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Abstract

An Ni(II)Pb(II) complex [NiPb(L)[(ClO;), H,O has been obtained by template reaction, where L?~ is the
dinucleating macrocycle with two 2,6-di(iminomethyl)-4-methylphenolate entities combined by two lateral chains,
—(CH,),~ and -(CH,),NH(CH,),—, at the 1mino nitrogens. The Ni and Pb ions are located at the 4-coordination
site with the chain —(CH;),— and the 5-coordination site with the chain |(CH,),NH(CH,),~ of the macrocycle,
respectively. By the use of the Ni(II)Pb(II) complex as the precursor a series of Ni(I)M(II) complexes
[NiM(L)}(C1O,), (M =Mn, Fe, Co, Ni, Cu, Zn) have been obtained in hydrated or solvated forms and characterized
by IR, '"H NMR and UV-Vis spectra, magnetic measurements, and cyclic voltammetry. Cyclic voltammograms
of the Ni(I[)M(II) complexes show the Ni(II)/Ni(I) reduction at —1.0 to —1.1 V versus SCE. The oxidation of
the Fe(II) of the Ni(II)Fe(II) complex occurs at +0.43 V whereas the oxidation of the Mn(II) of the Ni(II)Mn(II)
complex and the Co(II) of the Ni(II)Co(II) complex does not occur up to +1.3 V.
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Introduction

It is generally known that metal complexes of ma-
crocyclic ligands (macrocycles) are stabilized thermo-
dynamically and kinetically relative to those of cor-
responding acyclic ligands (macrocyclic effect [1]).
Further, macrocycles can provide a specific geometrical
environment for the bound metal ion and thence in-
fluence its physicochemical property [2]. The design of
macrocycles which can provide dinuclear complexes of
a well-defined structure is of importance to mimic
dinuclear metallobiosites [3], to search appropriate
systems for activating simple molecules [4-6], and to
investigate the mutual effect of the two metal centers
on their physicochemical properties [7, 8].

In our previous study [9] the dinucleating macrocycle
with two 2,6-di(iminomethyl)-4-methylphenolate enti-
ties combined by two lateral chains, —(CH,),- and
~(CH,),NH(CH,),—, at the imino nitrogens (see Fig.
1, abbreviated as L>~) was obtained by the stepwise
template reaction as a Cu(II)Pb(II) complex. It is found
that the Cu(II)Pb(II) complex is a good precursor for
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Fig. 1 Chemical structure of the macrocycle L2,

a series of heterodinuclear Cu(IDM(1I) (M =Mn, Fe,
Co, Ni, Cu, Zn) complexes. In this study the corre-
sponding Ni(II)Pb(II) complex of L?>-, [NiPb(L)]-
(ClO,),, has been prepared by a similar stepwise tem-
plate reaction and used to prepare a series of Ni(I[)M(II)
complexes, [NiM(L)](ClO,), (M=Mn, Fe, Co, Ni, Cu,
Zn).
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Experimental

Physical measurements

Elemental analyses of carbon, hydrogen and nitrogen
were obtained from the Elemental Analysis Service
Center at Kyushu University. Metal analyses were made
on a Shimadzu AA-660 atomic absorption/flame emis-
sion spectrophotometer. 1R spectra were recorded on
a JASCO IR-810 spectrometer on KBr disks or Nujol
mulls. Electronic spectra were recorded on a Shimadzu
MPS-2000 spectrometer. '"H NMR (400 MHz) spectra
were recorded on a JEOL JNM-GX 400 spectrometer
in deuterated dimethyl sulfoxide, using tetramethylsilane
as the internal standard. Magnetic susceptibilities of
powdered samples were measured on a Faraday balance.
The apparatus was calibrated with [Ni(en);]S,05 [10].
Diamagnetic corrections were made with Pascal’s con-
stants [11] and effective magnetic moments were cal-
culated by the equation p.,=2.828[x , T]'”*. Cyclic vol-
tammograms were recorded on an apparatus comprising
an HA-501 potentiostat/galvanostat, an HB-104 function
generator and an HF-201 coulomb/amperehour meter
of Kokuto Denko Ltd. Measurements were carried out
in acetonitrile for oxidation and in dimethyl sulfoxide
for reduction, using a threc-elcctrode cell equipped
with a glassy carbon working electrode, a platinum coil
as the auxiliary electrode, and a saturated calomel
clectrode as the reference Tetrabutylammonium per-
chlorate was used as the supporting electrolyte. Caution.
Tetrabutylammonium perchlorate is explosive especially
in acetonitrile and should be handled with great caution.

