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The reactions between alkali and alkaline earth metal ions
and nickel(Il) macrocycles based on S-alkylated isothiosemi-
carbazides with different crown ether cavity size were stud-
ied in propylene carbonate by spectrophotometric and calori-
metric titrations. Metallomacrocycles 1 and 2 exhibit normal
behavior on 1:1 complexation with alkali- and alkaline earth
metal ions and resemble in this respect 15C5 and 18C6, re-
spectively. The most stable complexes are formed by these
“ligands” when the diameter of the cation and the crown
ether hole have approximately the same size. The most
striking feature of the complexation processes studied is the
formation of 1:2 metal-ligand associates even in the case of

the smallest cations. These associates are very different from
“normal” crown ether sandwich complexes. In reality, the
particle formed is an associate between a 1:1 complex, in
which the corresponding metal ion is well accommodated
inside the ligand cavity, and a second metallomacrocyclic
ligand. Their formation is disfavored by enthalpic contribu-
tions. A special kind of “switch” from these associates to nor-
mal sandwich complexes takes place in the case of 1, when
the cation diameter compared to hole size increases. The
macrocycle 2 forms this kind of associates with all akali and

The complexation of cations by crown ethers and other
macrocycles in different solvents has been subject of numer-
ous publications. These investigations were reviewed by
Tzatt et al.Il:21. At the same time complexation properties of
neutral metallomacrocycles with respect to metal ions were
studied much less extensively®l. One of the reasons is the
lack of positive cooperativity in binding two metal ions,
Quite recently, however, a positive cooperativity in the bind-
ing of 3d and alkali metals was reported®. Without the
knowledge of the thermodynamic parameters, it is not pos-
sible to get an insight into the factors influencing the selec-
tivity and the complexation behavior of such metallomacro-
cyclic receptors.

In this paper we report on the thermodynamics of alkali
and alkaline earth metal ion complexation in a dipolar ap-
rotic solvent, propylene carbonate, with metallomacrocycles
1 and 2, differing in the number of oxygen donors and
crown-ether cavity size.

Results and Discussion

Interactions between metallomacrocycles 1 and 2 and al-
kali and alkaline earth metal ions were studied by spectro-
photometric and calorimetric titrations. Examination of the
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electronic absorption spectra during titration indicated that
the following complexation reactions proceed in solution:

M"* + NiL = MNiL"*
MNIL"* + NiL = M(NiL)s*
The stability constants K| and K, are given by:
K = [MNiL"J[M"*][NiL] K, = [M(NiL)#"Y[MNiL"*][NiL]

The most illustrative curve, reflecting the presence of two
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complex species (1:1 and 1:2) in solution is shown in Figure
1. The values of logK, AH and TAS for the complexation
of alkali and alkaline earth metal ions by the two different
(in size and number of oxygen donors) metallomacrocycles
are summarized in Table 1.

Figure 1. Absorbance of solutions containing metallomacrocycle 1
(c= 6.0 - 1073 M) with different concentrations of Ba(II) salt in
propylene carbonate at 25°C
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The data show that upon complexation of the 1:1 type
the investigated metallomacrocycles 1 and 2 behave in an
analogous manner to crown ethers!>,

The stability of the 1:1 species depends mainly on the fit
of the metallomacrocycle cavity size to cation diameter. If
the cavity and cation dimensions are comparable or equal,
the ligands form very stable complexes. In this case optimal
interactions between all the ligand donor atoms and the
complexed cation are possible. Thus, the most stable 1:1
complexes are formed between macrocycle 1 and Li*, Na™*,
and K. The formation of these 1:1 complexes is ac-

M. T. Reetz, V. B. Arion, R. Triiltzsch, H.-J. Buschmann, E. Cleve

companied by the highest values of the reaction enthalpies
in comparison with the other alkali metal ions. Cations
which are too big to fit into the cavity are not able to inter-
act optimally with all donor atoms. In this case the com-
plexed cation is located above the crown ether oxygen mean
plane. As a result, a reduction in the values of the reaction
enthalpies is expected, as can be seen for reaction of 1 with
Rb* and Cs*. The general trend of AH changes during
complexation of 1 with alkali and alkaline earth metal ions
is analogous to complexation of 15C5 with corresponding
metal ionsl®l. System 2 in this tespect is very similar to 18C6
(except for Li*")!. More insight into the reactions taking
place in solution is possible for the complexation of K* and
Ba?* since both cations are almost identical in size. This
means that all other factors influencing the values of the
entropic contributions are constant (e. g. deformation of
the metallomacrocycle, changes in the number of particles
during the reaction, except the differences in solvation of
cations). The selectivity towards 1:1 complexation of 1 with
Ba2" exceeds two orders of magnitude when compared with
that for K*. The difference of the TAS values of both cat-
ions at 25°C is as follows:

A(TAS) = TASy- — TASy+ = 25.7 kJ mol™!

