher
concentration of SPR gave the initial parts of the curve at
the limit (at 5 x 10 M, Fig. 5) or outside of the limit {at
6.67 x 10 * M), suggesting the presence of complexes of
higher stoichiometry (2:1, etc.), especially at the begin-
ning of the cation addition, when the excess of ligand is

Table & Stability of complexes of SPR and 6PR in methanol toward water

Complex® Behavior in methanol-water mixture
SPR. MzBr, Decomposes completely with 3.0% water
SPR.CaBr, or Decomposes with 30-409% water. Some complexation
CalSONy, - 4HLO still present in 50% water (by differental UV)
SPR. SrBr, Decomposes with 40% water. Slight amount of
complexation left.

SPR. BaBr, Decomposes completely with 30% water.

6PR. CaBr, Decomposes completely with 355 water.

6PR. Ba(SCN), - 2HO Decomposes completely with 109% water.

6PR. BaBr, Decomposes completely with 30% water.

“Either isolated or judged present in solution by the differen-
tial UV method. CH,OH-H,O mixtures were prepared at con-
stant complex concentration for proper UV spectral comparison.
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Fig. 4. Differential UV titration of SPR (6.67 x 10 * M in anhydrous
methanol) with 0.1 molar equivalents of CaBr, until no further
change is found (S.1-fold excess).

at a maximum."* Both SPR (at § x 10 ‘M, Fig. S) and 6PR
(at 4x10*M) give complexation ordering with the
respective bromides of: Ca™ » Sr’ > Ba™. Formation
constants for all of these cases could be calculated by
computer estimation of “eta™ values as previously de-
fined.” These K, values. however, were all 20-30%
higher than those calculated at lower concentrations
using Scatchard plots. and they are presumably less
accurate.

The presence of 3% water lowered the K, for SPR +
CaBr, by ca. 60% (from 1.1 x10'M '"to ca. 4> 10°M Y,
beyond the error of the method which is estimated to be
20-30%. All of the K, values are “apparent” since ac-
tivity coefficients of CaBr. (and the other salts) are
unknown in methanol."

The possible ambiguities of stoichiometry encountered
in the above studies as well as theoretical con-
siderations'* encouraged the use of more dilute solutions.
The ligands SPR and 6PR give 1:1 stoichiometry with
ligand concentration at or below 2.45 x 10 * M, whereas
the ligands TPR and 8PR give more complicated be-
havior."

The importance of the basic system featuring two
oxygens and two amide groups to the complexation
ability of our systems is illustrated by the following data.
No complexation of CaBr. in methanol (as judged by the
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UV spectroscopy technique utilizing a large excess of
salt) is given by catechol, dimethyl 1,2-phenylenedioxy-
diacetate. 1.2-phenylenedioxydiacetonitrile or phenoxy-
acetic acid N,N-dipropylamide. Diethyl trans-12-
cyclohexanedioxydiacetate in methylene chloride does
not extract calcium picrate from water while cyclo-
hexyloxyacetic acid N.N-dipropylamide extracts only a
very small amount of calcium picrate.

The addition of the halides or thiocyanates of the
Group 1A cations to our ligands cause induced proton
and "'C NMR shifts. Such cation-induced shifts can be
used to estimate complexation sites.”™ Our preliminary
results' ™ show, for example. that the addition of CaCl,
(0.9 equivalents) to 7V and 8V in methanol causes mainly
downfield shifts of varying magnitude. These range from
very little (0 or 0.01 ppm) at the ethyl protons to larger
shifts (— 0.47 ppm) at the methine and methylene protons
adjacent to the ether oxygens. The shifts are gradual and
can be followed by incremental addition of the salts to
the ligand in methanol-d, or deuterochloroform. Si-
milarly. the fully proton-decoupled "'C NMR spectra of
7V and 8V show cation-induced shifts which are largest for
the carbons of the cyclohexane ring and the N-methyls of
the amide groups. The relatively larger shifts around the
ether and amide groups, as compared with the car-
bethoxypentyl groups, suggest that there i1s more cation
complexation at the former sites."