Syntheses

2,6-Diformyl-4-methylphenol was prepared by the
modified Duft reaction [12, 13]. N,N’-Ethylenebis-
(3-formyl-5-methylsalicylideneimine) and N,N’-ethyl-
enebis(3-formyl-5-methylsalicylidenciminato)nickel(II)
were obtained by the literature method [13]. Caution.
The perchlorate complexes described below may be
explosive and should be prepared in small portions

[NIPB(L)](CIO,);-H,0 (1)

A suspension of N,N’-ethylenebis(3-formyl-5-meth-
ylsalicylideneiminato)nickel(11) (1.6 g, 4 mmol) in meth-
anol (30 cm®) and a solution of Pb(ClO,),-3H,O (1.8
g, 4 mmol) 1in methanol were mixed and stirred at
ambient temperature for 15 min. A methanol solution
(20 cm’) of diethylenetriamine (0.41 g, 4 mmol) was
added and the mixture was refluxed for 30 min to form
an orange solution from which reddish orange micro-
crystals separated out. They were dissolved in N,N-
dimethylformamide (40 ¢cm?) and the solution was dif-
fused with ether to give red prisms. Yield 2.92 g (82%).
Anal Found: C, 32.24; H, 3.33; N, 7.92; N1, 6 62. Calc.

for C,,H,,CLNNiO,,Pb: C, 32.02; H, 3.25; N, 7.78;
Ni, 6.52%.

[NiMn(L)](CIO,),-H,0 (2)

A suspension of 1 (0.89 g, 1.0 mmol) and
MnSO, - 6H,O (0.26 g, 1.0 mmol) in methanol (30 cm®)
was stirred for 30 min at boiling temperature and
evaporated to dryness. The residue was extracted with
acetonitrile (30 ¢cm’) and the extract was evaporated
to dryness. The resulting crude product was dissolved
in methanol (30 ¢cm®) and the solution was diffused
with ether to give red prisms. They were separated,
washed with ether and dried in vacuo. Yield 0.52 g
(69%). Anal. Found: C, 38.34; H, 4.05; N, 9.34; Mn,
6.95; Ni, 7.51. Calc. for C,,H,,CLLMnNNiO,;: C, 38.54;
H, 3.91; N, 9.36; Mn, 7.34; Ni, 7.85%.

[NiFe(L)](CiO,),-DMF (3)

This complex was obtained by the reaction of 1 (0.89
g, 1.0 mmol) and FeSO,-7H,O (0.28 g, 1.0 mmol) in
methanol under argon, in nearly the same way as that
for 2. The crude product was dissolved in DMF and
the solution was diffused with isopropanol to give red
crystals. Yield 0.49 g (61%). Anal. Found: C, 40.16;
H, 4.31, N, 10.60; Fe, 6.87; Ni, 7.08. Calc. for
C,,H,CLFeNgNiO,: C, 40.28; H, 4.38; N, 10.44; Fe,
6 94; Ni, 7.29%.

[NiCo(L)[(ClO,). -H0 (4)

The reaction of 1 (0.89 g, 1.0 mmol) and CoSO,-7H,O
(0.28 g, 1.0 mmol) 1n methanol formed 4 as reddish
brown crystals. Yield 0.47 g (63%). Anal. Found: C,
38.94; H, 3.98; N, 9.53; Co, 7.77; Ni, 7.45. Calc. for
C,,H,sCLCoNNiO,;: C, 38.80; H, 3.80; N, 9.43; Co,
7.93; N1, 7.89%.

[Ni,(L)](ClO,),-H,0-i-PrOH (5)

This was obtained as reddish brown microcrystals by
the reaction of 1 (0.89 g, 1.0 mmol) and NiSO,-6H,0
(0.28 g, 1.0 mmol) in methanol. They were recrystallized
from DMF/isopropanol as described for 3. Yield 0.48
g (59%). Anal. Found: C, 40.04; H, 4.67; N, 8.75; Ni,
14.22. Calc. for C;;H4,CLNsNi,O,,: C, 39.94; H, 4.59;
N, 8 63; Ni, 14 46%.

