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Copper(II)-Lanthanide(IIT) Complexes of
Symmetric Dinucleating Macrocycle with Two Phenolate Bridges
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The first heteronuclear copper(Il)-lanthanide(lIl) complexes, CuLn(fsal-2,2)(NO3)3(H20),, (n=2 for Ln=Nd and
n=1 for Ln=Eu and Gd), of a symmetric macrocyclic dinucleating Schiff base ligand, H,fsal-2,2, which is a condensation
product of two molecules of 2,6-diformyl-4-methylphenol and two molecules of ethylenediamine, were synthesized by the
reaction of [N,N’-bis(3-formyl-5-methylsalicylidene)ethylenediaminato]copper(I) and ethylenediamine in the presence of
lanthanide(IIT) ion as a template, where fsal-2,2 denotes the dianion formed by the deprotonation of two phenolic hydroxyl
groups in Hpfsal-2,2. The absorption spectra suggested that substrates possessing N- and O-donor groups, such as amino
alcohols, are specifically bound at the Cu~Ln center through nitrogen-coordination to the copper site and through oxygen-
coordination to the lanthanide site. The fluorescence intensity of Eu(Ill) decreased drastically upon forming the Cu-Eu
complex. A cryomagnetic susceptibility measurement indicated a ferromagnetic spin-spin interaction between Cu(Il) and

Gd(III) ions.

Heterodinuclear complexes have received much attention,
in order to investigate electronic, electrochemical, and mag-
netic properties arising from the metal-metal interaction,” to
develop appropriate systems for binding and activating sim-
ple molecules,? and to mimic the active sites of some met-
alloenzymes, such as cytochrom c oxidase,” hydrogenase,?
and purple acid phosphatase.” Among the various hetero-
dinucleating ligands designed thus far, macrocycles are ex-
cellent ligands, because macrocyclic complexes are thermo-
dynamically stabilized and kinetically retarded toward metal
dissociation (macrocyclic effect).® Especially macrocycles
derived from two 2,6-diformyl-4-methylphenols and two di-
amines have been widely used, since the dinucleating com-
plexes were first reported by Pilkington and Robson,” and
by one of the present authors.® Heteronuclear complexes
of these macrocycles with various lateral methylene chain
lengths (Fig. 1(b)) are, in general, synthesized by the reac-
tion of diamine with the corresponding mononuclear com-
plex precursors of acyclic ligands (Fig. 1(a)) in the presence
of a second metal ion as a template.>~'Y Such a stepwise
template reaction makes it possible to prepare the heteronu-
clear complexes, even when macrocycles are symmetric in
their chemical structures.>'® However, heteronuclear com-
plexes of a dinucleating macrocycle prepared by the use of
lanthanide ions as a template have not been reported, despite

(a) (b) (©)

Fig. 1. Chemical structures of mononuclear complexes of
acyclic ligands, Hafsal-n (a), heteronuclear complexes of
macrocycles, Hofsal-n,m (b), and copper(Il)-lanthanide(III)
complexes, fsal-2,2-Cu,Ln (c).

the fact that the studies of template syntheses using lan-
thanide ion are expected to give useful informations about
new synthetic methods for the coordination compounds.

In the present work, the syntheses of Cu(Il)-Ln(IIl) com-
plexes (abbreviated as fsal-2,2-Cu,Ln and see Fig. 1(c)) of
macrocycle, Hpfsal-2,2, were undertaken by the reaction
of the mononuclear Cu(Il) complex (abbreviated as fsal-2-
Cu) of acyclic ligand, N,N’-bis(3-formyl-5-methylsalicyli-
dene)ethylenediamine (H,fsal-2), with ethylenediamine in
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the presence of some lanthanide(Ill) (Ln(IIl)) ions as a tem-
plate ion; some of their properties which occured due to a
co-operative effect of Cu(Il) and Ln(Ill) ions were investi-
gated based on the electronic and fluorescence spectra and
magnetic susceptibility measurements.

Experimental

General.  2,6-Diformyl-4-methylphenol was prepared accord-
ing to a method reported by Ullmann and Brittners.'> A mononu-
clear copper(Il) complex of N,N’-bis(3-formyl-5-methylsalicyli-
dene)ethylenediamine (»=2 in Fig. 1(a), abbreviated as fsal-2-Cu),
where Cu(II) is located at the N>O,-coordination site of ligand, was
synthesized by a previously reported method.®” All of the chemicals
were of reagent grade, and were used as purchased.

