kl‘ Journal of Inclusion Phenomena and Macrocyclic Chemis3B; 171-186, 2000. 171
‘~ © 2000Kluwer Academic Publishers. Printed in the Netherlands.

Spectroscopic Study of Azo- and Azoxycrowns
Binding with Cations of Similar lonic Radius

LEONID M. GOLDENBERG and NIKOLAI N. DENISOV
Institute of Problems of Chemical Physics, Russian Acad. Sci., Chernogolovka, 142432 Moscow
region, Russia

JAN F. BIERNAT
Department of Chemical Technology, Technical University, 8095h&adPoland

(Received: 16 July 1999; in final form: 5 October 1999)

Abstract. The complexation of 13- and 16-membered azo- and azoxycrowns with metal cations of
similar ionic diameter (N& and C&*; and K™, B&#+, Agt and PB*) was studied by uvivisible
spectroscopic titration in acetonitrile and MeOH. In MeOH the 13-membered azo- and azoxycrowns
1 and2 are weakly and non-selectively bound to hard cations of similar ionic diameter, but different
charge (Na and C§+). At the same time the binding to the soft cation'Agf larger size than the
macrocycle cavity is considerably stronger. In contrast to solutions in acetonitrile no binding with
the small Lit cation was found. The 16-membered azocro®asd4 also discriminate silver cation

in MeOH with logK = 3.65+ 0.1 for both compounds. Unexpectedly low binding with the hard
barium divalent cation of similar size (Idg = 1.554+0.4 and 1.95t 0.2, respectively) was found for
these compounds. Similarly to 13-membered compounds no binding with the sthalation was
detected. A reverse order of selectivity was observed for these crowns in acetonitrile with binding
constant for association &with Ba?™ (log K > 5.3) considerably higher than for other cations.
The previously observed strong binding with the smallef ahd Na" cations is confirmed.

Key words: azocrowns, complexation, metal cations, absorption spectroscopy.

1. Introduction

An introduction of photo- and electroactive —N=N— or —N(O)=N— residues
into crown ether macrocycles can result in highly selective chemical sensors. Over
recent years, we have been studying the family of 13- and 16-membered azo- and
azoxycrowns [1-12]. We have already reported voltammetric recognition proper-
ties of some of these materials in thin films adsorbed on a mercury electrode [5]
and in Langmuir—Blodgett films [5, 8, 10]. Earlier Shigaal. [13] determined

the stability constants of metal iodide and unsubstituted azocrown complexes by a
spectroscopic method in acetonitrile. These authors were not able to determine the
stability constant for the 13-membered azocrown with Nal and KI, while for the
16-membered crown and Kl lakj was 3.15 [13]. In drastic disagreement with the
ion-cavity size match concepttforms the most stable complexes [13]. However,

* Author for correspondence.
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Lit was not extracted by the azocrowns; the 13- and 16-membered azocrowns
extracted preferentially Naand K", respectively, just according to the ion-cavity
size concept [14]. Recently we have estimated the binding constants with matching
size cations, Na for the 13-membered and*Kfor the 16-membered azocrowns,
using UV-titration [8, 10, 11] and square wave voltammetry [11]. The binding
selectivity with a number of cations was obtained using the ion-selective electrode
technique [3, 6, 12].