[NiCu(L)](ClO,),-DMF-H,O (6)

The reaction of 1 (0.89 g, 1.0 mmol) and CuSQ,-5H,0
(0.25 g, 1.0 mmol) in methano! formed black crystals.
They were recrystalhzed from DMF/isopropanol as
described for 3. Yield 0.51 g (62%). Anal. Found: C,
38.94; H, 4.43; N, 10.08; Cu, 7.52; Ni, 7.14. Calc. for
C,;H,6CL,CuNgNiO,,: C, 39.08; H, 4.37; N, 10.13; Cu,
7.66; Ni, 707%.



[NiZn(L)](CIO,),-2H,0-CH;CN (7)

The reaction of 1 (0.89 g, 1.0 mmol) and ZnSO,, - 7TH,O
(0.29 g, 1.0 mmol) in methanol formed orange crystals,
which were recrystallized from acetonitrile. Yield 0.55
g (67%). Anal. Found: C, 39.10; H, 4.40; N, 10.12; Ni,
6.89; Zn, 8.15. Calc. for C,sH,;;CLLNNiO,,Zn: C, 39.09;
H, 4.13; N, 10.13; Ni, 7.07; Zn, 7.88%.

Results and discussion

Ni(IDPb(11) complex (1)

The stepwise template reaction using Ni(II) and
Pb(II) ions at the different stages of cyclization was
successfully applied to the synthesis of the macrocycle,
L?~, giving the Ni(II)Pb(II) complex [NiPb(L)]-
(ClO,),-H,O (1). The macrocycle is unsymmetrical with
respect to the two dissimilar coordination sites, i.e. 4-
coordination site of N,O, donor set and 5-coordination
site of N;O, donor set, sharing the two phenolic oxygens
as bridges. It is presumed that the Ni(II) ion 1s located
at the 4-coordination site and assumes an essentially
planar configuration. This is supported by the dia-
magnetic behavior of this complex. The Pb(II) ion at
the 5-coordination site of the macrocycle may take a
coordination number larger than six together with the
perchlorate oxygens, judged from the split »; band of
the perchlorate group (1140, 1110 and 1080 cm ') [14].
In the related Cu(II)Pb(II) complex [CuPb(L)(OAc)]-
(BPh,)-DMF (OAc=acetate) the Pb(II) ion at the 5-
coordination site assumes an eight-coordiante structure
together with bridging acetate oxygens [9].

Complex 1 shows a well-resolved '"H NMR spectrum.
Because of the unsymmetrical nature of the macrocycle
L2~ with respect to the two coordination sites, the two
ring protons appear at separate fields 7.88 and 7.52
ppm. On the other hand, only one azomethine proton
signal with the intensity corresponding to two protons
(2H) is observed at 8.62 ppm. This may be assigned
to the azomethine proton of the 4-coordination site.
The azomethine proton of the 5-coordination site may
be obscured probably due to the lability of the proton
[15-19]. A broadening of the azomethine signal is seen
in 7 (NiZn) also (see below). As for the protons of
the chain =NCH*HPCH"H’~NH—-CH’H"CH?H*N =,
the H* and HP” signals are observed as broad bands
at 4.21 and 4.01 ppm, respectively, and the H” and H?
signals as broad bands a1 5.80 and 5.60 ppm, respectively.
The protons of the ethylene lateral chain of the 4-
coordination site are observed as an AB quartet (3.93,
3.89, 3.57, 3.53 ppm). Such NMR spectral features of
1 are in accord with the X-ray crystallographic result
for the Cu(II)Pb(I) complex of L?~ [9] where the
central amino nitrogen of the 5-coordination site is
associated with the donation to the Pb so that both
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the lateral chains are strained. The methyl proton signal
is seen as a singlet at 2.29 ppm.

The visible spectrum of 1 in DMF shows intense
bands at 327 (e=7900 M~' cm’) and 394 (9600 M~!
cm®) nm, that are assigned to the m—m* transition
associated with the azomethine group and a d-=*
transition, respectively [20]. A d~d band of the Ni(II)
ion is seen as a shoulder at 540 nm, that is nearly the
same wavelength as that (548 nm) of N, N'-ethylenebis(3-
formyl-5-methylsalicylideneiminato)nickel(II) [13].

Ni(I)M(II) complexes (2-7)

The conversion of the Ni(II)Pb(II) complex (1) into
a series of heterodinuclear Ni(I)M(II) (M=Mn (2),
Fe (3), Co (4), Ni (5), Cu (6), Zn (7)) complexes by
transmetallation was achieved in tolerable yields when
stoichiometric amounts of 1 and a transition metal(II)
sulfate were reacted in methanol. The magnetic mo-
ments at room temperature and electronic spectral data
in acetonitrile of 2-7 are summarized in Table 1.

