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d- or f-mononuclear and d,f-heterodinuclear complexes with
the [1+1] asymmetric compartmental macrocycles HjyL,,
H,Lg, Hy,Lc or HyLp, derived from the condensation of 1,2-
diaminoethane or 1,3-diaminopropane with 3,3'-(3-oxapen-
tane-1,5-diyldioxy)bis(2-hydroxybenzaldehyde) or 3,3'-(3,6-
dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde),
have been synthesized and characterized, including by
single-crystal X-ray structural determinations. The influence
of coordinating size and the number of donor atoms of the
two adjacent chambers on the preparation of stable d,f-heter-
odinuclear complexes has also been tested. The X-ray struc-
ture of the isostructural complexes [MLn(L)(Cl)3(CH3OH)]
(MLn = LaCu, LaZn, TbCu) shows the metal(i1) ion residing
in the N,O, site in a square-pyramidal coordination, the fifth

apical position being filled by a chloride ion, while each lan-
thanide(1n) ion is located in the O,0, site and reaches nona-
coordination by linking six oxygen atoms of the macrocyclic
ligand, two chloride ions and the oxygen atom of a methanol
molecule. Magnetic susceptibility data, complemented by
EPR spectroscopy, of the heterodinuclear complexes, studied
over the range 2-300 K, show a ferromagnetic coupling for
the CuGd complex, whereas, when comparing CeCu and
TbCu derivatives with the corresponding Zn derivatives, no
appreciable interaction could be detected for the former and
a ferromagnetic interaction seems to dominate in the latter.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

A wide range of compartmental ligands, containing ad-
jacent similar or dissimilar coordination sites, has been de-
signed and used in the preparation of mono- and polynu-
clear complexes and in studying the peculiar properties aris-
ing from the close proximity of the metal ions.!! =1

These ligands, acyclic or cyclic, often originate from the
condensation of appropriately designed formyl and amine
precursors. While the acyclic ligands are always asymmetric,
the cyclic ligands can be symmetric or asymmetric. X-ray
structural determinations or, when lacking suitable crystals,
mass spectrometry reveals conveniently their molecular
complexity.['916] Suitable infrared and NMR investigations
have added the information necessary to identify exhaus-
tively their nature.

Asymmetric compartmental ligands have received par-
ticular attention in the last decade as they can give rise to
specific molecular recognition at the two adjacent, different
compartments.l!'”~ 1] Thus, they can recognize two different
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metal ions; the resulting heterodinuclear complexes gener-
ally show considerably different chemical and physical be-
haviours from those derived from the sum of the related
properties of the single metal ions surrounded by the same
coordination moiety.

In addition, when homodinuclear complexes are formed,
the two metal ions can be varied by appropriate reactions,
i.e. the selective oxidation or reduction of one metal ion,
the further ligand coordination to one metal ion with the
consequent variation of the coordination polyhedron, etc.
These reactions, however, are difficult to fine-tune and often
do not occur. Further possibilities include the migration of
one metal ion from one site to the other to afford positional
isomers, the substitution of one metal ion by transmetall-
ation (inducing a consequent migration from one site to the
other), and modification of the coordination environment
about one metal ion through its oxidation or reduction.
These molecular movements can be reversed by changing
the reaction conditions or the external stimulus. Such sys-
tems are potential molecular machines, and several molecu-
lar or nanomolecular sensors or devices based on these pro-
cesses have been successfully proposed.?0—2]

We have investigated recently the coordinating properties
of [1+1] asymmetric cyclic Schiff bases derived from the
condensation of 3,3’-(3-oxapentane-1,5-diyldioxy)bis(2-
hydroxybenzaldehyde) or 3,3'-(3,6-dioxaoctane-1,8-diyl-

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3887



FULL PAPER

A. Caneschi, L. Sorace, U. Casellato, P. Tomasin, P. A. Vigato

dioxy)bis(2-hydroxybenzaldehyde) with a series of polyam-
ines. These ligands contain an N,O, or N3O, Schiff base
chamber and an adjacent O,O; or 0,04 crown-ether-like
chamber. They are particularly suitable for testing the
chemical preference of different metal ions in coordinating
one of the two adjacent coordination sites. Notably, d- or
4f-metal ions, when treated with these ligands, occupy the
Schiff base or the crown-ether-like chamber, respectively,
according to their “soft” or “hard” character.[>3~23

Conversely, in the presence of s-metal ions strongly coor-
dinated in the crown-ether-like chamber, an incoming lan-
thanide ion is forced into the Schiff base moiety, affording
well-defined heterodinuclear complexes without positional
isomers, as ascertained for the complexes [LnNa(L)(Cl),-
(CH;0H)].1?3! This chemical behaviour has been used suc-
cessfully to design and use these systems as suitable shift
reagents for the qualitative and quantitative recognition of
the sodium ion. The 2>Na NMR resonance of the sodium
cation is markedly shifted from that of the free ion by the
paramagnetic Ln"! centre, making the heterodinuclear
Ln—Na complexes very promising candidates for the devel-
opment of highly effective shift reagents for metal cations
of biological importance.[>6~ 28

Given the remarkable tendency of Schiff bases to coordi-
nate the d-metal ions, combined with the high preference of
the “hard” lanthanide(mn) ions for the crown-ether site, we
aimed to obtain positional pure heterodinuclear d,f com-
plexes and studied the physicochemical properties arising
from this aggregation. The two coordination chambers were
progressively enlarged to find the most appropriate donor
set configuration (coordination moiety) for pure, stable het-
erodinuclear d,f complexes.

Accordingly, the four macrocycles H,L s, H,Lg,H,Lc and
H,Lp were employed for the synthesis and physicochemical
characterisation of a series of d- or f-mononuclear and d,f-
heterodinuclear complexes. In particular, the X-ray single-
crystal structures of some of these d,f complexes with H,Lp
and their magnetic properties were investigated in detail.

The paper aims to verify whether the reaction pathway
of Scheme 1 can be followed, the difficulty encountered
with the different synthetic methodologies, the best fit of
the coordination chambers for the different metal ions and
the physicochemical properties resulting from the close
proximity of a d- and 4f-metal ion, particularly their mag-
netic behaviour.

Results and Discussion

Preparation of the Ligands and Related Complexes

The [1+1] asymmetric cyclic compartmental Schiff bases
H,LA, H,Lg, H,Lc and H,Lp were prepared by self-con-
densation of diformyl precursors 3,3'-(3-oxapentane-1,5-di-
yldioxy)bis(2-hydroxybenzaldehyde) or 3,3'-(3,3-dioxaoc-
tane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde)?3~23-29-31]
with an equimolar amount of the appropriate diamine (1,2-
diaminoethane or 1,3-diaminopropane). For the larger
macrocycles H,L- and H,Lp high-dilution conditions
(methanol/diethyl ether, 1:200) are necessary; when high-
dilution conditions are not employed, the [1+1] cyclic
Schiff bases are variously contaminated by [2+2] or higher
homologues.

These Schiff bases are yellow solids, stable in air, soluble
in CHCl; and CH3;0H, and slightly soluble in C,HsOH. A
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strong IR band at 1635—1627 cm ! due to ve—p, and the
absence of bands attributable to ve—o or vy, show that
condensation occurs. '"H NMR spectroscopy provided
further evidence of condensation reactions. In particular the
peaks at 6 = 9.94 ppm, due to the formyl protons (CH=
0), disappear and new peaks at 6 = 8.30—8.19 ppm, due
to the iminic protons CH=N, are clearly detectable. The
other peaks, due to aliphatic or the aromatic protons, also
vary because of the condensation reaction.

The [1+1] cyclic nature of H,LA*+*H,Lp was inferred by
FAB and ESI mass spectrometry, which clearly show two
peaks at the appropriate m/z value, characteristic of the pro-
tonated [MH]" and the cationized [MNa]™.

The macrocyclic Schiff bases H,L, H,Lg, H,Le and
H,Lp contain two adjacent coordination sites, one N,O,
and one 050, or 040,, that are sufficiently different to give
rise to two different, well-defined complexation reactions
with a d- or 4f-metal ion. The N,O, Schiff base site is filled
exclusively by the d-metal ion while the 4f-metal ions, owing
to their “harder” character, invariably coordinate the
crown-like 0,03 or 0,04 chamber. The small Schiff base
cavity is unsuitable for 4f-metal ion encapsulation; con-
versely, the “crown-ether” character of the other chamber
does not favour the coordination of d-metal ions. The result
is the formation of pure positional mononuclear isomers.

The appropriate diformyl derivative, 3,3'-(3,6-dioxaoc-
tane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde) or 3,3'-(3-
oxapentane-1,5-diyldioxy)bis(2-hydroxybenzaldehyde), re-
acts in methanol in a 1:1 molar ratio with 1,2-diamino-
ethane or 1,3-diaminopropane in the presence of the desired
transition metal(r) chloride or acetate (Cu?™, Ni**, Zn>*)
or lanthanide(mr) chloride hydrate to form the correspond-
ing mononuclear complexes M(L)-nH,O or [Ln(H,L)-
(H>0)4](Cl);. The crude product was recrystallised from an
alcoholic solution and then characterized by the usual
methods.