The influence of the charge density, polarizability and the size of the cations on
the cation - macrocycle association is an extensively studied subject. A wide range
of data on the thermodynamics of macrocycle-cation interactions can be found in
an exhaustive review [15]. For dibenzo-18-crown-6, whose cavity size matches the
ionic diameter of K, the binding constant for this cation in acetonitrile was found
to be in the range of lo§ = 4.2-5.07 [16-18]. For the Ba cation of similar
size a close value of 4.32 was determined [19]. Similar in radius édibited a
log K value in the range of 2.92—-4.52 [20, 21]. The Kgvalues obtained by the
same technique (polarography) were 4.2—-4.75 [15, 16]; 4.32 [18]; 2.92 [20]for K
Ba?t and Ag', respectively. This order of selectivity with a lower value for the soft
cation Ag" corresponds well to the tendency of the oxygen atoms in the macrocycle
to have a higher affinity for hard alkali and alkali-earth cations and the sulfur atom
for soft Agt, Hg?™ and PB* cations [14]. Another example of the dependency of
binding properties on the cation charge is substituted diaza-18-crown-6 [22]. For
this macrocycle values of log of 4.2 and 7.6 were determined spectroscopically
in acetonitrile for K- and B&*, respectively. The stronger binding with Bais
possibly due to the higher charge of this cation. LlOalues in acetonitrile and
MeOH for 18-crown-6 are collated in Table I. The order of selectivity in both
solvents is B&" > K+ > Ag™.

For the smaller benzo-15-crown-5, whose cavity size matches the ionic diameter
of Nat, log K for similar sized Na and C&" were determined (potentiometry in
MeOH) to be 2.78 [23] and 2.33 [24], respectively. However, an opposite order
of selectivity was found by potentiometry [23] for the nitro derivative of the latter
compound under the same conditions.

For compoundd—4the order of binding with cations of similar ionic radii is
unknown except for ion-selective electrode data for the 13- and 16-membered azo-
and azoxycrowns [3, 12]. However, the selectivities of ion-selective membrane
electrodes are very seldom comparable with stability constant values [3]. Here we
report the systematic study of the association of 13- and 16-membered azo- and
azoxycrowns with similar size cations by a spectroscopic technique.

2. Experimental

Compoundsl 4 were obtained as described in [3, 9], respectively.
Optical absorption spectra were recorded using a Specord UV-VIS spectro-
meter (East Germany). KBRFNaPF, KCIO4, Ba(ClQy), (all Aldrich), AgNOs
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Table I. Stability constants for complexation of 18-crown-6

with cations
Cation  Solvent logk Reference
K+ Acetonitrile  5.2—6.3 15
Ba2t - >52 18
Ag* 4.7 20
K+ MeOH >5;6.07-6.28; 5.5 31
- - 6.02 32
6.55 33
6.08-6.15 30,31, 34
Ba?t+ 7.31-7.38;>55 30
Agt 4.58-4.6%.c¢€ 30
a polarography.
Calorimetry.

¢ Conductometry.
d Jon-selective electrode.
€ Potentiometry.

A C

R ' R 0

X
1 X=nil, n=1, R= (CH3)3CCH C(CH ), Q

2X=0, n=1,R= (CH3)3CCH2C(CH3)2

3 X=nil, n=2, R=n-C12H25
RR=nC

Scheme 1.

(Fluka), LiCIO4 (Fluka, microselect), BANCIO, (Fluka, electrochemical grade),
PbAG-3H,0, KSCN, CaCJ, AgNOs, Et4,NCI (manufactured in Russia) were used
for the preparation of solutions. Acetonitrile (pure, manufactured in Russia) was
heated under reflux with KMnO+ NaCO;, distilled, treated with BHSO,, and
distilled again over fOs. MeOH (manufactured in Russia) was distilled before
use.

Generally, the solution of the azo- or azoxycrown compound in a working 1 cm
length cuvette was titrated with a solution of metal salt containing the same con-
centration of the macrocycle. For salts, which absorb in the UV rangé @hgl
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PI?+), aliquot addition of the salt solution to both working and reference cuvettes
to compensate for the salt absorbance or the subtraction of salt absorption were
used. In cases of low stability constant solid aliquots of metal salt were added.

