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STABILITY OF 15-CROWN-5 AND
BENZO-15-CROWN-5 COMPLEXES WITH
ALKALI METAL CATIONS IN
NONAQUEOUS MEDIA

ELZBIETA WAGNER-CZAUDERNA, ANNA KOCZOROWSKA
and MAREK K. KALINOWSKI*

Department of Chemistry, University of Warsaw, PL-02-093 Warszawa, Poland
(Received 23 September 1997)

The formation of alkali metal cation complexes with 15-crown-5 and benzo-15-crown-5 in ten
organic solvents has been investigated by cyclic voltammetry at 25°C. Stability constants of the
resulting 1:1 complexes have been determined by monitoring the shift in reduction potentials
of the cations against ligand concentration. Based on the results obtained the dependences of
stabilities of the complexes on Gutmann donicity of the solvents and on standard Gibbs trans-
fer energies of the metal ion from water to a given solvent have been analyzed and discussed.

Keywords: 15-crown-5; benzo-15-crown-5; alkali metal;, complexes; stability constants;
solvent effects

INTRODUCTION

Selective binding of alkali metal cations (M™) in solution is a distinctive
feature of macrocyclic ligands. A good example, one of many, is provided
by the coronands; their complexing power has been discussed in a plethora
of papers.'~® The process of cation — macrocycle interaction depends on
several factors related to characteristic properties of the reacting ion and
ligand. First, the ratio of the radius of the cation and of the ligand cavity is
ihportant. Secondly, the nature and number of the donor atoms influence
complex formation. The substitution of one or more oxygen atoms of

* Corresponding author.
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crown ethers by sulfur or nitrogen atoms results in a decrease of complex
stabilities with alkali metal cations.” The strikingly large difference between
complexing properties of 18-crown-6 (18C6) and 18-crown-5 has recently
been analyzed.® Solvation is also known to have a profound effect on the
stability constants of macrocyclic complexes.”~!! In fact, solvation phenom-
ena of cations play a dominant role, but the influence of the solvent on
complex formation is not restricted to them. The interactions of the ligand
18C6 with acetonitrile, nitromethane and dimethylsulfate have been studied
in detail.'">"'* More recently, the interaction of 15-crown-5 (15C5) with
nitromethane, acetonitrile and acetone has been reported; it was found
that these can be associated non-selectively with the host 15CS5.

Thus the solvent effect on the cation binding properties of coronands is
of great importance. The literature' ~® contains a great number of data on
crown ether complexes in various media but only several attempts have
been made to correlate the change of stability constants, K, with selected
solvent parameters. Among them, the reciprocal of electric permittivity'®
and the Kirkwood function'’™!” were applied for binary mixtures of
organic solvents with water'®'®!® and for a series of pure alcohols.!’
The observed changes of K; with these parameters were interpreted on the
basis of a simple dielectric continuum model. However, such a formalism is
not applicable to all electrolyte systems and fails in the prediction of most
solvation phenomena. In other words, it is unlikely that this model can
be applied to aprotic solvents.

In reality, the solvation parameters of cations may be related to the Lewis
basicity of solvents, expressed e.g., by DN, the Gutmann donor number.”®
Accordingly, selected crown ether complexes were reported to show inverse
correlations of logK, with DN.2-2® Quite recently, however, Raevsky,
Schneider and co-workers®’ have suggested to use the standard Gibbs trans-
fer energies, AG?, of the metal ion from water to a given solvent as the best
parameter. Although this suggestion is fully justified from the formal point of
view, the real situation seems to be more complicated. This qualification is
important as regards comparing correlations of log K, with AG} and DN
for 18C6-K™ complexation (Table 3 in Ref. 7). This problem, together with
an analysis of the solvent effect on the complexation of alkali metal cations
by 15C5 and benzo-15-crown-5 (B15C5) will be discussed in the present work.

The literature! ~® contains a wealth of results on these complexes in sev-
eral 'solvents. However, the data reported in a given medium differ, some-
times by more than one order of magnitude. By way of example, this is
evident with the 15C5-Li* complex in acetonitrile for which extreme values
of log K, =3.60"® and 5.34%° were reported. Next, for the 15C5-K* system
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in the same solvent one can find the values of 2.98%® and 4.33.!* Taking into
account the fact that such discrepancies are not exceptional, we have
decided to remeasure (in some media to measure) the complexation equilib-
ria under unequivocally defined conditions. The respective K, values were
determined by cyclic voltammetry in 10 organic solvents. The solvents, both
protic and aprotic, were selected so as to give a respectable range of DN
and AGY values as conveniently possible.

