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This microreview covers recent advances in the assembly of
coordination molecular architectures showing cyclic, pris-
matic and tubular structures based on the semi-rigid or flexi-
ble ligands. Four assembly routes are outlined depending on
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the symmetry interactions between specific ligands and
metal ions.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

During the past decades, great attentions have been paid
to control the self-assembly of metallasupramolecular spe-
cies, and numerous discrete molecular architectures with
different shapes and functionalities have been synthesized
in an effort to approach the ambitious goal: rational predic-
tion and design.[1] Usually, the coordination assemblies can
be classified into two main branches: infinite coordination
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polymers and discrete molecular architectures. The field of
coordination polymers continues to expand exponentially
because of their potential applications in the areas of cataly-
sis, chirality, conductivity, luminescence, magnetism, spin-
transition (spin-crossover), non-linear optics (NLO) and
porosity or zeolitic behaviors. On the other hand, interests
in the design and construction of discrete molecular archi-
tectures have also experienced extraordinary progress not
only because of their intrinsic aesthetic appeals but also due
to their various potentials for being used as sensors, probes,
catalysts, containers and in basic host-guest chemistry.

On the base of some well-documented strategies, such as
Molecular Library Model,[1a,1b] Symmetry Interaction
Model,[1c,1d] Directional-Bonding Approach,[1a] Weak-Link
Synthetic Approach,[1e] and so on, various discrete molecu-
lar architectures with desired shapes and concomitant prop-
erties have been synthesized. However, most of these ap-
proaches relate to high symmetric molecules, such as poly-
gons and polyhedra. The ligands therein used are usually
rigid or specifically multifunctional, and the coordination
geometry of metal center sometimes needs protecting. In
contrast, using of non-rigid (semi-rigid or flexible) ligands
to construct well-shaped molecular architectures is far less
common, partly due to the less predictable assembly pro-
cess. However, the incorporation of flexible components
may endow the molecular architectures with potential ad-
vantages, for example, a “breathing” ability in the solid
state and adaptive recognition properties as a functional of
coexisting guest or counterions. Furthermore, flexibility of
the non-rigid ligand can afford a good opportunity to inves-
tigate the details of the self-assembly process and provide
more information for the directional synthesis of target
supramolecular complexes. For instance, the flexibility of
the ligand can lead to the formation of both discrete macro-
cycles and infinite polymeric structures on the basis of the
conformational freedom of the connecting fragment, and
the conversion between these two types of structures could
be related by the concept of ring-opening isomerism.[2]

Most important, deliberate design of non-rigid ditopic li-
gands can afford organic “molecular clips” which make it
easy to construct relatively lower-symmetric molecular
architectures of rectangular or prismatic shapes following a
ligand-directed symmetry-interaction approach.[3]

We have long been involving in the synthesis of cyclic,
tubular or cage-like metallasupramolecules through design
of the specified semi-rigid or flexible ligands with benzimid-
azolyl or quinolyl as terminal groups and rigid arenes or
flexible alkenes as spacers. Given the availability of different
coordination modes provided by the designed ligands, we
have synthesized a diverse array of discrete structures rang-
ing from simple binuclear cyclic M2L2, prismatic M3L2,
M2L3 or M2L4, to tubular M4L4 molecular architectures.
The present microreview will mainly concentrate on recent
progress in the assembly of the prismatic coordination
structures by using of the non-rigid ligands, involving some
related examples of macrocyclic and tubular molecules on
the basis of the results from our and other groups, but avoid
covering comprehensive literature examples.
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2. Design Approaches

Several general strategies have been developed for con-
struction of the discrete coordination molecular architec-
tures.[1] The directional-bonding or molecular library ap-
proaches[1a,1e] are efficient for building up molecular poly-
gons or polyhedra based on rigid ligands, the symmetry-
interaction approach[1a–1d] is a powerful tool to elegant
shapes and architectures like helicates, tetrahedral and ada-
mantoid structures through multibranched chelating li-
gands, the molecular paneling approach is used by Fujita
et al.[1b] to assemble large 3D assemblies, and the weak-link
approach is mainly developed by Mirkin et al.[1e] to prepare
supramolecular architectures from flexible ligands. How-
ever, none of above strategies are characteristic of prismatic
structures.

In contrast to the highest symmetric polyhedral struc-
tures which possessing multiple n-fold rotation axes, the
right prisms are composed of two regular n-gons perpendic-
ular to a sole n-fold rotation axis, such as trigonal and te-
tragonal prisms, therefore, showing relatively lower sym-
metry. The even lower symmetric oblique prisms only con-
tain two polygonal bases in parallel and several lateral par-
allelograms without actual n-fold rotation axis. On the
other hand, a lot of dimeric cage structures possessing ap-
parent Dnh symmetry also show prismatic shape without the
strict lateral parallelograms. The common feature of these
structures is the absence of multiple n-fold rotation (n�3)
symmetry but having two parallel n-gons. If such structures
are open ended (two bases of the prisms are not closed),
tubular structures are formed. Similar symmetry relation-
ship between the polyhedral and prismatic structures can
also be found between polygonal and rectangular struc-
tures.

To achieve convergent assembly of molecular prisms by
preventing appearance of more than one n-fold axes during
the self-assembly process, more deliberate predesign and ju-
dicious choice of the components are required. One of con-
structive approaches proposed by Stang and co-workers is
to design a “molecular clip”: two parallel coordination sites
are facing in the same direction, which allows for the as-
sembly e.g. of a molecular rectangle by using rigid bipyridyl
bridging ligands[4a,4b] or of trigonal prisms by using tritopic
ligands with pyridyl subunits.[4c] Taking advantages of such
a design principle, we have proposed a ligand-directed sym-
metry-interaction approach,[3] relying on synthesis of shape-
defined “organic molecular clips” which display a coordina-
tion directing mode similar to Stang’s organometallic clips,
thereby facilitate modular assembly of prismatic architec-
tures. On the basis of known examples from our and other
groups, the following routes for assembly of coordination
prismatic cages and related structures could be outlined:

2.1 Molcular Clips + Metal Ions of Cn Symmetry

As shown in Scheme 1 a molecular clip can be a ditopic
semi-rigid ligand possessing two coordinating arms which
must take the cis conformation. Because the molecular clip
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has a symmetry no higher than 2-fold, combination of the
molecular clips with two axial centers will give rise to rect-
angle or n-gonal prisms determined by n-fold symmetry of
the axial centers (Cn). That is, two linearly coordinating
metal ions will connect two clips to form a rectangular-
shaped structure, while two triangularly coordinating metal
ions can lead to the formation of a trigonal prism, and fur-
ther, a tetragonal prism may be generated by using two
metal ions which prefer a square-planar coordination envi-
ronment. The shape and size of the assembled molecules
are determined by the size of the ligands and preferred co-
ordination of the metal ions.

Scheme 1. Assembly of rectangular or prismatic structures from
molecular clips and metal ions of Cn symmetry.

2.2 Multipodal Ligands + Metal Ions of C2 Symmetry

A complementary approach to construct composition-
ally different but topologically identical prismatic molecules
compared to route 2.1 is shown in Scheme 2. In this route,
a multipodal ligand which contains more than two legs con-
necting with the basal core and pointing in the same direc-
tion (cis conformation) is used to determine the n-fold rota-
tion axis. In combination of the metal ions with C2 sym-
metry, n-gonal prismatic structures are readily available de-
pending on the size and shape of the ligands. One of the
advantages of this route is that assembly of the coordina-
tion prisms with higher Cn symmetry (n�5) become feas-

Scheme 3. Assembly of rectangular or prismatic structures from molecular clips and blocked octahedral metal ions.
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ible. This is hard for route 2.1 due to absence of metal ions
with coordination geometry having C5 or higher rotation
symmetry.

Scheme 2. Assembly of prismatic structures from multipodal li-
gands and metal ions of C2 symmetry.

2.3 Molcular Clips + Protected Metal Ions of Restrained
Cn Symmetry

Another route to construct rectangular and prismatic
molecular architectures is to use selected symmetry of metal
ions with protected coordination geometry. For example,
the octahedral metal ions are known to provide versatile
coordination symmetry, however, it is a surprise that their
potential application in construction of molecular prisms
has so far been mainly realized in tetragonal prisms. As
depicted in Scheme 3, the utilization of four equatorial sites
can afford a C4 tetragonal node, while a C3 trigonal node
can be produced if three fac-coordination sites are blocked.
Even further, if only two opposite coordination sites are
kept free while all other occupied, a linear node of C2 sym-
metry is obvious. Such symmetry restrained metal ions in-
teract with the appropriate molecular clips can lead to for-
mation of tetragonal prism, dicapped trigonal prisms and
molecular rectangles, respectively. Therefore, octahedral
metal ions could become an abundant source to construct
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rectangular or prismatic molecular architectures following
the ligand-directed symmetry-interaction approach if their
Cn symmetry can be properly retained.[5] Similarly, the
metal ions of square pyramidal geometry could provide C4

symmetry if the apical site is blocked, and the trigonal bipy-
ramidal geometry could give rise to C3 symmetry if two
axial sites are protected.