The difference is connected, as was outlined above, only
with differences in the solvation number of both cations.
The entropy of fusion for propylene carbonate at 25°C was
estimated to be 9.0 kJ mol™ '), If we use this value an ap-
proximate estimation of the difference in the number of sol-
vent molecules liberated during complex formation of both
cations is possible:

A(TAS) TASsusion = 2.9

Table 1. Thermodynamic parameters for the complexation reactions of the metallomacrocycles 1 and 2 with alkali and alkaline earth
metal ions in propylene carbonate (units in kJ-mol™})

Cation Cation  Metallo- Log K, LogK, - ZAH; - AH, TAS, - AH, TAS,
radius macro-
cycle

Li+ 0.68 1 > 5l o] 153+05 23702 -85+07

Nat 0.97 1 8.20+0.6 399+04 233+03 261+04 205+38 -28+07 256+30
Kt 1.33 1 5.49+0.4 749+04 70306 267+05 45+1.8 436+11 -10+12
Rb* 1.47 1 <1 9.44+03 74405 19.7+03 547+08 -1.1%09
cs* 167 1 <2 875+03 722408 13006 502+14 -95+03
Mg*tt  0.66 1 263+0208 P 271+03 217+05 -68%06 54+0.8

catt 099 1 5.88+ 0.3 3.38+03 318:+05 115+04 21.9+13 20309 -1.1208
Sttt 112 1 6.28+0.4 305+02 290+04 140+06 21.7£17 15.0+1.0 23+02
Batt  1.34 1 8.16 £+ 0.3 612+02 331206 161+0.3 303114 17.0+£09 ~ 17.8+0.3
Li+ 0.68 2 195+03 483106 -28.8+0.9

Nat 0.97 2 7.19+0.6 <4 72+02 230+08 17.9t27 -168+1.0

K+ 1.33 2 101+04 385+0.3 -28.4+07

Rb* 1.47 2 102102 359+0.8 -25.7+1.0

Cs* 1.67 2 16.0+01 324+02 -16.4+0.3

Mg**  0.66 2 3.91+0208 B 13303 186+0.2 36+1.0 -53+05

Ccatt 099 2 518+ 0.4 326+02 184+04 227+3.0 67+15 -43+34 229+45
Srtt 112 2 526+ 0.4 352+02 202+13 280+0.1 1.9+2.1 -78+14 278+25
Batt  1.34 2 542+0.3 368+02 246+04 492+03 -184+14  -246+07 455+19

a1 According to calorimetric titration. — ! Not determinable.
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This number indicates that approximately 3 molecules of
solvent are set free upon complexation of Ba®>* compared
with K*. These findings are in accordance with the differ-
ences in the solvation number of Ba?*™ and K%l This is
similar to the behavior of crown ethers upon formation of
1:1 complexes with alkali and alkaline earth metal ions.

The situation becomes more complex when considering
1:2 metal ligand complexes (Table 1). This is due to the
fact that different types of such complexes are possible, as
illustrated schematically in Figure 2. It needs to be pointed
out that associates a), b), ¢), and d) imply n—n interactions
between the & systems of the ligands, and not Ni-Ni interac-
tions.

Figure 2. The possible kinds of 2:1 complexes and associates
formed in solution between metallomacrocycles 1 and 2 and alkali
and alkaline earth metal ions
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It is not surprising that by increasing the metal ion size
the tendency to form 1:2 complexes of the sandwich type
with metallomacrocycle 1 increases as well. Thus, by the
interaction of Rb™ and Cs* with 1 stable 1:2 complexes
(see Table 1) are formed, which is in accordance with the
classical concept of “ion-cavity” size compatibility. The for-
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mation of this kind of complex is favored by enthalpic con-
tributions. Schematically, this corresponds to the case illus-
trated in Figure 2a. In the case of Sr>* and Ba’?* the en-
thalphies for the formation of 1:1 and 1:2 complexes are
identical within experimental error. This means that the in-
teractions of the second ligand with the complexed cation
are not influenced by the first ligand.

