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ABSTRACT

The stabilization and immobilization of polyoxometalates (POMs) through the formation of POM-
containing coordination polymers is one of the more attractive areas of supramolecular chemistry and
POM materials. Owing to their various structural topologies and chemical compositions, which endow
them with tunable shape, size and high negative charges, POMs are remarkably versatile building blocks
in the construction of coordination supramolecules. Frequently, POMs act as anionic templates to build
three-dimensional metal organic frameworks. In this review, we summarize the structures of POM-
containing coordination polymers in which the combination of POMs and metal-organic polymers is
through host-guest supramolecular interactions, such as weak coordination interactions, electrostatic
interaction, and hydrogen bonding.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

POMs have numerous applications because of their unmatched
diversity in composition, sizes and shapes [1-3]. While their vari-
ous properties are garnering increasing attention, catalysis is still
the most important area of application of POMs today [4]. POMs
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have been applied as acid and oxidation catalysts, including use
in several large-scale industrial processes. However, their applica-
tions are limited due to their inherent drawbacks, including their
low specific surface area, low stability under catalytic conditions,
and their high solubility in aqueous solution. Many strategies to
immobilize POMs on various porous solid supports have been stud-
ied in an effort improve their catalytic abilities [4a,5]. In addition
to traditional inorganic and carbon-based porous materials, porous
coordination polymers constructed from metal ions and doubly or
multiply connecting ligands have recently appeared and become
a new type of porous material. These materials are also referred
as inorganic/organic hybrid polymers or porous metal-organic
frameworks (MOF) [6]. Dispersing or immobilizing POMs by encap-
sulating them in the nanosized space of PCPs is a very promising
approach to stabilize and optimize traditional POM materials as
well as to convert homogeneous catalytic processes to heteroge-
neous catalytic processes by taking advantage of the high stability,
high surface area, and low solubility of PCPs [7]. Furthermore, the
dispersion of POMs in the pores of PCPs prevents the POMs from
conglomerating and deactivating, which allows for the enhance-
ment of their catalytic properties.

POM-containing coordination polymers have been of great
interest since the beginning of this area [8]. By virtue of their
diverse compositional range and significant structural versatility,
polyoxometalates (POMs) are attractive inorganic building blocks
[9]. They can coordinate to almost all metal atoms, including the
transition metal and rare earth cations, leading to a family of com-
pounds exhibiting widely diverse structures and physical-chemical
properties [10]. As inorganic ligands, POMs range in size from sub
nanoscale dimensions to the scale of proteins [11]. This diversity in
size, coupled with their attractive electronic and molecular proper-
ties [12], has stimulated intensive investigation of supramolecular
assemblies based on POMs in many important fields such as
catalysis [4,13], photochemistry [14], nanotechnology [15], biology
[16], materials science [17], medicine [18], magnetism [19], etc.
Hundreds of POM-based coordination polymers have been syn-
thesized, and many have been well summarized in reviews [9,20].
Herein, we will focus our emphasis on the PCPs/POM host-guest
supramolecules in which the hosts are discrete metal-organic
oligomers or metal-organic coordination polymers.

2. Synthesis

The rational synthesis of desired compounds by stepwise-
predesigned routes has been used extensively in synthetic
chemistry, for example in the total syntheses of natural products.
However, the rational synthesis of PCPs/POM host-guest materi-
als is still a great challenge because one or more of the reaction
conditions, such as temperature, pH, stoichiometry, reaction time,
medium, and template identity, can have considerable influence
upon the reaction outcome. In fact, most PCPs/POM host-guest
compounds have been synthesized via self-assembly reactions that
are mainly driven by the coordination chemistry of each compo-
nent.

Under ambient conditions, reactions of the starting building
blocks for PCPs/POM supramolecules often produce amorphous
precipitates instead of crystalline species. Because X-ray crystal-
lography is the primary characterization technique in this area,
suitable crystals are requisite for study. Hydrothermal reactions
that have been well established in the preparation of traditional
inorganic porous materials have been adapted to the prepara-
tion of crystals of POM-containing PCPs that would be difficult to
obtain under ambient conditions [21]. Therefore, self-assembly of
PCPs/POM supramolecules is usually performed under hydrother-
mal conditions.