In particular, when copper(i) salts were used, the com-
plexes [Cu(L)]'H,O were obtained, as confirmed by ESI
mass spectra, which exhibits the parent peak [Cu(L)]" at
the appropriate m/z value. With the other metal ions M(L),
M(HL)(X) or M(H,L)(X), (X = CI~ or CH5COO) are ob-
tained, depending on the experimental conditions. In strong
basic media the complexes M(L)-nH,O are obtained. These
data are in line with a parallel potentiometric study show-
ing that the different complexes [M(H,L)]>*, [M(HL)]" and
[M(L)] are the predominant species in particular pH
ranges.l’?! These investigations also prove that the coordi-
nation of a metal ion (i.e. Cu®") strongly stabilises the
Schiff bases over a large pH range (2—12) and prevents
their easy hydrolysis. Interestingly, this result affords the
possible use of these systems in solutions usually forbidden
to the Schiff bases.

Although the preformed Schiff base can give rise to the
same d- or f-mononuclear complexes, when treated with the
appropriate metal salt the above template procedure has to
be preferred owing to the tedious and time-consuming pro-
cedure for obtaining the [1+1] macrocycle with acceptable
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purity. Moreover, template procedures increase considerably
the yield of the complexes.

The formation of the mononuclear complexes
[Ln(H,L)(H,0),](Cl); was inferred by IR spectra, where the
ve—n band was observed in the range 1637—1653 cm ™! de-
pending on the macrocycle and the lanthanide ion. NMR
spectra in CD3;0OD were useful only for diamagnetic or
weakly paramagnetic compounds, showing the HC=N sig-
nal at & = 8.87—8.74 ppm for the lanthanum complexes
and at 6 = 12.47—10.56 ppm for the cerium ones.

Proton migration from the phenol to the iminic group
upon complexation, which has been seen in other similar
compounds,*3 was not seen in these complexes — the ex-
perimental conditions (the use of methanol as deuterated
solvent) probably prevented this observation. Furthermore,
X-ray structures of H,Lg and [La(H,Lg)(H->0)4](Cl); show
the lanthanum(im) ion residing in the O30, chamber, in a
monocapped square-antiprismatic coordination environ-
ment, but does not allow us to define whether the protons
are linked to the phenolic oxygen atom or to iminic C=N
groups.®!! The same structure was found for other lantha-
nide(mr) complexes with H,Lg.

The three pathways summarized in Scheme 1 {reaction
of M(L)nH,O with LnCl;'nH,O, reactions of
[Ln(H,L)(H,0),](Cl); with metal(i1) chloride, one-pot
reaction} give rise to the same complexes although at times
with a different solvent content. However, it was verified
that the complexes [Ln(H,L)(H,0)4](Cl); are the most con-
venient “ligand” precursors and thus all the complexes were
prepared by using the second procedure. The other two pro-
cedures were successfully tested to verify their feasibility.
The one-pot reaction, in particular, clearly shows that these
ligands have the correct coordination moiety for simul-
taneous recognition of a d- and a 4f-metal ion.

However, notably, the stability, especially in solution, of
the heterodinuclear complexes [LnM(L)(Cl);(CH;OH)] var-
ies considerably when changing the coordination shape of
the two chambers. Thus, because the complexes
[LnM(LA)(Cl);(CH5OH)], though formed, are not stable
enough in solution and attempts to crystallise them failed,
we enlarged progressively the two bites. Again, with H,Ly
and H,Lc, the resulting heterodinuclear complexes are un-
stable in solution and tend to eliminate partially one of the
two metal ions. With the correct coordination shape, i.e.
with ligand H,Lp, enlarging the aliphatic chain from
CH,CH, to CH,CH,CH, in the N,O, chamber and chang-
ing the crown-ether chain from 0,05 to 0,0, with the ad-
dition of a —CH,CH,O— group, the resulting complexes
are very stable in solution and readily crystallised.

Heterodinuclear complexes have been synthesised by tre-
ating Ln(H,L)Cl;-nH>O in alcoholic solution with MCl,
(M = Cu, Ni, Zn) in the presence of Et;N. The solution
was heated slightly during stirring: a precipitate usually
formed after 20—30 min. The powder, collected by filtration
and washed with MeOH/Et,O, was then dissolved in an
alcoholic solvent. Slow diffusion of diethyl ether into the
resulting alcoholic solution produced crystals of
MLn(Lp)Cl3-nCH;OHmEtOH (Ln = La, Ce, Gd, Tb; n =
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0—1; m = 0—2). The IR spectra of MLn(L)Cl; show a
strong band (vc—y) in the range 1618—1638 cm ™' (NiLn)
or 1625—1647 cm ! (CuLn) with a general lowering, more
or less evident, compared to the Ln(H,L)Cl; compounds
owing to the coordination of the transition metal(i) ion
into the Schiff base site. '"H NMR spectroscopy was useful
only for characterizing diamagnetic and some paramagnetic
compounds. Interestingly, the coordination of M?* pro-
vokes a large shift of the C=N band (for LnNi at § =
19.38—19.45 ppm, for CeCu at & = 53.61 ppm), confirming
coordination in the Schiff base site. In these heterodinuclear
complexes the Nil ion is in a high-spin state; therefore, the
analogous Zn" compounds were chosen as diamagnetic ref-
erences in the magnetic studies reported below. SEM-EDS
analysis were very useful in confirming the homogeneity of
the complexes and the presence of the two metal ions in the
correct ratio (Ln/M/CI1 = 1:1:3).

In conclusion, the ligand H,Lp is designed correctly for
the formation of stable heterodinuclear LnM complexes.
Thus, while mononuclear complexes can be obtained with
all the macrocycles, the formation of heterodinuclear com-
plexes, and especially their stability in solution, strongly de-
pends on the experimental conditions and, above all, on
the size of the donor chambers. By obtaining pure, stable
heterodinuclear complexes we have clearly shown the need
for appropriate molecular design of the coordinating sys-
tems.

Crystal Structures of the Heterodinuclear Complexes

Crystals of La—Cu, La—Zn and Tb—Cu complexes
[LnM(Lp)(Cl)3(CH3;0H)] were obtained by slow diffusion
of diethyl ether in methanolic solutions. All three complexes
are monoclinic (space group P2,/n) and isostructural, with
four molecules in the unit cell (see Exp. Sect.). Figures 1
and 2 show ORTEP representations of the crystal structure
and the coordination surroundings of the only La—Cu
complex.

Figure 1. ORTEP diagram of the La—Cu complex showing the
atom-labelling scheme; thermal ellipsoids are drawn at the 50%
probability level; La—Zn and Tb—Cu complexes present an ident-
ical drawing

3890 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2. ORTEP diagram of the La—Cu coordination core show-
ing the atom-labelling scheme

The macrocyclic ligand presents two coordination com-
partments: an N,O, chamber and an 0,0, crown-like one.
Each lanthanide metal ion is located in the 0,0, site and
reaches the coordination number of nine by bonding six
oxygen atoms of the ligand, two chlorine ions and the oxy-
gen atom of one methanol molecule. O(3), O(4) O(5) and
O(6) are etheric, whereas O(1) and O(2) are phenolic. The
transition metal ions, copper and zinc, occupy the N,O,
chamber, the phenolic O(1) and O(2) atoms work as bridges
between the coordinated metal ions.

The dimension change of the coordinated metal ions has
little influence on the coordination geometry in the three
complexes. Tb3* (0.923A) is smaller than La3* (1.016 A)
and Cu?* (0.72 A) is smaller than Zn2* (0.74 A). Of the
five possible coordination polyhedra with nine vertices, the
tricapped trigonal prism and the capped square antiprism
are the most stable and common in the lanthanide com-
plexes. In our complexes, probably owing to the different
nature of the coordinated oxygen atoms [etheric, phenolic
and alcoholic, from O(1) to O(7)] and the presence of two
chlorine ions, none of the above polyhedra can represent
well the geometry around the lanthanide atoms. The best
would be an hexagonal bipyramid where the base is formed
by the two phenolic oxygen atoms and the four etheric oxy-
gen atoms. One vertex is a chlorine ion, CI(1), the other is
the mid-point between the second chlorine ion, CI(2), and
the oxygen atom of the coordinated methanol molecule.
The mean plane formed by the six oxygen atoms, O(1) to
O(6), presents deviations in the range +0.480 A [the largest
are +0.482 A, for O(1), and —0.440 A for O(4)] in both
the lanthanum complexes, while the deviations are within
+0.580 A (involving the same oxygen atoms) in the terbium
complex. The lanthanide ions, in all complexes, are dis-
placed by about 0.32 A from the mean plane toward the
Cl(2) and O(7) atoms (because of the larger hindrance of
these two atoms) in relation to the only chlorine atom
[CI(1)] present in the opposite side, which forces the macro-
cyclic ligand to assume an umbrella-like shape. There are
considerable differences in coordination bond angles on
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Table 1. Metal—oxygen and metal—chlorine bonds [A] and selected bond angles [°] in the coordination sphere of lanthanides

Donor atom
La—Cu complex

Central lanthanide ion (Ln)

La—Zn complex Tb—Cu complex

La La Tb

o(1) 2.460(4) 2.479(4) 2.370(8)
0(2) 2.521(4) 2.474(4) 2.447(8)
0(3) 2.710(4) 2.743(5) 2.655(8)
04) 2.571(5) 2.588(5) 2.480(9)
O(5) 2.662(4) 2.670(5) 2.589(10)
0O(6) 2.686(4) 2.679(5) 2.650(9)
O(7) 2.566(5) 2.618(6) 2.417(11)
CI(1) 2.804(2) 2.797(2) 2.671(4)
Cl(2) 2.818(2) 2.823(2) 2.700(3)
O(1)-Ln—0(2) 60.1(1) 61.7(1) 61.0(3)
O(1)-Ln—0(6) 60.8(1) 60.8(1) 62.2(3)
0(2)—-Ln—0(3) 59.6(1) 59.1(1) 60.7(3)
0O(3)-Ln—0(4) 60.6(1) 59.9(2) 61.1(3)
0O(4)—Ln—0(5) 61.2(2) 60.9(2) 62.7(4)
O(5)—Ln—0(6) 60.9(1) 61.0(2) 60.4(3)
Cl(2)-Ln—0(7) 73.9(1) 73.3(1) 75.4(2)
CI(1)-Ln—0(1) 99.3(1) 101.1(1) 101.3(2)
Cl(1)-Ln—0(2) 79.1(1) 80.1(1) 78.7(2)
Cl(1)-Ln—0(3) 74.2(1) 74.6(1) 73.3(3)
Cl(1)-Ln—0(4) 86.5(1) 85.6(2) 92.4(3)
Cl(1)-Ln—0(5) 76.0(1) 75.8(1) 74.8(3)
CI(1)-Ln—0(6) 81.5(1) 82.3(1) 80.3(2)
Cl(1)-Ln—0(7) 138.8(1) 138.7(2) 138.5(1)
Cl(1)-Ln—Cl(2) 146.92(6) 147.22(7) 145.7(1)

changing the lanthanide ion or the transition metal ion in
the complexes. Coordination bond lengths are affected by
the ionic radii, which decrease on going from the lantha-
num to the terbium ion and increase from the copper to the
zinc ion (Tables 1 and 2).