Another approach to the study of complexation sites
on a ligand is the determination of the cffect of the
complexation of a ligand upon the spin lattice relaxation
times (T,) of the individual carbons. The T, values for all
of the carbons of 7V were determined before and after
the addition of calcium or barium thiocyanate (two
equivalents) by the Inversion Recovery Fourier Trans-
form (IRFT) method." As shown in Table 6. the overall
cflect of complexation is a gencral reduction of the T,
values for each of the carbons in both complexes com-
pared to the corresponding carbon in the free ligand.
This anticipated result can be attributed to two factors.
There is an increase in viscosity of the solution upon salt
addition.'™ This is known to increase the correlation time
(7.) required for the rotation of the molecule for carbons
which relax by dipole-dipole (DD) relaxation me-
chanisms. Since T, (DD) is inversely related to r.. this
effect results in shorter T, values. Complexation with a
metal cation gives a ligand more “bulk™ which also
serves to decrcase the rate of rotational motion, and
increase 7., since the heavier complex tumbles more
slowly than the lighter ligand."

It is significant that the T, values of some of the
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Fig. S. Mole-ratio plots of data obtained from differential UV titrations of SPR with @, CaBr,: A, SrBr,; @, BaBr..
Ligand concentration - S x 10 *M. The dotted line is the theoretical limit for 1:1 stoichiometry of ligand/cation,
AA 18 the observed absorbance change found with excess added cation.
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Table 6. ’C Spin-lattice relaxation times and ratios of T, values for TV and its
Ca’" and Ba’" complexes in methanol*

(o] .
s 4 ’ 9 O
':" \ jO\A)krlq/\/\!/\u/()\ly "

V (‘H\
”/\ﬂ/| o °
O CH,
v
T, values (s)

Carbons: .2 3 4 4 7 8 9 100 1
Free ligand 035 041 055 25 073 101 131 38 37
Ligand + Ca’*
added (2 equiv) 009 009 013 050 027 037 053 15 1.79
Ligand + Ba’"
added (2 equiv) 009 0.11 013 062 018 028 045 124 16l

Ratio of T, values
Lig/Lig -~ Ca®" 39 47 42 SO0 27 27 25 2S5 21
Lig/lig + Ba®* 40 39 43 40 41 37 29 31 23

“Ligand (0.5 M) repetition time 15sec.; 128scans. pulse interval times;
infinity, 6.5, 3.0, 1.0, 0.5, 0.25, 0.1 sec. Complexes repetition times: 8 sec., 256
scans; interval times: infinity, 3.0, 1.5, 1.0, 0.5, 0.2, 0.1, 0.01 sec. T, values

calculated from semilog plots of A, — A vs pulse interval time.

carbons in 7V decrease more than do others (Table 6).
Thus the addition of Ca(SCN), to TV causes a decrease
of four or five fold in the T, values of carbons next to the
cther oxygens, the N-methyl carbons and the ring
methylenes. The other T, values are decreased only two
or three fold. It is believed that the changes in T, values
for carbons 4 and 4’ arise from the change in the degree
of segmental motion" resulting from complexation with
calcium. During complexation the greatest restriction to
segmental motion is expected to occur at or near those
sites of ion-dipole interaction. This results in the “an-
choring™ of the chain at these sites, effectively restricting
segmental motion. The result is enhanced shortening of
the T, values at these sites, in addition to shortening
caused by greater viscosity and bulk. The effect of this
anchoning decreases down the chain, going from a factor
of 2.7 at carbon 7 t0 2.5 at carbon 9 to 2.1 at the terminal
methyl. The continuous and consistent decrease in T,
ratios suggests that the restriction of segmental motion
as a result of complex formation is smaller farther away
from the ring. Thus, the results again suggest that com-
plexation under these conditions does not involve the
ester group.

The barium complex shows similar results but the
overall effect on T, values along the chain is greater than
in the calcium complex. This suggests that there is
greater restriction to segmental motion in the barium
than in the calcium complex. The larger barium cation
sterically hinders the rotation of the side chain more than
does the smaller calcium cation, assuming the same
stoichiometry of binding for both cations.t The reasons
for the large change in T, values for the ring methylenes
upon complexation are not fully understood but presu-
mably include restriction of motion.

tSteric effects, for example, have been used to explain why the
methyl group in 9-methylanthracene (no preferred conformation,
T, - 145) has a larger T, value than the methyl group in 1-
methylnaphthalene (T, = 5.8's) which is forced into a preferred
conformation by the peni-hydrogen.'™

172

The overall changes in T, values of 2.1-5.0 are less in
methanol-d, than they would be in a non-hydrogen bon-
ding solvent."'™® T, values for the carbonyl carbons
are not included since the relatively long relaxation times
of such carbons (10-30 5)'** precluded their incluston in
our study.