The magnetic moment of 2 (NiMn) is 5.86 ug (per
molecule) that is common for high-spin Mn(1I) ion.
The magnetic moments of 3 (N1Fe), 4 (NiCo), 5 (NiNi)
and 6 (NiCu) are also common for high-spin Fe(II),
Co(1I), Ni(IT) and Cu(II) complexes, respectively. Com-
plex 7 (N1Zn) is diamagnetic. These facts clearly dem-
onstrate that the Ni(Il) ion is diamagnetic in all the
complexes.

It should be noted that the magnetic moments of 3
and 4 (4.85 and 4.25 py, respectively) are low relative
to those of high-spin octahedral Fe(II) and Co(II)
complexes (the moments 5.2-5.5 and 4.7-52 pug, re-
spectively, have been reported [21]). The crystal struc-
ture analysis for [CuMn(L)(AcO)]BPh, has revealed a
highly distorted geometry about the Mn(II) owing to
the steric requirement of the 5-coordination site [9].
Such a distortion of the configuration about the M(II)
must be the case of the present Ni(II)M(II) complexes,
giving rise to the reduction of the orbital contribution
to the overall magnetic moment. In our previous cryom-
agnetic studies on the Cu(II)Co(II) complexes of L*~,
small g values (2.25-2.32) were evaluated for the Co(II)
ion [9].

The NMR spectral features of 7 (NiZn) differ from
that of 1 (NiPb). In 7 the ring protons are practically
equivalent and appear as a singlet at 7.62 ppm whereas
two imine proton signals are observed at separate fields
8.62 and 8.20 ppm. The signal at 8.20 ppm is considerably
broadened probably due to the same reason as that
for 1. The protons of the lateral chains are seen as
three broad signals at 3.81 (4H), 3.63 (4H), and
299 (4H) ppm. They can be assigned to
=NCH,CH,NHCH,CH,N=, =NCH,CH,N=  and
=NCH,CH,NHCH,CH,N=, respectively. The NMR
spectral featurcs obscrved suggest a fast conformational
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TABLE 1. Magnetic moments at room temperature and electronic spectral data (in acetonitrile) of the Ni(II)M(II) complexes

Men/ 1 UV-Vis
A(nm) (e(M~! cm?))

[NiMn(L)J(CIO,),- 1.5H,0 (2) 5.86 382 (10800), 535sh
[NiFe(L)](CIO,), DMF (3) 4.85 382 (10800), 465sh, 530sh
[NiCo(L)](CIO,),- H,O (4) 425 386 (10300), 537 (130), 1160 (7)
[NiN1(L)[(C1O,), -H,O-1PtOH (5) 325 383 (11100), 525sh, 1020 (12)
[NiCu(L)](CIO,),-DMF-H,0 (6) 1.83 386 (10100), 541 (210)
[N1Zn(L)]|(C1O,), - 2H;0 CH;CN (7) dia. 386 (10900), 525sh

sh=shoulder.

change of the lateral chains relative to the time scale
of NMR spectroscopy. To allow such a fast confor-
mational change of the lateral chains, the amino nitrogen
of the 5-coordination site must be free from the co-
ordination to the Zn(II) ion in solution. The methyl
proton signal is seen as a singlet at 2.31 ppm.

The electronic spectra of 2-7 each show one intense
band at 384 +2 nm in the near-UV region. This band
can be assigned to the intraligand 7—* transition band
associated with the azomethine group, by analogy with
the Cu(I)M(IT) complexes of L?~ [9]. The d—=* band
found for 1 is not resolved in 2-7. The ligand field
bands appear in the visible region longer than 450 nm.
Complex 2 shows one absorption band at 535 nm
attributable to the d—d band of the Ni(II) ion [9]. No
appreciable absorption band due to the Mn(II) ion is
seen in accord with the high-spin state of the metal
ion. Similarly, 7 shows only one absorption band due
to the Ni(II) ion at 525 nm. Complex 3 shows an
additional band at 465 nm which can be assigned to
a d-d component of the Fe(II). A similar band has
been observed for the Cu(II)Fe(II) complex of L*~
[9]. For complex 4 a d—d component of the Co(II) is
seen at 1160 nm and for 5 a d—d component of the
high-spin Ni(II) at the 5-coordination site is seen at
1020 nm. Complex 6 shows a well-resolved band at 541
nm with a higher extinction coefficient 210 M™" cm®.
This band may be the superposition of a d-d component
of the high-spin Ni(II) and a d-d component of the
Cu(II). It should be emphasized that the Cu(II)Ni(II)
complex with Cu(II) at the 4-coordination site and
Ni(II) at the 5-coordination site shows two d—d bands
at 527 and 1015 nm. Thus, the Cu(II)Ni(II) and
Ni(II)Cu(IT) complexes, which differ in the arrangement
of the metal ions at the 4- and S-coordination sites of
L?~ (coordination position isomers), are available using
[CuPb(L)[(ClO,), and [NiPb(L)](ClO,), as the pre-
cursors, respectively.