3. Results and Discussion

For the 13-membered crowrisand 2, whose cavity size corresponds approxim-
ately to the ionic diameter of Na[26], C&* was chosen for comparison as these
cations have similar ionic radii (0.95 and 0.99, respectively [27]). It was previ-
ously found in aqueous solution [3] that the order of selectivities measured using
ion-selective membrane electrodes istAg> Na© > C&™" (the ionic diameter

of the silver cation is larger than the cavity size). In contrast a high association
constant was determined for smallLin acetonitrile [13]. In the latter work the
spectral changes in the presence of,Gaére significant, however the value of

the association constants were scattered due to a more complex mechanism and
were not reported [13]. Here we studied complexation with these cations in MeOH.
Only compoundL (and only in the presence of NaGJexhibits clear isosbestic
points at ca. 33300, 40800 and 43500¢r(800, 245 and 230 nm), indicating that

1:1 complexation occurs (Figure 1). In the presence of Agld@andom change

of the spectrum in the UV range was observed due to the strong absorbance of
AgNO; despite compensation. At longer wavelengths two isosbestic points at ca.
25300 and 27400 cnt (395 and 365 nm) were observed for compounid the
presence of AgN@(Figure 1). Otherwise (data not shown) only a gradual increase

in absorbance in the entire measured spectral range was observed in the presence
of metal salts. This may indicate that not only a 1: 1 complex is formed and/or the
extinction coefficient for the complex is higher than the extinction coefficient of
the free macrocycle in the studied spectral range. We have treated the experimental
spectroscopic titration data using a non-linear fitting procedure according to an
equation derived on the basis of the law of mass action and Beer's law (fora 1:1
complex neglecting metal salt absorption). This equation has been successfully
used before [28] by one of us

AD = 0.5Ael{[AC] + [M]+ 1/K — (([AC] — [M))?
+(2/K)*([AC] + [M]) + 1/ KHY?). 1)

HereAD = D — Dy, D is the absorbancd)g is the absorbance without metal salt
present,Ae = €com — €ac, €com IS the extinction coefficient of the complex, ¢

is the extinction coefficient of the azocrowhis the cuvette path length, [AC] is

the azocrown concentration, and [M] is the metal salt concentration. The values of
K for the complexation of 13-membered macrocycles at different wavelengths are
collated in Table Il. In some cases a wavelength dependence & tredue was
observed. We believe that involvement of cis-trans isomerisation, complexes of
other stoichiometry, complexation with anion and solvent, and experimental errors
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Figure 1. Absorption spectra of compourd4.3 x 10~° M) in MeOH (solid line); containing
NaClOy (dotted line) at a concentration of 0.04 M, and Agi@ashed line) at a concentration
of 0.01 M.

due to intrinsic metal salt absorption are possible reasons. The averakjerédge

for compoundsl—4 are collated in Table Ill. To exclude possible complexation
with anions, complexation with Nawas studied with two different anions and the
stability constants for compouridwere found to be similar (Table Il). In addition

the spectral changes were studied in the presenceNftEand BuNCIO, (large
onium cations do not apparently bind to azocrowns). Even though some spectral
changes were observed, these were not large enough to allow stability constant
estimation (see comments in Tables Il and V). Independently of how weak the as-
sociation with anions (and/or solvent) is, this may result in the absence of isosbestic
points. The complexation with tiwas also tested. A high constant was found for
compoundl in acetonitrile (logk = 3.28 + 0.25). In contrast, although small
spectral changes were observed in the presence of Li@I®eOH, we were not

able to fit these data to Equation (1). The examples of absorbance changes with
metal cation concentrations and non-linear fits to Equation (1) are presented in
Figure 2 for compound. The association of 13-membered compounds with Na

in MeOH is several times weaker than in acetonitrile [8, 11]. This corresponds to an
inverse relationship of the stability of the complexes and the Gutmann donicity of
the solvents [15], as according to Gutmann [29] the donor numbers of acetonitrile
and MeOH are 14.1 and 19, respectively. In addition azoxycr@wimds weaker

with all studied cations. This could be explained by the fact that in azoxycrowns
a hard metal cation binds by the oxygen of the N(O)=N group as recently found
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Figure 2. Non-linear fit of the experimental absorbance data in Me@ksusmetal cation
concentration to Equation (1) for compouthidsolid squares (solid line) — NaClGat 365 nm,
open squares (dashed line) — NgRIE 365 nm, solid circles (dotted line) — CaGlt 365 nm,
triangles (dash-dotted line) — AghGt 475 nm.