Syntheses of Heteronuclear Cu(Il)-Ln(IIT) Complexes, fsal-
2,2-Cu,Ln, (Ln = Nd, Eu or Gd). A methanolic solution (2—
4 cm?®) of hydrated lanthanide(III) nitrate (1 mmol) was added with
stirring to a suspension of mononuclear copper(Il) complex, fsal-
2-Cu (0.414 g, 1 mmol), in methanol (30 cm?). After the mixture
was stirred at room temperature for 2 h, a methanolic solution (2
cm®) of ethylenediamine (0.060 g, 1 mmol) was added, and the
mixture further stirred at room temperature for 2 h. Thus-obtained
complexes were collected by suction filtration, washed successively
with methanol and diethyl ether, and then dried in the open air. The
yields were 76, 68, and 76% for fsal-2,2-Cu,Nd, fsal-2,2-Cu,Eu,
and fsal-2,2-Cu,Gd, respectively.

Measurements. Elemental analyses of carbon, hydrogen, and
nitrogen were carried out at the Service Center of Elemental Anal-
ysis, Kyushu University. The contents of copper and lanthanide
were determined by the EDTA titration of an aqueous solution of
copper(I) nitrate and lanthanide(Ill) nitrate, prepared by dissolv-
ing in HNO; after the complex was ignited, where the masking
reagents were thiourea and ammonium fluoride for copper(Il) and
lanthanide(IIl), respectively. The IR spectra were measured with
a Hitachi 270-50 spectrophotometer on KBr disks. The electronic
spectra were measured with a Shimadzu UV-240 spectrophotome-
ter. Electric-conductivity measurements were carried out with a
Horiba conductivity meter (ES-14). Fluorescence spectra were
obtained with a Shimadzu RF-540 fluorospectrophotometer. The
magnetic susceptibilities were determined with a HOXAN HSM-D
SQUID susceptometer in the range of 4.2 to 80 K and with a Faraday
balance in the range of 80 to 300 K. Calibrations were made by
the use of (NH4);Mn(SO4)2-6H,O for a SQUID magnetometer and
[Ni(en)3]S,0s for a Faraday balance. The data were corrected for
magnetization of the sample holder and for diamagnetism contri-
butions with Pascal’s constants.'® The effective magnetic moments
were calculated by the equation fegr = 2.828(){MT)1/ 2, where jy is
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the magnetic susceptibility per CuGd unit.

Results and Discussion

General Characterization.  The present type of com-
plex can be synthesized for all lanthanide(Ill) ions. How-
ever, this report deals with fsal-2,2-Cu,Nd, fsal-2,2-Cu,Eu,
and fsal-2,2-Cu,Gd as the representatives, since the yields
of the other complexes were lower (< 30 %) compared with
these three complexes. A mononuclear copper(ll) complex,
fsal-2-Cu, showed two strong and sharp bands attributable
to the ¥(C=0) and the v(C=N) around 1670 and 1630 cm !,
respectively. In the Cu(Il)-Ln(IlI) complexes, the band due
to the v(C=0) disappeared and only a strong and relatively
broad band could be observed at 1630-—1635 cm™" due to
the v(C=N). This indicates the formation of a macrocylclic
Schiff base due to a template reaction. From these results and
elemental analyses, the compositions of the complexes can
be proposed to be dihydrate for fsal-2,2-Cu,Nd and monohy-
drate for fsal-2,2-Cu,Eu and fsal-2,2-Cu,Gd, as summarized
in Table 1. The splitting width of the combination bands
in the region of 1700 to 1800 cm™', which has often been
utilized as a diagnosis method of the bonding mode of ni-
trate ion, was about 30 cm™! for all complexes, suggesting
the existence of the bidentate nitrate ion coordinating to the
lanthanide ion, though the number of bidentate nitrate ions
remains unclear.'? The molar conductances determined in
the 1x10~3 moldm—3 DMF solution at 25 °C were 165
S cm? mol~! for fsal-Cu,Nd, and 162 S cm? mol—! for fsal-
2,2-Cu,Eu and fsal-2,2-Cu,Gd, indicating that these com-
plexes behave as 1:2 electrolyte in DMFE.’® Evidently, two
nitrate ions are released from the coordination-sphere of the
lanthanide ion. These heteronuclear complexes, compris-
ing d-transition metal and lanthanide ions with symmetric
dinucleating macrocycle, are the first compounds. In simi-
lar macrocyclization reactions, lead(I) has been known to be
effective as a template ion.'%!V Also, the effectiveness of lan-
thanides as a template was shown in this work. The present
Cu(II)-Ln(Ill) complexes are expected to be the precursor
of other heteronuclear complexes as well as Cu(Il)-Pb(Il)
complexes, since lanthanide(Ill) ions are kinetically labile in
the ligand-substitution reaction.