2.4 Multicomponent Self-Assembly

By contrast to above approaches for construction of dis-
crete molecular architectures based on Cn symmetry, delib-
erate design of prismatic architecture has long been
achieved from multiple components self-assembly as de-
picted in Scheme 4.

This approach is mainly characteristic of the rigid li-
gands. The pioneering work in this field includes Lehn’s cy-
lindrical structures[6] assembled from tetrapyridine and
hexaphenylhexaazatriphenylene derivatived multidentate
compounds involving two triangular ligands and three di-
topic linear ligands. However, the flexible tetrapyridine li-
gand containing the CH2CH2 spacer was found to be able
to result in the similar trigonal structure.[6c] Fujita and

Scheme 5. Part of the mentioned ligands.
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Scheme 4. Representative of multicomponent assembly of a molec-
ular tube or a trigonal prism.

co-workers have reported a series of prismatic architec-
tures based on the self-assembly of tridentate panel-like
ligand, bidentate pillar ligand and cis-capped PdII or PtII

ions.[7a–7c] Because the ligands are normally “self-se-
lect”,[7a,7c] the template has been found necessary for the
formation of such prismatic structures. Moreover, thus con-
structed molecular architectures are usually kinetically
stable once formed and remain stable to a certain extent
even after the template was removed.

It is interesting that formation of tubular structures
sometimes takes benefit from such a multicomponent as-
semble process.[7d] As shown in Scheme 4, if the ligands oc-
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cupying the bases of the prisms are absent, the prismatic
structure becomes open-ended, thus turning into tubular
architectures keeping the shape of the prisms.

It should be noticed that there are other routes besides
above four have also appeared in the literature. On the other
hand, these approaches sometimes may also result in for-
mation of helical structures, such as double-stranded, triple-
stranded and even quadruple-stranded helicates,[1d,8] which
sometimes become ambiguous to be distinguishable from
the prismatic structures. However, for the molecular archi-
tectures having well-shaped structure or even possessing ap-
parent Cnh or Dnh symmetry which incompatible with the
helical sense, it is inappropriate to describe them as hel-
icates. In this microreview, we mainly focus on apparently
regular molecular architectures. A few obvious helicates are
only mentioned selectively. In many cases, the structures
may not possess the exact crystallographically imposed Cn

symmetry thus deviating from the right prisms, or only
keeping the overall prismatic shapes. Part of organic ligands
mentioned in the following discussion are listed in
Scheme 5.

3. Cyclic Molecular Architectures

3.1 M2L2 Metallacycles and Rectangles Based on Non-
Rigid Ligands

Design and synthesis of cyclic molecular architecture has
attracted extensive interests in several research fields, in-
cluding materials chemistry and molecular nanotechnology.
Dinuclear metallacycles may represent the most productive
cyclic molecular architectures, partly owing to the fact that
the closed M2L2 motif is the smallest metallacyclic species
hence the most thermodynamically favored one predomi-
nant over other larger species in solution. As early examples
of such structures, flexible long-chain diphosphanes
Ph2P(CH2)nPPh2 (n�3) have been shown to generally give
rise to dinuclear ring structures on reaction with equivalent
amounts of silver(I) or copper(I) salts, containing terminal
or bridging anions.[9] Depending on the different conforma-
tions of the non-rigid ligands, M2L2 cyclic molecules can
display varied shapes like molecular rectangles, molecular
rhombus and dinuclear helicates as shown in Scheme 6.
Usually, when the non-rigid ligand contains two terminal
coordinating arms which adopt a cis conformation and
point to the same direction, the ligand can act as a “molec-
ular clip” to react with metal ions to form M2L2 rectangles.
While the angular ligand turning in the middle can react
with two metal ions to assemble an M2L2 molecule showing
rhombic structure. On the contrary, if the conformation of
the non-rigid ligand is changed from cis to trans, the ligand
can twist along two metal axes to form dinuclear helicate.
For example, Hannon et al. designed a series of bis(pyridyl-
imine) Schiff-base ligands from methyldianiline, which offer
sufficient flexibility for two strands to wrap around the two
metal centers while impose the same stereochemistry at
both centers. Reaction of these ligands with CuI or AgI ions
afforded various dinuclear helicates.[10]
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Scheme 6. Schematic view of the rectangular, rhombic or dinuclear
helical M2L2 metallacycles.

Compared to the well developed higher symmetric M4L4

square, molecular rectangles may be able to exhibit im-
proved selectivity and sensitivity with respect to molecular
recognition and separation.[4] However, preparation of mo-
lecular rectangles based on the rigid ligands is still chal-
lengeable, because simply mixing two ligands of different
lengths and cis-protected metal corners usually forms two
types of molecular squares instead of molecular rectangles
due to the enthalpic reason.[11] Alternatively, Stang and co-
workers creatively designed an organometallic “clip” which
anchors two metal corners on each side of a rigid ligand
and opens two labile coordination sites in a nearly parallel
fashion ready for connecting the second rod-like dipotic li-
gand.[4a] Similarly, clever design of semi-rigid ligand pos-
sessing two co-facial directing coordination groups could
provide analogous “organic molecular clips” which facili-
tate a ligand-directed symmetry-interaction approach[3] for
fabrication of rectangular structures as demonstrated in
route 2.1 and 2.3.

Early examples matching such design approach can be
found in a series of cofacial dinuclear complexes formed
from bis(β-diketone) and bis(β-ketoenamine) li-
gands.[12a–12d] The well-defined size and shape of these com-
plexes show inner cavity where small guest molecules are
able to be hosted. Latter examples include Mirkin’s neutral
ReI macrocycles of the phosphanylthioether ligands,[12e]

Cotton’s molecular loops composed of two dimetal cis-Mo2-
(DAniF)2

2+ units (DAniF = N,N�-di-p-anisylformamidin-
ate) linked by two dicarboxylate dianions,[12f] Chung’s AgI

metallosupramolecules of the flexible 2-pyridyl ligands,[12g]

and Fujita’s rhombic structure consisting of two angular di-
pyridyl ligands and cis-protected metal ions.[12h]

We designed a series of semi-rigid and flexible ligands
containing two (benz)imidazolyl or quinolyl terminal coor-
dinating groups.[13] The flexibility of the methylene -CH2-
groups endow the ligands conformational freedom and,
when induced by the symmetry interaction from properly
selected metal ions, they behavior as molecular “clips” to
assemble dinuclear metallocycles showing the rectangular
structures. The shape and size of these molecular rectangles
could be adjusted by modifying the structures of the li-
gands, thereby imposing distinguishable nature of the cavity
and ability of hosting small molecules or counterions (Fig-
ure 1).[3] In addition, many dinuclear macrocycles based on
the non-rigid ligands have good solubility, thus giving a
chance to investigate their solution dynamics and the poten-
tial mechanism of self-assembly by means of NMR and
ESI-MS techniques. For example, in complexes
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Figure 1. Rectangular structures formed in complexes (a) [Ag2L1
2](CF3SO3)2 [L1 = 1,3-bis(benzimidazol-1-ylmethyl)-2,4,6-trimethyl-

benzene],[3] (b) [Ag2L2
2](CF3SO3)2 [L2 = 1,4-bis(benzimidazol-1-ylmethyl)-2,3,5,6-tetramethylbenzene][3] and (c) [Ag2(C4BIm)2]-

(CF3CO2)2.[13a]

[Ag2(C4BIm)2](CF3CO2)2 [C4BIm = 1,4-bis(2-benzimid-
azolyl)butane][13a] as shown in Figure 1, c, the solution dy-
namics study showed that equilibria among the
[Ag2(C4BIm)2]2+ dication and other potential oligomers
were established via a solvent-assisted dissociative exchange
mechanism. The calculated metal–ligand exchange barrier
from VT-1H NMR results was comparable with the energy
of a strong hydrogen bond, which accounts for the reason
that why the formation of AgI complexes are very unpre-
dictable and can be easily affected by various subtle factors
and why astonishingly diversified structures and topologies
could be obtained from AgI and quite similar ligands,
namely, supramolecular isomerism.[13a]

3.2 MnLn (n�3) Metallacycles Based on Non-Rigid Ligands

The directional-bonding approach has been usually used
to predetermine the larger cyclic molecules, and various
structures with a wide range of sizes, shapes and desirable
physical properties have been obtained through careful se-
lection of the metal starting material, coordinatively inert
directing ligands or bridging ligands.[1] Theoretically, multi-
nuclear cyclic molecular architectures can be synthesized
via the systematic combination of ditopic building blocks
and metals conforming to required angles as shown in
Scheme 7, in which the regular models of polygons, such as
triangles, squares, pentagon, hexagons an so on, could be
developed.

