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Treatment of the racemic ð�Þ2=ð�Þ2 isomer of the tricationic
complex, [Co3(aet)6]

3þ ([1]3þ), with the optically active ð�LLLÞ2
isomer of the trianionic complex, [Co3(L-cys-N,S)6]

3� ([2]3�),
afforded only the ð�Þ2ð�LLLÞ2 isomer of the complex salt,
[Co3(aet)6][Co3(L-cys-N,S)6] (3), the structure of which was de-
termined by X-ray crystallography. The selective formation of
this isomer was also observed when the racemic isomer of
[1]3þ was treated with a 1:1 mixture of the ð�LLLÞ2 and
ð�LLLÞ2 isomers of [2]3�.

Optically active transition-metal complexes have received
considerable attention not only due to their significance in fun-
damental coordination stereochemistry but also due to their po-
tential applications such as asymmetric catalysis, nonlinear op-
tics, and chiral recognition.1 In most cases, two approaches have
been applied to obtain optically active complexes; one is the
asymmetric synthesis of a given enantiomer and the other is
the optical resolution of a racemic complex into individual enan-
tiomers. For the latter approach, a classical, simple technique is
the fractional crystallization with the use of a suitable optically
active resolving agent, which is based on the chiral recognition
between a racemic complex and a resolving agent. While opti-
cally pure organic compounds, such as tartaric acids and alka-
loids, have widely been used as resolving reagents for cationic
and anionic metal complexes, respectively,2,3 it has also been
recognized that some optically pure ionic complexes can be used
as an effective resolving agent for other metal complexes with an
opposite charge.4 However, multinuclear metal complexes have
rarely been used as resolving agents, except for [Sb2(R,R-
tartrato)2]

2�,5 and furthermore, no report has appeared on the op-
tical resolution of a racemic multinuclear complex cation with
use of an optically active multinuclear complex anion. In this
paper, we report that the racemic isomer (ð�Þ2=ð�Þ2) of the tri-
cationic tricobalt(III) complex with 2-aminoethanethiolate (aet),
[Co3(aet)6]

3þ ([1]3þ),6,7 is effectively resolved by using the
ð�LLLÞ2 isomer of the trianionic tricobalt(III) complex with L-
cysteinate (L-cys), [Co3(L-cys-N,S)6]

3� ([2]3�),8 thanks to the
selective crystallization of the ð�Þ2ð�LLLÞ2 isomer of the 1:1
complex salt, [Co3(aet)6][Co3(L-cys-N,S)6] (3). The selective
crystallization of ð�Þ2ð�LLLÞ2-3 from the racemic ð�Þ2=ð�Þ2-
[1]3þ and a mixture of the ð�LLLÞ2 and ð�LLLÞ2 isomers of
[2]3� due to mutual chiral discrimination, which leads to the si-
multaneous resolution of [1]3þ and [2]3�, is also reported
(Scheme 1).

Treatment of the racemic [Co3(aet)6](NO3)3 (ð�Þ2=ð�Þ2-
[1](NO3)3) with ð�LLLÞ2-K3[Co3(L-cys-N,S)6] (ð�LLLÞ2-K3[2])
in a 2:1 ratio in water, followed by allowing to stand at room
temperature, gave black needle-like crystals (ð�Þ2ð�LLLÞ2-3).9
The elemental analytical data of this product were in agreement
with the formula for a 1:1 adduct of [Co3(aet)6]

3þ and [Co3(L-

cys)6]
3�,10 and its electronic absorption spectrum in water was

identical to that of a 1:1 mixture of [1]3þ and [2]3�.6,8 The IR
spectrum of ð�Þ2ð�LLLÞ2-3 (KBr disk) showed a strong sharp
C=O stretching band at 1620 cm�1, suggestive of the deproto-
nated form for free L-cys carboxyl groups.11 Single-crystal
X-ray analysis demonstrated that the asymmetric unit of
ð�Þ2ð�LLLÞ2-3 consists of a tricobalt complex cation
([Co3(aet)6]

3þ) and a tricobalt complex anion ([Co3(L-cys-
N,S)6]

3�), besides water molecules of crystallization.12 The ab-
sence of nitrate anions implies that all the carboxylate groups
in the complex anion are deprotonated, consistent with the
IR spectrum. The [Co3(aet)6]

3þ cation and the [Co3(L-cys-
N,S)6]

3� anion adopt the ð�Þ2 and the ð�LLLÞ2 configurations,
respectively (Figure 1). This result clearly indicates that only
the ð�Þ2 isomer of [1]3þ was incorporated in the crystal, together
with the ð�LLLÞ2 isomer of [2]3�. All the six carboxylate groups

Scheme 1. Schematic representation of chiral selective crystal-
lization.

