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The X-ray structural analysis revealed three types of link-
age modes (eq-eq, ax-eq, and ax-ax) due to the stereochemical
difference in bridging two macrocycles by a C-C bond for
bimacrocyclic nickel(II) and cobalt(III) complexes. 

Many bimacrocyclic compounds where two macrocycles
are linked by various functional groups have been reported.1

Although the linkage by a C-C bond is a simple method, such a
linkage has been known to afford new properties and interest-
ing structures, which are never observed in the corresponding
monomacrocyclic one.  For example, the nickel(II) complex
with L1 has been reported as a more effective catalyst for the
reduction of water to hydrogen compared with the correspon-
ding monomacrocyclic nickel(II) complex, [Ni(cyclam)]2+.2

We also reported that the nickel(II) complex with L2 shows
higher catalytic activity in the photochemical reduction of CO2
than the corresponding monomacrocyclic nickel(II) complex,
as well as an interesting dimeric structure bearing unusual 1,3-
diaxial methyl substituents.1 In the nickel(II)1 and cobalt(III)3

complexes with L2, only the complex with the equatorial-equa-
torial (eq-eq) C-C linkage, where both macrocycles were
linked equatorially with respect to the six-membered chelate
ring, was isolated, though three complexes with eq-eq, ax-eq
(axial-equatorial), and ax-ax (axial-axial) C-C linkage modes
between two macrocycles could be proposed (see Figures 1 and
2).  In the present study, we succeeded in revealing for the first
time three different C-C linkage modes between two macrocy-
cles by the X-ray structural analysis of new nickel(II) complex-
es with L3, which is a geometrical isomer of the ligand L2, and
cobalt(III) complexes with L1, which does not have methyl
substituents.  

New nickel(II) complexes with L3 were synthesized as fol-
lows.  The oxidation of 5R(S),7S(R)-dimethyl-1,4,8,11-
tetraazacyclotetradecanenickel(II) perchlorate with 30% hydro-
gen peroxide in 1 mol dm-3 HClO4 at 60 °C yielded the deep
violet dimer of the starting complex, bis[5R(S),7S(R)-dimethyl-
1,4,8,11-tetraaza-11,14-cyclotetradecadien-13-ylidenenickel(II)]
perchlorate.4 The five double bonds in the dimer were reduced
with NaBH4 to produce the mixture of eq-eq5 and ax-eq6 nick-
el(II) complexes with the saturated ligand L3.  The complexes,
which did not show isomerization in aqueous solution, were
separated by column chromatography using SP Sephadex C-25
and isolated as perchlorates (yield ratio: eq-eq : ax-eq = ca. 3 :
1).5,6 The FAB-mass spectra of both perchlorates showed the
peaks with the same isotropic distribution pattern at m/z 869

for [M-ClO4]
+, confirming that they are isomers with respect to

the complex cations.
Perchlorates of the nickel(II) complexes were converted to

the azide and the iodide salts in order to produce crystals for
the X-ray structural analysis, which clearly confirmed the dif-
ference in the C-C linkage mode between the two
macrocycles.7 The structures of [Ni2(eq-eq-L3)(N3)4]8 and
[Ni2(ax-eq-L3)(OH2)]

4+ 9 are shown in Figure 1.  In [Ni2(eq-eq-
L3)(N3)4], two macrocycles are equatorially linked by the C-C
bond at both the 13- and 13' -positions with respect to the six-
membered chelate rings and separated as far as possible; the
nickel(II)-nickel(II) distance is 8.181 Å.  The two macrocycles
adopt the trans-III10 N4 configuration containing the six-coordi-
nate nickel(II) associated with azide ions.  They are twisted by
ca. 60° around the C(13)-C(13') bond probably to avoid the
steric repulsion between the coordinated azide ions.  The aver-
age bond length of Ni-N4 is 2.076 Å, which is a typical value
for the high-spin six-coordinate nickel(II) in macrocyclic lig-
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ands.10 On the other hand, in [Ni2(ax-eq-L3)(H2O)]I4, one
macrocycle is axially linked by the C-C bond at the 29-position
and the other one is equatorially linked at the 13-position with
respect to the six-membered chelate rings.  Because of this
linkage mode, the molecular shape is bent like a half-opened
clamshell that forms two kinds of nickel(II) ions with different
coordination geometries.  Although both macrocycles adopt the
trans-III N4 configuration, one nickel(II) in the equatorially
linked macrocycle takes the four-coordination geometry (av.
Ni-N4 = 1.944 Å) and the other one has the five-coordination11

geometry (av. Ni-N4 = 2.072 Å).  The nickel(II)-nickel(II) dis-
tance is 7.073 Å, which is considerably shorter than that of the
above eq-eq complex.  Such a half-opened clamshell shape
seems to afford the ax-eq-linked complex, a new interesting
function incorporating anions between two macrocycles.  Two
iodide ions are closely trapped between the two macrocycles
by hydrogen bonds formed with the secondary amine protons
and the coordinated water molecule, as shown in Figure 1b.

The eq-eq and ax-ax linkage modes were found in the
cobalt(III) complex with L1.  The reaction of CoCl2·6H2O with
L1 12 in methanol followed by aerial oxidation gave a crude
green product of the cobalt(III) complex with L1, which was
purified by SP Sephadex C-25 columm chromatography (0.4
mol dm-3 NaCl).  After the removal of NaCl, the obtained
green crystals were further recrystallized from 1 mol dm-3 HCl
to give three kinds of crystals.  The X-ray crystallography has
revealed that two of them are the eq-eq and ax-ax linked com-
plexes (Figure 2).13 Two complex cations, [Co2(eq-eq-
L1)Cl4]

2+ 14 and [Co2(ax-ax-L1)Cl4]
2+,15 are in the isomerism

due to the difference in the C-C linkage mode between the two
macrocycles.  Each macrocycle adopts the trans-III N4 config-
uration and all the cobalt(III) ions are in the six-coordination
geometry with chloride ions in either complex.  The cobalt(III)-
cobalt(III) distance is considerably shorter in [Co2(ax-ax-
L1)Cl4]2+ (7.391 Å) than in [Co2(eq-eq-L1)Cl4]2+ (8.259 Å),
because of the difference in the C-C linkage mode.

Thus, L1 and L3, which have no methyl substituents

around the C-C brigde, enabled us to reveal the presence of eq-
eq, ax-eq, and ax-ax linkage modes between two macrocycles
for the C-C linked bimacrocyclic complexes.  Detailed studies
on the differences in the physical properties are now in
progress.
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