In Fig. 2 typical cyclic voltammograms of the
Ni(I)M(II) complexes are given. The numerical data
are summarized in Table 2.

The complexes 2, 3, 4 and 7 exhibit a quasi-reversible
couple at —1.06+0.03 V (versus SCE) that may be

ascribed to the reduction of the Ni(Il) center based
on coulometry for 1. Complex 5 (NiNi) shows two quasi-
reversible couples at ~1.01 and —1.23 V. The former
potential corresponds to the reduction of the Ni(II) of
2, 3, 4 and 7, but we tentatively assign this wave to
the reduction of the Ni(II) at the 5-coordination site
and the wave at —1.23 V to the reduction of the Ni(II)
at the 4-coordination site. Qur assignments are based
on the facts that (i) the Cu(II)Ni(II) complex of L*~,
possessing the Ni(II) ion at the 5-coordination site,
shows the reduction of the Ni(II) at —0.92 V under
similar conditions and (ii) in the case of the Cu(II)Cu(II)
complex of L?~ the reduction of the Cu(Il) at the 4-
coordination site, that occurs after the reduction of
the Cu(II) at the 5-coordination site, appears at ¢. 0.25
V negative potential relative to that of the Cu(IIM(II)
complexes [9]. It is natural that the reduction of the
Cu(Il) at the 4-coordination site is more difficult in
Cu(II)Cu(II) complex than in the Cu(IDM(II) com-
plexes because the reduction accompanies the charge
change from 1+ to 0 in the former ([Cu"Cu']* —
[Cu'Cu']®) whereas the reduction accompanies the
charge change from 2+ to 1+ in the latter ([Cu"-
MY+ - [Cu'™M"]*). Complex 6 shows an irreversible
redox behavior with cathodic peaks at —0.34 and —1.15
V, which may be attributed to the reductions at the
Cu and Ni centers, respectively.

In the sweep in the positive potential, all the com-
plexes showed an irreversible wave near +1.3 V. A
similar wave has been found for the Cu(II)M(II) com-
plexes and attributed to the oxidation of the ligand
based on electrochemical and spectral studies [9]. In
the cyclic voltammogram of 3 (NiFe) a quasi-reversible
couple appears at +0.43 V that is assigned to the
oxidation of the Fe(II) [9]. On the other hand, 2 (NiMn)
and 4 (NiCo) show no wave attributable to the oxidation
of the Mn(II) and Co(Il) ions in the potential region
up to +1.3 V. As discussed previously [9] the M(II)
at the 5-coordination site adopts a six-coordinate ge-
ometry highly distorted from a regular octahedron. Such
a distortion of configuration could be the main reason
for the stabilized Mn(II) and Co(II) in 2 and 4.
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V vs. SCE

Fig 2. Cyclic voltammograms of 2 (NiMn) (a), 3 (NiFe) (b), and 5 (N1N1) (c): glassy carbon electrode, scan rate 50 mV s~!, conc.
1X 1073 M, 1n DMSO for reduction and 1 acetonitrile for oxidation.

TABLE 2. Electrochemical data of Ni(II)M(II) complexes

Complex Reduction (in DMSO) Oxidation (in CH;CN)

Ny(ID/Ny(T)  M@IT/M(I)  M(ID/M(II)

—1.05 (70)

—1.03 (80) +0.43 (80)
—1.05 (80)

—1.23 (110) —1.01 (60)

-1.15¢cp —0.34cp

—1.09 (90)

N A AW

Glassy carbon electrode, scan rate 50 mV s™!, conc. 1x107> M,
peak separation in parentheses; cp=cathodic peak
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