for the complex of N&a with a 16-membered azoxycrown [30]. The binding by
oxygen of the azoxygroup could be weaker than binding by the entire macrocycle.
Moreover, the N=O oxygen enters the cavity, thus diminishing its size. For both
compoundsl and?2 the order of selectivity is Ay > Nat > C&*. This deviates

from the order observed by the ion-selective electrode technique [3, 29], however
the selectivities of ion-selective membrane electrodes are very seldom comparable
with stability constant values [30]. This also differs from data observed in acet-
onitrile [8, 13]. The difference in association with Nand C&* is also smaller

than previously observed for 15-crown-5 in the same solvent [22, 23]. It was sug-
gested earlier [13] that azocrowns are more distorted and disordered compared to
ordinary crowns and it is likely that the azo group does not contribute much to
the stabilisation of the complex. This also probably leads to the relatively higher
affinity of the azocrown to the small tication in acetonitrile [13 and this paper].
13-Membered macrocycles are weakly and non-selectively bound to hard cations
and much stronger to the soft Agation.

For the 16-membered azocrowBsand 4 with the cavity size matching the
ionic diameter of K, Ba?*, Ag* and PB™ were chosen for comparison as these
cations have similar ionic radii (1.33, 1.35, 1.26 and 1.20, respectively [26]). The
complexation was studied in acetonitrile and MeOH as B#%,0 is insoluble



Table Il. Stability constants (M?) for the complexes of and2 in MeOH

Wavelength, 260 280 320 340 380 400 450
nm/K
Nate (40+£20P) 35+ 202 (35+7°) (30+£8) 75440725+ 3°)
compoundl/2 /13+2
catd 35+3 20+ 3/14+9 15+ 4
Agt 137+6 1080+ 80° 460+ 13(F
/1504 20°
aNaPF.
b NaClOy.

€ With subtraction of salt absorption.
dThe spectral changes in the presence gf\Ell were not consistent.
€ The spectral changes for compoudih the presence of BINCIO4 were smaller than in the presence of NaglO

SNOILVYD HLIM SNMOYIOAXOZY ANV -OZV 40 NOILVYX3T1dINOD
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Table I1l. Average stability constants (M) for the complexes of compounds-4with cations

8.T

Compound/ K BaZt Ag™ P2t Nat cat Lit
log K acetonitrile/
MeOH
1 —/2.94+0.25 2.2[8,11)) —/1.35+0.2 3.28+0.28/—
1.5+0.35
2 —/2.0+£ 0.4 2.25[11) —/1.15 0.2
1.1+01
3 3.35+ 0.1/ 53403/ 27+0.1/ -/2.45+ 0.4 4.0+ 0.3 4.0+ 0.15/-
3.15+ 0.2 1.95+ 0.2 3.65+ 0.1 2.60+ 0.03
4 2.55+ 0.6/ 2.45+0.05/ 2.1+0.45/  —/2.65:0.05 2.85+0.1/ 3.42+ 0.05/-
22101 155+ 0.4 3.7+ 0.05 21+0.2

2logK = 2.3in acetone.

b log K = 4.1 with Lil for unsubstituted analogue [13].
Clog K = 3.15 for unsubstituted analogue with KI [13].
d log K = 3.69 with Nal for unsubstituted analogue [13].
€log K = 4.0 with Lil for unsubstituted analogue [13].

