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Summary

The complex formation of some divalent 3d- and trivalent 4f-metal ions with
four macrocyclic ligands has been investigated in methanol/water 95 :5 by use of
alkalimetric titrations. In contrast to alkali and alkaline-earth cations the obtained
stability constants are quite low. The reasons of this effect are discussed.

In recent years macrocyclic ligands have aroused considerable interest and the
diazapolyoxa macrocycles probably represent one of the more interesting series of
synthetic substances of this type. They have been obtained by Lehn et al.[1][2] and
form very stable complexes with different alkali and alkaline-earth cations. Their
stability constants are of comparable magnitude with those obtained by the most
powerful known non-cyclic multidentate ligands [3-6].

Some years ago we undertook an investigation on the stability of the complexes
between 3d- and 4f-metal ions and these ligands. Since these complexes are not
quite stable in aqueous solution we used methanol/water 95:5 (v./v) as solvent [4].
Indeed, in this medium the stability constants of the complexes are some orders of
magnitude higher than in water {2]. In the meantime three publications have ap-
peared on the formation of the 3d- and 4f-metal complexes but in aqueous solution
[7118] and of the Cu?* and Zn’>* complexes in absolute methanol [9].

This paper reports the study of one monocyclic and three bicyclic diamine
ligands, i. e.[2.2],[2.1.1], [2.2.1] and [2.2.2] respectively, using Lehns symbolism [2].
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Experimental. — Ligands 2, 3 and 4 (Merck) were used without further purification. The ligand 7 was
synthesized following the method of Lehn et al [1]. The inert salt, tetramethylammonium chloride (Flu-
ka, puriss.) was recrystallized from methanol/acetone and dried under vacuum for 48 h at room temp.
before use. Tetramethylammonium hydroxide was prepared as already described [10]. Methanol (Fluka,
puriss.) was flushed with N, before use. The solvent used was a mixture of methanol/water 95:5 ob-
tained by taking 50 ml of water and adding methanol up to a total volume of 1000 ml [4]. Metal chlorides
and cadmium nitrate (Merck or Fluka, p. a.) were used.

For the determination of the protonation and the stability constants (K}, K, and Ky ), solutions of
the protonated ligands (0.002 M)

H+ + L & HL* K, = [HLV(H]LD (N
H+ +HL* <+ H,L2+ K, = [H,LVI(HL][H] 2
Mz+ + L &= MLzt Ky = IML)/(IM] [L]) 3)

alone and in presence of the investigated metal ion (M2+, 0.002m) were titrated with strong base. The pH
of the solution, defined in the concentration scale (pH =-log [H *+]), was measured with the following
cell:

Test solution Reference electrode
Glass electrode I=0.1 ((CH;3)4NCI]) 0.1 M (CH3)4NC], Hg,Cly(s),
Hg(1)
MeOH/H,0 95:5 MeOH/H,0 95:5

Because of the use of solutions of very similar compositions for the reference electrode and for the test
solution, diffusion phenomena can be neglected. The calibration of the cell was done with HCl-solutions
at J =0.1 ((CH,)4NCI) by titration with 0.1 M tetramethylammonium hydroxide. From the results of this
titration in basic solution it was possible to obtain the ionic product [H] [OH] = 10-15-00 valid for the con-
ditions used: 7=0.1 and 25°C. Care should be taken in order to maintain unaltered the ratio MeOH/
H,O in the measured solution: a change of the ratio MeOH/H,O causes a strong pH-change of the solu-
tion, e. g. for a 95:5 solution addition of 1 vol% H,O causes a change in the potential of 5 mV, which
corresponds to 0.09 pH units. As the complexes of the 4f-cations are formed slowly a batch procedure
was used. A series of solutions with the same quantity of protonated ligand and cation but different quan-
tities of strong base were measured till a constant pH-value was obtained. To obtain equilibrium in the
case discussed (La3*) one month was necessary. Using the same tedious procedure, the formation of hy-
drolytic solid products was observed for the bicyclic ligands and the following cations: Pr3+, Yb3+,
Gd3+, Sm3+ and Th4+. With [2.2.1] and [2.1.1] hydrolysis occurs also for La3+.

The protonation and stability constants were calculated using, in all cases, appropriate programs on
a CDC (6500-6400) computer by the method described elsewhere [10-12].

The error in the logarithm of the constants is estimated to be approximately 0.1 for the reasons given
above.

Results. — The stability constants obtained, together with some literature values
arereported inthe Table. The values for other cations, in some cases as a result of new
measurements, have been included for comparison. In general it was difficult to
obtain accurate values for the constants of the equilibria involved. This is due to the
very limited pH range in which complex formation occurs without competing pro-
cesses, such as the formation of weak protonated species and hydrolysis involving
hydroxo species. The situation is not improved even when the more powerful ligand
[2.2.2] is used. Some of the 3d- and 4f-cations showed a similar behaviour also in
aqueous solution [7] [8]. For complexes of the 4f trivalent cations with the bicyclic
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ligands, all values which can be obtained with reasonable accuracy are given. The
reluctance of the cryptands to form such complexes has been reported in the litera-
ture [13-17]. Indeed their salts are, in general, only obtained working with anhy-
drous solvents. Because of the strong basicity of the ligands, these salts in presence
of water form the protonated ligand H,L>* with precipitation of metal hydroxide.
For this reason, the stability constants of the 4f cations of Burn & Baes (Table)[8] for
aqueous solutions are unexpected. However, calculations show that at the given
pH-values of the equilibrated solutions ( < 6.4), less than 10% of the metal ion lies as
complex ML3+. Probably, under these conditions, metal hydrolysis can be avoided
but the very limited range of measurement can be dangerous for the interpretation
of the results. In comparison, in our measurements of Ce** and La** with 4 up to
75% of the metal was present as 1:1 complex.