Interaction of the d-f Heterometal Center with Or-
ganic Substrates. The absorption spectra of fsal-2,2-Cu,
Gd were measured in DMF by adding some amino alcohols,

Table 1. Elemental Analyses of Complexes

Found (%) (Calcd (%))
Complex
C H N Cu Ln

fsal-2,2-Cu,Nd 33.01 321 12.05 8.17 18.35
(C2H22N;70:,CuNd(H,0),) (32.85) (3.26) (12.19) (7.90) (17.93)

fsal-2,2-Cu,Eu 33.52 3.08 12.06 7.96 18.84
(C2H22N7011CuEu(H,0)) (33.28) (3.05) (12.35) (8.00) (19.14)

fsal-2,2-Cu,Gd 33.61 3.26 11.51 7.71 120.14
(C22H2;N704;CuGd(H,0)) (33.06) (3.03) (12.27) (7.95) (19.67)
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diols, and amine as a substrate (Fig. 2). The numerical data
concerning the d—d band maxima of Cu(ll) are summarized
in Table 2. It is generally known that the axial coordina-
tion of a substrate to the square planar Cu(ll) site leads to
a red shift of the d—d band maximum, because the energy
level of the d,»—» orbital is lowered, where the x- and y-
axes are taken along the N>O;-coordinating atoms of the li-
gand. When 2-aminoethanol or 3-aminopropanol was added
as the substrate, the d—d band shifted to a lower energy com-
pared with that of the d—d band in the absence of substrate,
whereas the spectra were little affected by adding 1,2-ethane-
diol or 1,3-propanediol. These facts indicate that the amino
alcohols coordinate to the copper at the nitrogen atom.'® In
order to confirm such nitrogen-atom coordination of amino
alcohols, the absorption spectrum was measured after the
addition of N,N-dimethylethanolamine as the substrate. Two
methyl groups of this substrate are expected to make the ni-
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Fig. 2. Typical absorption spectra of fsal-2,2-Cu,Gd in DMF
solution of various additives. Concentration of fsal-2,2-Cu,
Gd is 2.00x 107> moldm . (—): without additive; (—-):
with 1,2-ethanediol(5.62x 102 moldm™3); (----): with 2-
aminoethanol(6.30x 102 mol dm); (---): with 3-ami-
nopropane(1.93x 1072 moldm™>); (- +---): with N,N-di-
methylaminoethanol(2.23x 10~2 mol dm ™).

Table 2.
Various Additives®
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trogen coordination difficult because of their steric effect. As
expected, the d—d band absorption maximum was little influ-
enced, supporting the specific coordination of the nitrogen
atom of the amino alcohols to the copper. On the other hand,
it cannot be determined only from the absorption spectra
how the alcoholic oxygen atom of amino alcohols behaves.
However, it is most plausible that such alcoholic oxygen in-
teracts with the lanthanide site through direct coordination or
through hydrogen bonding with the solvent molecule and/or
water molecule coordinating to the lanthanide ion.'® Diols,
such as 1,2-ethanediol and 1,3-propanediol, may coordinate
to lanthanide as the bidentate ligand.

Magnetic Property. The gadolinium(Ill) complex is
quite suitable for understanding its magnetic data, since the
ground state of Gd(III) is &S, /2 and the level of the lowest
excited state is very high in energy, i.e., the contributions of
the orbital angular momentum and the anisotropic effect do
not need to be taken into account. These inherent natures of
Gd(I) have led to energetic studies on the magnetic property
of heteronuclear complexes comprising a d-transition metal
and lanthanide ions in the last decade in order to elucidate
mechanism of the magnetic interaction between these two
metal ions and to develop new magnetic materials.'” Also,
in the present work, the magnetic property of fsal-2,2-Cu,Gd
complex was investigated.