"1V 13 9439dN3A109 ‘W dINO31



Table IV. Stability constants for the complexesdf

Wavelength, K BaZt Agt P2t Nat Lit
nm/M—1 acetonitrile/
MeOH
280 29004 600/ 10930+ 200/ 8250+ 600
2070+ 240 380+ 20
300 125+ 45
320 19504 200/ 3x 10° +3.2x 1048  /4090+ 1776 /225+ 70 4800+ 1060/  1038Qk 300
15504+ 290 56+ 25 430+ 20
380 15804+ 270/ 1x 10°+4 x 104  [5325+£ 706F /1104 30P 14400+ 1060/ 11380k 1130
845+ 160 380+ 20
400 620+ 270/
3410+ 47CF
420 4004 100 367+ 145 9910+ 240
450 4304+ 80/ 14264 1446
5000+ 1460

@ Approximate minimum value, saturation of spectrum change was observed at 1 equivale?fr of Ba
b Metal salt addition to both cuvette.
¢ With subtraction of salt absorption.

SNOILVYD HLIM SNMOYIOAXOZY ANV -OZV 40 NOILVYX3T1dINOD

64T



Table V. Stability constants for the complexessf

Wavelength, K Ba2t Agt PR+ Nat Lit
nm/M~1 acetonitrile/
MeOH
230 270+ 45/ 590+ 70/ 2340+ 460/
45+ 17
260 (560+ 120P)/ 2504+ 20/ 2590 200/
280 (8704 31P)/ 2604+ 25/ 830+ 70/
190+ 15 200+ 50
300 (5404 90°)/ A7+3 24204+ 330
1354+ 10
320 280+ 40P 2954+ 40/ 2204 80/ 680+ 30/
(70+ 15P)/ 4460+ 560 85+ 30
350 455+ 175 910+ 20/ 2890+ 170
120+ 30
380 210+ 152 (140+ 7°; 310+ 15/ /5510+ 1090
4404+ 80°)/125+ 6 67+ 4
420 58+ 5/ 1420+ 118 f 2930+ 80
450 (1004 35P)/ [27+5 650+ 25/
1304+ 17
490 100+ 25
(145 259y
4420+ 370

a8 KClO4. ® KPFg. © KSCN. 9 AgNO3. € Aliquot addition of the salt solution to both working and refererfceith
subtraction of salt absorptiof.The spectral changes in the presence of DI04 were smaller than in the presence of

Ba(ClOy),

08T

"1V 13 9439dN3A109 ‘W dINO31
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in acetonitrile. The previously observed binding selectivity order by ion-selective
electrode techniques was found to betAg> K* > Ba*"; PI¥ was not meas-

ured [6, 12]. In acetonitrile the binding order ofLi> Na* > K* was found
spectroscopically [13]. In this solvent complexation of compodivdth K+ was
studied with three different anions, the association constants were found to be
similar (Table V). Clear isosbestic points were observed in the presence of K
and B&". For compound the isosbestic points were at ca. 22700 and 33550t cm
(440 and 298 nm) in the presence of KREQ], and at 22200 and 32250 ci(450

and 310 nm) in the presence of Ba(G)®©(Figure 3). Just less than 1 equivalent of
Ba?+ caused significant spectral change (data not shown), which indicates strong
binding with this cation. Derivativd exhibits one isosbestic point in the presence

of K* (at ca. 305 nm with KPgand ca. 290 nm with KCIQor KSCN, Figure 3).
Complexation of this compound with Baresulted in the isosbestic points at ca.
41700, 40800, 32800 and 20800 th{240, 245, 305 and 480 nm, Figure 4). Both
16-membered macrocycles did not show any isosbestic points in the presence of
Ag* in acetonitrile possibly due to the intrinsic absorbance of the Aglt at

lower wavelengths. Among other complications discussed above for 13-membered
crowns complexation of the soft Agcation with molecules of the soft solvent
acetonitrile is also possible. This may result in weaker binding with this cation in
acetonitrile compared with MeOH (Table IIl). The binding constants are collated in
Tables llI-V. The examples of absorbance change with metal cation concentrations
and non-linear fits to Equation (1) for compouBdre presented in Figure 5. This
picture clearly demonstrates the binding selectivity for cations of similar size Ba

> Kt > Ag™ for this compound (Table IIl). Our results confirm the previously ob-
served [13] high affinity of compoun8ito Li* and Na in acetonitrile (Table 1V).

