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Polar 2D Sheet versus Nonpolar 1D Helix Metallosupramolecular
Architectures Based on M6M’8 (M=PdII, NiII; M’=CuI, AgI) Cage Clusters

with d-Penicillaminate

Nobuto Yoshinari, Asako Igashira-Kamiyama, and Takumi Konno*[a]

The rational design and synthesis of metallosupramolecu-
lar architectures that show unique structures and properties
have been an active research subject over the past
decade.[1–4] In many case, this class of architectures have
been constructed by using multifunctional organic ligands as
building units that are linked by appropriate transition-
metal ions through coordination bonds.[2] On the other
hand, examples of the use of preformed metal clusters with
donor sites, instead of organic ligands, are relatively rare, al-
though this approach is attractive with respect to the expan-
sion of sizes, geometries, and functions in created metallosu-
pramolecular structures, as well as the appearance of syner-
gistic properties due to multiple metal centers.[3,4] This is
mainly because of the lack of suitable metal clusters with
plural donor sites, the structures of which are retained in the
course of the reactions with metal ions. To date, such candi-
dates are almost limited to oxido-, chalcogenido-, or halo-
genido-bridged inorganic clusters, represented by polyoxo-
metalates[3] and [M6E8(CN)6]

n� (M= transition metal, E=

chalcogenide),[4] which contain oxo or cyanide groups as
donor sites. Thus, it is highly desirable to develop new metal
clusters with functional groups available for coordination to
metal centers and to investigate their aggregations into met-
allosupramolecular structures assisted by metal ions. Herein,
we report on the rational synthesis of a series of S-bridged
M6M’8 cage-type clusters with a cubane [M’8Cl]7+ core,
[M6M’8ACHTUNGTRENNUNG(d-pen)12Cl]5� (M= NiII, PdII ; M’=CuI, AgI; d-pen =

d-penicillaminate), by using square-planar [M ACHTUNGTRENNUNG(d-pen)2]
2� as

the starting complex (Scheme 1). A notable feature of these
chiral M6M’8 clusters is the presence of twelve free carboxyl-
ate groups, which are expected to be used as coordination

sites to metal centers. Indeed, these clusters were found to
bind to La3+ ions through carboxylate groups, leading to the
formation of dimensional heterotrimetallic supramolecular
structures. Remarkably, the supramolecular structures creat-
ed were markedly dependent on whether the clusters con-
tain CuI or AgI in a cubane [M’8Cl]7+ core.

The reaction of Na2[Pd ACHTUNGTRENNUNG(d-pen)2]
[5] with a slight excess of

CuCl in water under reflux gave a dark yellow solution,
from which a dark brown powder (1) was isolated by adding
ethanol. X-ray fluorescence spectrometry indicated that 1
contains Pd and Cu atoms in a 3:4 ratio, and the presence of
fully deprotonated d-pen ligands in 1 was confirmed by the
IR spectrum, which has a n ACHTUNGTRENNUNG(C=O) band at 1603 cm�1.[6,7] The
absorption spectrum of 1 is characterized by an intense ab-
sorption band at 362 nm, the molar extinction coefficiency
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Scheme 1. Stepwise construction of cluster-based architectures.
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of which (e=4.5 � 104
m
�1 cm�1) is significantly greater than

that (e= 1.6 �103
m
�1 cm�1) of a sulfur-to-palladium charge-

transfer band observed for [Pd ACHTUNGTRENNUNG(d-pen)2]
2� at 330 nm.[8] The

1H NMR spectrum of 1 in D2O shows two methyl (d= 1.70,
2.50 ppm) and a methine (d= 3.42 ppm) proton signals due
to d-pen ligands, which locate at much lower magnetic fields
relative to the corresponding signals for Na2[Pd ACHTUNGTRENNUNG(d-pen)2]
(Figure 1). The appearance of a single set of d-pen signals
implies that 1 has a highly symmetrical structure.