A further complication is the low rate of complex formation observed by alkali-
metric titration: after addition of a small quantity of tetramethylammonium hydrox-
ide, which corresponds to the neutralisation of 10% of the diamine, several days are
necessary to obtain a constant pH-value. In other cases some precipitation of metal
hydroxide occurs. On the other hand, the complexes once formed, also show great
inertness: no dissociation of Lal** is observed if an acidified solution at pH =3 was
left one day at 60°C. Under these conditions, on the basis of the measured stability
constant, the complete disruption of the complex is expected.

Discussion. — The macrobicyclic ligands 2, 3 and 4 form with alkali and alkaline-
earth cations (1: 1)-complexes of unexpected high stability even in aqueous solution
[1-6]. As found here and elsewhere [7], this seems not to be the case for the divalent
3d- and the trivalent 4f-cations. Indeed, with these metal ion complexes organic
solvents are more appropriate and sometimes necessary for the equilibrium mea-
surements and for the synthesis. This arises because, in these media, the stability
constants are more than two orders of magnitude higher with respect to those in wa-
ter, and side reactions are generally less frequent.

The destabilizing effect of the ligands investigated on complex formation with
copper(Il) in water appears in unequivocal manner from the graphical plot of the
values of the stability constants of the (1:1)-complexes with these and other dia-
mines [7] [18] vs. the product of the protonation constants K, - K; of the ligands (Fi-
gure). A straigth line can be drawn between the points obtained, giving approxi-
mately the dependence of the basicity of the ligands on the stability of their (1:1)-
Cu(II)-complexes. For a diazapolyoxa ligand having similar protonation constants
such as ethylenediamine (en [18]) a stability constant of 10%8 is expected, i. e. a value
which is four orders of magnitude lower than that for copper ethylenediamine. The
plot of Figure shows that, for copper(II), the bicyclic ligands are not particulary pre-
ferred with respect to the monocyclic ligand [2.2). Only for the copper(Il) complex
with [2.1] the destabilization is lower. For the other divalent 3d-cations, because for
the lower values of their stability constants with ethylenediamine, the same destabi-
lization would lead to systems in which hydrolytic processes would prevail over
complex formation.
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Figure. The stability constants of the (1:1)-Cu(1l)-complexes of diamines vs. their overall protonation
constants

The formation of weak complexes in the case discussed can be also explained
calculating for the ligands 1 to 4 the apparent conditional K’ =[ML/([M] [L]) at
pH="7 [19]. The calculations give K’ values between 10%% and 10*3 which corre-
sponds for an excess of ligand of 5- 10~ to a concentration of the free copper from
0.3 to 0.1-[Cu]. If also the hydrolysis of the copper ions is considered, i. e. the forma-
tion of Cu,(OH),2* ([Cu,(OH),J[HJ*/[Cu]? = 10-199[20)), it appears that the amount of
this species could reach values between 60 and 6% of [Cu],. Summing-up, the com-
plexation of these ligands takes place, for millimolar solutions, in a pH range in
which also hydrolysis of the Cu(II)-ion occurs.

Some difficulties in the coordination of Ca?* (r=1.06 A) by [2.2.2] are also
apparent from X ray data of the bromide complex salt. Indeed, already for this
cation, the ligand [2.2.2] ‘has not enough flexibility to adjust to the small size of the
alkaline-earth cations’ [21]. It is therefore expected that these difficulties will in-
crease in the case of the much smaller divalent cations with r=0.8 to 0.7 A. Further-
more, these cations are more strongly stabilized, with respect to the alkaline-earth
cations, by hydration and show, as aqua ions, weak tendency to bind the macrocyc-
licligands 1to 4. Probably a similar situation also accounts for the slight tendency of
trivalent 4f-cations to coordinate the macrocyclic ligands 2 to 4. In conclusion, the
selective and efficient coordination of the ligands 2 to 4 with alkali and alkaline-
earth cations is mainly due to the cationic hydration terms (A H, and AS,) which
make the above ligands competitive with respect to water. However, already for the
small Mg?+-ion, the stability constant is too low. The enthalpy and the entropy of



HEeLvetica Cummica Acrta - Vol. 64, Fasc. 6 (1981) — Nr. 167 1795

hydration decreases strongly for highly charged (4f trivalent) and for small (3d diva-
lent) cations in such a way that the uncharged ligands 2 to 4 are not able to substitute
the coordinated water molecules even if this reaction were to cause an appreciable
entropy increase [6). Within the lanthanide cations, only the first two members of the
series, La(I1I) and Ce(III), form quite stable complexes with the ligand 4 but already
for Pr(III) hydrolytic products are observed. It is therefore conceivable, that already
for Ce(II1) the solvent can partly compete as ligand, making the effective coordina-
tion with the bicyclic ligand more difficult, in such a way that the difference in the
constants Ky, of La(IIT) and Ce(III) can be justified.

In contrast to the ether O-atom, the negatively charged carboxyl O-atom is more
competitive for the investigated cations. Leaving in [2.2.2] only one dioxa bridge
unaltered and substituting four CH,-O-CH, groups with four carboxylate groups
the flexible EGTA is obtained. It is also an octadentate ligand and forms quite stable
complexes with the 3d divalent and 4f trivalent cations [21].

CH,-COO" ~0OC-CH;
NZCH;—CH;yO-CH—~CH;O-CHy—CH—N EGTA
CH,-C0O0" -00C - CH;

The author wishes to express his gratitude to Mr. B. Riittimann for his help in the experimental
work.
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