This places these smaller cations into second place after Bathe selectivity
order.

The stability constants with all the studied cations are lower for complexes of
compound4 in acetonitrile (Table IIl). Two plausible explanations can be offered.
First, the electron density on the oxygens of the additional benzene residue is
lower as compared with the O—GHH,—O residue due to the mesomeric effect.
Secondly, the catechol residue is planar and conformationally rigid as opposed to
the dioxyethylene residue. The more flexible macrocycle can adopt a preferential
conformation suitable for stronger binding. This results in a different selectivity
order for compoundt of Ba?+ = K* > Ag*, which is in general agreement with
the selectivity order observed previously for 18-crown-6 derivatives (see Table |
and discussion in Introduction). The stronger binding of compdaimdth Ba?*+
is possibly due to the higher charge density of this cation. However, it remains
unclear why this factor does not influence an interaction with compauntle
believe this can be attributed to the factors discussed above responsible for the
generally weaker binding of compouddSimilarly to compound strong binding
with smaller Li* and Na cations is observed (Table V), this locates land Na
into first and second places in the selectivity order, respectively.
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Figure 3. Absorption spectra of compount! (5.7 x 10~> M) in acetonitrile (solid line);
containing KCIQ, (dotted line) at a concentration of 8:410°3 M, Ba(ClOy), (dashed line)
at a concentration of 8.% 10~3 M, and AgNGQ; (dot-dashed line) at a concentration of

0.01 M.
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Figure 4. Absorption spectra of compoundl (5.7 x 10~° M) in acetonitrile containing

Ba(ClOy), at concentrations of 0, 2.8 1073, 4.8 x 1073 and 8.7x 1073 M.
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Figure 5. Non-linear fit of the experimental absorbance data in acetonieileuanetal cation
concentration to Equation (1) for compouBdsquares (solid line) — KRfat 315 nm (experi-
mental data from [10]), circles (dashed line) — Ba(g@)®at 330 nm, triangles (dotted line) —
AgNO3 at 435 nm.

Different results were obtained for 16-membered macrocycles in MeOH. Clear
isosbestic points were observed in the presence™off¢r compound isosbestic
points were at ca. 23500 and 32800 ¢n@25 and 305 nm) while for compound
4 at 19600 and 34500 cm (510 and 290 nm, Figure 6). Upon complexation with
Ba?" only compound exhibits isosbestic points at 21000, 31250 and 39206'cm
(475, 320 and 255 nm, data not shown). The 16-membered azocrowns exhibit
isosbestic points in the presence of At ca. 380, 350, 315 nm and 365, 350,
305 nm for3 and 4, respectively). However, these isosbestic points changed their
position upon addition of an increasing amount of"/Aobably due to the intrinsic
absorbance of the silver salt. Both macrocy@easnd 4 did not show isosbestic
points in the presence of Pbpossibly due to the intrinsic absorbance of Pkalt
at lower wavelengths. Even though some spectral changes were observed in the
presence of LIClIQ we were not able to fit the data to Equation (1). At the same
time Na" binds stronger than Ba to both compound$ and 4 (Tables IV and
V). The calculated stability constants are collated in Tables IlI-V. The examples of
absorbance change with metal cation concentrations and non-linear fits to Equation
(1) for compound4 are presented in Figure 7. The binding selectivity istAg
K+ > P*t > Ba&2t for compound3 and probably Ag > Pt > K+ > Bat for
compound4 (Table IlI). It is remarkable that both compounds show similar binding
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Figure 6. Absorption spectra of compourdd8.4 x 10~° M) in MeOH (solid line); containing
KSCN (dotted line) at a concentration of 0.03 M, Ba(@)®(dashed line) at a concentration
of 0.06 M, and AgNQ (dot-dashed line) at concentration of 0.015 M.