It should be noted that already in the case of the 1:1
complex of Ba(CF3S03), and 1 the alkaline earth metal ion
is displaced from the mean plane of the polyether oxygen
atoms by 0.601 A, as revealed by X-ray diffraction!'?,

The main peculiarity of the complexation process of the
investigated “ligands” with alkali and alkaline earth metal
ions is the formation of complexes (or associates) of the 2:1
type, even in the case of smallest cations, such as Li*, Na™,
Mg?* (Table 1). Such a behavior has not been observed pre-
viously in any other ligand system. Ligand 2, larger in size
and number of donor atoms, forms such kinds of 2:1 as-
sociates with all alkali and alkaline earth ions. However,
the second metallomacrocyclic ligand practically does not
interact with a complexed cation accommodated inside the
cavity of the first ligand, as indicated by the positive AH
values. Figure 2b shows schematically one of the possible
variants of such 2:1 associates. If we take into account the
thermodynamic data given in Table 1, the formation of the
other kinds of species presented in Figure 2 appears less
probable, although at present this cannot be proven unam-
biguously. If the radii of the complexed cations are much
larger than the cavity radii, the respective ligands of the 2:1
complexes are not expected to have any appreciable interac-
tions. Thus, the ligands of the kind of species represented
in Figure 2a are likely to rotate with formation of the type
of species illustrated in Figure 2e, i. e, they are equally
probable. The measured values of the reaction enthalpies
for the formation of 1:1 and 2:1 complexes with ligand 1
and Sr?>* and Ba?™ support this interpretation. If the values
of the reaction enthalpies for the formation of the 2:1 com-
plexes are higher than the corresponding values for the for-
mation of the 1:1 complexes as in the case of ligand 1 and
K™, then this may be caused by changes in the solvation of
the cation due to the 2:1 complex formation or additional
interactions between both ligands (Figure 2a). Therefore,
the structure given in Figure 2¢c may be an intermediate
because 1t is energetically less favored when compared with
that shown in Figure 2a. Steric hindrance between the met-
allomacrocycles might be expected to favor the formation
of sandwich species depicted in Figure 2e, as shown by Beer
in other systems!'!l. However, in view of the X-ray diffrac-
tion data of 1 which reveal n—n stacking!!”), such a possibil-
ity is less likely.

If the radii of the cations are small with respect to the
cavity dimensions, the formation of associates as in Figure
2b can be supposed. The structure shown in Figure 2d may
be an intermediate in the formation of associates shown in
Figure 2b. On going from the structure shown in Figure 2d
to that one in Figure 2b, some of the solvent molecules
near the cation and around the ligands are set free, and the
reaction is favored by entropy. The same is true with the
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possible structure shown in Figure 2d as an intermediate
only in the formation of the associate given in Figure 2b.
In Figure 2f no interactions between the small complexed
cation and the second ligand are possible. Therefore this
structure will not really exist.

It should be noted that in the absence of metal ions an
association of the metallomacrocycles does not take place.
This conclusion is supported by the fact that the Lambert-
Beer law is fulfilled for solutions of 1 and 2 in propylene
carbonate in the used range of concentrations. The presence
of positively charged ions in solution reduces the repulsions
between donor atoms of the corresponding metallomacro-
cycle molecules and in such a way contributes, perhaps, to
the formation of 2:1 associates. In particular, the following
argumentation seems plausible. From the entropic point of
view, the 2:1 complexation in the case of both kinds of met-
allomacrocycles, and especially in the case of ligand 2 (with
bigger size of crown ether cavity), is unfavorable. However,
the loss of entropy arising from molecular association is
compensated by the gain in entropy from the favorable n—=
interaction between conjugated di(salicylidene)isothiosemi-
carbazide parts of the molecules, a release of water, and
releasing solvent molecules liberated upon desolvation of
metallomacrocycles, forming corresponding dimeric units.
Such n—m interaction is thus likely. Indeed, an X-ray struc-
tural analysis of some closely related systems shows stacked
structures!'?13, The same situation is revealed in the case
of 1. According to the X-ray diffraction!? the molecules 1
pack in pairs about centers of symmetry, with the coordi-
nation planes of the Ni atoms lying parallel to one another
and separated by 3.4 A. Note that this separation between
the parallel moieties is considered to be optimal for n—n in-
teractions!!#,

We were not able to obtain supportive evidence for n—=
interactions in solution by NOESY-NMR experiments. So
the results presented above do not allow an unambiguous
decision as to the nature of the 2:1 species. However, the
thermodynamic data are compatible with the proposed
structure of 2:1 associates (Figure 2b). Moreover, even in
the most favorable circumstance of a suitable stacking ge-
ometry only weak interligand NOEs are to be expected.