The structure of 1 was determined by X-ray analysis,
using a single crystal (1·NaCl) that was obtained by the slow
evaporation of a solution containing 1 and NaCl in water/
DMF (Figure 2).[9] The complex anion of 1 consists of six
square-planar cis-[Pd ACHTUNGTRENNUNG(d-pen)2]

2� units that bind to a
[Cu8Cl]7+ core through S atoms, forming a cage-type
PdII

6CuI
8 14-nuclear cluster, [Pd6Cu8 ACHTUNGTRENNUNG(d-pen)12Cl]5�. In the

PdII
6CuI

8 cluster, there are twelve noncoordinating carboxyl-
ate groups that point in different directions with the largest
intramolecular O···O separation of about 16.9 �. Each thio-
lato S atom in the cis-[Pd ACHTUNGTRENNUNG(d-pen)2]

2� units coordinates to
two CuI atoms, while each CuI atom is coordinated by three
S atoms from three different cis-[Pd ACHTUNGTRENNUNG(d-pen)2]

2� units in a
trigonal-planar geometry. The overall structure of this

PdII
6CuI

8 cluster in 1 is very similar to that of an analogous
CuII

6CuI
8 cluster with a T symmetry, [Cu14 ACHTUNGTRENNUNG(d-pen)12Cl]5�,[10]

which has been prepared by the one-pot reaction of CuCl2

and d-H2pen. However, in 1·NaCl, a chloride ion binds to
one of eight CuI ions (Cu�Clterminal = 2.473(4) �) to have a
C3 symmetrical structure, and thus the [Cu8Cl]7+ core is
highly distorted from a regular cubane with one of eight
Cu···Clcenter distances (3.651(3) �) being much longer than
the others (2.7514(13)–2.9357(13) �). Since the 1H NMR
spectrum of 1·NaCl is identical to that of 1, it is considered
that the terminal chloride ion is liberated from a CuI coordi-
nation sphere to adopt an averaged T-symmetrical structure
in solution.

A similar reaction of Na2[Pd ACHTUNGTRENNUNG(d-pen)2] with AgCl in water
at room temperature gave a yellow solution, from which a
yellow powder (2) was obtained by adding ethanol.[6] While
2 does not exhibit a characteristic absorption band in the
region >300 nm, the 1H NMR spectrum is very similar to
that of 1, giving only two methyl (d=1.62, 2.24 ppm) and a
methine (d=3.41 ppm) proton signals at magnetic fields
much lower than those of Na2[Pd ACHTUNGTRENNUNG(d-pen)2] (Figure 1). In ad-
dition, the presence of fully deprotonated d-pen ligands in 2
was confirmed by the IR spectrum, which gives a n ACHTUNGTRENNUNG(C=O)
band at 1596 cm�1.[6] From these observations, together with
X-ray fluorescence and elemental analytical results, com-
pound 2 is confidently assigned as an S-bridged PdII

6AgI
8 14-

nuclear cluster, Na5 ACHTUNGTRENNUNG[Pd6Ag8 ACHTUNGTRENNUNG(d-pen)12Cl], analogous to 1.[11]

To examine the coordination ability of carboxylate groups
in [Pd6M’8ACHTUNGTRENNUNG(d-pen)12Cl]5� (M’= CuI, AgI), compounds 1 and 2
were each treated with LaCl3 in a sodium acetate buffer so-
lution (pH 5), which afforded dark-brown crystals (3) and
yellow crystals (4), respectively.[6] X-ray fluorescence spec-
trometry indicated that 3 and 4 each contain La atoms, be-
sides Pd and Cu/Ag atoms, and their elemental analysis data
were consistent with the formula for a 1:2 adduct of [Pd6M’8-ACHTUNGTRENNUNG(d-pen)12Cl]5� and La3+ . Although the structural informa-
tion for 3 and 4 was not gained from solution NMR spec-
troscopy owing to insolubility in any common solvents, the
presence of [Pd6M’8ACHTUNGTRENNUNG(d-pen)12Cl]5� in 3 and 4 as building
units was suggested by the IR spectral features, which are
nearly the same as those of 1 and 2 over the whole region.[6]

The crystal structures of 3 and 4 were established by
single-crystal X-ray analyses (Figure 3).[9] Crystal 3 is com-
posed of S-bridged PdII