In summary, all of the NMR methods used suggest
that the major part of the complexation of TV or 8V with
calcium or barium cations in methanol occurs at the
cther oxygens and amide carbonyls with very little
complexation at the ester groups. Further work on the
detailed nature of the NMR changes for our ligands upon
interaction with various cations is in progress.

DISCUSSION

The extraction of cation picrates is mainly useful for
the qualitative comparison of the relative ability of dif-
ferent ligands to transfer cations from water to an organic
phase and for the relative ordering of cation transfer for
a given ligand. The aromatic ring-containing ligands, SPR
and 6PR, transfer the Group IIA cations in the order:
Ba’" ~ Sr** > Ca™ > Mg*’, the same ordering found for
their selectivity when incorporated in ion-selective liquid
membrane electrodes by Ammann ef al.** A rationaliza-
tion for this selectivity sequence is that it is related in an
inverse manner to the free energies of hydration of the
cations,” i.e. the most strongly hydrated cation, Mg™*, is
the most difficult to transfer from water to an organic
phase. Furthermore, this ordering is generally found for
the binding of these cations to large anions (usually of
strong acids); the larger cations can pack larger anions
around themselves more easily.® Perhaps such an ar-
gument can be extended to our chelated cations with the
relatively large picrate counter ions. The situation is more
complicated, however, for the ligands 7PR and 8PR
which transfer: Ca** > Ba®* > Sr'" and Ca’ >Ba™, $r*°,
respectively, but show jon-selective electrode behavior™
in the ordering: Ca’* >Sr" >Ba’™* » Mg™* for both k-
gands. Among the reasons for the non-correspondence of
the ordering obtained by these different methods which
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involve organic phase/water interfaces may be the
differing polarities of the organic phase, the different
stoichiometries of binding that probably pertain in these
methods,” and the influence of ion-pairing especially in
the picrate method.**

Assuming the yet unproven complexation of amide
oxygen rather than nitrogen, the “cavity” formed by the
ether oxygens and amide oxygens in a square planar
array is megsured by CPK models 1o be 2.4 A for SPR
and 2.0-2.2 A for 7PR and 8PR. The flexible nature of the
“cavity” observed does not allow firm conclusions.

It is of interest that the cis-ligand TPR transfers more
cation picrate than does the trans-ligand 8PR. Too nigid a
structure causes a small decrease in the amount and
selectivity of cation transfer (compare 7PR with its 4-
tert-butyl derivative 9PR). As anticipated, the aromatic
nng-containing ligands SPR and 6PR, which have less
basic ether oxygens, transfer much less cation picrate. A
similar situation occurs with dibenzo-18-crown-6 vs
dicyclohexyl-18-crown-6."

The stability of preformed complexes of SPR to water is
in the ordering: Ca™ > Sr'" > Ba®” » Mg*". This stability
ordering is also found for the complexation of the cation
dibromides in anhydrous methanol with SPR and 6PR
where the stoichiometry is 1:1. Our results indicate that
this ordering also holds for 7PR although the stoi-
chiometry of binding is not 1:1 but more complicated.
This ordering may indicate a field strength effect (strong-
er binding by the smaller and more intensely charged
ions) with deviation for Mg because of its small radius
which does not allow efficient “packing™ of all of the
necessary chelation sites (the “radius ratio” effect®y. It is
interesting that the ordering Ca™ > Sr'" > Ba’" » Mg’ is
found for proteins such as troponin,® extra-cellular en-
zymes,” ligands such as 2.,2-ethylenedioxy-bis-{ethyl-
(iminodiacetate)].” and for 3-oxadiacetic acid.™ However,
it 18 not yet possible to predict ordering or to form
general conclusions about the ordering for these diamide
ligands. We note that Kirsch and Simon™ have oblained
other ordering sequences for their acyclic ionophores™ "
which are not that structurally different from 7PR or
SPR.