3. PCPs/POM host-guest supramolecules

The structures of the PCPs/POM host-guest compounds are
mainly composed of PCPs cations and POM anions. The POM
anions may play various roles in these host-guest structures: (1)
as templates to create the porous structures of PCPs; (2) as charge-
compensating counterions; and (3) as ligands bound to the metal
sites of PCPs via coordination bonds.

The self-assembly of coordination polymers is driven by the
geometrical requirements of the ligands and the coordination pref-
erences of the metal. Templates also play very important roles in
the structures of PCPs. Without guest or template molecules to fill
in the pores of the metal-organic coordination polymer, mutual
interpenetration of the polymeric framework often occurs, and no
porous structure forms [22]. By using POMs as templates, POM
anions often fill some of the pores of the metal-organic polymer
and prevent the cationic polymer from self-interpenetrating. This
template effect is possibly the reason that self-interpenetration of
POM-based coordination frameworks is not common.

In addition to being charge-compensating anions, POMs can be
used to change the surface area of the PCPs. For example, Keggin
anions XMq040™ (M=Mo, W, ..., X=P>* Si4* B3*...), have com-
parable sizes while their negative charges can be made different
by varying the heteroatoms. Therefore, the number of POM anions
and the number of unoccupied pores in a PCP can be adjusted when
different Keggin anions are used as counterions [23].

The oxygen atoms on the surface of POM molecules are unsat-
urated. They are still reactive enough to act as electron donors for
various metal cations. In many cases, rather strong coordination
interactions are generated, leading to direct coordination bond-
ing between the cationic metal-organic component and the POM
anions. However, the outer oxo groups of POMs are passivated by
highly inward polarization, especially for heteropolyanions, with
the result that the coordination bonds of POMs are often very weak.
For example, the Cu-O distances between Cu ions and the POM
anions in PCPs occur in a wide range of 2.10-2.90 A, while the typ-
ical coordination bonding distance of a Cu-O bond is about 2.00A.
Without question, the compounds with Cu-0 bonds comparable to
a typical Cu-0 coordination distance are Class Il supramolecules.
Compounds with long coordination bonds (i.e., Cu-0>2.50A),
are reasonably categorized as Class [ host-guest supramolecules.
Therefore, the authors assert that, if the M-POM bonding distance
in a POM PCP is 25% greater than the typical M-O bonding distance,
the PCP should be classified as a Class I host-guest supramolecule.

Various organic heterocyclic nitrogen-containing compounds,
including pyridine, pyrazine, phenanthroline, triazole, and imida-
zole, have been used as ligands in the construction of POM-based
coordination polymers [9]. In this review, the linker is used as the
basis for organization. The compounds reviewed are summarized
in Table 1.