Finally, we want to stress once more that the kind of
dimeric associate formed depends mainly on the diameter
of the cation. When the cation is small with respect to the
hole size of the crown ether moiety of the metallomacrocy-
cle, a novel 1:2 associate as shown in Figure 2b is as-
sembled, in which there is no interaction between the metal
ion of the 1:1 complex molecule and the second metallo-
macrocyclic ligand. If the cation is larger than the cavity
size of metallomacrocycle, then a switch to the “normal”
1:2 sandwich complex (Figure 2a) takes place.

This work was supported by the Deutsche Forschungsgemein-
schaft (Leibniz-Programm). V. B. A. thanks the Alexander-von-
Humboldt-Stiftung for a research fellowship.

Experimental

Chemicals: Complexes 1 and 2 were obtained in two steps from
the corresponding nickel-barium complexes as described below.
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3,3’-(3,6-Dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde)
and 3,3'-(3,6,9-trioxaundecane-1,11-diyldioxy)bis(2-hydroxybenz-
aldehyde) were obtained as described in ref.{!],

S5-(Methylthio)-13,16,19,22-tetraoxa-3,4,6-triazatricyclo-
[21.3.1.1%12 Joctacosa-1(27),2,4,6,8,10,12(28),23,25-nonaene-
27.28-diolato(2—) N>, N°,0°7,0°8 Jnickelbarium(2+ ) Bis( trifluoro-
methanesulfonate) [NiBaL(CF3S03),]: To a refluxing solution of
Ba(CF;503), (0.87 g, 2 mmol) in CH;OH (200 ml) were added
dropwise a solution of 3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-
hydroxybenzaldehyde) (0.78 g, 2 mmol) in THF (25 ml) and a solu-
tion of S-methylisothiosemicarbazide hydroiodide (0.47 g, 2 mmol)
in CH;0H (25 ml) over a period of 4 h under inert gas. The re-
sulting yellow-orange solution was heated at reflux for 15 min after
which time a solution of Ni(CH;COO), - 4 H,O (0.50 g, 2 mmol)
in CH3;0H (25 ml) was added in one portion. Subsequently, the
dark red solution was cooled to room temp., then concentrated to
75 ml and saturated with pentane (40 ml). The red product crys-
tallized; it was filtered off and washed with CH;OH/pentane (2:1).
Yield 0.65 g (34%). — CyH,3BaF¢N3NiO,,S;5 (951.7): caled. C
30.29, H 2.44, N 4.55; found C 30.33, H 2.51, N 4.55. — '"H NMR
([Dg]DMSO): &= 9.12 (s, 1H, CH=Nyy4rasinc). 8.89 (s, 1H,
CH=Nnioamide)s 7.96.9 (m, 6 H, ArH), 4.28 (br. s, 4H, ArOCH,),
3.99 (br. s, 4H, OCH,), 3.88 (s, 4H, OCH,), 2.79 (s, 3H, SCH,).
— MS, m/z: 802 [M* — CF;3S0,].

Synthesis of 1: A suspension of NiBaL(CF;50s), (0.32 g) in
CHCI; (40 ml) was stirred with a solution of guanidinium sulfate
(1.0 g) in H,O (40 ml) for 2 h. The organic layer was separated,
dried with MgSQ, and concentrated. The product was precipitated
with hexane. Yield: 0.10 g (50%). — C3,H,sN3NiO,S (534.2): caled.
C 49.46, H 4.72, N 7.87; found C 49.05, H 4.34, N 7.99. — 'H
NMR (CDCl3): & = 8.09 (s, 1H, CH=Npyurazine), 7.86 (s, 1H,
CH=Nivamide)» 7.0—6.85 (m, 2H, ArH), 6.85—6.7 (m, 2H, ArH),
6.6—6.5 (m, 2H, ArH), 4.15-4.05 (m, 4H, ArOCH,), 4.05-3.95
(m, 4H, OCH,), 3.94 (s, 4H, OCH,), 2.72 (s, 3H, SCH;). — MS,
mlz: 515 [M"* — 18]. The structures proposed for NiBaL (CF;SOs),
and 1 are confirmed by X-ray diffraction studies!*"!.