In summary., our new <class of ethylenedioxy-
diacetamide ligands have complexation selectivity for
Group 11A cations vs many others cations. The ordering
of selectivity within Group IIA, as determined by binding
studies in methanol, follows the sequence found for
troponin and other peptides.

EXPERIMENTAL

Most of the solvents used were dned by distillation over
phosphorus pentoxide, calcium hyvdride or lithium aluminum
hydride. Organic solutions were dried over magnesium sulfate.
"H NMR specita were recorded on a Varian A-60A spectrometer
at 60 MHz. using TMS as an internal standard. Mass spectra
were taken on a DuPont CEC 21-492 mass spectrometer.
Infrared spectra were recorded on Perkin Elmer 300 or 467
spectrophotometers. UV spectra were recorded on Perkin Elmer
402 or Cary 14 spectrophotometers in anhydrous methanol or as
otherwise indicated. TLC was done on Brinkmann silica gel
HF ., or Eastman Kodak silica gel and alumina precoated plates.
The solvents were dicthyl ether. chloroform. triethylamine
{solvent A} or diethyl ether, benzene, tricthylamine (solvent B) in
12101 ratio thy volumes). M.ps were taken on a Thomas-Hoover
“Unimelt” apparatus and are uncorrected. as are the boiling
points.

N-Methvicaprolactam 12 was obtained in 75% yield by the
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reaction of caprolactam with dimethyl sulfate (1.3 equivalents) in
benzene at reflux for 16 h, followed by conversion of the resul-
tant O- and N-methylated products to 12 by further reflux for
6h after partial purification: b.p. 105° (10mm) flit.** b.p. 120°
{19 mm)}; IR {neat) 1630cm '; NMR (CDCL) § 1.5-1.57 tm, 6.
CHy), 23-25 (m, 2. N-CH, 29 5. 3. CHy), 3.2-34 (m, 2,
CH,C-0).

N-Methyl-N-S-carbethoxypentylamine. HCl 18, Reaction of 12
with conc HCI at reflux for 285, followed by a benzene azeo-
trope to remove water and partial removal of solvent gave
N-methyl-N-S-carboxypentylamine. HCl in 87% yield: m.p. 84-
88% IR (nujol) 1710cm '. Reaction of the acid with HC1 gas in
ethanol at ¥ for L.5h gave 18 i B1% yield: mp 87-91° IR
{Nujohi 1740cm ': MS (T0eV) mie 173 (MT-HC1). 158, 129, 128,
101, 100, 86, 73, 69, 58, 44; NMR (DMSO-do) & 12 @1, 3,
CH.CH,) 11-2.0(m, 6, CH,). 2.3 (1, 2 NCH,), 2.5, 3, CHy N,
28 (m, 2, OC(=O)XCH;), 4.1 1q. 2, CH,CH,).

1.2-Phenylenedioxydiacetic acid N - methyl - N . S - car-
bethoxypentylamide SV (83%) was obtained as a thick oil from
the reaction of 1,2-phenykencdioxydiacety! chloride™ with N -
methyl - N - § - carbethoxypentylamine hydrochlonde (iwe
equivalents) and triethylamine (four equivalents} in CH)(l, at
4-6° {ice-bath) over 30-50min with stirring. In 2 general pro-
cedure, solvent was removed after 1-2.5h. triethylamine
hydrochloride was precipitated with diethyl ether, and the filtrate
was concentrated 1o give the product. Any special treatment is
described. For 8V: IR (neat) 1640, 1710cm ' NMR (CDCl,) &
690 (s, 4, aryh), 475 (s, 4, OCH,C=0), 408 (g. 4. CH,CH,), 34
(br i, 4. NCH,), 2.9, 3.03 (25, 6 NCH,). 215,230 (25, 4, CH,C=()),
L4 {m, 12), L2 (. 6, CH,CH,) TLC R, 0.35 (CHCL: (CH)O:
{C:H N, 12101, solvent A). MS (T0¢V) mie (rel intensity) 536
(M*, 9), 491 (17), 336 (100). 306 (3), 214 (67). 200 (20), 186 (35),
172 (65). Calc. for CHuN;Ou 536.31094, Found: $36.31067; UV
max (95% C.H,OH) 272 nm (¢ 1720).