Figure 3 shows the temperature dependences of the mag-
netic susceptibilities per CuGd unit (), the reciprocal mag-
netic susceptibilities (1/yv), and the effective magnetic mo-
ments (Uerr). The Weiss constant was estimated to be +1.4 K,
indicating a ferromagnetic interaction. The effective mag-
netic moment at 290.2 K is 8.17 ug, which is very close to
the spin-only value (8.12 ug) caleulated from the equation
Uett = (Ui, + 134)'/?, derived by assuming that a magnetic in-
teraction between Cu(Il) (Scy=1/2) and Gd(II) (Sga=7/2) is
absent. The magnetic moment gradually increases from 8.17
4 at 290.2 K to the maximum value (8.84 up) at 7.9 K with
decreasing the temperature, and then decreases to 8.61 ug at
4.2 K. The maximum value (8.84 ug) is close to the spin-
only value (8.94 ug) for the spin-state S =8/2, which arises
from a ferromagnetic spin-coupling of the present spin sys-
tem (Scy = 1/2 and Sgg =7/2). Thus, the observed magnetic
behavior clearly indicates the operation of an intramolecu-
lar ferromagnetic spin-coupling between Cu(Il) and Gd(II).
The decrease in the moment below 7.9 K may be due to an

Absorption Maxima of d—-d Bands of fsal-2,2-Cu,Gd in DMF Solution of

Additive (Concentration/mol dm_3)

Vimax/10° cm™! (e/mol ™! dm® em™!)

None

1,2-Ethanediol (5.61 x 1072)
1,3-Propanediol (2.65 x 10™2)
2-Aminoethanol (6.30 x 10™2)
3-Amino-1-propanol (3.06 x 1072)
3-Aminopropane (1.93 x 1072)
N,N-Dimethylaminoethanol (2.23 x 107%)

18.40 (118)
18.40 (122)
18.40(122)
17.24 (141)
17.92 (143)
17.97 (145)
18.35 (113)

a) Concentration of fsal-2,2-Cu,Gd is 2.00x 10~3 mol dm—3.
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Fig. 3.
effective magnetic moment per CuGd unit, respectively.

intermolecular antiferromagnetic interaction. The magnetic
data were analyzed on the basis of the following spin-only
expression, including a correction term (&) of intermolecular
interaction, using a spin-Hamiltonian defined as

H= —ZJSCU ‘SGd :

_ 4Ng?B* 15+ Texp (—8J/kT)
T KT — 0) 9+Texp(—8J/kT)

The best-fit was attained with parameters of g=2.00, J=+2.1
em™!, #=—0.3 K. The positive J-value is consistent with
the intramolecular ferromagnetic interaction described just
above, and the value of +2.1 ecm™! is comparable to those
previously reported for the Cu(Il)-Gd(IIl) systems.'”'®
Fluorescence Property. Some lanthanide ions and
their complexes exhibit a characteristic fluorescence of each
lanthanide, and a few studies on the effect of the co-exist-
ing metal ions or their complexes upon the fluorescence of
lanthanides have been reported.!” The fluorescence of fsal-
2,2-Cu,Eu was measured in DMF; the spectrum is shown
in Fig. 4, together with the spectrum of Eu(NOj3)3-6H,0.
Europium(III) nitrate apparently exhibits fluorescence bands
attributable to the SDQ—)7F1, 5D0—>7F2, 5D0—->7F3, and
SDy—"F, transitions around 590, 615, 650, and 700 nm, re-
spectively. These bands are almost quenched in fsal-2,2-Cu,
Eu. Itis generally accepted that the luminescence decreases
due to the radiationless energy loss through the excited state
of other molecules which are located near to the exciting
species.”” From this consideration and the observed results,
it is presumed that the fluorescence of fsal-2,2-Cu,Eu is dras-
tically quenched by energy transfer from the excited Eu(III)
to the Cu(Il) complex moiety through the bridging oxygen
atoms, followed by a radiationless energy loss, as previously
discussed.'*—1642) Of course, also, the fluorescence decrease

Temperature dependence of y (O), 1/xm (L), and pesr (@) of fsal-2,2-Cu,Gd. yum and f4gr are magnetic susceptibility and

Fluorescence intensity / Arbitrary scale

(b)

1 1 1

550 600 650 700 750

Wavelength / nm
Fig. 4. Fluorescence spectra of Eu(NOs)3;-6H,O (a) and fsal-
2,2-Cu,Eu (b) in DMF. Concentration of Eu(NOs3)3-6H,0
and fsal-2,2-Cu,Euis 2.00x 10~* mol dm 3. Exciting wave-
length is 394 nm. Slit width of excitation side and emission
side are 20 and 5 nm, respectively. Ordinate scale is x32.

due to the absorption of a large part of exciting light by the
complex itself can not be neglected.
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