6CuI
8 cluster units ([Pd6Cu8ACHTUNGTRENNUNG(d-

pen)12Cl]5�) and La3+ ions in a 1:2 ratio. The structure of
each cluster unit in 3 is very similar to that of the PdII

6CuI
8

cluster in 1·NaCl, although the [Cu8Cl]7+ core in 3 is not so
deviated from a regular cubane structure with similar
Cu···Cl distances (2.739(3)–3.1265(14) �) because of the ab-
sence of an outer chloride ion bound to a CuI atom. The
overall molecular symmetry of each PdII

6CuI
8 cluster unit in

3 is best described as T symmetry with four threefold axes
passing through Cu-Cl-Cu lines of the [Cu8Cl]7+ core. Each
PdII

6CuI
8 cluster unit symmetrically binds to six La3+ ions

through six carboxylate groups in a chelating mode (av. La�
O= 2.610(19) �), while each La3+ ion is chelated by three
carboxylate groups from three different PdII

6CuI
8 cluster

Figure 1. 1H NMR spectra of Na2[Pd ACHTUNGTRENNUNG(d-pen)2] (a), 1 (b), and 2 (c) in D2O.

Figure 2. Perspective views of the PdII
6CuI

8 cluster (a) and its core struc-
ture (b) in 1·NaCl. Pd: orange, Cu: green, Cl: pale blue, C: gray, N: blue,
O: red, S: yellow.
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units, besides water molecules. As a result, a 2D sheetlike
(LaIII

2PdII
6CuI

8)n supramolecular structure, in which three
PdII

6CuI
8 cluster units are connected alternately by three

La3+ ions to form a huge hexagon with a side of about
10.8 �, is constructed in an ab plane. Furthermore, the 2D
supramolecular sheets are piled up in an AB stacking mode
through NH2···OOC hydrogen bonds, completing a lattice
structure very close to hexagonal close packing. In 3, chlo-
ride anions are located between the supramolecular sheets
to balance the total charge, together with water molecules
of crystallization.

Crystal 4 is composed of S-bridged 14-nuclear cluster
units ([Pd6Ag8 ACHTUNGTRENNUNG(d-pen)12Cl]5�) and La3+ ions in a 1:2 ratio, as
in the case of 3. The structure of each cluster unit in 4 corre-
sponds well with that in 3, except that a cubane core is
made up of AgI atoms in place of CuI atoms. However, in
each cluster unit of 4, two of eight AgI atoms are each
bound by a water molecule (Ag�O=2.523(9), 2.596(12) �)
to form a highly distorted [Ag8Cl]7+ cubane core, in which
two of eight Ag···Cl separations (3.662(3), 3.862(3) �) are
much longer than the others (2.811(3)–3.282(3) �).[12] Owing
to this distortion, the molecular symmetry of each PdII

6CuI
8

cluster unit is lowered from T to C2 with a twofold axis pass-
ing through a Pd-Cl-Pd line. The most striking structural
feature in 4, which is markedly different from that in 3, is
the formation of a 1D helix supramolecular structure with a
41 screw axis, in which the PdII

6AgI
8 cluster units are alter-

nately linked by La3+ ions through monodentate carboxyl-
ate groups (av. La�O =2.485(9) �). The supramolecular he-
lixes uniformly adopt a right-handedness and are linked in
parallel by other La3+ ions through carboxylate groups. It
appears that the low symmetry of each PdII

6AgI
8 cluster unit

in 4, induced by the binding of water molecules to the
[Ag8Cl]7+ core, results in the unsymmetrical binding of car-
boxylate groups to La3+ ions, thus forming a unique helix
(LaIII

2PdII
6AgI

8)n supramolecular structure. In 4, an acetate
ion, which balances the total charge, coordinates to a La3+

ion, together with carboxylate groups from the PdII
6AgI

8

cluster units and water molecules.
With the aim of checking whether the construction of 2D

sheet versus 1D helical supramolecular structures is depen-
dent on metal ions (AgI, CuI) incorporated in the cubane
core, analogous S-bridged NiII