3.1. PCPs/POM host-guest supramolecules constructed from
pyridyl ligands

3.1.1. Discrete metal-pyridyl clusters

The self-assembly of discrete 2 and 3D supramolecular com-
plexes has been investigated extensively since the early 1990s [55].
Various molecular polygons have been synthesized from the com-
bination of metal units and linear rigid 4,4’-bpy, and molecular
recognition by the polygons is of interest in host-guest chem-
istry [56]. In 2007, Mizuno and coworkers synthesized a pair of
Pd-based molecular triangles and squares that are in dynamic equi-
librium in solution [25]. Reactions of the polygons with POMs form
a series of molecular squares (2-6) with POMs as counteranions.
Structural analysis indicates that the molecular square encapsu-
lates [WgO19]2~ and [W19033]4~ in compounds 2-4 but does not
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Table 1
Selected structural information for host-guest porous coordination polymers formed from POM anions and metal-organic coordination polymers?.
Compound Metal-ligand Metal coordination Structural description Figure  Ref.
framework geometry
A. Bipyridine as linkers
[Ni,(4,4’-Hbpy)4(4,4'- Dinickel compound Octahedral [NiN305] Discrete Ni units linked by POM via hydrogen [24]
bpy)(H20)6](SiW12040)2-16H,0 bonds to form 1D chains
(1)
{[(en*)Pd(4,4'-bpy)]4[-W019]}[Ws019]3 (2) Molecular square Square [PdN4] Molecular square with encapsulated POM Fig. 1 [25]
{[(en*)Pd(4,4'-bpy)]a[-W6019]}(NO3)s (3) As2 As2 As2 [25]
{[(en*)Pd(4,4'-bpy)]a[-W10032]}[W10032] (4) As2 As2 As2 Fig. 1 [25]
[(en*)Pd(4,4'-bpy)]a[W100321]2 (5) As2 As2 POM located outside of molecular square Fig. 1 [25]
[(en*)Pd(4,4'-bpy)]4[a-SiW12040]> (6) As 2 As 2 As5 Fig. 1 [25]
[{Cu(4,4'-bpy)}4(8-MogO26)] (7) 1D Diagonal [CuN;] POM encapsulated in a matrix of mutually [26]
perpendicular linear [Cu(4,4'-bpy)]* chains
with weak Cu. - -O interactions
[{Cu(4,4'-bpy)}4M015047]-8H,0 (8) 1D Diagonal [CuN;] Layered structure of 1D POM chains and 1D [26]
linear [Cu(4,4'-bpy)]* chains
(H50)[Cu(4,4'-bpy)]3[B-Mog026] (9) 1D Diagonal [CuN;] 1D [Cu(4,4’-bpy)]* chains linked to form 2D [27]
network by POM with weak Cu. - -O interactions
K5[Cu(I)(4,4’-bpy)]3[XW7; Cu(II)039]-11H,0 1D Diagonal [CuN;] 2D POM layers between layers of 1D [28]
(X=Si, (10); X=Ge, (11)) [Cu(4,4’-bpy)]* chains
[Cu(4,4'-bpy)]{[Cu(4,4'-bpy)]2[WsO019]}-4H, 0 1D Diagonal [CuN;] Each POM interacts with four [Cu(4,4’-bpy)]* Fig. 2 [29]
(12) through weak Cu. - -O interactions into 2D
sheets
[Cu(bpe)]{[Cu(bpe)]>[GeM012040(VO)2 ]} (13) 1D Diagonal [CuN;] 1D [Cu(bpe)]* chains linked to form ladder-like [29]
double chains by POM through weak Cu. - -O
interactions
[CusCl(4,4'-bpys |2[a-SiW12040]-4H, 0 (14) 1D T-shaped [CuN,Cl] 1D linear [CusCl(4,4’-bpy)3 |>* chains linked to Fig. 3 [30]
form 2D network by POM with weak Cu. - -O
interactions
{Cu"4CI(2,2"-bipy)s(4,4'-bipy)s(4,4'- 1D wave-like [CuNg4] [CuN4Cl] Wave-like chains linked into 2D sheets by POM [31]
