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Treatment of ��-[NiII{CoIII(aet)2(R,R-chxn)}2](ClO4)4
(Haet = 2-aminoethanethiol, R,R-chxn = 1R,2R-cyclohexane-
diamine) with Cu(ClO4)2 in water gave ��-[CuII{CoIII(aet)2-
(R,R-chxn)}2](ClO4)4 (1), in which a central copper(II) ion is
surrounded by four aliphatic thiolato donors in a twisted
square-planar geometry. Complex 1 was converted to ��-
[CuICl{CoIII(aet)2(R,R-chxn)}2](ClO4)2 (2) by treatment with
NaCl in water, while 2 was reverted back to 1 by treatment with
NaClO4.

Coordination species of copper bearing thiolate ligands have
attracted considerable attention for many years.1 This is not only
because of their importance in copper-containing metalloen-
zymes but also because of their intriguing structural versatility
arising from the redox-active nature of both copper and thiolate.
To date, a variety of copper species with thiolate ligands, involv-
ing mononuclear CuI and CuII,2 polynuclear CuI and CuII,3 and
mixed-valent CuICuII,4 have been reported. Of these complexes,
CuII–thiolate species are difficult to isolate because of the intra-
molecular redox reaction between CuII and thiolate to form CuI–
thiolate and/or CuI/CuII–disulfide species.5 For example, we
have shown that the reactions of fac(S)-[M(aet)3] (M = RhIII

and IrIII) with Cu(NO3)2 result in the formation of CuI4M4 octa-
nuclear complexes having thiolate-type aet and disulfide-type
cysta ligands, [Cu4{M(aet)3}2(M2(aet)4(cysta))]

6þ (Haet = 2-
aminoethanethiol, H2cysta = cystamine).6 Thus, the isolation
of CuII–thiolate species has been a synthetic challenge in metal
thiolate chemistry. Here we report that a CuII–thiolate species,
��-[CuII{Co(aet)2(R,R-chxn)}2]

4þ (R,R-chxn = 1R,2R-cyclo-
hexanediamine), in which a CuII ion is coordinated by four thi-
olato groups from two [Co(aet)2(R,R-chxn)]

þ units, is obtained
by the reaction of ��-[Ni{Co(aet)2(R,R-chxn)}2]

4þ with
Cu(ClO4)2. The reversible conversion of this CuII–thiolate spe-
cies to the corresponding CuI–thiolate species is also reported.

Treatment of a red-brown solution of ��-[Ni{Co(aet)2-
(R,R-chxn)}2](ClO4)4

7 with Cu(ClO4)2.6H2O in a 1:1 ratio in
water gave a dark green solution, from which a dark green com-
plex 1 was obtained by adding aqueous NaClO4.

8 X-ray fluores-
cence spectrometry indicated that 1 contains Co and Cu as a
metal component, and its elemental analytical data were in good
agreement with a formula for a 2:1 adduct of [Co(aet)2(R,R-
chxn)]þ and Cu2þ. The EPR spectrum of a solid sample of 1
at 77K displayed a simple isotropic signal with g ¼ 2:03,9 sup-
porting the presence of Cu2þ. The structure of 1 was determined
by single-crystal X-ray analysis, which revealed the presence of
discrete complex cations and perchlorate anions, besides water
molecules.10 The 1:4 ratio of cations and anions implies that
the complex cation of 1 is in a tetracationic form. As shown in
Figure 1, the complex cation of 1 contains two �-[Co(aet)2-
(R,R-chxn)]þ units that are linked by a Cu atom to form a linear

S-bridged trinuclear structure in ��-[Cu{Co(aet)2(R,R-
chxn)}2]

4þ. The bond distances and angles of the �-
[Co(aet)2(R,R-chxn)]

þ units in 1 (av Co–S = 2.259(3), Co–
N = 1.993(8) Å) are similar to those in the parental ��-
[Ni{Co(aet)2(R,R-chxn)}2]