6CuI
8 and NiII

6AgI
8 clusters,

K5ACHTUNGTRENNUNG[Ni6Cu8 ACHTUNGTRENNUNG(d-pen)12Cl] (5) and K5ACHTUNGTRENNUNG[Ni6Ag8ACHTUNGTRENNUNG(d-pen)12Cl] (6),
were prepared by using K2[Ni ACHTUNGTRENNUNG(d-pen)2] as the starting com-
plex,[13] instead of Na2[Pd ACHTUNGTRENNUNG(d-pen)2], which was treated with
CuCl and AgCl, respectively.[6] The assignment of these clus-
ters was made by the absorption, CD, IR, and 1H NMR
spectroscopy results, together with X-ray fluorescence and
elemental analyses.[6] The successive reactions of 5 and 6
with LaCl3 gave dark-brown crystals of 7 and red crystals of
8, respectively, which were determined to contain [Ni6ACHTUNGTRENNUNG(Cu or
Ag)8ACHTUNGTRENNUNG(d-pen)12Cl]5� and La3+ in a 2:1 ratio by means of
single-crystal X-ray analyses. Crystals 7 and 8 have 2D sheet
(LaIII

2NiII
6CuI

8)n and 1D helix (LaIII
2NiII

6AgI
8)n supramolec-

ular structures composed of [Ni6Cu8ACHTUNGTRENNUNG(d-pen)12Cl]5� and
[Ni6Ag8ACHTUNGTRENNUNG(d-pen)12Cl]5� cluster units, respectively.[9] The supra-
molecular structures in 7 and 8 are the same as those in 3
and 4, which consist of the [Pd6Cu8ACHTUNGTRENNUNG(d-pen)12Cl]5� and
[Pd6Ag8ACHTUNGTRENNUNG(d-pen)12Cl]5� cluster units, respectively. Like in the
PdII

6AgI
8 cluster unit of 4, two water molecules bind to the

[AgI
8Cl]7+ core in the NiII

6AgI
8 cluster unit of 8 to cause dis-

tortion from a regular cubane structure. On the other hand,
the [CuI

8Cl]7+ core in the NiII
6CuI

8 cluster unit of 7 has a
much less distorted cubane structure without the coordina-
tion of water molecules, like in the PdII

6CuI
8 cluster unit of

3. Thus, it is reasonable to conclude that the metallosupra-
molecular structures constructed from [M6M’8ACHTUNGTRENNUNG(d-pen)12Cl]5�

Figure 3. Perspective views of the PdII
6CuI

8 cluster bound by La3+ ions
(a), the core structure of the complex anion (b), the 2D sheet structure
(c), and the packing drawing looking down the b axis (d) in 3. Perspec-
tive views of the PdII

6AgI
8 cluster bound by La3+ ions (e), the core struc-

ture of the complex anion (f), the 1D helix structure looking down the b
axis (g), and the 1D helix structure from the c axis (h) in 4. La: purple,
Pd: orange, Cu: green, Ag: red purple, Cl: pale blue, C: gray, N: blue, O:
red, S: yellow.
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and La3+ are not affected by metal ions involved in the
outer cis-[M ACHTUNGTRENNUNG(d-pen)2]

2� square-planar units, but are largely
dependent on metal ions that constitute an inner [M’8Cl]7+