The butterfly shape adopted by the cyclic ligand around
the central ions has two phenyl rings as wings; they form a
dihedral angle of between 37.3 and 38.9° in the three com-
plexes.

The dihedral angles defined by M—0O(1)—0(2) and
Ln—0O(1)-0O(2) planes are similar in the La—Cu and
Tb—Cu complexes [16.5(2) and 15.4(2)°, respectively] but is
22.9(2)° in the La—Zn complex. In the complexes, copper is
more effectively replaced with zinc than lanthanum is with
terbium. The polyhedron around the transition-metal ions,
present in the coordination site N,O,, is well depicted as a
square pyramid, where the base is formed by the two phe-
nolic bridging oxygen atoms and by the two iminic nitrogen
atoms, and the apex is occupied by the third chlorine ion,
CI(3). The transition-metal iop is displaced from the mean
N,O, plane by about 0.247 A (mean) in the two copper-
containing complexes and by 0.533 A in the zinc complex.

The torsion angles of the ligands (O—C—C—0O) and
(N—C—-C—C~—N) are very similar (Table 3). No remark-
able hydrogen-bond networks are present.

X-ray powder diffractograms of five dinuclear complexes,
CeCu(Lp)Cl;*CH3;0H, GdCu(Lp)Cl;*CH30H, CeZn(Lp)-
Cl5*CH;0H, GdZn(Lp)Cl3-3H,0 and TbZn(Lp)Cl;-EtOH,

Eur. J. Inorg. Chem. 2004, 3887—3900 www.eurjic.org

have been compared with that obtained by calculation from
single crystal diffraction data of the La—Cu complex. We
conclude that Ce—Cu, Ce—Zn, Gd—Cu and La—Cu com-
plexes are all isostructural.

Conversely, the diffractograms of Tb—Zn and Gd—Zn
complexes differ from each other and from the La—Cu one.
In any case, the results obtained through other physico-
chemical characterization techniques strongly suggest that
the coordination environment of the metal ion is closely
related to that observed in LaCu and isostructural com-
pounds. This assumption, of particular importance in the
following discussion on magnetic properties, is sound as the
use of a compartmental ligand constrains the mutual posi-
tions of metal and bonding atoms to a fixed geometry. In
this framework, the different powder diffractometric pat-
terns observed should be ascribed more to differences in
crystal packing and cell settings than to differences in coor-
dination geometries.

Magnetic and ESR Data

The magnetic properties of coupled lanthanide ions have
been the focus of intense research.** The main problem
when dealing with these systems is the combination of the
effects of the first-order angular momentum of the ground
state of the lanthanide ions — with the exception of Gd''—
and of the crystal-field splitting, which is usually of the or-
der of kT at room temperature. This implies that the ther-
mal dependence of the populations of the Stark sublevels
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Table 2. M—N, M—0 and M —ClI bonds [A] and selected bond angles [°] in the coordination sphere of the transition metal atoms

Donor atom La—Cu complex

La—Zn complex Tb—Cu complex

Cu Zn Cu
o(1) 1.968(4) 2.056(4) 1.957(8)
0(2) 1.952(4) 2.065(4) 1.929(8)
N(1) 1.970(5) 2.067(6) 1.959(10)
N(?2) 1.978(5) 2.058(6) 1.977(9)
CI1(3) 2.694(2) 2.347(2) 2.687(5)
Ln-+M contacts 3.630(1) 3.675(1) 3.554(1)

Dihedral angles

LaCu LaZn TbCu
M4O(1)—0(2)/LnsO(1)—0O(2) 16.5(2)° 22.9(2)° 15.4(2)°
Central transition metal ion (M) Cu Zn Cu
O(1)-M-0(2) 79.1(2) 76.1(2) 78.0(3)
O(1)-M—N(1) 92.2(2) 89.2(2) 92.6(4)
0(2)—-M—N(2) 92.8(2) 88.3(2) 92.7(4)
N(1)—M~-N(Q) 95.5(2) 94.2(3) 96.0(4)
CI(3)-M—-0(1) 115.0(1) 120.7(1) 113.8(3)
CI(3)-M—-0(2) 86.3(1) 92.7(1) 86.9(3)
CI(3)-M—N(1) 96.4(2) 104.6(2) 96.4(4)
CI(3)-M—N(2) 92.4(1) 102.3(2) 92.3(4)

Table 3. Representative torsion angles [°] for the three complexes

Involved atoms Complexes

La—Cu La—Zn Tb—Cu
0(3)—C(18)—C(19)—0(4) =53 =53 =51
C(19)—0(4)—C(20)—C(21) 145 145 136

O(4)—C(20)—C(21)=0O(5) 55 54 49

C(20)—C(21)—0O(5)—C(22) 175 176 172
0O(5)—C(22)—C(23)—0(6) =57 =57 —53
C(7)—N(1)—C(8)—C(9) 170 168 169
N(1)—C(8)—C(9)—C(10) —46 =52 —45

C(8)—C(9)—C(10)—N(2) 82 85 82
C(9)—C(10)—N(2)—C(11) 122 126 123

has to be taken into account implicitly and an important
anisotropy of the magnetic susceptibility is usually ob-
served, preventing the use of a spin-only Hamiltonian for
isotropic exchange to analyse the data. Consequently, the
overwhelming majority of magnetic studies on Ln—M com-
plexes concerns Gd"-containing systems, for which the us-
ual isotropic Heisenberg spin Hamiltonian can be employed
and the interpretation of the data is straightforward.?~401

As a first step we determined the magnetic properties of
the LaCu complex: its EPR spectrum clearly shows the fea-
tures of an elongated tetragonal coordination of Cu'' with
two broad transitions yielding g, = 2.078 and g, = 2.241
(Figure 3). This is in the range usually observed for N,O,Cl
coordination around the copper ion.*!l These results are
confirmed by susceptibility measurements, which follow the

3892 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Curie—Weiss law over the whole investigated temperature
range (inset of Figure 3). Best-fit results to 1/y = (T + 0)/
C, yielded C = 0.422 cm*K-mol~! (cf. a theoretical value
of 0.427 cm*K-mol™! results from EPR) and a 0 of
0.185 K, which indicates the existence of only weak antifer-
romagnetic intermolecular interactions.
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400
3001
2001
100 1

0

dy"/dH [ a.u.

0.27 0.30 0.33 0.36
HIT

/31 cm ™ mol

T T T T T T
100 150 200 250 300
T/IK

T
0 50

Figure 3. Curie—Weiss plot for the LaCu derivative between 2 and
300 K with the best-fit line (see text for details); inset: X-band EPR
spectrum of the same complex (g = 2.00 is lying at H = 0.33 T)

The low-temperature X-band EPR spectrum of the
GdZn derivative (Figure 4) exhibits fine structure due to
zero-field splitting of the S = 7/2 state. The spectrum was
satisfactorily simulated™?! by assuming a simple second-or-
der spin Hamiltonian [H = pB-g'S + DS,> + E(S,*—S,%)]
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for § = 7/2. The best simulation was obtained using g =
1.995 =.005, D = 0.058 =.002 cm™!, £ = 0.0125 *.001
cm™ L

I+

dy"/dH (a.u.)

T T T T
0.4 H/TO.G 0.8 1.0

0.0 0.2

Figure 4. X-band EPR spectrum obtained for the GdZn derivative
(continuous line) at 4 K, and best simulation (dotted line) obtained
with parameters reported in the text; g = 2.00 lies at H = 0.3300 T

Independent determination of single-ion Cu'' and Gd™
properties was used successively to reduce the number of
parameters used to fit the 7 curve of GdCu (Figure 5).
The ¢ T room-temperature value obtained for this complex,
8.38 cm*K+mol ™!, is a little higher than the expected theor-
etical value for the two isolated S = 1/2 and S = 7/2 spins
(assuming g = 1.995 for Gd™ and summing the values ob-
served for LaCu gives 8.26 cm*K-mol~'). On decreasing
temperature, 7 increases monotonically, indicating an in-
tramolecular ferromagnetic coupling between Cu' and
Gd™ that is widely accounted for in similar systems.[3>~ 38
The GdCu curve was then simulated by using the Hamil-
tonian H = J Sg4'Scy !