4þ (av Co–S = 2.235(5), Co–N =
1.986(14) Å).7 The central Cu atom bound by four thiolato atoms
(av Cu–S = 2.302(3) Å) is assignable to have a +II oxidation
state based on the total charge balance of the complex cation.
In common, a copper ion with aliphatic thiolato donors tends
to adopt a +I oxidation state,5b and 1 is the second example of
a crystallographically characterized CuII species with four ali-
phatic thiolato donors.11 In addition, the CuIIS4 coordination
sphere in 1 is highly distorted from square-planar to tetrahedral
geometry with a dihedral angle of 49.7�, which is not so common
for CuII species with four S donors.11,12

The electronic absorption spectrum of 1 in water is charac-
terized by two intense visible bands at 642 and 464 nm assigna-
ble to S-to-CuII charge-transfer transitions (Figure 2).13 In the
corresponding region, 1 exhibits a negative and a positive CD
bands, compatible with its chiral structure. The cyclic voltammo-
gram (CV) of 1 in 0.1M aqueous NaClO4 displays a reduction at

Figure 1. Perspective view of one of the two independent com-
plex cations in 1. H atoms are omitted for clarity.

Figure 2. Absorption and CD spectra of 1 (—) and 2 (- - -) in
water.
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+0.06V (vs. Ag/AgCl), which is coupled with an oxidation at
+0.13V (Figure 3). This redox couple is assigned to a +I/+II
redox process of the central Cu atom, taking account of the fact
that no redox wave was observed for ��-[Ni{Co(aet)2(R,R-
chxn)}2](ClO4)4 in this potential range.14 In the potential step
spectroelectrochemistry, the visible absorption bands for 1 de-
creased with an isosbestic point at 430 nm on decreasing the po-
tential from +0.40V to �0:20V (Figure 3). The increase of the
potential to +0.40V recovered the original absorption spectrum.
These results imply that the central CuII in 1 is reversibly con-
verted to CuI, retaining the S-bridged trinuclear structure.

When excess NaCl was added to an aqueous solution of 1, a
dark brown powder 2 was precipitated.15 The presence of Cu
atom in 2, as well as Co atom, was confirmed by X-ray fluores-
cence spectrometry. In contrast to 1, 2 is EPR silent in the solid
state, suggestive of the +I oxidation state for Cu in 2. The absorp-
tion spectrum of 2 shows broad, less intense bands in the visible
region, although its CD spectral pattern is similar to that of 1 in
this region (Figure 2). This absorption spectral feature is essen-
tially the same as that of a reduced form of 1 found in the spec-
troelectrochemistry (Figure 3). Based on these results, together
with the elemental analysis and the ESI mass spectroscopy, it
is assigned that 2 is a S-bridged CoIIICuICoIII trinuclear complex,
[CuCl{Co(aet)2(R,R-chxn)}2](ClO4)2, in which a Cl� ion coor-
dinates to the CuI center.16 Here, it should be noted that treatment
of a dark brown solution of 2with excess NaClO4 in water gave a
dark green solution, the absorption spectrum of which is the same
as that of 1. This implies that the removal of a Cl� ion from the
coordination sphere of CuI by treating with ClO4

� led to the
autoxidation to form 1. Thus, the presence of a chloride ion in
the coordination sphere is essential for the stabilization of the
+I oxidation state of Cu in this trinuclear structure.17

In conclusion, we showed that a rare +II oxidation state
of Cu bearing four aliphatic thiolato donors is created in the
S-bridged CoIIICuIICoIII complex 1, which was derived from
��-[Ni{Co(aet)2(R,R-chxn)}2]

4þ through the metal replace-
ment reaction. The moderate electron-donating property of
thiolato groups bound to a CoIII center, which is analogous
to thioether groups, together with steric factors that exclude
the formation of an ideal tetrahedral geometry favorable for

CuI in this trinuclear structure, seems to be responsible for this
result. Notably, the +II oxidation state of Cu in this trinuclear
structure was found to be interconvertible to the +I oxidation
state by the addition/removal of a Cl� ion, accompanied by
the drastic change of absorption spectra in the visible region.
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