EXPERIMENTAL

Crown ethers 15C5 and B15CS from Merck were used without further
purification. Reagent grade LiClO,, NaClO4, KCIO4 and CsClO, (all
from Merck) were also used without purification except for drying over
P,Os at 120°C. Tetracthylammonium perchlorate (TEAP) was prepared
from tetraethylammonium iodide (TEAI), which was recrystallized from
ethyl acetate, and HCIO, (all from Merck). The compound was purified by
repeated recrystallization from triply distilled water and dried at 60°C
in vacuo. Dimethylsulfoxide (DMSO), N,N-dimethylformamide (DMF),
acetone (AC), acetonitrile (ACN), methanol (MeOH) and ethanol (EtOH)
were purchased as Fluka certified chemicals for UV-spectroscopy and used
without purification. All remaining solvents, propylene carbonate (PC),
N,N-dimethylacetamide (DMA), formamide (FM) and tetramethylene
sulfone (TMS), all from Merck, were dried and purified by procedures
described in the literature.*

Cyclic voltammetric measurements were carried out with a static mercury
electrode model 303A (PAR) in a three-electrode arrangement. The coun-
ter-electrode was a platinum wire; an AgCl/Ag couple in 0.1 M aqueous
tetraethylammonium chloride served as a reference electrode. This last was
separated from the electrolyzed solution by means of a vycor disk. All the
solutions were deaerated with pure argon and an inert atmosphere was
maintained in the electrochemical vessel during the experiment. A PAR
273A potentiostat was used for the measurements. It was controlled by an
IBM PC AT computer by means of the software (M270) from PAR.
Experiments were performed at 25 + 0.5°C (in TMS at 30 & 1°C).

RESULTS AND DISCUSSION

Before we proceed with the interpretation of our results, several questions
need to be answered. The first of these is related to the reversibility of
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electrochemical processes. The experiments performed by cyclic voltam-
metry in solutions containing 0.4mM MCIO, and 0.1M TEAP indi-
cate that reversible or nearly reversible one electron transfers are observed
in all the solvents under investigation. The cathodic currents are in either
case controlled by diffusion, in full agreement with the results reported
in earlier papers.?*? Thus, the (Epa —Epc)/2 values may be assumed as
approximately equal to the formal potentials, E°, for the redox systems

in (1).
M{,, +e = M(Hg) (1)

Secondly, the addition of 15C5 and B15CS5, respectively, shifts the E® values
in a negative direction, while the reversibility of the electrode process is pre-
served as before. Thus the variation of the potential may be related to the
ligand concentration (C.,.w,) and the stability constant by the well-known
Lingane equation

AE=E' —E°= (RT/F) ID(KS Cc,ow,,) + (RT/F) ln(icrow,,_M+/iM+) (2)

where E’ stands for the potential determined at a given cC.,., value,
whereas the ratio of limiting currents i.own — as+/la+ corresponds to a
change in the diffusion coefficient of MT upon complexation. Recall
that equation (2) was derived assuming that only the 1:1 complex is
formed in solution, and ¢,y is much larger than the concentration of M*
cation. As follows from our experiments, the AE values are linearly related
to logceows and AAE/Alogc,,own, Were found to be 60+ 5mV/logc, oun
units in all the media under study; therefore only 1:1 complexes were
indeed identified. The concentration range of the ligand added was
about 4-50mM.

Next, the problem of ion-pair formation in M™ ... ClO7 systems should
be clarified. Since dilute solutions of the alkali metal perchlorates were
used, it was unlikely that complex formation had significant competition
from ion association. In reality, the salts are unassociated in PC,? DMF,*
DMSO,** DMA?®® and, probably, in FM?¢ solutions. Next, the analysis of
conductance data indicates that alkali metal perchlorates are rather
weakly associated in ACN,* TMS*” and MeOH.*’ Only in acetone really
incomplete dissociation is expected because the ion-pair formation con-
stants are 1680, 641, 307 and 223 for LiClO4, NaClO,, KCIO4 and CsClO,,
respectively.® However, as follows from the work of Buschmann et al.,*
even in that medium the ion-pair formation effect may not be taken
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into account. According to the performed simulation, the abovementioned
authors have pointed out that “if the values of the stability constant and
of the ion-pair formation constant differ at least by the one order of
magnitude the existence of ion pairs does not influence the value of the
calculated stability constant. Even in the case that both values are of the
same order of magnitude the value of the stability constant is not
influenced very much”.3® Thus, taking into account the above statement,
we have calculated respective K values by ignoring the ion association of
the salts in all media. The resulting data are collected in Table 1.