cis - 1.2 - Cyclohexanedioxvdiacetic acid N-methyl-N-5-car-
bethoxypentylamide TV. Liquid, 85% as above: IR (neat) 1730,
1680 cm " NMRICCLY 8 1.2 (1.6, CH.CH). 09-181(m, 20), 2.2
(1. 4, CH, (=0, 29 (d. 6. NCH,), 33 (m, 4. CH N), 415 (5, 4,
CH,OL 411q. 4, CHCHL). 355 {m, 2, CH-0), MS (70eV) mle
{re! intensity) Cale. for C,HoN;O 542.3567. Found: 542.3572;
S4Y(M°, 7). 497 (8), 342 (4), 231 (1001, 200 {28), 1856 (30}, 172 436),
129 (533 TLC R, 0.5 (solvent B).

trans - 1.2 - Cyclohexanedioxydiacetic acid N - methyl - N - S -
carbethoxypeniylamide 8V. liquid 85% from frans - 1Y -
cyclohexancdioxydiacetyl chlonde™ as above; IR ineat} 1730,
1680 cm U NMR(CCLy 8 1.2, 6, CH,CHL)L 09-1.2 (m, 200, 2.2
(1, 4, CH.C=0n, 3.0 (d, 6, NCH,), 34 (m. 4, CH.N), 415 (5, 4,
CH,0). 4.1 (a. 4. CH,CH,), 3.6 (m, 2, CH-0); MS (70eV) mie
(rel intensity) Calc. for CaHwN,Oy: 542.3567. Found: 542.3572;
S42 (M°, 6), 497 (16). 342 (9), 328 (44), 231 (100), 200 (32), 186
{30y, 172 30y, 129 (44). TLC R, 0.45 {solvent B).

2.3 - Nophthalenediosydiacetic acid N - methyl - N - § -
carbethoxypentylamide 6¥. Obtained as a brown oil {1.3g, from
2.3-naphthalencdioxydiacely! chloride™ as above) which was
chromatographed on silica gel {(30g) and cluted with dicthyl
cther: triethylamine: benzene (1:1:1-solvent B) to give 1.2g
(77% of hquid #¥: TLC R, 0.38 {solvent B); IR (ncaty 1730,
1650cm I NMR(CCL) 8 124, 6, CH,CH,), 0818 (m, 12}, 2.1
{m. 4. CH,C=0), 29 (d, 6. NCH,). 3.2 im., 4, NCH,). 40 (q. 4,
CH,CH.), 4.7 (s, 4, OCH,), 7.0-7.8 (m, 6, aryl), MS (70¢V) mfe
{rel intensity) SB6 (M, 14), S41 {14), 386 {100), 214 (60}, 185 (32},
172 (36), 129 (55). 115 (26), 87 (88), calc. for C\,;HWN,O, 586.3254,
found 4863234,

c1s - 4 - U= Butyl - cis - 1.2 - cyclohexanedioxydiacetic acid N -
methyl - N - S . carbethoxypentylamide V. Liquid, 41% from the
reaction of cis - 4 - t - butyl . cis - L2 - cyclohexanedioxy-
diacetyl chloride 3a and N - methyl - N - S . carbethoxypen-
tylamine hydrochloride as for TV. TLC R, 0.5 (solvent B); IR
tncat) 1730, 1640 cm I NMR(ICCL) 8 09¢(s. 9. -butyl HL 1.2 41,
4, CH.CHL 08-2.1{(m, 19), 231, 4, CH, (=01, 2914, 6, NCH,),
38 (m. 2. OCHL 313 (m, 4, NCHy, 407 (q. 4, CH,CH,), 40,
4.12(25. 4, OCH,) MS (70 eV) m/e (rel intensity 598 (m™, 11). 583
(4}, SSI 15, 455 (6), 198 (4), 384 (16}, 340 {11), 310(72), 244 (16),
232 (100, 230 (96), 215 (273, 200 (76}, 186 (36, 172 (47), 160 (34,
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154 (19), 128 (92); Calc. for C,;H.N,0,: 598.4193. Found:
598.4182.