Figure 1. Perspective view of a) ð�Þ2-[Co3(aet)6]3þ and b)
ð�LLLÞ2-[Co3(L-cys-N,S)6]3� in ð�Þ2ð�LLLÞ2-3. H atoms are
omitted for clarity.
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of the [Co3(L-cys-N,S)6]
3� anion in ð�Þ2ð�LLLÞ2-3 have an axial

orientation with lel (� for �) conformational N,S-chelate rings.
The same stereochemical behavior has been found in ð�LLLÞ2-
[Co3(L-cys-N,S)(L-Hcys-N,S)5](NO3)2,

8b in which five of six
carboxylate groups are protonated. In the crystal ð�Þ2ð�LLLÞ2-
3, two of six carboxylate groups in each ð�LLLÞ2-[Co3(L-cys-
N,S)6]

3� anion are hydrogen-bonded to amine groups of two ad-
jacent anions (av N���O = 2.950(10) Å) to form a 1D chain struc-
ture (Figure 2a). The other three carboxylate groups of each
anion are hydrogen-bonded to amine groups of three adjacent
ð�Þ2-[Co3(aet)6]3þ cations (av N���O = 2.946(10) Å) such that
each cation is connected to three anions through N–H���O hydro-
gen bonds (Figure 2b). As a result, anionic and cationic parts
are alternately arranged to construct a 3D hydrogen-bonding
network.

To investigate whether only the ð�Þ2 isomer of [1]3þ was in-
corporated in 3, an aqueous solution of the bulk sample of
ð�Þ2ð�LLLÞ2-3 was chromatographed on an anion-exchange col-
umn (QAE-Sephadex A-25). When the column was treated with
water, a brownish green band containing [1]3þ was eluted, while
a brownish green band containing [2]3� was absorbed on the top
of the column, which was eluted with a 0.3M aqueous solution
of NaCl. From the absorption and CD spectral measurements,
it was confirmed that the eluate of [1]3þ contains only the
ð�Þ2 isomer, manifesting the enantioselective uptake of ð�Þ2-
[1]3þ into 3.

Compatible with the chiral selective uptake of the ð�Þ2 iso-
mer of [1]3þ by ð�LLLÞ2-[2]3� into the crystalline state, treat-
ment of ð�Þ2-[1](NO3)3 with ð�LLLÞ2-K3[2] gave no crystalline
solid containing [1]3þ and [2]3�. Furthermore, no crystalline sol-
id appeared when the racemic [1](NO3)3 was treated with
ð�LLLÞ2-K3[2] under the same conditions. Prompted by these re-
sults, the racemic [1](NO3)3 was then treated with a 1:1 mixture
of the ð�LLLÞ2 and ð�LLLÞ2 isomers of K3[2] in a 1:1 ratio, which
resulted in the formation of black needle-like crystals.9,13 The
anion-exchange column chromatography, together with the sin-
gle-crystal X-ray crystallography, revealed that this product is
identical with ð�Þ2ð�LLLÞ2-3. Thus, the diastereomeric pure
salt of ð�Þ2ð�LLLÞ2-3 consisting of ð�Þ2-[1]3þ and ð�LLLÞ2-

[2]3� was selectively isolated, though four diastereomers,
ð�Þ2ð�LLLÞ2, ð�Þ2ð�LLLÞ2, ð�Þ2ð�LLLÞ2, and ð�Þ2ð�LLLÞ2, are
possible to be formed for 3.

In summary, we showed that the ð�LLLÞ2 isomer of the
trianionic tricobalt(III) complex, [Co3(L-cys-N,S)6]

3� ([2]3�),
selects the ð�Þ2 isomer of the tricationic tricobalt(III) complex,
[Co3(aet)6]

3þ ([1]3þ), producing only the ð�Þ2ð�LLLÞ2 isomer of
the complex salt, [Co3(aet)6][Co3(L-cys-N,S)6] (3), upon crystal-
lization. This result is most likely due to the tight 3D hydrogen-
bonding network between [1]3þ and [2]3� formed in the
ð�Þ2ð�LLLÞ2 isomer of 3. Remarkably, ð�Þ2ð�LLLÞ2-3 was also
selectively produced from the racemic (ð�Þ2=ð�Þ2) [1]3þ and
the pseudo-racemic (ð�LLLÞ2=ð�LLLÞ2) [2]3�. This means that
ð�LLLÞ2-[2]3� discriminates the ð�Þ2 isomer of [1]3þ from a
mixture of the ð�Þ2 and ð�Þ2 isomers, while ð�Þ2-[1]3þ discrim-
inates the ð�LLLÞ2 isomer of [2]3� from a mixture of the ð�LLLÞ2
and ð�LLLÞ2 isomers. As far as we know, such a mutual chiral
discrimination between cationic and anionic multinuclear spe-
cies is unprecedented. Note that ð�Þ2ð�LLLÞ2-3 is easily separat-
ed into ð�Þ2-[1]3þ and ð�LLLÞ2-[2]3� by ion-exchange column
chromatography using water as an eluent. Thus, this work
showed an effective, simultaneous resolution of both the cationic
and anionic complexes upon crystallization, which has never
been reported so far.
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Figure 2. a) 1D and b) 3D hydrogen-bonding structures in
ð�Þ2ð�LLLÞ2-3. Pink and blue molecules represent ð�Þ2-
[Co3(aet)6]

3þ and ð�LLLÞ2-[Co3(L-cys-N,S)6]3�, respectively.
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