Scheme 7. Schematic view of the metallacycles varying from tri-
angle to decagon.
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However, there are many subtle factors which can influ-
ence the final formation of the cyclic molecules based on
the non-rigid ligands, so precise control of the polygonal
shape and size is often difficult. Nevertheless, Puddephatt
et al.[14a] reported a cationic molecular triangle [{Pt(Bu2-
bipy)[µ-4-NC5H4C(NO)NH-4-C5H4N]}3]6+ which was as-
sembled from the cis-blocked platinum(II) unit (Bu2-bipy)-
Pt2+ and the unsymmetrical bis(pyridine) ligand 4-
NC5H4C(NO)NH-4-C5H4N (Figure 2, a), while a neutral
molecular triangle [cis-Mo2(DAniF)2]3(trans-1,4-O2CC6-
H10CO2)3 (DAniF = N,N�-di-p-anisylformamidinate) con-
taining metal–metal bound units derived from paddlewheel
complexes was obtained by Cotton et al.[14b] The square
M4L4 molecules are rather common for the rigid ligands,
but still remain rare for the non-rigid ligands. One example
can be found in a nickel(II)-based cationic molecular square
[Ni(HL)]44+ which was achieved via self-assembly from a
pentadentate N4S ligand bis[phenyl(2-pyridyl)methanone]
thiocarbazone (H2L).[14c] The ligand was believed to be
“conformationally rigid” and its multidentate character
made it possible to use the octahedral metal ion for forma-
tion of square structure. A similar example is a zinc(II)-
based square complex assembled from a linear-spacer-
bridged bis(pyrrol-2-ylmethyleneamine) ligand. The struc-
ture possesses a D4 geometry with two pyrrol-2-ylmethyl-
eneamine units adopt a trans arrangement resulting in inner
dimensions of 8.7�8.7 Å[14d] as shown in Figure 2, b.

It is usually believed that, for the MnLn macrocyclic
structures, when the value n becomes larger, the discrete
macrocycles becomes more thermodynamically disfavored
in solution. However, the flexibility of the ligands some-
times may facilitate formation of multinuclear macrocyclic
MnLn (n�4) with the aid of template guest. Known exam-
ples may be found from a series of M6L6 assemblies,[15] such
as the chiral Ag6L6 from a completely stereospecific self-
assembly of a semi-rigid bipyridine derivative with fused
pinene group,[15a] neutral molecular Pd6L6 hexagons by
using of flexible carboxylic acid modified ditertiary phos-
phanes κ3-P2O-terdentate ligands,[15b] Fe6L6 hexameric fer-
ric wheels from reaction of various N-substituted diethan-
olamines.[15c] Even larger metallacycles[16] include [30]-
metallacrown-10 compounds [Mn(C14H9N2O3)(CH3OH)]10·
5CH2Cl2·16CH3OH·H2O and [Fe(C14H9N2O3)(CH3OH)]10·
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Figure 2. (a) A cationic molecular triangle [{Pt(Bu2-bipy)[µ-4-NC5H4C(NO)NH-4-C5H4N]}3]6+,[14a] (b) a zinc(II)-based square complex
assembled from a bis(pyrrol-2-ylmethyleneamine) ligand,[14d] and (c) a hexanuclear cationic metallamacrocycle [Cu6(Acntb)6]-
(ClO4)6·6H2O.[15d]

3CH2Cl2·12.5CH3OH·5H2O with a pentadentate ligand N-
phenylsalicylhydrazidate,[16a] [36]metallacrown-12 NiII com-
pound [Ni(C13H9N3O2)(CH3OH)]12 from a pentadentate
Schiff-base ligand salicylaldehyde 2-pyridinecarboxylhydraz-
one,[16b] 36-membered dodecanuclear MnII metalladiaza-
macrocycle [Mn12(tpeshz)12(dmf)12] (H3tpeshz = N-trans-2-
pentenoylsalicylhydrazide)[16c] and [Mn12(chxshz)12(Me-
OH)12] (H3chxshz = N-cyclohexanoylsalicylhydrazide),[16d]

and a chiral luminescent Au16 ring [(dppm)2Au4-
(pipzdtc)]4(PF6)8 assembled from achiral components dppm
[bis(diphenylphosphanyl)methane] and K2(pipzdtc) (piper-
azine-1,4-dicarbodithiolate).[16e]

We have modified a versatile C3-symmetric ligand, tris(2-
benzimidazolylmethyl)amine (ntb), by introducing one ace-
tic acid group to get a new unsymmetric tripodal ligand N-
[N�-(carboxymethyl)benzimidazol-2-ylmethyl]-N,N-bis(benz-
imidazol-2-ylmethyl)amine (HAcntb). Reaction of this li-
gand with Cu(ClO4)2 afforded a nanometer-sized hexanu-
clear cationic metallamacrocycle [Cu6(Acntb)6](ClO4)6·
6H2O as shown in Figure 2, c.[15d] Each CuII ion is coordi-
nated by three imino-nitrogen atoms and the apical amino-
nitrogen atom form the same ligand, and one oxygen atom
of the branching methylenecarboxylate group from another
ligand, thus linking six CuII ions to a hexameric structure
possessing a crystallographically imposed –3 symmetry.

As mentioned above, one of the disadvantages by using
non-rigid ligand is the difficulty of the controlling the size
of the target macrocycles. A typical example is the assembly
of a series of chiral molecular polygons, ranging from tri-
angle to octagon, with [cis-(PEt3)2PtCl2] and the same
enantiopure 6,6�-bis(alkynyl)-1,1�-binaphthalene.[17] The
limited conformational flexibility of the bridging ligand is
believed the key to the facile one-pot self-assembly of six
polygons of different size, which were able to be purified by
silica gel column chromatography in varied yield. Another
problem by using non-rigid ligand is the difficulty of de-
termining the shape of the molecules. In many cases, so
called circular helicates were obtained. For example, Steel
et al. obtained an M3L3 trinuclear metallacycles[18a] by ex-
ploiting a semi-rigid ligand 1,3-bis(8-quinolyloxymethyl)-
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benzene to react with AgCF3SO3, and Hannon et al. re-
ported a CuI trinuclear helicate[18b] by utilizing semi-rigid
bis(pyridylimine) Schiff-base ligands based on 4,4�-methyl-
enebis(2,6-dimethylaniline). Moreover, different polygons
can interconvert into each other by guest- or counterion-
induced interactions which favor one over another during
the assembly process. For example, Stang et al.[19a] reported
an equilibrium mixture of triangular and square assemblies
which was established in solution when the flexible, ditopic
donor unit, trans-bis(4-pyridyl)ethylene, was treated with
the ditopic acceptor unit, cis-(Me3P)2Pt(OTf)2, in a 1:1 ra-
tio. Such equilibrium is dependent on water and anions, and
selective crystallization of either of the two species can be
accomplished via the appropriate choice of solvents and ra-
tio of anions. Similarly, Lehn and co-workers demonstrated
that a linear trinuclear triple helicate could be converted to
a pentagonal M5L5 in the presence of a template chloride
anion while hexagonal M6L6 in the presence of a sulfate
anion.[19b]

4. Prismatic Molecular Architectures

Design and assembly of prismatic molecular architec-
tures, especially for those possessing an internal cavity cap-
able of entrapping guest molecules, has been receiving great
interests in recent years because of the prospective applica-
tions in host-guest chemistry, molecular recognition, cataly-
sis, biology (drug delivery), and materials science (molecu-
lar devices). This section will give some examples according
to the n-gonal bases of the prismatic structures.

4.1 Trigonal Prismatic Cages

4.1.1 Assembled via Route 2.1

Two three-connected metal ions locating at two bases
and three ditopic ligands acting as lateral edges are required
by this approach. The AgI ion is a good candidate which is
well known to display flexible coordination geometry vary-
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Figure 3. (a) Trigonal prismatic structures in complex [Ag2L2
3](CF3SO3)2,[21a] (b) trigonal-bipyramidal cage in complex [[(Me3tacn)-

Rh(CCPy)3]2[(DCPE)Pt]3][22b] and (c) dicapped trigonal prismatic cage in complex [Zn2L3
3(H2O)6]·(CF3SO3)4·CHCl3.[5] Guest molecules

are shown in space-filling mode.

ing from two-coordinate linear to six-coordinate octahedral
geometry.[20] When taking the triangular coordination ge-
ometry, AgI ion can be utilized as trigonal node to assemble
trigonal prisms in combination with three clip-like bis(mono-
dentate) ligands. For example, we have prepared a ligand
1,4-bis(benzimidazol-1-ylmethyl)2,3,5,6-tetramethylben-
zene (L2) which reacts with AgCF3SO3 in a 2:3 ratio to
afforded a trigonal prismatic cage [Ag2L2

3](CF3SO3)2 as
shown in Figure 3, a.[21a] The three ligands adopted the cis
conformations with the nitrogen donor atoms from the
benzimidazole rings pointing to the same direction, thus
behaving as molecular “clip”. The entire cationic prism ex-
hibits an unusual S3 symmetry. Steel et al.[21b] reported a
similar structure which was described as a helicate. Another
example of trigonal prism with trigonal geometric metal
ions at the bases has been synthesized by Johnson and co-
workers.[21c] In this case they used three dithiol ligands and
two AsIII metal ions and the trigonal prism was close to a
C3h symmetry.