2 2 4J
_4 84+ g 3 180exp] - —
_N,Bz £s5-4 £5=3 P[ kT]

T 4J
7+9exp| ~ —
T

where gs=3 = 9/8ng - l/ggCu and gs=4 = 7/8ng + 1/
8gcu, and both g, and ggq have been fixed to the value
determined by EPR spectra of LaCu and GdZn, respec-
tively.
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Figure 5. T vs. T experimental curve measured between 2 and
300 K for GdCu (filled triangles), and the best-fit curve (continu-
ous line) obtained with parameters reported in the text
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Given the very small single-ion contribution to the zero-
field splitting of Gd'" and the fairly large distance between
magnetic centres of neighbouring molecules, which implies
very weak intermolecular interactions, no correction*# for
these two phenomena was taken into account. The best-fit
curve was obtained for J = —2.49 * 0.05 cm™ !, [R*> =
S Tearcd. — A Tobsa )2 Topsa)® = 0.9994] meaning that
the ground state S = 4 is separated in energy from the state
S = 3 by about 10 cm ™.

For the remaining lanthanides the situation is, as already
noted, more difficult. However, some studies on the mag-
netic properties of anisotropic rare-earth ions coupled to
either transition-metal ions or organic radicals have been
reported recently.[*>73% In all these studies, the crystal-field
effects on the magnetic properties of the lanthanides were
determined separately by measuring a series of isomorph-
ous complexes containing a diamagnetic counterpart (e.g.
Zn" or square-planar Ni'' in place of Cu'l). In the latter
systems, deviation of the magnetic susceptibility compared
to the Curie law is entirely due to the varying thermal popu-
lation of the Ln'" Stark components, and this effect is as-
sumed to be the same in systems with another paramagnetic
species. In this framework, the variation with temperature
of the curve obtained by subtracting the susceptibility of
the complex containing the diamagnetic counterpart (e.g.
LnZn) compared to that of the system with coupled centres
(in our case, LnCu) (AxTrom = % Tiom — X T 1nzn) Will only
be due to exchange coupling interaction between the two
paramagnetic centres. In detail, a positive variation of
Ay Ty v on lowering T indicates a ferromagnetic coupling
and a negative one an antiferromagnetic coupling. The
same method can be applied to magnetisation measure-
ments whenever a confirmation or a discrimination of the
obtained results is needed.[*”? Given the observed isostruc-
turality of LaCu, CeCu, CeZn and TbCu, and the assump-
tion of a closely related coordination environment for TbZn
(see above), we applied this qualitative method to the family
here described. Differences in crystal packing and intermo-
lecular distances that, based on diffractometric powder pat-
tern, might exist for TbZn are not important at this level of
approximation as intermolecular interaction will not be
considered.

1.4
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- oocoawé““““ °
= 4 [
g 1.0 YL
- A
”x 0.8. AAAAAAA‘AAAAAA
4 a4
£ o8 JvLS
: 0.4 EEgREEEgsEEzNgiENEEN EE N
- O
0.2
0.0 VN ———— .
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TIK

Figure 6. T vs. T experimental curves measured between 2 and
300 K for CeCu (filled circles) and CeZn (filled triangles) and LaCu
(filled squares) and the summed curve for LaCu + CeZn (open tri-
angles)

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3893



FULL PAPER

A. Caneschi, L. Sorace, U. Casellato, P. Tomasin, P. A. Vigato

The room-temperature value observed for the CeZn de-
rivative, 0.80 cm3-K-mol ™!, agrees with that expected on the
basis of spin-only behaviour,!l the slow decrease observed
on lowering the temperature being due to the progressive
depopulation of 2Fs,, excited Stark components (Figure 6).

Comparison of the curve resulting from the sum of LaCu
and CeZn with that of CeCu clearly shows that no appreci-
able interaction can be observed, as the two curves are al-
most perfectly superimposable over the entire temperature
range. Comparison of M vs. H curves measured at 2.5 K
(Figure 7) might suggest the existence of a weak antiferro-
magnetic interaction.
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Figure 7. Comparison of the M vs. H curves at 2.5 K for CeCu
(filled circles), CeZn (filled triangles), and LaCu (filled squares)
with the sum (open inverted triangles) of the two latter curves

Indeed, the CeCu curve lies below the sum of LaCu and
CeZn. However, in the absence of anisotropic magnetic
data, diamagnetic substitution methods should not be
pushed too far, and some caution should be exercised in
deriving fine details.>?! In particular, some low-temperature
discrepancies might well be due to small differences in crys-
tal-field effects or intermolecular interactions and not to
exchange coupling between 3d- and 4f-metal ions.

The observed y T values for the TbZn derivative at room
temperature, 11.25 cm3K+mol~!, agrees with what is ex-
pected for this 7Fs ion: on lowering the temperature the
progressive depopulation of excited sublevels leads to the
decrease of T (Figure 8).
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Figure 8. 4T vs. T experimental curves measured between 2 and
300 K for TbCu (filled circles) and TbZn (filled inverted triangles)
and their difference Ay T (open triangles)
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At 5K a prominent EPR signal observed in zero field
indicates that the two lowest sublevels are separated by
AE = 0.3 cm ™! (inset Figure 9). The results shown in Fig-
ure § for comparison of the ¢ 7 curves of TbCu and TbZn
clearly suggest a ferromagnetic coupling. Indeed, on lower-
ing the temperature, Ay7tpc, increases from 0.415
cm®K-mol~! at room temperature (in agreement with that
observed for the LaCu derivative) to 1.25 cm*K-mol 1.
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Figure 9. M vs. H curves at 2.5 K for TbCu (filled circles) and
TbZn (filled triangles) compared with the sum of the latter and the
experimental curve of LaCu (open inverted triangles); inset: low-
temperature X-band EPR spectrum observed for the TbZn deriva-
tive

Ferromagnetic behaviour is confirmed by analysis of the
M vs. H curves measured at 2.5 K (Figure 9). At low field
the sum of LaCu and TbZn is lower than TbCu; however,
for fields higher than 2 T the picture is reversed, which
might suggest that the situation is not as simple as could
be anticipated from the analysis of 7 curves.

Conclusion

A series of LnM heterodinuclear complexes
[LnM(L)(Cl)3(CH30OH)] has been prepared, starting from
the corresponding mononuclear complexes. It was con-
firmed that the transition-metal ion coordinates into the
N>O, Schiff base chamber while the lanthanide(ir) ion pre-
fers the 0,03 or 0,04 crown-like chamber. The two com-
partments of the asymmetric macrocyclic ligands have been
progressively enlarged to find the best coordination moiety
for heterodinuclear complexation. The larger macrocycle
H,Lp, derived from the condensation of 1,3-diamino-
propane and  3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-
hydroxybenzoldehyde), has the most appropriate shape for
forming stable heterodinuclear species. Furthermore, the
large difference between two adjacent chambers assures the
formation of only one species of heterodinuclear complexes,
avoiding transmetallation, scrambling, migration reactions,
etc. The ascertained stabilisation of the Schiff bases in
consequence of the metal ion coordination opens up inter-
esting possibilities in using these systems in solutions usu-
ally not allowed to Schiff bases.

The formation of isomerically pure, stable heterodinu-
clear complexes [LnM(Lp)(Cl); (CH3OH)] reported here
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clearly shows the need for prior appropriate molecular de-
sign of the coordinating systems.

The prepared complexes are isostructural, with the excep-
tion of TbZn and GdZn complexes. These crystallographic
differences may be ascribed more to different solvent con-
tent than to different coordination shapes about the two
metal ions. Further work is in progress to clarify the origin
of the crystallographic discrepancies.

As expected, we observed a ferromagnetic coupling for
the GdCu complex, and the availability of a series of iso-
morphous LnM complexes allowed an empirical determi-
nation of the coupling interaction for two anisotropic LnCu
derivatives. While no meaningful interaction was detected
for the CeCu derivative, a clear sign of ferromagnetic coup-
ling was observed for TbCu. In the absence of a simple
model to explain the sign and magnitude of exchange coup-
ling between a rare earth and an unpaired spin, we can only
compare our data with the available literature results. In
this respect, the observed ferromagnetic coupling for TbCu
agrees with what has been found for all reported TbM co-
uples (see ref*’] and references cited therein), whereas a
clear antiferromagnetic interaction has been reported for a
different Schiff base containing CeCu complex.*’! Here,
even subtle chemical and structural changes produced an
observed variation of exchange coupling interaction with
the Ce' ion. This result points out again the need for a
large wealth of data to build up a reliable magnetostrucutral
correlation for complexes containing exchange-coupled lan-
thanide ions, in analogy to what has been done for 3d-me-
tal ions.

Finally, functionalising these systems at the periphery of
the coordination moiety with suitable hydrophilic or hydro-
phobic groups will increase their solubility in aqueous or
non-aqueous solvents, and/or will favour their interaction
and anchorage on suitable surfaces to obtain ferri- or ferro-
magnetic molecular nanosystems and devices. Preliminary
results are very encouraging.