(M’= CuI, AgI) cubane core.
Importantly, the two types of metallosupramolecular

structures are discriminated not only by dimensionalities but
also by polarities. That is, compounds 3 and 7 with a 2D
sheet structure crystallize in the P63 space group belonging
to the polar C6 point group, whereas 4 and 8, with a 1D heli-
cal structure, crystallize in the P41212 space group belonging
to the nonpolar D4 point group.[14] It is known that polar ma-
terials often exhibit attractive dielectric properties, such as
ferroelectricity, pyroelectricity, and piezoelectricity.[15] To ob-
serve the dielectric behavior of cluster-based frameworks,
the relative permittivity measurements were performed for
3, 4, 7, and 8 at variable temperatures (308–383 K) and fre-
quencies (1–105 Hz) after the removal of solvated water
molecules by heating at 383 K in vacuo.[16] Unfortunately,
compounds 3 and 4 did not show any detectable dielectric
response over the whole ranges of temperature and frequen-
cy.[6] However, compound 7 showed a small, but non-negligi-
ble dielectric response in a high temperature rangeACHTUNGTRENNUNG(>330 K) and a low frequency range (1–10 Hz), which is in-
dicative of the pyroelectricity. On the other hand, no detect-
able dielectric response was observed for compound 8 over
the whole ranges. The appearance of a dielectric response
for 7, but not for 8, is compatible with the polarity differ-
ence between 7 and 8, and its observation at the low fre-
quency range is most likely due to a slow fluctuation of the
big NiII

6CuI
8 cluster units in the solid state. The lack of a die-

lectric response for 3 may be explained by stronger Pd�S
than Ni�S bonds, which restricts a fluctuation of the
PdII

6CuI
8 cluster units under the measurement conditions.[17]

In conclusion, we have developed the rational synthesis of
a series of S-bridged 14-nuclear clusters with twelve free car-
boxylate groups, [M6M’8 ACHTUNGTRENNUNG(d-pen)12Cl]5�, by employing [M ACHTUNGTRENNUNG(d-
pen)2]

2� (M= PdII, NiII) as the starting complex, in combina-
tion with thiophilic metal ions (M’=CuI, AgI). These clus-
ters were found to be available as chiral building units for
the construction of metallosupramolecular architectures
thanks to the presence of free carboxylate groups, as evi-
denced by the reactions with La3+ ions. Remarkably, the
LaIII

2M6CuI
8 (3 and 7) and the LaIII

2M
6 AgI

8 (4 and 8) com-
pounds formed polar 2D sheets and nonpolar 1D helical
structures, respectively. This difference originates from the
difference in the degree of distortion of the [M’8Cl]7+ core
due to the binding/nonbinding of water molecules. Thus, it
was shown that a slight structural distortion of molecular
building units leads to dramatic changes in dimensional top-
ologies and polarities when they are aggregated into highly
organized supramolecular structures.

Experimental Section

Experimental details, together with spectroscopic data, are given in the
Supporting Information.
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T=200(2) K; 2qmax =55.18 ; 192 404 reflections measured, of which
32969 unique (Rint =0.0855), 1381 parameters, R1 =0.060 (I>2s(I)),
wR2 =0.149 (all data), flack parameter = 0.00(2), residual electron
density 2.877/�4.710 e ��3. 7·52.5 H2O:
C60H213N12Cl2Cu8La2Ni6O76.5S12; Mr =3921.44; crystal size 0.40 �
0.10 � 0.10 mm3; hexagonal; space group P63; a=18.0422(2), c=

25.1499(5) �; V= 7089.99(18) �3; Z=2; 1calcd =1.837 gcm�3 ; m=

2.848 mm�1; MoKa radiation (l=0.71075 �); T =200(2) K; 2qmax =

54.98 ; 69 840 reflections measured, of which 10583 unique (Rint =

0.0626), 521 parameters, R1 =0.063 (I>2s(I)), wR2 = 0.178 (all data),
flack parameter=0.05(2), residual electron density 1.572/
�3.943 e ��3. 8·36.5 H2O: C62H184N12Ag8ClLa2Ni6O62.5S12; Mr =

4011.42; crystal size 0.40 � 0.15 � 0.15 mm3; tetragonal; space group
P41212; a=24.4191(5), c= 47.6380(9) �; V= 28406.2(10) �3; Z =8;
1calcd =1.876 gcm�3 ; m=2.716 mm�1; MoKa radiation (l=0.71075 �);
T=200(2) K; 2qmax =55.08 ; 279 226 reflections measured, of which
32508 unique (Rint =0.1174), 1379 parameters, R1 =0.1151 (I>
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electron density 2.123/�3.526 e ��3. CCDC-779324 (1·NaCl), 779325
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of charge from The Cambridge Crystallographic Data Centre via
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