with Ag* while binding to other cations differs. The observed order of selectivity

is in strong disagreement with that observed previously for 18-crown-6 derivatives
(see Table | and discussion in Introduction), where the selectivity order wds Ba

> K™ > Ag". We cannot offer any explanation for the unexpectedly low binding
with B&?* in MeOH. Similarly to 13-membered macrocycles the association with
hard cations corresponds to an inverse relationship between the stability of the
complexes and the Gutmann donicity of the solvents. With the soft silver cation
the opposite effect of considerably increased binding in MeOH (Table IIl) can be
attributed to competition for silver association between acetonitrile and the crown.

4. Conclusions

The 13-membered azo- and azoxycrovirend 2 in MeOH are weakly and non-
selectively bound to hard cations of similar ionic diameter dad C&*. At the
same time binding to the soft cation Agwhich is larger than the size of the
macrocycle cavity, is considerably stronger. In contrast to acetonitrile solutions
small Li* is very weakly bound to compourid

The 16-membered azocrowBsand 4 also discriminate silver in MeOH and
exhibit similar values of the stability constants with this cation in MeOH. The
unexpectedly low binding with the hard divalent cation of similar sizé*Baas
observed for these compounds in MeOH. Alsd s not bound to compount.
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Figure 7. Non-linear fit of the experimental absorbance data in Me@ksusmetal cation
concentration to Equation (1) for compou#dsquares (solid line) — KSCN at 360 nm, circles
(dashed line) — Ba(Clg)> at 375 nm, open triangles (dotted line) — Aghl@t 475 nm, open
diamonds — PbAg3H,0 at 420 nm.

This results in a selectivity order of Ag> K* > Pl?* > Nat > Ba?* > Li™ for
compound3 and Ag" > PPt > K+ > Na* > Ba?* >» Li* for compound4.

A reverse order of selectivity was observed for 16-membered crowns in acet-
onitrile with binding constant for association 8fwith Ba?* considerably higher
than for other cations. The unusually strong affinity of these compounds tanid
Na' in acetonitrile is confirmed by our data.

Acknowledgements

LMG and NND would like to thank the Russian Foundation for Basic Research
(project 97-03-32268) for financial support. JFB thanks the Technical University
of Gdahsk (DS grant No 012832/003) for financial support. The authors are in-
debted to Dr E. Luboch for the preparation of the 16-membered azocrown ethers.
LMG thanks Dr K. Pawlak of Brigham Young University for the supplementary
material for review [15] and Prof. I. K. Lednev from the University of Pittsburgh
for valuable discussion.



186

LEONID M. GOLDENBERG ET AL.

References

1.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.
23.
24,

25.
26.
27.
28.
29.
30.

31.
32.

33.
34.

J. F. Biernat, E. Luboch, A. Cygan, Yu. A. Simonov, A. A. Dvorkin, E. Muszalska, and R.
Bilewicz: Tetrahedrom8, 4399 (1992).

J. F. Biernat, A. Cygan, E. Luboch, Yu. A. Simonov, and A. A. Dvorkintncl. Phenom16,
209 (1993).

E. Luboch, J. F. Biernat, E. Muszalska, and R. Bilew®apramol. Chenb, 201 (1995).

E. Muszalska and R. Bilewic&Analyst119, 1235 (1994).

E. Muszalska, R. Bilewicz, E. Luboch, A. Skwierawska, and J. F. Biednaicl. Phenom26,

47 (1996).