Complex 2 was obtained in the same way as 1. Yield 0.88 g
(76%), m. p. 165—167°C. — CpyHoN;3NiOgS (578.3): caled. C
49.85, H 5.05, N 7.27; found 49.43, H 546, N 6.93. — 'H NMR
(CDCly): 6= 8.09 (s, 1H, CH=Npygazine)s 7.87 (s, 1H,
CH=Nioumide)s 7.0—6.8 (m, 4H, ArH), 6.6—6.5 (m, 2H, ArH),
4.2—-4.0 (m, 8H, OCH,), 3.9-3.75 (m, 4H, OCH,), 3.75—3.6 (m,
4H, OCH,), 2.70 (s, 3H, SCHs), 2.11 (br. s, 3H, H,0). — MS,
mfz: 559 [M* — 18].

The alkali metal tetraphenylborates were prepared and purified
according to literature procedures!!'. Heptafluorobutyrates were
prepared by adding the solid alkaline earth hydroxides to a concen-
trated aqueous solution of heptafluorobutyric acid (Aldrich) until
no further dissolution of the hydroxide could be observed. The resi-
due was washed with dichloromethane and dried in vacuo. Dry
propylene carbonate (Aldrich, max. 0.005% water) was used as sol-
vent for spectrophotometric and calorimetric titrations. Al other
chemicals were reagent grade and were used without further purifi-
cation.

NMR spectra were recorded in CDCl; with TMS as internal
standard. Positive ion fast atom bombardment (FAB) mass spectra
were obtained with m-nitrobenzyl alcoho! as a matrix.

Spectrophotometric Titrations: A Varian Cary 5 spectrophoto-
meter was used for spectrophotometric titration. Absorbance of the
metallomacrocycles 1 and 2 (¢ = 6.0 - 1073—7.0- 107 m) in propyl-
ene carbonate as a function of the concentration of metal salt ad-
ded was measured at 305 nm (Na*, Rb*, Ca®*, Sr*"), 311 nm
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(Ba®*), 395 nm (K*, Cs™) in the case of 1 and at 298, 302, 304 nm
(Ca?*, Sr?*, Ba?") in the case of 2 at 25°C. A matched pair of
quartz cells with a path length d = 1.000 cm was used. Absorbance
A at a constant wavelength in the case of 1:2 metal-ligand complex
formation is described by the following equation:

A= d(EN,’L[NiL] + S'ﬂINiL[MNiL”*] + E’I{/}L(NiL)Z[M(NiL)YZ'+])

where en;, €8inie and efiiniLy, are the molar extinction coefficients
and [NiL], [MNiL"*], and [M(NiL),”*] the molar concentrations
of the “ligand” and the complexes formed. The unknown stability
constants K; and K, and extinction coefficients effn;. and
€Xfinivy, were calculated by least-square methods!'él. The molar ex-
tinction coefficients of the ligands used were calculated from inde-
pendent measurements. The experimental points as obtained typi-
cally for the complexation of Ba?* by the metallomacrocycle 1 to-
gether with the fitted curve are shown in Figure 1.

Calorimetric Measurements: A Tronac model 450 precision
calorimeter was employed to measure the reaction heats at 25°C.
The titration and calibration procedures were similar to those de-
scribed in the literaturel!”!%), In particular, the titrations were per-
formed by adding metallomacrocycle solutions of concentration
0.01 M at a constant rate to 40 ml of propylene carbonate contain-
ing an excess of the respective metal salt in order to provide the
exclusive formation of 1:1 complexes. To determine ZAH, the ti-
trations were performed by adding a metal salt solution of concen-
tration 0.001 M to an excess of the corresponding metallomacrocy-
cle in 40 ml of propylene carbonate. Each titration was repeated at
least twice. The heats of dilution, determined in separate runs, were
negligible in the concentration ranges of metallomacrocycles and
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metal salts used. The enthalpy changes for the systems were calcu-
lated by using the least-square program!!7),
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