4.1.2 Assembled via Route 2.3

If metal ions of higher coordination numbers are used
for such a purpose, the metal centers have to be protected
to degrade the symmetry to Cn according to the route 2.3.
For instance, when the metal ions take the tetrahedral coor-
dination geometry, one of four coordination sites has to be
occupied by a monodentate anion or auxiliary ligand. By
utilizing diphosphane ligand 1,2-bis(diphenylphosphanyl)-
acetylene (dppa) to react with AgI ions in a 2:3 ratio, a
trigonal prism with tetrahedral geometric AgI atoms at
bases was obtained by James et al., in which the fourth
coordination sites was taken by oxygen from anion
CF3SO3

– or NO3
–, and the three P atoms from diphosphane

ligands took the other three coordination sites.[22a] Another
interesting example is the trigonal-bipyramidal supramolec-
ular cage constructed by Youngs et al.[22b] where they used
the well protected octahedral RhII and square PtII ions as
shown in Figure 3, b. The reaction of 4-ethynyl-pyridine
with the facially protected (Me3tacn)RhCl3 in the presence
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of tert-butyllithium afforded the octahedral complex (Me3-
tacn)Rh(CCPy)3, further reaction of this unit with three
corner restricted cis-(DCPE)Pt(NO3)2 resulted in the
mixed-metal-containing trigonal bipyramidal [[(Me3tacn)-
Rh(CCPy)3]2((DCPE)Pt)3]. From another point of view,
this structure can be described as an assembly of three
angular metal-containing ligands with two facially pro-
tected octahedral metal ions, showing a shape analogous to
the trigonal prism.

We have prepared a semi-rigid conformational adaptive
ligand, 2,6-bis(pyridin-3-ylmethyl)hexahydro-4,8-etheno-
pyrrolo[3,4-f]isoindole-1,3,5,7-tetrone (L3), which can react
with the octahedral Zn I I ion to afford a complex
[Zn2L3

3(H2O)6]·(CF3SO3)4·CHCl3[5] as shown in Figure 3,
c. Two ZnII ions in this complex are coordinated by three
different ligands and three water molecules, resulting in a
N3O3 environment where three N and three O atoms are
arranged in a fac-conformation allowing of a 3-fold rota-
tion symmetry C3, thus the [M2L3

3]4+ cationic motif dis-
plays a dicapped trigonal prismatic structure (Figure 3, c)
containing a trigonal cage in which a disordered CHCl3
guest molecule is hosted. The molecule possesses an exact
C3h point symmetry with a C3 rotation axis passing through
two ZnII atoms and a mirror plan bisecting the molecule.[5]

It should be noted that routes 2.1 and 2.3 are also appli-
cable to rigid ligands providing the ligands are ditopic and
exhibit the molecular clip character. For instance, Du et
al.[23a] obtained a trigonal prism [Cu2(L4)3(CH3CN)2]-
(ClO4)2 [L4 = 2,5-bis(3-pyridyl)-1,3,4-oxadiazole] in which
one coordination site of each distorted tetrahedral CuI cen-
ter is occupied by N atom of an acetonitrile solvent, and
the other three coordination sites join three different li-
gands acting as a 3-connecting node. Each trigonal pris-
matic cation hosts one water guest inside the cavity. More-
over, the bases of the trigonal prism can also be provided
by different metal ions. Catalano et al. reported two mixed-
metal trigonal prisms [AuPdTl(P2phen)3](PF6)2 and
[AuPtTl(P2phen)3](PF6)2, where one basal site was taken by
AuI, and the other by Pd0 or Pt0. One TlI ion was encapsu-
lated inside via metal–metal interactions.[23b]
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A combination of two six-coordinate metal ions and

three flexible bis(bidentate) ligands can also follows route
2.1 to give M2L3 molecular architecture, however, in most
cases the ligands are twisted and the structures are actually
dinuclear triple-stranded helicates[24] which fall out the
scope of this review.

4.1.3 Assembled via Route 2.2

Alternatively, the two bases of the trigonal prism can also
be provided by non-metal planes. As shown in Scheme 3,
tripodal ligands can be exploited in the assembly of trigonal
prism following route 2.2, where the trigonal prism is gener-
ated in combination with three bridging metal ions. The
tripodal ligands could be based on an aromatic ring, macro-
cycle, or even B atomic core having three cis,cis,cis confor-
mational coordinating legs.

4.1.3.1 From Tri(monodentate) Tripodal Ligands Based on
Aromatic Core

By using of the inherent C3 symmetry of benzene ring,
Fujita and co-workers designed one semi-rigid tripodal li-
gand 1,3,5-tris(4-pyridylmethyl)benzene and firstly de-
scribed the formation of a trigonal prismatic structure hav-
ing M3L2 components with two tripodal ligands bridged by
three palladium atoms.[25] By changing the donor group 4-
pyridyl to 1-imidazolyl, Sun and co-workers synthesized
some new types of tripodal ligands and obtained a series of
M3L2 trigonal prisms composed of two tripodal ligands and
three bridging tetrahedral geometric zinc ions[25b] or linear
coordinated silver ions.[25c–25e] Their results indicated that
the frameworks of these prisms were mainly determined by
the nature of the tripodal ligand and geometric need of the
metal ions, independent of the anions and the solvents. A
similar trigonal prism was also reported by Lindoy et
al.,[25f] where they combine a flexible tripodal ligand 1,3,5-
tris[(4-pyridyl)methylsulfanyl]benzene with three silver(I)
ions affording an M3L2 prismatic structure.

Similarly, based on the inherent C3 symmetry of mesityl-
ene core, we have designed a semi-rigid tri(monodentate)
tripodal ligand 1,3,5-tris(benzimidazol-1-ylmethyl)-2,4,6-
trimethylbenzene with 1-benzimidazolyl as coordination
donor groups. Reaction of this tripodal ligand with AgBF4,
AgClO4 or CuI resulted in a series of M3L2 trigonal pris-
matic cages which comprising two syn-conformational trip-

Figure 4. Representative trigonal prismatic structures assembled from (a) a tri(monodentate) tripodal ligand,[3] (b) a tri(tridentate) tripodal
ligand[27b] and (c) an sp3 C atom based tripodal ligand.[28d]
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odal ligands jointed by three linearly coordinated metal
ions with six benzimidazolyl legs nearly perpendicular to
the central mesitylene cores (Figure 4, a).[3,26a] It was found
that the assembly processes were not significantly affected
by the counteranions, metal-to-ligand ratio or the solvent
used, and the guest molecules encapsulated inside the cages
showed diversified shapes and sizes varying from the spheri-
cal anion BF4

–, ClO4
– to the planar Cu2I4

2– coordination
motif. To enlarge the inner cavity, the three legs of such
tri(monodentate) tripodal ligand can be elongated. Ahn et
al. have prepared a ligand containing three extended 4-pyr-
idine legs with mesitylene or 1,3,5-triethylbenzene as cores.
Two homochiral trigonal prisms were obtained from two
tripodal ligands bridged by three PdII ions. Since these
prisms had internal binding sites, the authors believed that
these cages could recognize organoammonium ions, or even
chiral guests.[26b]

4.1.3.2 From Tri(bidentate) or Tri(tridentate) Tripodal
Ligands Based on Aromatic Core

To assemble the trigonal prismatic structures by using
the tri(monodentate) tripodal ligands, three metal ions with
only two free coordination sites are required, such as linear
coordinated AgI or CuI ions. The metal ion of higher coor-
dination number needs proper blocking. Such restriction
can be released by using tri(bidentate) or tri(tridentate) trip-
odal ligands. Journaux et al.[27a] designed a tripodal ligands
N,N�,N��-1,3,5-benzenetris(oxamate) with oxamate group
as coordination donor. Two ligands adopted a tris(N,O-bi-
dentate) coordination mode to generate a trigonal prism in
which each CuII ions was coordinated by two nitrogen
atoms and two oxygen atoms in the equatorial plane. Simi-
larly, Reger et al.[27b] designed a tri(tridentate) tripodal li-
gand 1,3,5-(CH3)3C6[CH2OCH2C(pz)3]3 (pz = pyrazolyl
ring). Since each arm of this flexible tripodal ligand has
three potential coordination donors, so many metal ions
with different coordination geometry can be used to as-
sembly M3L2 trigonal prism. Reaction of this ligand with
AgBF4 gave rise to a trigonal prismatic cage of composition
{[Ag3L2(CH3CN)](BF4)3}·(CH3CN)4, in which all arms
take a bidentate coordination mode to join three four coor-
dinating AgI ions. One CH3CN guest molecule was encap-
sulated inside the trigonal prism (Figure 4, b).
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4.1.3.3 From Tripodal Ligands Based on Non-Aromatic
Core