Experimental Section

General: All solvents, reagents and metal salts were purchased from
Aldrich or Fluka and used without further purification. Dimethyl
sulfoxide was purified by distillation.[>3] The diformyl precursors
3,3'-(3-oxapentane-1,5-diyldioxy)bis(2-hydroxybenzaldehyde) and
3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenzaldehyde)
were prepared according to the literature.[*)

Physicochemical Characterization: Elemental analyses (C,H,N)
were carried out using a Fison 1108 analyzer. IR spectra were re-
corded as KBr pellets with a Mattson 500 FT-IR spectrometer. 'H
and '*C NMR spectra of the ligands and related complexes were
performed with a Bruker AMX300 spectrometer, equipped with a
5-mm BB multinuclear probe, operating at 300.13 MHz for 'H and
75.43 MHz for 3C. 2D NOESY, 2D COSY and HMQC experi-
ments for the ligands and complexes were performed with a Bruker
AMX300 spectrometer. All the samples examined were dissolved
in deuterated methanol or chloroform, which were used also as
internal references. The morphology, homogeneity, and the metal/
chlorine ratio of the complexes were investigated by using a Philips
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XL40 model scanning electron microscope equipped with an
EDAXDX PRIME X-ray energy dispersive spectrometer. The sol-
vent content (H,O or MeOH) was evaluated by thermal analysis
curves using Netzsch STA 429 thermoanalytical equipment; tests
were performed under nitrogen (flux rate 250 mL/min, heating rate
5°C min~!) and in air under the same conditions. Neutral alumina
(Carlo Erba, Milano, Italy) was used as reference material. ESI-
MS data were recorded using a Finnigan LCQ mass spectrometer
and methanolic solutions of the samples (1073 m).571 Mass spectro-
metric measurements were also performed using a ZAB2F instru-
ment (Micromass, Manchester, UK) operating under FAB con-
ditions. Nitrobenzyl alcohol solutions of the compounds were bom-
barded by 8 keV Xe atoms.[’”) Magnetic susceptibilities of polycrys-
talline powders of LaCu, CeCu, CeZn, GdCu, GdZn, TbCu and
TbZn were measured between 2 and 300 K with applied magnetic
fields of 0.1 and 1 Tesla using a Cryogenic S600 SQUID magnet-
ometer. To avoid the preferential orientation of polycrystalline
powders, which might eventually result in a much higher apparent
magnetic moment of the complexes, the powders were pressed in
pellets. Data were corrected for the magnetism of the sample
holder, which was determined separately in the same temperature
range and field, and the underlying diamagnetism of each sample
was estimated from Pascal’s constants. Magnetisation measure-
ments were performed on the same samples at 2.5 K with a field
up to 6.0 T. Polycrystalline EPR powder spectra of the same com-
plexes were recorded at the X-band (9.24 GHz) with a Varian E9
spectrometer equipped with a *He continuous-flow cryostat. Pow-
ders were blocked in wax to avoid preferential orientation of the
crystallites.

Synthesis of Macrocycles and Complexes
H,L,: H,L, was prepared according to the literature.3!]

Ln(H,L,)Cl;rH,O (Ln = La, Ce, Gd, Tbh, Lu; n = 2-5):
LnCl3-6H>O (2 mmol) in MeOH (5 mL) and, subsequently, ethyl-
enediamine (120 mg, 2 mmol) in methanol (5 mL) were added to a
pale yellow solution of 3,3’-(3-oxapentane-1,5-diyldioxy)bis(2-
hydroxybenzaldehyde) (692 mg, 2 mmol) in methanol (50 mL). The
obtained yellow solution was heated under reflux for 2.5 h and then
reduced in volume. The addition of Et,O (50 mL) to the resulting
solution gave rise to a yellow precipitate that was filtered off,
washed with MeOH/Et,O (1:4), and dried in vacuo. 75% average
yield.

La(H,L,)Cly:2H,0: 1004 mg, 77% yield. CaoH,>Cl;LaN,O52H,0
(651.68): caled. C 36.86, H 4.02, N 4.30; found C 36.14, H 3.82, N
427 IR: ¥ = 1648 cm™! (ve_p ). 'H NMR (300 MHz, CD;0D,
25°C): & = 4.36 (m, 4 H, CH,0), 4.39 (s, 4 H, CNCH,), 4.45 (m,
4 H, CH,O—Ar), 6.68 (t, 2 H, Ar—H), 7.15 (d, 2 H, Ar—H), 7.23
(d, 2 H, Ar—H), 8.78 (s, 2 H, HC=N). SEM-EDS: La/Cl = 1:3.

Ce(H,L,)Cl 1H,0: 990 mg, 78% yield. CaoH,>CeCl;N,05-H,0
(634.88): caled. C 37.84, H 3.81, N 4.41; found C 37.62, H 3.68, N
4.54. TR: ¥ = 1649 cm ™! (ve—p, ). 'H NMR (300 MHz, CD;0D,
25°C): 8 = —13.19 (d, 4 H, CH,0), —1.19 (s, 4 H, CNCH,), 4.20
(d, 4 H, CH,O—Ar), 12.12 (t, 2 H, Ar—H), 12.47 (s, 2 H, HC=
N), 13.05 (d, 2 H, Ar—H), 14.50 (d, 2 H, Ar—H). SEM-EDS: Ce/
Cl = 13.

Gd(HzLA)Cl3'2H20: 994 mg, 74% yleld C20H22C13GdN205'2H20
(670.02): caled. C 35.85, H 3.91, N 4.18; found C 35.16, H 4.49, N
4.63. IR: v = 1637 cm ™! (ve—n, ). SEM-EDS: Gd/Cl = 1:3.

Tb(HzLA)Cl3'2H20: 994 mg, 74% yleld C20H22C13N205Tb'2H20
(671.70): caled. C 35.76, H 3.90, N 4.17; found C 35.26, H 3.72, N
4.12. IR: V = 1637 cm™! (ve—n, 8). SEM-EDS: Tb/Cl = 1:3.
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Lu(HzLA)Cl3'5H20: 1068 mg, 72% yleld C20H22C13LUN205'5H20
(741.78): caled. C 32.38, H 4.35, N 3.78; found C 31.57, H 3.93, N
4.46. IR: v = 1647cm ™! (ve—n, 8). SEM-EDS: Lu/Cl = 1:3.

Yb(H,L,)Cl3:2H,0: YbCl;-6H,O (765 mg, 2 mmol) in EtOH (20
mL) was added to a solution of H,L4 (741 mg, 2 mmol) in chloro-
form (50 mL). The resulting solution was heated under reflux for
2.5h and then reduced in volume. Addition of Et,O (50 mL) to
this solution afforded a yellow precipitate that was filtered off,
washed with MeOH/Et,O (1:4), and dried in vacuo. 878 mg, 64%
yield. C,0H»,N>05YbCl3-2H,0 (685.81): caled. C 35.03, H 3.82, N
4.08; found C 35.16, H 4.49, N 4.63. IR: V = 1637 cm ™! (ve—p, 8).
SEM-EDS: Yb/Cl = 1:3.

NiLn(L,)Cl;'nH,O (Ln = La, Ce, Gd, Th, Yb, Lu; n = 0-5):
NiCl,6H-O (237.7 mg, 1 mmol) in MeOH (5 mL) was added to a
yellow solution of Ln(H,LA)Cl3nH,O (1 mmol) in methanol (50
mL). After 10 min, triethylamine (202 mg, 2 mmol) was added
dropwise and the resulting yellow-red solution was heated under
reflux for 2.5 h. After evaporation of the solvent to dryness, the
residue was treated with CHCI; (25 mL) and stirred. The orange
powder obtained was filtered off, washed with Et,O and dried in
vacuo. 60% average yield.

LaNi(L,)Cl3-2H,0: 452 mg, 64% yield. C,oH»,ClsLaN,NiO5-2H,0
(708.38): caled. C 33.07, H 3.61, N 3.86; found (%) C 33.38, H
4.46, N 3.28. IR: v = 1619 cm™! (ve—p, 8). '"H NMR (300 MHz,
CD;0D, 25 °C): 6 = 4.01 (s, 4 H, CH>0), 4.77 (s, 4 H, CH,O—Ar),
5.64 (br. s, 4 H, CNCH,), 6.87 (t, 2 H, Ar—H), 7.35 (d, 2 H,
Ar—H), 7.65 (d, 2 H, Ar—H), 19.38 (br. s, 2 H, HC=N). SEM-
EDS: Ni/La/Cl = 1:1:3.

CeNi(LA)(OH)Cly'H,0: 417 mg, 62% yield. CyoH,yCeCl,N,NiOs-
(OH)-H,0 (673.12): calcd. C 35.66, H 2.99, N 4.16; found C 35.33,
H 342, N4.22. IR: Vv = 1618 cm™! (ve—n, 5). '"H NMR (300 MHz,
CD;0D, 25 °C): 6 = —5.44 (br. s, 4 H, CH,0), —0.24 (br. s, 4 H,
CH,O—Ar), 5.57 (d, 2 H, Ar—H), 6.62 (t, 2 H, Ar—H), 8.34 (s, 4
H, CNCH,), 8.57 (d, 2 H, Ar—H), 19.45 (br. s, 2 H, HC=N). SEM-
EDS: Ni/Ce/Cl = 1:1:2.

GANi(L,)Cly2H,0: 425 mg, 59% yield. CooHa0CliGdN,NiOs2H,0
(726.72): caled. C 33.06, H 3.33, N 3.85; found C 33.69, H 4.27, N
4.46. IR: v = 1634 em™" (ve_ns 5). SEM-EDS: Ni/Gd/Cl = 1:1:3.

TbNi(LA)Cl3'H20: 428 mg, 60% yleld C20H20C13N2Ni05Tb'H20
(710.38): caled. C 33.82, H 3.12, N 3.94; found (%) C 33.65, H
3.02, N 395. IR: v = 1619 ecm™! (ve—n, 8). SEM-EDS: Ni/Tb/
Cl = 1:1:3.

YbNi(LA)(OH),CI-5H,0: 448 mg, 59% vyield. CroHaCIN,NiOs-
Yb(OH),-SH,0 (759.64): caled. C 31.62, H 4.25, N 3.69; found C
30.84, H 3.70, N 4.55. IR: ¥ = 1634 cm~! (ve—n, 5). SEM-EDS:
Ni/Yb/CI = 1:1:3.