Hbipy)2[PM012040]} [PM012040]2-2H,0 through weak Cu- - -O interactions
(15)
[Ni(4,4'-Hbpy )2(4,4'- 1D Octahedral [NiN4O;] 1D Ni chains linked by POM via hydrogen Fig. 4 [32]
bpy)(H20);[(SiW12040)-6H,0 bonds to form 2D network
(16)
{[Cu(4,4'-bpy)1.754(SiW12040)(H20)3 }, (17) 1D with hexagonal Trigonal [CuN3] POM encapsulated in the hexagonal voids of a Fig. 5 [23]
motif pseudo-63-2D network from interlocking of 1D
[CuN3] chains.
[Cu(4,4'-bpy)(4,4'-Hbpy )05 ]2[PW12040] (18) 1D Y-shaped [CuN3] and POM encapsulated in the pseudo-rectangular [33]
diagonal [CuN;] voids of a network from interlocking of 1D
metal-organic chains.
{[(en)Pd(4,4'-bpy)]>[-SiW12040]} (19) 1D zigzag Square [PdN4] Layered structure of 1D chains pillared by Fig.6 [34]
discrete POMs.
{[Ni(dpdo)(CH3CN)(H20)2]2[SiW12040](H20)2}» 1D Octahedral [MN40;] POM anions between 2D layers of 1D chains [35]
(20) interlocked through hydrogen bonds into
pillared structure
{[M(dpdo)4(H20)3](H30)(SiM012040 )(dpdo)o5 1D [MOg] Shoulder-to-shoulder POMs encapsulated in [35]
(CH3CN)o5(H20)3}n (M=Gd, (21); M=Ho, rectangular voids of a 2D network of 1D chains
(22)) interlocked by hydrogen bonds
{[Cuz(4,4'-bpy)a(H20)4](SiW12040)(H20)18 }n 2D Octahedral [CuN40;] Cationic square-grid network pillared by POM Fig. 7 [23]
(23) into layered structure
(4,4'-bpy)[Zn(4,4'- 2D Octahedral [ZnN4O; ] As 23 [36]
bpy)2(H20),]2[(Zn0g )(As303),MosO15]- 7H, 0
(24)
{Mn(2,2'- 2D Octahedral [MoO4N;] Shoulder-to-shoulder POMs encapsulated in Fig. 8 [37]
bpy)(py)(H20),}{Mo012034(bpy)12 } |[PM012040]>- [MnN303] the pores of 2D networks
2H,0 (25)
[Cus(4,4'-bpy)s(MeCN), [PW12040-2CsH5CN 3D Tetrahedral [CuN4] POM resides in the pentagonal cavities of a 3D Fig. 9 [38]
(26) cationic polymer
[M_(4,4'-bpy)3(H20)2(0x)][P2 W18 062 ]2(Hz- 3D Octahedral [MN30s3] 3D non-interwoven framework with Fig. 10 [39]
bpy)-nH,0 (M = Co(Il), (27); M = Ni(II), encapsulated POM anions
(28))
[Cuz(H20),2(bpp)2Cl][PM012040] ~ 20H,0 (29) 3D Octahedral [CuCIN4O] 3D non-interwoven framework with Fig. 11 [40]
encapsulated POM
[Cus'Cl(4,4'-bpy)4][Cu'(1,10- 3D [CuN3Cl] [CuN,Cl] 3D [Cus!'CI(4,4'-bpy)4] framework with [27]
phen); Mog0,5](30) [CuN40;] hexagonal channels in which
[Cu"(1,10-phen);Mog0,6] chains are located
[{Fe(tpypor)}sFe(MogO19)2]-xH20 (31) 3D Octahedral [FeNg] POMs encapsulated within 3D cationic polymer [41]
with cubic {Feg(tpypor)s }¥* building blocks
{[M4(dpdo)12][H(H20)27(CH3CN)12][PW12040]3}n 3D Octahedral [MNg] POMs and gigantic water clusters encapsulated Fig. 12 [35]
(M=Co, (32); M=Ni, (33)) within 3D non-interwoven framework
{[Ln(H20)4(pdc)]4}[XM012040]-2H,0 (Ln=La, 3D [MNOg] 3D lanthanide framework with encapsulated [42]
Ce, and Nd; X =Si for 34-36 and Ge for 37-39.) POM anions
B. Pyrazine as linkers
[Ag3(pz)3(PW12040)]-0.5H,0 (40) 1D Trigonal [AgN;] POM anions encapsulated in the matrix of 1D [23]

