
Published: January 28, 2011

r 2011 American Chemical Society 2040 dx.doi.org/10.1021/ic1018983 | Inorg. Chem. 2011, 50, 2040–2042

COMMUNICATION

pubs.acs.org/IC

Enantioselective/Anion-Selective Incorporation of
Tris(ethylenediamine) Complexes into 2D Coordination
Spaces between Tripalladium(II) Supramolecular Layers
with D-Penicillaminate
Yusuke Hirai, Yoshinori Nagao, Asako Igashira-Kamiyama, and Takumi Konno*

Department of Chemistry, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan

bS Supporting Information

ABSTRACT:The formation of a cocrystallized coordination
compound, [Pd3(D-pen)3]2 3 [M(en)3](ClO4)3 (D-H2pen =
D-penicillamine;M =CoIII or RhIII), from [Pd3(D-pen)3] and
[M(en)3](ClO4)3 is reported. In this compound, only theΔ-
configurational [M(en)3]

3þ cations were incorporated when
its racemic (Δ/Λ) isomer was employed. Besides this enan-
tioselective incorporation of complex cations, this compound
was found to show the selective incorporation of ClO4

- as
the anion species.

Porous coordination compounds, in which molecular building
units are linked by coordination bonding and/or hydrogen-

bonding interactions, have attracted considerable attention in
many research fields including coordination chemistry and
supramolecular chemistry.1-3 This is not only because of the
intriguing physical properties based on their framework struc-
tures2 but also because of the utilization of their coordination
spaces for various applications such as catalysis, recognition, and
adsorption of small molecules.3 To date, a large number of
coordination compounds with a 3D porous structure, some of
which are composed of chiral building units,4 have been prepared
and their properties and functionalities have been extensively
investigated. On the other hand, coordination compounds hav-
ing a 2D layer structure are less common despite their potential
for the selective incorporation of guest molecules by modifica-
tion of the interlayer distances and functional groups on layer
surfaces.1a,3a In particular, there are only a few examples of chiral
2D coordination compounds that show the enantioselective
incorporation of chiral guest molecules into their asymmetric
coordination spaces.4b,5 In the course of our investigation on the
coordination behavior of metalloligands with D-penicillaminate
(D-pen),6 we encountered a unique cocrystallized compound,
[Pd3(D-pen)3]2 3K3[Hg2Br7], in which neutral [Pd3(D-pen)3]
molecules are self-assembled to construct a 2D supramolecular
layer structure with hydrophilic and hydrophobic surfaces.7

Notably, the supramolecular layers were stacked in a face-to-face
fashion to afford hydrophilic interlayer spaces, in which Kþ

cations and [Hg2Br7]
3- anions are accommodated through

multiple hydrogen bonds. This observation, together with the
fact that [Pd3(D-pen)3] is optically active, prompted us to
investigate the possibility of the enantioselective incorporation

of chiral species into the hydrophilic spaces of this compound. In
this Communication, we report that the treatment of [Pd3(D-
pen)3] with [M(en)3](ClO4)3 (M = CoIII or RhIII; en = ethyl-
enediamine) gives a cocrystallized compound, [Pd3(D-pen)3]2 3
[M(en)3](ClO4)3, in which only the Δ isomer is exclusively
incorporated into the hydrophilic spaces when the racemicΔ/Λ
isomer is used (Scheme 1). A remarkable selectivity of ClO4

- as
the anion species is also reported.

The slow evaporation of an aqueous solution containing
[Pd3(D-pen)3] 3 4H2O

8 and 3 times excess of the racemic Δ/
Λ-[Co(en)3](ClO4)3

9 gave orange plate crystals (1 3 10H2O) in
a yield of ca. 90%.10 X-ray fluorescence spectrometry indicated
that 1 contains both Pd and Co atoms, and its elemental analysis
data were in agreement with the formula for a 2:1 adduct of
[Pd3(D-pen)3] and [Co(en)3](ClO4)3. The

1H NMR spectrum
of 1 in D2O was essentially the same as that of a 2:1 mixture of
[Pd3(D-pen)3] and [Co(en)3](ClO4)3.