LuNi(LA)Cl:;'SHzO: 460 mg, 58% yleld C20H20Cl3LUN2Ni05'5H20
(798.48): caled. C 30.09, H 3.79, N 3.51; found C 29.10, H 3.91, N
438 IR: V = 1628 cm™! (veens 8). SEM-EDS: Ni/Lu/Cl = 1:1:3.

CuLn (L,)Cl3:nH,0O (Ln = La, Ce, Gd, Tb, Yb, Lu; n = 0-5):
CuCl,2H,0 (170.48 mg, 1 mmol) in MeOH (5 mL) was added to
a yellow solution of Ln(H,LA)Cl;-nH,O (1 mmol) in methanol (50
mL). After 10 min, triethylamine (202 mg, 2 mmol) was added
dropwise and the resulting yellow-red solution was heated under
reflux for 2.5h. After evaporation of the solvent to dryness, the
residue was treated with CHCIl; (25 mL) and stirring continued.
The green powder obtained was filtered off, washed with Et,O and
dried in vacuo. ca. 60% average yield.
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LaCu(LA)Cl3'H20: 430 mg, 62% yleld C20H20C13CUN205L3'H20
(695.20): caled. C 34.55, H 3.19, N 4.03; found C 33.73, H 3.29, N
3.42.1IR: V = 1645 cm™! (ve—n, 8). SEM-EDS: Cu/La/Cl = 1:1:3.

CeCu(L,)Cl54H,0: 484 mg, 64% yield. CyoH,»oCeCl;CuN,054H,0
(750.45): caled. C 32.01, H 3.76, N 3.73; found C 31.42, H 4.12, N
3.84. IR: vV = 1647 cm™! (ve—ps ). '"H NMR (300 MHz, CD50D,
25°C): 6 = —7.79 (s, 4 H, CH,O—Ar), —5.44 (s, 4 H, CH>0),
—0.88 (s, 4 H, CNCH,), 7.82 (t,2 H, Ar—H), 9.49 (d, 2 H, Ar—H),
22.63 (d, 2 H, Ar—H), 53.61 (s, 2 H, HC=N). SEM-EDS: Cu/Ce/
Cl = 1:1:3.

GdCu(L,)Cl34H,0: 470 mg, 61% yield. C,yH» Cl;CuGdN,-
054H,0 (767.58): caled. C 29.91, H 3.51, N 3.49; found C 29.11,
H 3.98, N 4.08. IR: v = 1638 cm™! (ve—n, ). SEM-EDS: Cu/Gd/
Cl = 1:1:3.

TbCu(LA)(OH)CL,-3H,0: 442 mg, 60% yield. CyH,qClL,CuN,Os5-
Tb(OH)-3H,0 (732.79): caled. C 32.78, H 3.71, N 3.82; found C
32.39, H 3.10, N 3.79. IR: v = 1626 cm ™! (ve—p, s). SEM-EDS:
Cu/Tb/Cl = 1:1:2.

YbCu(L,)(OH)Cl,-6H,0: 456 mg, 57% yield. CyoH,oCl,CuN,Os5-
Yb(OH)-6H,O (800.94): calcd. C 29.99, H 4.15, N 3.50; found C
29.54, H 3.40, N 4.44. IR: ¥ = 1640 cm~! (ve—ns 8). SEM-EDS:
Cu/Yb/Cl = 1:1:2.

LuCU(LA)Cl3'H20: 402 mg, 55% yleld C20H20C13CULUN205’H20
(731.26): caled. C 32.85, H 3.03, N 3.83; found C 32.43, H 3.41, N
4.50 IR: v = 1636 cm™! (ve—ns 8). SEM-EDS: Cu/Lu/Cl = 1:1:3.

ZnLn(L,)Cl3nH,O (Ln = La, Ce, Th; n = 0-5): ZnCl,
(136.28 mg, 1 mmol) in MeOH (5 mL) was added to a yellow solu-
tion of Ln(H,LA)Cl3:nH,O (1 mmol) in methanol (50 mL). After
10 min, triethylamine (202 mg, 2 mmol) was added dropwise and
the resulting yellow-red solution was heated under reflux for 2.5 h.
After evaporation of the solvent to dryness, the resultant residue
was treated with CHCIl; (25 mL) and stirred. The pale yellow pow-
der obtained was filtered off, washed with Et,O and dried in vacuo.
60% average yield.

LaZn(L,)Cl3: 408 mg, 60% yield. CyoH,0Cl;LaN,0OsZn (679.01):
caled. C 35.38, H 2.97, N 4.13; found C 35.97, H 3.10, N 4.11. IR:
vV = 1644 cm ™! (veon, 8). 'H NMR (300 MHz, CD;0D, 25 °C):
8 = 3.57(dd, 2 H, CH,0), 3.88 (t, 2 H, CH,0), 3.97 and 4.10 (dd,
4 H, CNCH,), 431 (dd, 2 H, CH,0), 4.88 (t, 2 H, CH,0), 6.73 (t,
2 H, Ar—H), 7.18 (d, 2 H, Ar—H), 7.20 (d, 2 H, Ar—H), 8.62 (s,
2 H, HC=N). SEM-EDS: Zn/La/Cl = 1:1:3.

CeZn(L,)Cl3: 415 mg, 61% yield. CyyH,oCeCl3N,OsZn (680.22):
caled. C 35.32, H 2.96, N 4.12; found C 36.08, H 3.33, N 4.17. IR
data: ¥ = 1644 cm ! (ve_pn, 8). '"H NMR (300 MHz, CD50D, 25
°C): 5 = —9.88 (br. s, 2 H, CHO—Ar), —7.59(d, 2 H, CH,O—Ar),
~5.20 (s, 2 H, CH,0), —3.33 (br. s, 2 H, CH,0), 2.23 (d, 2 H,
Ar—H), 548 (t, 2 H, Ar—H), 8.4 (s, 2 H, Ar—H), 8.80 (d, 2 H,
CNCH,), 9.82 (d, 2 H, CNCH,), 12.82 (s, 2 H, HC=N). SEM-
EDS: Zn/Ce/Cl = 1:1:3.

TbZn(LA)Cl:;‘HzO: 422 mg, 59% yleld ConzoCl:;NzOsTbZl’l‘Hzo
(717.04): caled. C 33.50, H 3.09, N 3.91; found C 33.13, H 3.34, N
3.85. IR: vV = 1641 cm ™! (ve—n, 8). SEM-EDS: Zn/Tb/Cl = 1:1:3.

H,Lg: H,Ly was prepared according to the literature.?"]

Ln(H,Lg)Cl;'-nH,O (Ln = La, Ce, Th; n = 0—3): LnCl;-6H,0
(2 mmol) in MeOH (5 mL) and, subsequently, ethylenediamine
(120 mg, 2 mmol) in methanol (5 mL) were added to a pale yellow
solution of 3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenz-
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aldehyde) (780.8 mg, 2 mmol) in methanol (50 mL). The obtained
yellow solution was heated under reflux for 2.5 h and the resultant
yellow precipitate was filtered off, washed with MeOH/Et,0 (1:4),
and dried in vacuo. It was then recrystallised from MeOH/EtOH.
65% average yield.

La(H,Lg)Cl3-4H,0: 975 mg, 67% yield. C,,H,¢Cl;LaN,044H-0
(731.76): caled. C 36.11, H 4.68, N 3.83; found C 36.20, H 4.70, N
3.78 IR: V = 1644 cm™! (ve—n, 8). 'H NMR (300 MHz, CD;0D,
25°C): 6 =4.21 (4 + 4H, CH,O + CNCH,), 4.38 (t, 4 H, CH,0),
4.55 (t, 4 H, CH,O—Ar), 6.76 (t, 2 H, Ar—H), 7.23 (dd, 2 H,
Ar—H), 7.37 (dd, 2 H, Ar—H), 8.87 (s, 2 H, HC=N). SEM-EDS:
La/Cl = 1:3.

Ce(H,Lg)Cl3: 857 mg, 65% yield. C,,H»cCeCl3N>O4 (660.91):
calcd. C 39.98, H 3.97, N 4.24; found C 39.05, H 3.73, N 4.93. IR:
V= 1645 cm™! (veops ). 'H NMR (300 MHz, CD;0D, 25 °C):
8 =0.14(s,4 H, CH,0), 2.71 (s, 4 H, CH50), 4.50 (d, 2 H, Ar—H),
595 (t, 2 H, Ar—H), 6.24 (s, 4 H, CNCH,), 7.63 (d, 2 H, Ar—H),
7.67 (s, 4 H, CH>0), 10.56 (s, 2 H, HC=N). SEM-EDS: Ce/Cl =
1:3.

Tb(HzLB)Cl3'3H20: 931 mg, 63% yleld C22H26C13N206Tb'3H20
(733.76): caled. C 36.01, H 4.40, N 3.82; found C 35.97, H 4.22, N
4.24. IR: v = 1647 cm ™! (ve—n, 8). SEM-EDS: Tb/Cl = 1:3.

NiLa(Lg)Cl;'nH,O and CuLa(Lg)Cl;:nH,O: These compounds
were prepared according to the literature.[3!]