Alternatively, tripodal ligand could also contains a non-
aromatic core, such as cavitand moiety, sp3 C or B atoms
etc.[28] Shinkai et al. obtained a trigonal prism via PdII-
pyridine interactions when they used the tripodal ligand
based on homooxacalix[3] as starting material, in which the
[60] fullerene can be encapsulated inside the cavity.[28a] A
variety of tripodal organic ligands or metal-containing li-
gands with sp3 C, adamantane, Si or P=O as central cores
have been synthesized by Stang and co-workers. Reaction
of these ligands with predesigned metal-containing “clip”
or organic “clip” afforded various trigonal structures (Fig-
ure 4, c).[28b–28d] Ward et al. synthesized an M3L2 structure
by using tri-chelating hexadentate ligand tris[3-(2-pyridyl)-
pyrazol-1-yl]hydroborate based on B center, in which each
CuI ion is four coordinated by two N,N�-bidentate arms
from two ligands.[25e] Torres et al. also reported an M3L2

trigonal cage based on subphthalocyanine which is a 14 π-
electron aromatic macrocycle combining three N-fused di-
iminoisoindole units around a boron atom.[25f]

4.2 Tetragonal Prismatic Cages

4.2.1 Assembled via Route 2.1

Metal ions preferring square-planar coordination geome-
try can be utilized to assemble tetragonal prisms through
route 2.1 when the four coordination sites in the same plane
are taken by four bis(monodentate) ligands with cis confor-
mation.[29] The PdII and PtII ions are the mostly used
square-planar geometric metal ions in the literature, and the
coordination flexible CuII ion sometimes is also used in the
construction of tetragonal prism when it adopts square-
planar coordination geometry. One of the earliest papers in
this area is reported by Steel and co-workers,[29a] where they
synthesized a coordinatively saturated tetragonal cage by
using the ligand 1,4-bis(3-pyridyloxy)benzene and PdII ion.
One hexafluorophosphate anion was encapsulated inside
the cage acting as a bridging ligand via the weak Pd···F
interactions. However, this structure exhibits the helical
sense and described by authors as the quadruply stranded
helicate. A more regular trigonal prism was fabricated by

Figure 5. Representative tetragonal prismatic structures assembled with (a) square planar PdII ion,[30a] (b) octahedral NiII ion[3] and (c)
cavitand-based tetrapodal ligand[33c] (phenyl groups are omitted).
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Fujita et al.[29b] when they used a rigid bis(pyridyl) ligand
to react with Pd(NO3)2 at a ratio of 2:1, in which each te-
tragonal prismatic cage encapsulated a nitrate ion inside its
cavity. An isomorphous tetragonal structure based on PtII

ion was reported by Chand et al. in modified reaction con-
ditions.[29c] Similar tetragonal prism based square-planar
PdII ions was also assembled from a semi-rigid ligand 1,3-
bis(imidazol-1-ylmethyl)-2,4,6-trimethylbenzene (bitmb), in
which the two square planar geometric PdII ions were
bridged by four bitmb ligands in cis-conformation.[29d] By
exploiting some bis(amidopyridine) ligands to react with
[PdCl2(PhCN)2], Puddephatt at al. obtained a series of di-
palladium(II) tetragonal prisms (Figure 5, a), these pris-
matic complexes exhibited remarkable host–guest chemis-
try. The encapsulated guest molecules could vary from
anions, neutral molecules to cations, depending on the con-
formation of the bis(amidopyridine) ligands.[30]

4.2.2 Assembled via Route 2.3
The metal ions adopting the square-pyramidal or octahe-

dral coordination geometries can be used to assemble te-
tragonal prisms if the apical positions were blocked by aux-
iliary ligands or counterions. In this route, the metal ions
usually involve CoII, ZnII, NiII, CuII and so on.[31] One of
the early tetragonal prisms constructed following this way
is the Cu I I pr i sm synthes ized by Atwood and co-
workers,[31a] in which the two octahedral CuII ions are
bridged by four semi-rigid bis(monodentate) ligands and
two coordinated water molecules occupy the axial positions.
Later they reported an isomorphous tetragonal structure by
using six-coordinate CoII ion instead of CuII.[31b] From the
reaction of a semi-rigid ligand 3,5-bis(benzimidazol-1-yl-
methyl)-1,4-dimethoxyl-2,6-dimethylbenzenewithCo(BF4)2·
6H2O in the presence of solvent CH3CN, Amouri et al.[31c]

obtained a coordinatively unsaturated cobalt-based M2L4

cage, in which each CoII ion adopted a square-pyramidal
coordination geometry. The four equatorial positions were
occupied by four benzimidazolyl arms and the solvent
molecule CH3CN coordinated to CoII ions at the axial posi-
tion. The anion BF4

– was encapsulated inside through weak
interactions with the metal centers. Similar tetragonal
prisms have also been synthesized by Bu et al.[31d] when
they used a flexible ligand 1,5-bis(4-pyridylthio)pentane to
react with Co(ClO4)2·6H2O or Zn(ClO4)2·6H2O.



Coordination Assemblies of Metallacyclic, Prismatic and Tubular Architectures MICROREVIEW
We have prepared a semi-rigid ligand 1,3-bis(benzimid-

azol-1-ylmethyl)-2,4,6-trimethylbenzene (bbimms) which re-
acted with Cu(ClO4)2 to afford a right prismatic cage com-
plex.[3,21a] Four ligands take cis conformation to bridge two
copper(II) ions to form the prism within which resides an
axially disordered perchlorate anion. There is crystallo-
graphically imposed C4 axis passing through the two CuII

atoms and a σh mirror across the center of the molecule,
resulting in an S4 symmetry of the box. Along the C4 axis
the perchlorate anions are arranged alternately inside and
outside the box to generate a one-dimensional multicom-
partmental column. Moreover, we found that metal halide
compounds like NiCl2 and CoCl2 were good candidates for
providing four open equatorial sites. The halide atoms are
usually retained after metal ions coordinate with the bis-
(monodentate) ligands, so metal halide can be ideally used
to assembly tetragonal prisms. From the reaction of
mbbimb ligand with NiCl2·6H2O, we obtained a neutral S4

symmetric tetragonal prismatic cage as shown in Figure 5,
b. In this complex, the two NiII ions are held by the benzim-
idazolyl arms from four C4-symmetrically arranged ligands
via four equivalent Ni–N bonds with the octahedral coordi-
nation geometry completed by two axial chloride ions.
There are four 4-fold symmetrically arranged water mole-
cules was hosted inside the cage via weak O–H···Cl hydro-
gen bonds. Similar tetragonal prismatic cages based on
metal halide were also reported by Hong et al.[31e] when
they used a flexible ligand 1,3-bis(pyrid-4-ylthio)propan-2-
one to react with CoCl2·6H2O or CoBr2·6H2O, where only
one halide anion ligated to metal ions at the apical position
to complete a distorted square-pyramidal coordination ge-
ometry.

4.2.3 Assembled via Route 2.2

Similar to trigonal prisms described above, tetragonal
prismatic structures can also be assembled from two tetra-
podal ligands and four bridging metal ions through route
2.2. Four legs of the tetrapodal ligand could be mono-
dentate, bidentate or tridentate. As a consequence, four
metal ions with two, four or six coordination sites available
are required, respectively.

Although various tetrapodal ligands based on the aro-
matic ring are available in literature, successful application
of route 2.2 to assembly of tetragonal prismatic structure is
still rare.[32] However, Brisbois et al.[32] obtained one orga-
nometallic tetragonal complex when they used tetradentate
ligand based on cyclobutadienyl core to react with ethyl-
enediamine palladium(II) nitrate, in which the two organo-
metallic tetrapodal ligands CpCo-tetrakis(3-pyridyl)cyclo-
butadiene were bridged by four cis-protected PdII ions. On
the other hand, Shinkai and co-workers[32b] have exploited
porphyrin-based tetrapodal ligands containing four pyridyl
donor groups to react with the cis-protected PdII ions, lead-
ing to formation of dimeric capsules. The 1H NMR spectral
studies indicate that such self-assembled molecular capsules
have a highly symmetrical D4h structure as well as a large
inside cavity.
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Even more tetrapodal ligands have been synthesized on
the basis of cavitand or calix[4]arene moieties with substi-
tuted pyridyl or cyano groups as coordination donors.[33]

The first tetragonal cage based on cavitand ligand was re-
ported by Dalcanale et al.,[33a] in which the two tetracya-
nocavitand derivatives were connected by four square-
planar PdII or PtII ions. Afterwards, a series of similar en-
larged prismatic cages have been reported by them or others
through design of related deepened cavitand precursors via
introduction of an appropriate coordinating group on the
resorcinarene skeleton (Figure 5, c).[33b–33e] Hong et al.[33f]

designed cavitand ligand via introduction of four flexible 4-
pyridylmethyl groups at the upper rims and assembled PdII

and PtII cages, while Harrison et al.[33g] synthesized similar
prisms by using cavitand ligand with four flexible methyl-
iminodiacetic acids attached to its upper rims. The cage was
formed from two ligands connected by four six-coordinate
CoII ions.