10 From these results,
together with the presence of characteristic strong bands due
to carboxylate groups (1597 cm-1) and ClO4

- anions (1120 and
627 cm-1) in the IR spectrum,10 1 is confidently assigned to a
cocrystallized compound having [Pd3(D-pen)3] and [Co(en)3]-
(ClO4)3 in a 2:1 ratio. Single-crystal X-ray crystallography
revealed that 1 3 10H2O consists of two crystallographically
independent, but nearly the same [Pd3(D-pen)3] molecules,

Scheme 1. Formation of [Pd3(D-pen)3]2 3Δ-[M(en)3]-
(ClO4)3
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one [Co(en)3]
3þ cation, and three ClO4

- anions in the asym-
metric unit, besides water molecules of crystallization.10 As
shown in Figure 1a, each [Pd3(D-pen)3] molecule has a cyclic
S-bridged tripalladium(II) structure, in which three PdII atoms
are connected by three D-pen ligands that adopt a μ2-κ

2N,S:κ2S,
O coordination mode [avg Pd-S = 2.267(1) Å, Pd-N =
2.087(4) Å, and Pd-O = 2.050(3) Å]. This tripalladium(II)
structure in 1 is essentially the same as that found in the parental
[Pd3(D-pen)3] 3 4H2O,

8 indicative of the retention of its structure
during the cocrystallization reaction. In 1, the [Pd3(D-pen)3]
molecules are connected to one another through double hy-
drogen bonds between amine and carboxylato groups [avg
N 3 3 3Ocoordination = 3.007(5) Å and N 3 3 3Ononcoordination =
2.915(5) Å] to form a 1D zigzag chain structure (Figure 1c).
The 1D chains are coplanarly linked by ClO4

- anions through
CH 3 3 3O and NH 3 3 3O interactions [avg C 3 3 3O = 3.561(7) Å
and N 3 3 3O = 3.113(5) Å],11 completing a 2D supramolecular
layer structure with a hydrophilic surface covered with amine and
carboxylate groups and a hydrophobic surface covered with
methyl and μ2-thiolato groups. These layers are stacked in an
(AB)n fashion such that wide hydrophilic and narrow hydrophobic
2D coordination spaces are alternately formed (Figure 1d). The
[Co(en)3]

3þ cations, as well as other ClO4
- anions and water

molecules, are accommodated in the hydrophilic interlayer spaces
by forming NH 3 3 3O hydrogen-bonding networks [avg Nen 3 3 3
OD-pen = 2.961(5) Å, ND-pen 3 3 3OClO4 = 3.040(5) Å, and Nen 3 3 3
OClO4 = 3.122(6) Å]. It should be noted that the [Co(en)3]

3þ

cations in 1 uniformly adopt the Δ configuration (Figure 1b).

To ensure the enantioselective incorporation of the Δ isomer
of [Co(en)3]

3þ, the bulk sample of 1 was chromatographed on a
cation-exchange column of SP-Sephadex C-25. After an orange-
yellow band of [Pd3(D-pen)3] was eluted with water, an orange
band containing [Co(en)3]

3þ was eluted with 0.3 M aqueous
NaCl. The CD spectrum of this eluate was identical with that of
the optically pureΔ-[Co(en)3]

3þ 9 not only in its spectral pattern
but also in its intensity (Figure 2). This result clearly indicates that
[Pd3(D-pen)3] has an ability to uptake only the Δ isomer of
[Co(en)3]

3þ from a 1:1 mixture of its Δ and Δ enantiomers,
giving the diastereomerically pure cocrystallized compound
[Pd3(D-pen)3]2 3Δ-[Co(en)3](ClO4)3.

12

When a large excess of Λ-[Co(en)3](ClO4)3,
9 instead of Δ/

Λ-[Co(en)3](ClO4)3, was mixed with [Pd3(D-pen)3] 3 4H2O in
water, orange plate crystals (2 3 10H2O) were obtained in a yield
of ca. 50%.10 This compound was confidently assigned to
[Pd3(D-pen)3]2 3Λ-[Co(en)3](ClO4)3, based on the absorption,
circular dichroism (CD), IR, and 1H NMR spectroscopies,
together with X-ray fluorescence and elemental analyses.10

Single-crystal X-ray analysis indicated that the overall structure
in 2 is similar to that in 1, except the presence ofΛ-[Co(en)3]

3þ

in place of Δ-[Co(en)3]
3þ (Figure 3a), although its asymmetric

unit contains four crystallographically independent [Pd3(D-
pen)3] molecules, two Λ-[Co(en)3]

3þ cations, and six ClO4
-

anions, besides water molecules of crystallization.10 Like in 1, the
[Pd3(D-pen)3]molecules in 2 are arranged in parallel in a coplane
to form a 2D layer structure and, furthermore, the Λ-[Co-
(en)3]

3þ cations are incorporated in hydrophilic interlayer
spaces in combination with ClO4

- anions and water molecules
by forming multiple hydrogen bonds. A slight, but significant
structural difference between 1 and 2 is observed in hydro-
gen-bonding interactions among the [Pd3(D-pen)3] molecules.