H,Lc: A methanolic solution (3 mL) of 1,3-diaminopropane
(74 mg, 1 mmol) was diluted with diethyl ether (400 mL). A CHCl,
solution (5 mL) of 3,3’-(3-oxapentane-1,5-diyldioxy)bis(2-hydroxy-
benzaldehyde) (346 mg, 1 mmol) was then added dropwise at room
temperature. The resultant yellow precipitate was stirred for
20 min, then filtered off, washed well with a diethyl ether/light
petroleum solution and dried in vacuo. 211 mg, 55% yield.
C5 HyN,O5 (384.41): caled. C 65.62, H 6.29, N 7.29; found C
66.52, H 6.41, N 7.41. IR: v = 1631 cm™! (ve=n, 5). '"H NMR
(300 MHz, CDCl3, 25 °C): & = 2.04 (quint, 2 H, CNCH,CH,),
3.66 (t, 4 H, CNCH,), 3.96 (t, 4 H, CH,0), 421 (t, 4 H,
CH,0—Ar), 6.73 (t, 2 H, Ar—H), 6.84 (dd, 2 H, Ar—H), 6.94 (dd,
2 H, Ar—H), 8.30 (s, 2 H, HC=N), 13.82 (br. s, OH) ppm. MS:
385 [M + H]*.

La(H,Lc)Cl3-4H,0: LaCl;-6H,0O (743 mg, 2 mmol) in MeOH (5
mL) and, subsequently, 1,3-propanediamine (148 mg, 2 mmol) in
methanol (5 mL) were added to a pale yellow solution of 3,3'-(3-
oxapentane-1,5-diyldioxy)bis(2-hydroxybenzaldehyde) (692 mg,
2 mmol) in methanol (50 mL). The resultant yellow solution was
heated under reflux for 2.5h and then reduced in volume. The
obtained yellow precipitate was filtered off, washed with MeOH/
Et,0 (1:4), and dried in vacuo. 1010 mg, 72% yield. It was then
recrystallised from MeOH and slow diffusion of Et,O.
C,H,4Cl3LaN,054H,0 (701.74): caled. C 35.94, H 4.60, N 3.99;
found C 35.34, H 4.41, N 4.85. IR: V = 1651 cm ™! (ve_p, 5). 'H
NMR (300 MHz, CD;OD, 25 °C): § = 2.55 (quint, 2 H,
CNCH,CH,), 4.08 (t, 4 H, CNCH,), 4.44 (dd, 8 H, CH,0), 6.62
(t,2H, Ar—H), 7.00 (dd, 2 H, Ar—H), 7.21 (dd, 2 H, Ar—H), 8.74
(s, 2 H, HC=N). SEM-EDS: La/Cl = 1:3.

LaNi(Lc)Cls: Triethylamine (202 mg, 2 mmol) and NiCl,6H,O
(237.7 mg, 1 mmol), dissolved in EtOH (2 mL), were added to a
yellow solution of La(H,Lc)Cl;-4H,0 (702 mg, 1 mmol) in ethanol
(20 mL) that was slightly heated (30 °C). After stirring for 10 min,
a green precipitate formed. The suspension was stirred for further
20 min and then cooled to room temperature. The resultant green
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powder was collected by filtration, washed with Et,O and dried in
vacuo. 357 mg, 52% yield. C,;H,,Cl;LaN,NiO5 (686.38): calcd. C
36.75, H 3.23, N 4.08; found C 36.05, H 3.53, N 3.80 IR: v = 1627
cm™! (Veens 8). SEM-EDS: Ni/La/Cl = 1:1:3.

H,Lp: A methanolic solution (3 mL) of 1,3-diaminopropane
(74 mg, 1 mmol) was diluted with diethyl ether (400 mL). A CHCl;
solution (5 mL) of 3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-
hydroxybenzaldehyde) (392 mg, 1 mmol) was then added dropwise
at room temperature. The resultant yellow precipitate was stirred
for 20 min, then filtered off, washed well with a diethyl ether/light
petroleum solution and dried in vacuo. 300mg, 70% yield.
Cy3HsN,O4 (428.46): caled. C 64.48, H 6.59, N 6.54; found C
64.02, H 6.42, N 6.45. IR: ¥ = 1635—1627 cm ! (vc—p, s). 'H
NMR (300 MHz, CDCl;, 25 °C): & = 2.03 (quint.,, 2 H,
CNCH,CH,), 3.65 (t, 4 H, CNCH,), 3.73 (s, 4 H, CH,0), 3.88 (t,
4 H, CH,0), 4.18 (t, 4 H, CH,0—Ar), 6.72 (t, 2 H, Ar—H), 6.83
(dd, 2 H, Ar—H), 6.93 (dd, 2 H, Ar—H), 8.29 (s, 2 H, HC=N),
13.83 (br. s, OH) ppm. MS: 429 [M + H]*.

Ln(H,Lp)Cl3-nH,0 (Ln = La, Ce, Gd, Tb; n = 0—7): LnCl;-nH,O
(2 mmol) in MeOH (5 mL) and, subsequently, 1,3-diaminopropane
(148 mg, 2 mmol) in methanol (5 mL) were added to a pale yellow
solution of 3,3'-(3,6-dioxaoctane-1,8-diyldioxy)bis(2-hydroxybenz-
aldehyde) (780.8 mg, 2 mmol) in methanol (50 mL). This yellow
solution was then heated under reflux for 2.5 h and subsequently
reduced to dryness.

La(H,Lp)Cls: The obtained yellow residue was recrystallised from
MeOH/EtOH, filtered off and dried in vacuo. 997 mg, 74% yield.
C,3H55Cl13LaN,0q4 (673.73): caled. C 41.00, H 4.19, N 4.16; found
(%) C 40.60, H 4.43, N 3.79. IR: ¥V = 1648 cm~! (ve—n, 8). 'H
NMR (300 MHz, CD;OD, 25 °C): 6 = 243 (quint, 2 H,
CNCH,CH,), 4.01 (t, 4 H, CNCH,), 4.21 (s, 4 H, CH,0), 4.37 (t,
4 H, CH,0), 4.54 (t, 4 H, CH,0—Ar), 6.73 (t, 2 H, Ar—H), 7.18
(dd, 2 H, Ar—H), 7.33 (dd, 2 H, Ar—H), 8.79 (s, 2 H, HC=N).
SEM-EDS: La/Cl = 1:3.

Ce(H,Lp)Cls: The yellow residue was recrystallised from MeOH/
iPrOH, filtered off, washed with Et,O and dried in vacuo. 931 mg,
69% yield. C53H,3CeCl3N,O¢ (674.94): caled. C 40.93, H 4.18, N
4.15; found C 41.61, H 4.64, N 4.31. IR: v = 1639 cm™! (ve—n, S).
'H NMR (300 MHz, CD;0D, 25 °C): § = 0.56 (s, 4 H, CH,0),
2.36 (t, 4 H, CH,0), 3.63 (m, 2 H, CNCH,CH,), 5.24 (d, 2 H,
Ar—H), 5.53 (t, 4 H, CNCH,), 6.35 (t, 2 H, Ar—H), 7.41 (t, 4 H,
CH>0), 794 (d, 2 H, Ar—H), 10.57 (s, 2 H, HC=N). SEM-EDS:
Ce/Cl = 1:3.

Gd(H,Lp)Cl3-2H,0: The yellow residue was recrystallised from
EtOH/iPrOH, filtered off, washed with Et,O and dried in vacuo.
1077 mg, 74% yield. C,3H,3Cl3GdN,O42H,0 (728.10): caled. C
37.94, H 4.43, N 3.85; found C 38.42, H 5.13, N 3.81. IR: V = 1653
cm™! (ve—ns 8). SEM-EDS: Gd/Cl = 1:3.

Tb(H,Lp)Cl37H,0: The yellow residue was treated with MeOH/
Et;, O and dried in vacuo. 1181 mg, 72%  yield.
C53H,5CI3N,06Th-7H,0 (819.84): caled. C 33.70, H 5.16, N 3.42;
found C 33.39, H 4.65, N 3.86. IR: v = 1637 cm™ ! (vc—n, 5). SEM-
EDS: Tb/Cl = 1:3.

NiLn(Lp)Cl3-nH,O-mEtOH (Ln = La, Ce, Gd, Tb, n = 0—=2, m =
0—2): Triethylamine (202 mg, 2 mmol) and NiCl,*6H,O (237.7 mg,
1 mmol), dissolved in MeOH (2 mL), were added to a yellow solu-
tion of Ln(H,Lp)Cl3-nH>O (1 mmol) in MeOH/EtOH (for La) or
MeOH/iPrOH (for Ce,Gd,Tb) (20 mL) that was slightly heated (30
°C). After stirring for 10 min, a pale green precipitate formed. The
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suspension was then stirred for a further 20 min and subsequently
cooled to room temperature. The resultant pale green powder was
collected by filtration, washed with Et,O and dried in vacuo. Slow
diffusion of Et,O into an EtOH/MeOH solution of the compound
produced green crystals. 62% average yield.

LaNi(Lp)Clz: 464 mg, 63% yield. Cy3H,6Cl3LaN;NiOg (730.42):
caled. C 37.82, H 3.59, N 3.84; found C 37.75, H4.11, N 3.40 IR:
vV = 1636 cm™! (veon, ). SEM-EDS: Ni/La/Cl = 1:1:3.

CeNi(Lp)Cly: 461 mg, 63% vyield. CysHagCeCLN,NiOg (731.63):
caled. C 37.76, H 3.58, N 3.83; found C 37.57, H 4.28, N 3.72. IR:
vV = 1634 cm™! (veon, ). SEM-EDS: Ni/Ce/Cl = 1:1:3.

GdNi(Lg)Cly-2H,O-EtOH: 516 mg, 62% yield. Cr3HasCLGAN,-
NiOg-2H,O-EtOH (830.86): caled. C 36.14, H 4.37, N 3.37; found
C 36.50, H 5.08, N 3.45. IR: ¥ = 1638 cm™! (Ve—n, 5). SEM-EDS:
Ni/Gd/Cl = 1:1:3.