One can observe that the K, values for B15CS complexes are smaller
in comparison with those for 15C5. Such behaviour may be easily
explained. Due to the electron withdrawing effect of the benzo group of
B15CS the donor properties of the neighbouring donor atoms are reduced.
Also, it should be pointed out that some of the stability constants already
published agree well with those values. This is evident for the 15C5-Li*
complex in AC,*® PC***! and MeOH,?""*? for 15C5-Na* in ACN,?% pC,4°
AC*® and DMF,® for 15C5-K* in ACN'"* and AC* and finally for
15C5-Cs* in ACN,'*? AC,* PC* and FM.** The agreement is also
observed for the B15C5-Li* complex in ACN,* for B15C5-Na* in ACN,!*
PC,*® DMF* and DMSO,® for B15C5-K™* in ACN" as well as for B15C5-
Cs* in ACN™ and MeOH.* Complexation of Na* and K™ ions by 15C5
and B15CS in MeOH solutions was studied by many authors®*~® and most
of the stability constants reported agree with respective values presented
in Table 1.

Having determined the K, values, we are able to analyse the solvent effect
on the complexation equilibria. Since energetics of cation desolvation play a
decisive part in determining these quantities, we have performed a series of

TABLE 1 Logarithms of formation constants for the complexes of crown ethers with alkali
metal cations in various solvents at 25°C (0.1 M TEAP as electrolyte)

Ligand Cation log K,
ACN TMS* PC AC FM DMF DMA DMSO MeOH EtOH®

15C5 Lt 42 43 41 35 13 10 <1 <1 12 17
Nat 49 47 48 43 24 20 17 12 33 37
K* 44 43 39 42 21 20 15 12 34 39
Cs* 32 35 33 35 15 10 <1 <1. 26 29
BISCS Li* 38 37 37 32 10 <1 <l <1 11 1.5
Na* 45 44 44 37 20 15 13 12 30 35
K* 42 40 38 37 18 14 12 11 32 37
Cs* 34 32 30 31 13 10 <l <l 21 25

2 At 30°C. ® Owing to sparing solubility of TEAP, 0.1 M TEAI was used as electrolyte.
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least-squares regression calculations according to the general equation
logKs=aP+ 8 3)

where P marks the solvent parameter, and o and S stand for regression
coefficients. In our analysis DN and AGy values were chosen as prime
parameters. It is apparent that complexation increases in strength with a
decrease in the donor number of the solvent. We have started, there-
fore, with correlations of log K; against DN, and Table II shows the essen-
tial results of the computations. As can be seen, all the correlations are
statistically significant, but the most serious deviations are with alcohols
as solvents. If the points for MeOH and EtOH are excluded, the corre-
lations are generally improved. Recall, however, that methanol and
ethanol are rather distinctive solvents and glaring discrepancies exist
between their DN and DN, values.?®*’ The values of 19 and 20 for
MeOH and EtOH,? respectively, served to establish corresponding
straight lines; the respective values of DNp, (25.7 and 31.4) do not
conform to the correlations. Note also that DN =24.7 was used for
formamide.

The a and S coefficients of equation (3) in which P=DN have defined
physical meaning. The first of these may be treated as a sensitivity factor of
logK; to change of the electron-donating solvent properties whereas the
second determines the stability constant of a given complex in the medium
characterized by DN =0. This is particularly noteworthy as it suggests
that in such a solvent and, probably, in the gas phase, stability sequences
for the complexes of alkali metal cations with both 15C5 and BISCS
should be as follows Li* ~Na* > K* > Cs*. Obviously, this order is sur-
prisingly different from those observed under a number of experimental
conditions (Table I). It should be stressed therefore that an ab initio quan-
tum mechanical study clearly showed*® that the binding affinity of 18C6
decreases with increasing alkali metal cation size. This suggests that gas-
phase 18C6 will most strongly bind Li* rather than K* which is of
perfect size to occupy the cavity of the coronand. Therefore the results of
Glendening et al.*® are in accordance with the stability sequence predicted
for the complexes of 15C5 and B15C5.