J. F. Biernat, E. Luboch, A. Skwierawska, R. Bilewicz, and E. MuszalBkacyb. Biomed.
Eng.16, 125 (1996).

A. Skwierawska, E. Luboch, J. F. Biernat, V. Ch. Kravtsov, Yu. A. Simonov, A. A. Dvorkin,
and V. K. Bel’skii: J. Incl. Phenom31, 71 (1998).

L. M. Goldenberg, J. F. Biernat, and M. C. Pettangmuir14, 1236 (1998).

I. Zawisza, R. Bilewicz, E. Luboch, and J. F. Bierrattpramol. Chen®, 277 (1998).

L. M. Goldenberg, J. F. Biernat, and M. C. Petty: to be published

L. M. Goldenberg, N. N. Denisov, J. F. Biernat, and M. C. Petty: to be published

E. Luboch, J. F. Biernat, Yu. A. Simonov, and A. A. DvorKlietrahedrorb4, 4977 (1998).

M. Shiga, H. Nakamura, M. Takagi, and K. UeBull. Chem. Soc. Jf&7, 412 (1984).

M. Shiga, M. Takagi, and K. Uen@hem. Lett1021 (1980).

R. M. Izatt, K. Pawlak, and J. S. Bradsha@hem. Re\95, 2529 (1995).

V. V. Bogoslovskii, and L. A. Lozinskayd: Gen. Chem. USSR (Engl. Tran§l7) 1852 (1987).

E. Lada, A. Urbanczyk, and M. K. Kalinowsléust. J. Chem43, 2003 (1990).

M. Billah, T. Honjo, and K. Teradd&resenius J. Anal. Cher847, 107 (1993).

A. Semnani and M. Shamsipur:Electroanal. ChenB15 95 (1991).

C. La Rosa, P. Navarro, and J. Marquieta Cient. Venez0, 328 (1989);Chem. Abstrl14,
215662a (1991).

A. Jabbari, M. Hasani, and M. Shamsiplirincl. Phenom15, 329 (1993).

J. Bourson, J. Pouget, and B. ValelirPhys. ChenB7, 4552 (1993).

A. Cygan, E. Luboch, and J. F. BiernatCoord. Chem27, 87 (1992).

W. Xiao, Z. Ji, L. Runhuo, D. Nianchu, R. Yi, X. Liu, S. Yu, X. Ni, and Z. Qin: in G. Xu and
J. Xiao (eds.)New Frontiers in Rare Earth Science and Applicatiovsl. 1, Academic Press,
New York (1985), p. 208.

E. Luboch, J. F. Biernat, Yu. A. Simonov, and A. A. DvorKletrahedrorb4, 4977 (1998).

Yu. A. Simonov, E. Luboch, J. F. Biernat, N. V. Bolotina, and V. E. Zavodhikacl. Phenom.
28,17 (1997).

M. Hiraoka:Crown Compounds, Their Characteristics and Applicatjd&isevier, Amsterdam-
Oxford-New York (1982).

L. M. Goldenberg and O. Neilands:Electroanal. Chen¥63 212 (1999).

V. Gutmann and R. Scnmie@oord. Chem. Re\t2, 263 (1974).

E. Luboch, J. F. Biernat, Yu. A. Simonov, V. C. Kravtsov, and V. K. Bel'sRiipramol. Chem.
(1999), in press.

H. J. Buschmanrnorg. Chim. Actal95 51 (1992).

J. C. Medina, T. T. Goodnow, M. T. Rojas, J. L. Atwood, B. C. Lynn, A. F. Kaifer, and G. W.
Gokel:J. Am. Chem. Sod14, 10583 (1992).

C.W. Lee, C. H. Lee, D. S. Shin, and S. J. KBull. Korean Chem. Sod.2, 487 (1991).

B. C. Lynn, M. Tsesarskaya, O. F. Schall, J. C. Hernandez, S. Watanbe, T. Takahashi, A. Kaifer,
and G. W. GokelSupramol. Chentl, 253 (1993).