4.3. Multigonal Prismatic Cages

The coordination prismatic structures with two bases of
n-gons (n�5) are heretofore rather rare. One of the reasons
is that the metal ions with Cn (n�5) symmetric coordina-
tion sites locating in the same plane remain very unusual,
so the routes 2.1 and 2.3 are not applicable for such a pur-
pose. The routes 2.3 and 2.4 are potentially practicable for
construction of e.g. pentagonal or hexagonal-prismatic
structures, however, it was found difficult to maintain Cn

(n�5) symmetry during self-assembly process. For exam-
ple, pentapodal[34a] and hexapodal[27b] ligands have been
prepared to react with the two-connecting metal ions, nev-
ertheless, assembly of pentagonal or hexagonal prismatic
structures were not successful due to failure to prevent in-
tramolecular metal chelation or conformational isomeriza-
tion.

One example close to a hexagonal-prismatic structure
was reported by Steel and co-workers.[34b] They synthesized
an M6L2 cage by using the ligand hexa(2-pyridyl)[3]radial-
ene (L5) to react with silver tetrafluoroborate. In this com-
plex, two ligands both adopt a hexapodal hexadentate coor-
dination mode, connected by six bridging AgI ions to result
in a hexapodal prismatic metallosupramolecule with an en-
capsulated µ3-fluorido anion (Figure 6).

Figure 6. A representative hexagonal prismatic structure assembled
with a hexapodal ligand L5.[34b]
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5. Tubular Molecular Architectures

In contrast to the well-developed inorganic nanotubes
and organic nanotubular molecular architectures, the field
of inorganic-organic hybrid coordination nanotubes re-
mains largely unexplored in spite of the fast moving devel-
opments in the area of inorganic-organic hybrid materials.
Recently, designing and constructing of tubular structures
by utilizing coordination chemistry has been realized to be
a useful approach, and a number of coordination polymers
containing tubular channels have been synthesized.[35]

However, the discrete coordination tubular molecular archi-
tectures remain rather uncommon. Depending on the delib-
erately protected angular coordination environments dis-
played by metal atoms and the judicious choice of the
multidentate ligands, construction of coordination tubes via
multicomponent assembly route 2.4 is feasible in the aid of
template effect of the guest molecules. Initial work in this
topic was reported by Fujita and co-workers.[36] They syn-
thesized one discrete coordination tube by using rigid
oligo(3,5-pyridine)s ligand and cis-protected PdII ions, in
which the four ligands were bridged by PdII ions to encircle
into tube, and the rod-like guests was the essential template
of the formation of such coordination nanotubes (Figure 7,
a). The tube dissociated into its components by the removal
of the guest molecule and again re-associated by the ad-
dition of guest molecule.[36a] The length of thus formed
tubes could be controlled just by elongating the ligand with
increasing the numbers of pyridine nuclei.[36b] However, the
solubility of the ligand became poorer when the ligand had
more rigid rings, therefore they further introduced methyl-
ene (CH2) groups to design flexible long tape-shape ligand,
and successfully extended the length of similar coordination
nanotube to 3.5 nm.[36c] Another longer coordination tube
based on PdII was also reported by them when they used
one semi-rigid tetrapodal ligand having four terpyridines
arms to react with PdII ions, in which the two tetrapodal
ligands were circled into a 3.0 nm open tube as a result of
the coordination of terpyridines with PdII ions.[36d]

Figure 7. Tubular structures assembled with (a) a tetrakis(3,5-pyr-
idine) ligand[36b] and (b) a trans-conformational ditopic semi-rigid
ligand.[36e]

Based on the fact that the ditopic semi-rigid ligand is
able to display either cis- or trans-conformation depending
on the orientation of the two coordinating arms, we synthe-
sized a discrete tubular tetramers [Hg4Cl8(bbimms)4]
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[bbimms = 1,3-bis(benzimidazol-1-ylmethyl)-2,4,6-trimeth-
ylbenzene] when we reacted the semi-rigid ligand bbimms
with HgCl2 which favors bent coordination geometry. The
neutral molecular tube was generated by self-cyclization of
four [HgCl2(bbimms)] subunits whose orientation alternates
successively up and down (Figure 7, b), and the guest mole-
cules DMSO or DMF played an important role in the for-
mation and stabilization of the tubular structures. The inte-
rior cavity of the tube was approximately 4.6�8.6�16.8 Å
after consideration of the van der Waals radii. Furthermore,
the neutral tubes were aligned to resemble a pipeline and
that these pipelines were arranged into a three-dimensional
columnar architecture.[36e]

Concluding Remarks

In summary, well-shaped discrete molecular architectures
are able to be constructed by using non-rigid ligands in con-
trast to the usually favored rigid ligands. Appropriate de-
sign and control of the donor groups and conformations
of the semi-rigid or flexible ligands facilitate formation of
relatively lower symmetric metallacyclic, prismatic and
tubular structures in comparison to the higher symmetric
polygonal or polyhedral structures. According to the distin-
guished nature of the non-rigid ligands and symmetry
modification of metal ions, four assembly routes are avail-
able to direct formation of rectangular, prismatic and tubu-
lar architectures which are inherently related through the
rotation symmetry. However, it should be noticed that the
non-rigid ligands often display conformation freedom, for
example, facile conversion between cis conformation and
trans conformation of the ditopic semi-rigid ligands, which
make it possible to generate coordination polymers instead
of discrete molecular architectures. Therefore, vast effort is
still needed to fully understand various subtle factors that
influence the formation of closed molecular architectures as
well as the shape stability and cavity size.

Acknowledgments

The author gratefully acknowledges all the co-authors cited in the
joint publications. This work has been supported by the National
Science Funds for Distinguished Young Scholars of China (Grant
20525310), the NSF of China (Grant 20673147) and Guangdong
Province (Grant 04205405), and RFDP of the Education Ministry
of China.

[1] a) S. Leininger, B. Olenyuk, P. J. Stang, Chem. Rev. 2000, 100,
853–908; b) M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita,
T. Kusukawa, K. Biradha, Chem. Commun. 2001, 509–518; c)
D. L. Caulder, K. N. Raymond, J. Chem. Soc., Dalton Trans.
1999, 1185–1200; d) R. L. Paul, Z. R. Bell, J. C. Jeffery, J. A.
McCleverty, M. D. Ward, Proc. Natl. Acad. Sci. USA 2002, 99,
4883–4888; e) B. J. Holliday, C. A. Mirkin, Angew. Chem. Int.
Ed. 2001, 40, 2022–2043.

[2] C.-Y. Su, A. M. Goforth, M. D. Smith, H.-C. zur Loye, Inorg.
Chem. 2003, 42, 5685–5692.

[3] C.-Y. Su, Y.-P. Cai, C.-L. Chen, M. D. Smith, W. Kaim, H.-C.
zur Loye, J. Am. Chem. Soc. 2003, 125, 8595–8613.



Coordination Assemblies of Metallacyclic, Prismatic and Tubular Architectures MICROREVIEW
[4] a) C. J. Kuehl, C. L. Mayne, A. M. Arif, P. J. Stang, Org. Lett.

2000, 2, 3727–3729; b) C. J. Kuehl, S. D. Huang, P. J. Stang, J.
Am. Chem. Soc. 2001, 123, 9634–9641; c) C. J. Kuehl, Y. K.
Kryschenko, U. Radhakrishnan, S. R. Seidel, S. D. Huang, P. J.
Stang, Proc. Natl. Acad. Sci. USA 2002, 99, 4932–9636.

[5] Z.-M. Liu, Y. Liu, S.-R. Zheng, Z.-Q. Yu, M. Pan, C.-Y. Su,
Inorg. Chem. 2007, 46, http://dx.doi.org/10.1021/ic062270+.

[6] a) P. Baxter, J.-M. Lehn, A. DeCian, J. Fischer, Angew. Chem.
Int. Ed. Engl. 1993, 32, 69–72; b) A. Marquis-Rigault, A. Du-
pont-Gervais, P. N. W. Baxter, A. V. Dorsselaer, J.-M. Lehn, In-
org. Chem. 1996, 35, 2307–3210; c) P. N. W. Baxter, J.-M. Lehn,
G. Baum, D. Fenske, Chem. Eur. J. 1999, 5, 102–112; d) A. M.
Garcia, D. M. Bassani, J.-M. Lehn, G. Baum, D. Fenske,
Chem. Eur. J. 1999, 5, 1234–1238.