Figure 1. Perspective views of (a) one of the [Pd3(D-pen)3] units, (b)
the Δ-[Co(en)3]

3þ unit, (c) a 2D layer structure, and (d) a packing
structure in 1. Disordered and H atoms are omitted for clarity. Blue and
orange bands represent hydrophilic and hydrophobic spaces between
the 2D layers. Blue and gray dashed lines represent NH 3 3 3O and
CH 3 3 3O interactions.

Figure 2. CD spectra of 1 (—), [Pd3(D-pen)3]�2 (- - -), and Δ-[Co-
(en)3]

3þ (- 3-) in water.

Figure 3. Perspective views of (a) independent Λ-[Co(en)3]
3þ units

and (b) a 2D layer structure in 2.
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That is, in 2, some of the intermolecular N 3 3 3Odistances between
amine and carboxylato groups are too long to be considered as an
effective hydrogen bond [N 3 3 3O = 3.103(16)-3.142(15) Å],
and thus the [Pd3(D-pen)3] units are not connected to one
another through a rigid double hydrogen bonding as found in 1
(Figure 3b). Because there exist no other substantial structural
differences between 1 and 2, it is most likely that the incorporation
of theΛ-[Co(en)3]

3þ cations in place of theΔ-[Co(en)3]
3þ ones

partially breaks the hydrogen-bonding interactions between the
[Pd3(D-pen)3] molecules, which results in the weaker packing
force of crystals.

To check whether the enantioselective incorporation occurs
only for [Co(en)3](ClO4)3,Δ/Λ-[Rh(en)3](ClO4)3

13 was trea-
ted with [Pd3(D-pen)3] under similar conditions, which gave
orange plate crystals (3 3 10H2O) in a yield of ca. 90%.10 This
compound was assigned to [Pd3(D-pen)3]2 3 [Rh(en)3](ClO4)3,
based on the absorption, IR, and 1H NMR spectroscopies,
together with X-ray fluorescence and elemental analyses. It was
found, from the SP-Sephadex C-25 column chromatography of
the bulk sample of 3 and the subsequent absorption and CD
spectral measurements of the eluate, that only the Δ isomer of
[Rh(en)3]

3þ is incorporated in 3.10 The enantioselective incor-
poration of Δ-[Rh(en)3]

3þ in 3 was also confirmed by single-
crystal X-ray analysis,10 which revealed that 3 3 10H2O is iso-
morphorous with 1 3 10H2O, containing two crystallographically
independent [Pd3(D-pen)3] molecules, oneΔ-[Rh(en)3]

3þ cation,
and three ClO4

- anions in the asymmetric unit.
On the other hand, when [Co(en)3]Cl3 was treated with

[Pd3(D-pen)3] in water, only rod crystals of [Pd3(D-
pen)3] 3 4H2O appeared and the formation of crystals composed
of [Pd3(D-pen)3] and [Co(en)3]

3þ was not noticed until the
solution reached dryness. This was also the case for [Co(en)3]-
(NO3)3. Furthermore, the addition of a large excess of NaCF3-
SO3, Na2SO4, or Na3PO4 to an aqueous solution containing
[Co(en)3]Cl3 and [Pd3(D-pen)3] gave only crystals of [Pd3(D-
pen)3] 3 4H2O, while the addition of NaClO4 led to the forma-
tion of crystals of 1 3 10H2O.

10,14 Thus, this system is highly
selective toward ClO4

- as an anion species when [Pd3(D-pen)3]
forms a cocrystallized compound with [Co(en)3]

3þ. The forma-
tion of rigid hydrogen-bonding networks by the existence of
ClO4

- anions, which sustain the interactions between [Pd3(D-
pen)3] and Δ-[Co(en)3]

3þ, seems to account for this result.
In summary, we demonstrated the completely enantioselec-

tive incorporation of the chiral complex salts, Δ-[M(en)3]-
(ClO4)3 (M = CoIII or RhIII), into the hydrophilic 2D coordi-
nation spaces between the supramolecular layers made up of the
neutral, optically active [Pd3(D-pen)3] molecules. Besides the
enantioselectivity for the Δ-configurational [M(en)3]

3þ cations,
the interlayer spaces were found to possess an anion selectivity
for ClO4

-. To our knowledge, this is the first enantioselective/
anion-selective incorporation of chiral complex salts into 2D
interlayer coordination spaces of supramolecular compounds,15

which should provide insight not only into the classical chiral
resolution chemistry but also into the functional supramolecular
chemistry. To further investigate the enantioselectivity and/or
ion selectivity of this system, the reactions of [Pd3(D-pen)3] and
other complex salts are currently underway.
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