1,2 - Phenylenedioxydiacetic acid N - methyl - N - oc-
tadecylamide SXVIII. Obtained in 24% yicld as above from 1.
N -methyloctadecylamine (2.0 cquivalents), and triethylamine (2.5
equivalents). After removal of most of the triethylamine
hydrochloride. the product (which has a tendency to gel) was
washed with 9% HCI, water and dried to give a pale yellow solid,
m.p. 49-52°, which was recrystallized from benzene and ethanol
to give a white solid: m.p.: 55-58°; IR (Nujol) 1680, 1700cm ';
TL.C (E10Ac) 1 spot (R, 0.4); NMR (CCL) 8 09 (1, 6, CH,),
1.1-1.4 (m, 64. CH,) 29, 3.1 (d. 6, CH,N). 3.3 (br s, 4, CH,N),
465 (s. 4. OCH,C=0). 7.0 (s, 4, aryl). Anal. Calc. for C,
HuN;0.: C.76.13; H, 11.71: N, 3.70. Found: C,76.37. H, 11.90: N,
364,

Picrate extraction procedures

The method was essentially that of Frensdorfl.*" Aqueous
solutions were made up from standardized stock solutions of
NaOH, KOH and other inofganic reagents and picnic acid. Cal-
cium picrate, for example, was prepared cither by neutralizing
picric acid with Ca{OH), at 7 x 10 *M, with CaCl, added to a final
(Ca*"] of 10 *M, or by adding excess CaCl, to picric acid. The
ionophotes were dissolved in methylene chloride. Equal volumes
of the two solutions in stoppered centrifuge tubes were mixed in
a multi-purpose rotator at 80rpm for about Smin to ensure
complete equilibration. Centrifugation was needed for complete
phase scparation. The extractions were conducted at 25 = 1.0°.
Equilibrium picrate concentrations in both phases werc deter-
mined with a Perkin Elmer 402 spectrophotometer. The two
methods of determining picrate in the organic phase (the
direct value and the value obtained by difference from the
aqueous phase) agreed well and the organic phase value was
usually used. Picrate extinction coefficients in water (14500 M '
cm ' at 354 nm) or methylene chloride (18000 M ' ¢m ' at
370 nm) were determined in separate runs. Extraction of sodium
picrate (from NaOH-picric acid) with CH,C, gave no detectable
picrate absorption in the organic phase. (sec data in Tables 1-3).

The data in Table 4 were obtained using test tubes containing
an aqueous solution of 7.0x 10°* M picric acid and 1.0x 10 ‘M
CaCl, with a trace amount of “*’CaCl, (1.0 ml) to which was added
methylene chloride (1.0 ml, with or without dissolved TPR). The
test tubes were capped. vortexed vigorously, rotated at 40 rpm
for 15 min, and then centrifuged using a table-top centrifuge for
ca. Smin. Aliquots of the aqueous layer were taken for
measurement of picrate absorbance at 356 nm with a Cary 14
spectrophotometer and for radioactivity counting with a Beck-
man 1.S 250 liquid scintillation counter. The net amount of Ca’"
transferred to the organic phase in the presence of picric acid
was obtained by subtracting the amount of Ca’ transferred in
the absence of picric acid from the amount of Ca’* transferred in
its presence (see Table 4).

Titration methods

Anhydrous CaBr,, StBr,, BaBr; and MgBr, (ROC/RIC) and
other salts were used as received and kept under nitrogen in a
desiccator. For qualitative studies and the determination of stoi-
chiometry of binding by mole-ratio methods (Fig. 3-5), ligand
solutions in anhydrous methanol were prepared by diluting a
0.1 M stock solution to the expected suitable concentration. For
the differential spectra (Fig. 4), ligand solution was placed in each
I-cm cuvet. Cation solution (0.01 M, 0.1 M or 1.0 M) was added
via a 10-u] syninge so that volume changes could be neglected.
After each addition, the cuvet was thoroughly shaken before the
UV spectrum was recorded with a Perkin-Elmer 402 spec-
trophotometer. Addition was to the reference cell for con-
venience since the ligand cation complexes have lower ab-
sorbance than the ligand in the 280 nm wavelength region. For the
data in Fig. 2, 50-fold excess of salts was used directly. Mole-
ratio plots (as in Fig. S) were constructed according to Prestegard
and Chan.'? Estimates of the apparent K, values were done by
companing the experimental curves with those generated by an
IBM 1130 computer for diflerent “eta” values.”
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