[7] a) K. Kumazawa, K. Biradha, T. Kusukawa, T. Okano, M. Fu-
jita, Angew. Chem. Int. Ed. 2003, 42, 3909–3913; b) M. Yoshiz-
awa, K. Ono, K. Kumazawa, T. Kato, M. Fujita, J. Am. Chem.
Soc. 2005, 127, 10800–10801; c) M. Yoshizawa, J. Nakagawa,
K. Kumazawa, M. Nagao, M. Kawano, T. Ozeki, M. Fujita,
Angew. Chem. Int. Ed. 2005, 44, 1810–1813; d) Y. Yamanoi, Y.
Sakamoto, T. Kusukawa, M. Fujita, S. Sakamoto, K. Yamagu-
chi, J. Am. Chem. Soc. 2001, 123, 980–981; e) J. Zhang, P. W.
Miller, M. Nieuwenhuyzen, S. L. James, Chem. Eur. J. 2006,
12, 2448–2453 and references cited therein.

[8] a) M. Albrecht, Chem. Rev. 2001, 101, 3457–3497; b) C. Piguet,
G. Bernardinelli, G. Hopfgartner, Chem. Rev. 1997, 97, 2005–
2062; c) Y.-P. Cai, C.-Y. Su, C.-L. Chen, Y.-M. Li, B.-S. Kang,
A. S. C. Chan, W. Kaim, Inorg. Chem. 2003, 42, 163–168.

[9] a) S. Kitagawa, M. Kondo, S. Kawata, S. Wada, M. Maekawa,
M. Munakata, Inorg. Chem. 1995, 34, 1455–1465; b) E. R. T.
Tiekink, Acta Crystallogr., . Sect. C 1990, 46, 1933–1934; c)
D. M. Ho, R. Bau, Inorg. Chem. 1983, 21, 4073–4079; d) S. P.
Neo, Z.-Y. Zhou, T. C. W. Mak, T. S. A. Hor, Inorg. Chem.
1995, 34, 520–523; e) R. N. Yang, Y. M. Hou, B. Y. Xue, D. M.
Wang, D. M. Jin, Transition Met. Chem. 1996, 21, 28–30; f) F.
Caruso, M. Camalli, H. Rimml, L. M. Venanzi, Inorg. Chem.
1995, 34, 673–679.

[10] a) M. J. Hannon, C. L. Painting, N. W. Alcock, Chem. Com-
mun. 1999, 2023–2024; b) M. J. Hannon, L. J. Childs, Supra-
mol. Chem. 2004, 16, 7–22.

[11] P. Thanasekaran, R.-T. Liao, Y.-H. Liu, T. Rajendran, S. Raja-
gopal, K.-L. Lu, Coord. Chem. Rev. 2005, 249, 1085–1110.

[12] a) A. W. Maverick, S. C. Buckingham, Q. Yao, J. R. Bradbury,
G. G. Stanley, J. Am. Chem. Soc. 1986, 108, 7430–7431; b)
A. W. Maverick, F. E. Klavetter, Inorg. Chem. 1984, 23, 4129–
4130; c) A. W. Maverick, M. L. Ivie, J. H. Waggenspack, F. R.
Fronczek, Inorg. Chem. 1990, 29, 24032409; d) J. R. Bradbury,
J. L. Hampton, D. P. Martone, A. W. Maverick, Inorg. Chem.
1989, 28, 2392–2399; e) F. M. Dixon, A. H. Eisenberg, J. R.
Farrell, C. A. Mirkin, L. M. Liable-Sands, A. L. Rheingold, In-
org. Chem. 2000, 39, 3432–3433; f) F. A. Cotton, C. Lin, C. A.
Murillo, Inorg. Chem. 2001, 40, 472–477; g) D. M. Shin, I. S.
Lee, Y.-A. Lee, Y. K. Chung, Inorg. Chem. 2003, 42, 2977–2982;
h) M. Fujita, M. Aoyagi, F. Ibukuro, K. Ogura, K. Yamaguchi,
J. Am. Chem. Soc. 1998, 120, 611–612.

[13] a) C.-L. Chen, H.-Y. Tan, J.-H. Yao, Y.-Q. Wan, C.-Y. Su, In-
org. Chem. 2005, 44, 8510–8520; b) C.-Y. Su, X.-P. Yang, S.
Liao, T. C. W. Mak, B.-S. Kang, Inorg. Chem. Commun. 1999,
2, 383–385; c) Y.-P. Cai, C.-Y. Su, H.-X. Zhang, Z.-Y. Zhou,
L.-X. Zhu, A. S. C. Chan, H.-Q. Liu, C.-L. B.-S. Kang, Z.
Anorg. Allg. Chem. 2002, 628, 2321–2328; d) C.-Y. Su, S. Liao,
H.-L. Zhu, B.-S. Kang, X.-M. Chen, H.-Q. Liu, J. Chem. Soc.,
Dalton Trans. 2000, 1985–1993.

[14] a) Z. Qin, M. C. Jennings, R. J. Puddephatt, Chem. Commun.
2001, 2676–2677; b) F. A. Cotton, C. Lin, C. A. Murillo, Inorg.
Chem. 2001, 40, 575–577; c) C. He, C.-Y. Duan, C.-J. Fang, Y.-
J. Liu, Q.-J. Meng, J. Chem. Soc., Dalton Trans. 2000, 1207–
1212; d) Z. Wu, Q. Chen, S. Xiong, B. Xin, Z. Zhao, L. Jiang,
J. S. Ma, Angew. Chem. Int. Ed. 2003, 42, 3271–3274.

Eur. J. Inorg. Chem. 2007, 2997–3010 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 3009

[15] a) O. Mamula, A. von Zelewsky, G. Bernardinelli, Angew.
Chem. Int. Ed. 1998, 37, 289–293; b) M. R. J. Elsegood, M. B.
Smith, P. M. Staniland, Inorg. Chem. 2006, 45, 6761–6770; c)
R. W. Saalfrank, C. Deutscher, S. Sperner, T. Nakajima, A. M.
Ako, E. Uller, F. Hampel, F. W. Heinemann, Inorg. Chem.
2004, 43, 4372–4382; d) C.-Y. Su, X.-P. Yang, B.-S. Kang,
T. C. W. Mak, Angew. Chem. Int. Ed. 2001, 40, 1725–1728.

[16] a) S.-X. Liu, S. Lin, B.-Z. Lin, C.-C. Lin, J.-Q. Huang, Angew.
Chem. 2001, 113, 1118–1121; b) Y. Bai, D.-B. Dang, C.-Y.
Duan, Y. Song, Q.-J. Meng, Inorg. Chem. 2005, 44, 5972–5974;
c) R. P. John, K. Lee, M. S. Lah, Chem. Commun. 2004, 260–
2661; d) R. P. John, J. Park, D. Moon, K. Lee, M. S. Lah,
Chem. Commun. 2006, 3699–3701; e) S.-Y. Yu, Z.-X. Zhang,
E. C.-C. Cheng, Y.-Z. Li, V. W.-W. Yam, H.-P. Huang, R.
Zhang, J. Am. Chem. Soc. 2005, 127, 17994–17995.

[17] H. Jiang, W. Lin, J. Am. Chem. Soc. 2003, 125, 8084–8085.
[18] a) M. R. A. Al-Mandhary, P. J. Steel, Inorg. Chem. Commun.

2002, 5, 954–955; b) L. J. Childs, N. W. Alcock, M. J. Hannon,
Angew. Chem. Int. Ed. 2002, 41, 4244–4247.

[19] a) M. Schweiger, S. R. Seidel, A. M. Arif, P. J. Stang, Inorg.
Chem. 2002, 41, 2556–2559; b) B. Hasenknopf, J.-M. Lehn, N.
Boumediene, A. Dupont-Gervais, A. V. Dorsselaer, B. Kneisel,
D. Fenske, J. Am. Chem. Soc. 1997, 119, 10956–10962.

[20] C.-L. Chen, B.-S. Kang, C.-Y. Su, Aust. J. Chem. 2006, 59, 3–
18.

[21] a) C.-Y. Su, Y.-P. Cai, C.-L. Chen, H.-X. Zhang, B.-S. Kang,
J. Chem. Soc., Dalton Trans. 2001, 359–361; b) B. J. O’Keefe,
P. J. Steel, Inorg. Chem. Commun. 2000, 3, 473–475; c) W. J.
Vickaryous, R. Herges, D. W. Johnson, Angew. Chem. Int. Ed.
2004, 43, 5831–5833.

[22] a) E. Lozano, M. Nieuwenhuyzen, S. L. James, Chem. Eur. J.
2001, 7, 2644–2651; b) J. C. Garrison, M. J. Panzner, P. D. Cus-
ter, D. V. Reddy, P. L. Rinaldi, C. A. Tessier, W. J. Youngs,
Chem. Commun. 2006, 4644–4646.

[23] a) M. Du, X.-J. Zhao, J.-H. Guo, Inorg. Chem. Commun. 2005,
8, 1–5; b) V. J. Catalano, M. A. Malwitz, J. Am. Chem. Soc.
2004, 126, 6560–6561.