Next, the o values for the complexes formed by both ligands change line-
arly with 1/r., where r. is the cation radius on the Ladd scale.* In our
opinion this finding proves that the desolvation of cations upon complexa-
tion is extremely important to the energetics of the process. A more precise
discussion of such dependences is presented in a previous report.>
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It is well known that standard Gibbs transfer energies, AG?, have
been successfully applied to correlate a large number of seemingly
unrelated data in solution chemistry.’!"? Following the suggestion made
previously?” we also tried to correlate the log K, values for the 15C5 and
B15CS5 complexes with AGY. The regression parameters calculated accord-
ing to equation (3) in which P = AG{ are thus shown in Table III.

In computing regressions presented in Table III, we have applied the
AG? values tabulated by Marcus.”! Since appropriate quantities for Li* in
AC and TMS as well as for Na* in AC are not available in this monograph,
we have not considered further lithium complexes in acetone and tetra-
methylene sulfone and sodium complexes in acetone solutions. Remember-
ing this fact, several problems arise when one tries to compare the data
presented in Tables II and III. First, the correlations of log K against AGY
are considerably less meaningful in comparison with those obtained with
DN as an explaining parameter; extremely poor relationships (r ~0.3) exist
for the Cs* complexes of 15CS and B15C5. Secondly, for sodium and
potassium complexes with both ligands, very serious deviations are seen
with TMS as solvent. If these values are excluded, the correlations of
log K vs AGY{ are considerably improved.

Gibbs transfer energies of single ions derive from a variety of extra-
thermodynamic assumptions employing different experimental techniques
and reference solvents. Thus, there is a considerable scatter in the pub-
lished data; the values for a given ion and a given solvent can vary by
as much as over a dozen or so kJmol~' and TMS should be treated as
one of these examples.’ It can, therefore be safely concluded, in spite
of limited evidence, that the solvent donor number is a better descrip-
tor of the medium effect on complexation equilibria than the Gibbs energy
of transfer.

Finally, we would like to analyse shortly the results presented in Table HI
of an earlier report.?’ Investigating the medium effect on the complex-
ation equilibria of the 18C6-K™' system, the authors pointed out that
the best explaining solvent parameter is AG{. For the set of 7 solvents,
namely ACN, PC, AC, DMF, DMSO, MeOH and hexamethylphos-
phoric triamide (HMPT) they have found a relationship in the following
form

log K, = (0.115 + 0.039)AG? + (5.13 £ 0.40) (4)

which holds with r=0.960 and F=158.3 (95% confidence intervals are
presented). The result was compared with the correlation of log K against
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DN for which the following equation was proposed

log Ks = (~0.156 + 0.076)DN + (8.32 + 1.96) (5)

(r=0.897, F=24.8). Comparing the corresponding values of r and F the
latter correlation was found to be poorer than the former.?” We assume,
however, that this supposition is rather illusory.

The problem follows from the fact that both correlation equations were
computed for different sets of solvents; analyzing regression (5) the
authors®’ included additionally water. In this situation recalculation of
equation (4) for 8 solvents {ACN, PC, AC, DMF, DMSO, HMPT, MeOH
and water) seemed to be required. Therefore, we have performed such recal-
culation and, consequently,.taking into account the fact that for water
AG? = 0, expression (6) can be written,

logK, = (0.108 £ 0.115)AG? + (4.73 £ 1.10) (6)

for which r=0.685 and F = 5.3. It should be emphasized that regression (5)
must be compared with (6) and not with (4).

An additional problem should be mentioned. In expression (5) water is
represented by its DNy, = 33. This value was estimated from the regres-
sion of DN versus 6>Na (NMR spectra) uncorrected for magnetic suscep-
tibility;s3 the corrected value is about 38. If we use the latter value,
correlation (5) is visibly improved as ‘

logK, = (~0.150  0.054)DN + (8.27  1.35) (7)

with r=0.939, F =45.0.

Thus it may be thought that DN is a poorer descriptor of the medium
effect than AG? as was suggested?”’ The answer is rather not. Although
both these parameters are colinear to some extent, application of DN seems
to be more successful in the description of solvent influence on the com-
plexation of alkali metal cations by coronands. This conclusion is particu-
larly valid for non-proton donating liquids for which appropriate donor
numbers are unequivocally defined.
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