TbNi(Lg)Cl32EtOH: 504 mg, 60% yield. Cy3H,4CI3N,NiOg-
Tb-2EtOH (842.57): caled. C 38.49, H 4.55, N 3.32; found C 38.13,
H 4.89, N 3.41. IR: ¥ = 1628 cm™! (ve—n, 8). SEM-EDS: Ni/Tb/
Cl = 1:1:3.

CuLn(Lp)Cl;*CH;0H (Ln = La, Ce, Gd, Tb): Triethylamine
(202 mg, 2 mmol) and CuCl,-2H,O (170.5 mg, 1 mmol), dissolved
in MeOH (2 mL), were added to a yellow solution of
Ln(H,Lp)Cl3'nH,O (1 mmol) in methanol (for La) or MeOH/
EtOH (for Ce,Gd, Tb) (20 mL) that was slightly heated (30 °C).
After stirring for 10 min, a green precipitate formed; the suspension
was stirred for further 20 min and then cooled to room tempera-
ture. The resultant green powder was collected by filtration, washed
with Et,O and dried in vacuo. Slow diffusion of Et,O into an
EtOH/MeOH solution of the compound produced green crystals.
63% average yield.

LaCu(Lp)Cl;»CH3;0H: 492 mg, 64% yield. C,3H,4ClsCulaN,-
04 CH;0H (767.30): caled. C 37.57, H 3.94, N 3.60; found C 38.49,
H 3.77, N 3.60. IR: ¥ = 1625 cm™! (ve—n, 8). SEM-EDS: Cu/La/
Cl = 1:1:3.

CeCu(Lp)Cly:CH;0H: 480 mg, 62% yield. Ch3HasCeCl;CuNa-
04"CH;OH (768.51): caled. C 37.51, H 3.93, N 3.65; found C 37.84,

H 4.02, N 3.87. IR: V = 1627 cm™! (ve—ns 8). SEM-EDS: Cu/Ce/
Cl = 1:1:3.

GdCU(LD)Cl:,’CHg,OHZ 495 mg, 63% yleld C23H26C13CquN2-
O¢CH;0H (785.64): caled. C 36.69, H 3.85, N 3.57; found C 37.40,
H 3.53, N 3.45. IR: ¥ = 1627 cm ! (ve—p, 5). SEM-EDS: Cu/Gd/
Cl = 1:1:3.

TbCu(Lp)ClyCH;OH: 494 mg,  63%  yield.  Ch3HagN,O4
TbCuCly,*CH;0H (787.31): caled. C 36.61, H 3.84, N 3.56; found
C 36.82, H3.94, N 3.74. IR: ¥ = 1627 cm~! (ve_n, 5). SEM-EDS:
Cu/Tb/Cl = 1:1:3.

ZnLn(Lp)Cl3nH,O-mROH (Ln = La, Ce, Gd, Tb; n = 0-3; m =
0—1; R = CHj3, CH3CH,): Triethylamine (202 mg, 2 mmol) and
ZnCl, (136.28 mg, 1 mmol), dissolved in MeOH (2 mL), were ad-
ded to a yellow solution of Ln(H,Lp)Cl;-nH>O (1 mmol) in meth-
anol or MeOH/EtOH (for La, Gd) (20 mL) that was slightly heated
(30 °C). After stirring for 10 min, a pale yellow precipitate formed.
The suspension was then stirred for further 20 min and sub-
sequently cooled to room temperature. The obtained pale yellow
powder was collected by filtration, washed with Et,O and dried in
vacuo. Slow diffusion of Et,O into an EtOH/MeOH solution of
the compound produced pale yellow crystals. 55% average yield.

LaZn(Lp)Cl;»CH30H: 439 mg, 57% yield. C,3H,Cl;LaN,Og-
Zn-CH;0OH (769.12): calecd. C 37.48, H 3.93, N 3.64; found C
36.86, H 3.49, N 3.53. IR: v = 1631 cm™! (ve—p, 5). '"H NMR
(300 MHz, CDs0OD, 25 °C): § = 2.19 (quint, 2 H, CNCH,CH,),
4.00 (t, 4 H, CNCH,), 4.20 (s, 4 H, CH,0), 4.37 (t, 4 H, CH,0),
4.56 (t, 4 H, CH,O—Ar), 6.85 (t, 2 H, Ar—H), 7.13 (dd, 2 H,
Ar—H), 7.28 (dd, 2 H, Ar—H), 8.41 (s, 2 H, HC=N). SEM-EDS:
Zn/La/Cl = 1:1:3.

CeZn(Lp)ClyCH;0H: 412 mg, 53% yield. Cy3Hy6CeCl3N,Og-
Zn*CH;0OH (770.33): caled. C 37.42, H 3.93, N 3.64; found C
3742, H 3.68, N 3.66. IR: v = 1630 cm™' (vc—pn, 8). '"H NMR
(300 MHz, CD;0D, 25 °C): 6 = 0.80 (br. s, 4 H, CH,0), 1.81 (br.
s, 4 H, CH,0), 2.97 (m, 2 H, CNCH,CH>), 4.59 (m, 4 H, CNCH,),
5.81 (br. s, 2 H, Ar—H), 6.60 (t, 2 H, Ar—H), 7.26 (br. s, 4 H,
CH,0), 7.63 (d, 2 H, Ar—H), 9.28 (s, 2 H, HC=N). SEM-EDS:
Zn/Ce/Cl = 1:1:3.

Table 4. Crystal and intensity data for La—Cu, La—Zn and Tb—Cu complexes

Coordinated metals La—Cu La—Zn Tb—Cu
Empirical formula C24H30C13CuLaN207 C24H30C13L3N207Zn C24H30C13CUN207Tb
Formula mass 764.30 769.13 787.31
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n (No. 14) P2,/n (No. 14) P2,/n (No. 14)
a[A] 11.041(2) 11.186(2) 10.967(2)
b [A] 14.034(3) 14.076(3) 13.851(3)
¢ [A] 18.590(4) 18.558(4) 18.625(4)
° . 102.74(3) 103.35 (3) 102.68(3)
Cell volume [A?] 2809(1) 2843(1) 2760(1)
V4 4 4 4
Calcd. density [g/cm?) 1.814 1.797 1.895
Absorption p [mm~!] (Mo-K,) 2.588 2.653 3.648
Range of relative transmission factors [%o]® 91—-100 88—100 81—100
0 limits [°] 6.9—56 6.2—56 6.3—56
Data collected/unique 6215/6028 6156/5981 3789/3636
Data observed 5958 [F = 3.50(F)] 5878 [F = 3.50(F)] 3557 [F = 3.50(F)]
No. of parameters (observed per parameter) 320 (18.6) 320 (18.4) 320 (11.1)
R [Z(|F,)| — |F)) Z|F|) 0.051 0.063 0.067
Ry, Ew(|F| — [F) Zw(F,)4 > 0.130 0.14 0.15
Highest map residual [e " /A% 1.67 1.22 1.18
[al Corrections: Lorentz polarization and absorption (empirical, y scan).
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GdZﬂ(LD)Cl3’3H20: 445 mg, 55% yleld C23H26C13GdN206-
Zn-3H,0 (809.46): calcd. C 34.13, H 3.98, N 3.46; found C 33.43,
H 3.90, N 3.53. IR: V = 1631 cm™! (vc—ns 8). SEM-EDS: Zn/Gd/
Cl = 1:1:3.

TbZn(Lp)ClyEtOH: 439 mg, 55%  yield. CayHagClN,Of
TbZn-CH;CH,OH (803.16): caled. C 37.39, H 4.02, N 3.49; found
C 36.82, H 3.80, N 3.51. IR: ¥ = 1632 cm™! (ve_n, 5). SEM-EDS:
Zn/Tb/Cl = 1:1:3.

X-ray Crystallography: Diffraction data were collected at room
temperature with a Philips PW1100 automatic four-circle dif-
fractometer (FEBO System) using graphite-monochromated Mo-
K, radiation and the ®-20 scan mode. Lattice parameters were ob-
tained from least-squares refinement of the setting angles of 25
reflections with 10° = 20 = 24°. Table 4 summarises the crystallo-
graphic data and structure refinement. No sign of crystal deterior-
ation was revealed by monitoring three standard reflections after
every 200 measurements. Structures were solved by standard Pat-
terson methods and subsequently completed by a combination of
least-squares techniques and Fourier syntheses with the SHELX
program.l® All benzene rings were refined as rigid bodies, hydro-
gen atoms were included in idealised positions with fixed C—H
distances (0.97/0%) and isotropic temperature factors fixed to 1.2
times Uleq) of the respective carbon atom. Selected bond lengths
and angles pertinent to the coordination spheres are given in
Tables 1 and 2 and representative torsion angles in Table 3. Ad-
ditional crystallographic data, atomic coordinates, anisotropic ther-
mal parameters, and full listings of bond lengths and angles are
provided as supplementary material. CCDC-244706, -244707
and -244708 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) + 44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk]. Final geometrical calculations and draw-
ings were carried out with the PARST program!®>3 and the XP util-
ity of the Siemens package,[ respectively, running on a DIGITAL
ALPHA-AXP 300 computer. X-ray powder diffraction measure-
ments were carried out with a Philips X Pert diffractometer (40 kV,
35mA) using graphite-monochromated Cu-K, radiation in the
range 5° < 20 < 80°. The simulated powder diffraction pattern was
obtained by means of the SHELXTL program (Bruker ASX, 1998)
using the single-crystal diffraction data of the La—Cu complex.
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