[24] a) C. Uerpmann, J. Malina, M. Pascu, G. J. Clarkson, V. Mor-
eno, A. Rodger, A. Grandas, M. J. Hannon, Chem. Eur. J. 2005,
11, 1750–1756; b) F. Tuna, M. R. Lees, G. J. Clarkson, M. J.
Hannon, Chem. Eur. J. 2004, 10, 5737–5750; c) D. Guo, K.-J.
Pang, C.-Y. Duan, C. He, Q.-J. Meng, Inorg. Chem. 2002, 41,
5978–5985; d) A. Lützen, M. Hapke, J. Griep-Raming, D.
Haase, W. Saak, Angew. Chem. Int. Ed. 2002, 41, 2086–2089.

[25] a) M. Fujita, S. Nagao, N. Ogura, J. Am. Chem. Soc. 1995,
117, 1649–1650; b) W.-Y. Sun, J. Xie, K.-B. Yu, Chem. Lett.
2001, 342–343; c) W.-Y. Sun, J. Fan, T.-a. Okamura, J. Xie, K.-
B. Yu, N. Ueyama, Chem. Eur. J. 2001, 7, 2557–2562; d) J. Fan,
W.-Y. Sun, T.-a. Okamura, J. Xie, W.-T. Tang, N. Ueyama, New
J. Chem. 2002, 26, 199–201; e) J. Fan, H.-F. Zhu, T.-a. Oka-
mura, W.-Y. Sun, W.-X. Tang, N. Ueyama, Chem. Eur. J. 2003,
9, 4724–4731; f) D. J. Bray, L.-L. Liao, B. Antonioli, K. Gloe,
L. F. Lindoy, J. C. McMurtrie, G. Wei, X.-Y. Zhang, Dalton
Trans. 2005, 2082–2083.

[26] a) C.-Y. Su, Y.-P. Cai, C.-L. Chen, F. Lissner, B.-S. Kang, W.
Kaim, Angew. Chem. Int. Ed. 2002, 41, 3371–3375; b) J. Kim,
D. Ryu, Y. Sei, K. Yamaguchi, K. H. Ahn, Chem. Commun.
2006, 1136–1138.

[27] a) X. Ottenwaelder, J. Cano, Y. Journaux, E. Rivière, C. Bren-
nan, M. Nierlich, R. Ruiz-García, Angew. Chem. Int. Ed. 2004,
43, 850–852; b) D. L. Reger, R. F. Semeniuc, M. D. Smith, In-
org. Chem. 2003, 42, 8137–8139.

[28] a) A. Ikeda, M. Yoshimura, H. Udzu, C. Fukuhara, S. Shinkai,
J. Am. Chem. Soc. 1999, 121, 4296–4297; b) Y. K. Kryschenko,
S. R. Seidel, D. C. Muddiman, A. I. Nepomuceno, P. J. Stang,
J. Am. Chem. Soc. 2003, 125, 9647–9652; c) H.-B. Yang, K.
Ghosh, N. Das, P. J. Stang, Org. Lett. 2006, 8, 3991–3994; d)
C. J. Kuehl, Y. K. Kryschenko, U. Radhakrishnan, S. R. Seidel,
S. D. Huang, P. J. Stang, Proc. Natl. Acad. Sci. USA 2002, 99,
4932–4936; e) P. L. Jones, J. C. Jeffery, J. P. Maher, J. A. McCle-



C.-L. Chen, J.-Y. Zhang, C.-Y. SuMICROREVIEW
verty, P. H. Rieger, M. D. Ward, Inorg. Chem. 1997, 36, 3088–
3095; f) C. G. Claessens, T. Torres, J. Am. Chem. Soc. 2002,
124, 14522–14523.

[29] a) D. A. McMorran, P. J. Steel, Angew. Chem. Int. Ed. 1998,
37, 3295–3927; b) D. K. Chand, K. Biradha, M. Fujita, Chem.
Commun. 2001, 1652–1653; c) D. K. Chand, C. Balaji, R.
Manivannan, J. Athilakshmi, Tetrahedron Lett. 2006, 47, 2867–
2869; d) H.-K. Liu, J. Hu, T.-W. Wang, X.-L. Yu, J. Liu, B.-S.
Kang, J. Chem. Soc., Dalton Trans. 2001, 3534–3540.

[30] a) N. Yue, Z. Q. Qin, M. C. Jennings, D. J. Eisler, R. J. Pudde-
phatt, Inorg. Chem. Commun. 2003, 6, 1269–1271; b) N. L. S.
Yue, D. J. Eisler, M. C. Jennings, R. J. Puddephatt, Inorg.
Chem. 2004, 43, 7671–7681; c) N. L. S. Yue, D. J. Eisler, M. C.
Jennings, R. J. Puddephatt, Inorg. Chem. Commun. 2005, 8, 31–
33.

[31] a) L. J. Barbour, G. W. Orr, J. L. Atwood, Nature 1998, 393,
671–673; b) L. J. Barbour, G. W. Orr, J. L. Atwood, Chem.
Commun. 2000, 859–860; c) H. Amouri, L. Mimassi, M. N.
Rager, B. E. Mann, C. Guyard-Duhayon, L. Raehm, Angew.
Chem. Int. Ed. 2005, 44, 4543–4546; d) Y.-B. Xie, J.-R. Li, C.
Zhang, X.-H. Bu, Cryst. Growth Des. 2005, 5, 1743–1749; e)
B. L. Wu, D. Q. Yuan, B. Y. Lou, H. Han, C. P. Liu, C. X.
Zhang, M. C. Hong, Inorg. Chem. 2005, 44, 9175–9184.

[32] a) S. C. Johannessen, R. G. Brisbois, J. Am. Chem. Soc. 2001,
123, 3818–3819; b) A. Ikeda, M. Ayabe, S. Shinkai, S. Sakam-
oto, K. Yamaguchi, Org. Lett. 2002, 2, 3707–3710.

[33] a) P. Jacopozzi, E. Dalcanale, Angew. Chem. Int. Ed. 1997, 36,
613–615; b) N. Cuminetti, M. H. K. Ebbing, P. Rrados, J. d.
Mendoza, E. Dalcanale, Tetrahedron Lett. 2001, 42, 527–530;
c) L. Pirondini, D. Bonifazi, B. Cantadori, P. Braiuca, M. Cam-
pagnolo, R. De Zorzi, S. Geremia, F. Diederichd, E. Dalcanale,

www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 2997–30103010

Tetrahedron 2006, 62, 2008–2015; d) F. Fochi, P. Jacopozzi, E.
Wegelius, K. Rissanen, P. Cozzini, E. Marastoni, E. Fisicaro,
P. Manini, R. Fokkens, E. Dalcanale, J. Am. Chem. Soc. 2001,
123, 7539–7552; e) R. Pinalli, V. Cristini, V. Sottili, S. Geremia,
M. Campagnolo, A. Caneschi, E. Dalcanale, J. Am. Chem. Soc.
2004, 126, 6516–6517; f) S. J. Park, D. M. Shin, S. Sakamoto,
K. Yamaguchi, Y. K. Chung, M. S. Lah, J.-I. Hong, Chem. Eur.
J. 2005, 11, 235–241; g) R. G. Harrison, J. L. Burrows, L. D.
Hansen, Chem. Eur. J. 2005, 11, 5881–5888; h) F. A. Cotton,
P. Lei, C. Lin, C. A. Murillo, X. Wang, S.-Y. Yu, Z.-X. Zhang,
J. Am. Chem. Soc. 2004, 126, 1518–1525.

[34] a) Z. L. Zhong, A. Ikeda, M. Ayabe, S. Shinkai, S. Sakamoto,
K. Yamaguchi, J. Org. Chem. 2001, 66, 1002–1008; b) P. J.
Steel, C. J. Sumby, Chem. Commun. 2002, 322–323.

[35] a) W.-G. Lu, C.-Y. Su, T.-B. Lu, L. Jiang, J.-M. Chen, J. Am.
Chem. Soc. 2006, 128, 34–35; b) M. Hong, Y. Zhao, W. Su, R.
Cao, M. Fujita, Z. Zhou, A. S. C. Chan, Angew. Chem. Int. Ed.
2000, 39, 2468–2470.

[36] a) M. Aoyagi, K. Biradha, M. Fujita, J. Am. Chem. Soc. 1999,
121, 7457–7458; b) M. Aoyagi, S. Tashiro, M. Tominaga, K.
Biradha, M. Fujita, Chem. Commun. 2002, 2036–2037; M.
Aoyagi, S. Tashiro, M. Tominaga, K. Biradha, M. Fujita,
Chem. Commun. 2002, 2038–2039; c) T. Yamaguchi, S. Tashiro,
M. Tominaga, M. Kawano, T. Ozeki, M. Fujita, J. Am. Chem.
Soc. 2004, 126, 10818–10819; d) S. Tashiro, M. Tominaga, T.
Kusukawa, M. Kawano, S. Sakamoto, K. Yamaguchi, M. Fu-
jita, Angew. Chem. Int. Ed. 2003, 42, 3267–3270; e) C.-Y. Su,
M. D. Smith, H.-C. zur Loye, Angew. Chem. Int. Ed. 2003, 42,
4085–4089.

Received: February 9, 2007
Published Online: May 23, 2007