[Agpz]* chains
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Table 1 (Continued )
Compound Metal-ligand Metal coordination Structural description Figure  Ref.
framework geometry
Cuy(2-pzc)4(H20)s(MogO26)-2H, 0 (41) 1D zigzag Diagonal [CuN;] Each POM is surrounded by 5 chains [43]
{[Cu(pz)(H20)4]2(H30)2[V10028]-13.5H, 0}, 1D Octahedral [CuN,04] Layered structure with alternating layers of 1D [44]
(42) chains and POM
{[Ni(pz)(H20)4]2(H30)2[V10025]-9.5H,0},, (43) 1D Octahedral [CuN;04] As 42 [44]
Cus3(2-pzc)a(H20)2(Vi0028Ha)-6.5H2 0 (44) 2D rectangle grid-like Square [CuN;0;] POMs encapsulated within the rectangles of a [43]
Octahedral [CuN,04] 2D network
{[Cu(pz)15]4(SiW12040)-2H, 0}, (pz = pyrazine) 2D octagonal and Trigonal [CuN3] POM encapsulated in the octagons of unique Fig. 13 [23]
(45) square units 2D 4'82 network
{[Cu(2,3-Me2pz)15]4(SiW12040)}r (46) As 45 Trigonal [CuNs] As 45 [23]
{[Cu(2,3-Me;pz)(2,5- 2D hexagonal units Trigonal [CuN3] The layers of 2D 63 networks pillared by POM [23]
Me,pz)o5]4(SiW12040)(2,5-Mezpz)}y into layered structure
(47)
{[Cu(2-Mepz);5]3(PM012040)(H20)35 }r (48) 2D hexagonal units Trigonal [CuNs] As 47 [23]
{[Ag(2,3-Me2pz)15]4(SiW12040)}n (49) 2D hexagonal units Trigonal [CuNs] The layers of 2D corrugated 6° networks Fig. 14  [23]
Corrugated pillared by POM into layered structure
C. Triazole as linkers
[Ags(dmtrz)4][3-MogO25] (50) Tetranuclear Ag cluster Diagonal [AgN;] Each POM surrounded octahedrally by six Ag [45]
clusters
[Ags(3atrz)s ][PMo12040]2-H20 (51) A double Diagonal [AgN;] POM anions encapsulated between Fig. 15 [45]
calix[3]arene-shaped [Ages(3atrz)s | hexamers
hexamer
[Cu'4(Hfcz)4(SiM012040)] (52) Molecular square Diagonal [CuN; | Molecular square linked by POM via weak Fig. 16  [46]
Cu. - -0 interactions into 2D network
[Ag2(trz); ]2[y-MosO26] (53) 1D zigzag chain Diagonal [AgN;] Layered structure with mutually perpendicular  Fig. 17 [45]
1D [y-MogO36]* chains and 1D zigzag
[Ag(trz)]* chains
[Aga(4atrz),Cl][Ag(MogO26)] (54) 1D looped chain [AgN; ] [AgNCl] Mutually perpendicular 1D [Ag(MogO2g)]>~ Fig. 18 [45]
chains and 1D zigzag [Ag(trz)]* chains
[Aga(3atrz); |2 [HPMoY! 1MoV, 049] (55) 1D helix Diagonal [AgN;] Hydrogen bonding between helical chains and Fig. 19 [45]
POMs
[Ag>(dmtrz), ];[HPMoY'10MoY,040] (56) Same as 55 Diagonal [AgN;] Same as 55 [45]
(EtsNH),[Cu';(Hfcz),(SiW12040)]-2H20 (57) 1D zigzag Diagonal [CuN; | 1D copper chains linked by POM via weak Fig.20  [46]
Cu. - -0 interactions
(EtsNH)2[Cu'(Hfcz)2(SiW12040)]-H20 (58) 1D zigzag Diagonal [CuN;] As 57 Fig. 21 [46]
[Cus(H20)4(bte),(HPMoY'10MoVY;040)]-2H,0 1D Tetrahedral [CuN,0;] 1D [Cuy(H,0),(bte)]?* chains linked by POMs [47]
(59) Diagonal [CuN;| via weak Cu- - -O interactions to form
ladder-like chains and then stair-like 2D
network
[Cd2(Hfcz)s(H20), [(SiM012040)-H2 0 (61) 1D hinge Octahedral [CdNg] POMs located between layers of the 1D chains [46]
[CdN40,]
[Cu(btb)][Cuy(btb),(PMo12049)] (62) 1D Diagonal [CuN;] Part of 1D [Cu(btb)]* chains linked by POMs via ~ Fig.22  [47]
weak Cu. - -O interactions form 2D sheets; other
1D chains and the 2D sheets arrange
alternately into a layered structure
[Cu4(btb),(SiM012040)]-2H20 (63) 1D channel-like Diagonal [CuN;| 1D [Cuy(btb),]** chains linked by POMs via Fig.23  [48]
weak Cu- - -O interactions to form 3D
framework
[a-Cuya(trz)s ][PMo12040]-H2 O (64) 2D octagonal and Diagonal [AgN;] Layered structure with POMs encapsulated in Fig.24  [49]
square Cu-polygons Cu-octagons
units
[B-Cuyz(trz)s][PMo12040]-2H, 0 (65) 2D triangular and Diagonal [AgN;] Layered structure with POMs encapsulated in [49]
nonagonal Cu-polygons Cu-nonagons
[Coz(Hfcz)2(SiW12040)](H3fcz),(SiW12040) 2D double-layered Octahedral [CoN40;] 2D layers of [Co(Hfcz),(H,0)], linked by POMs Fig. 25 [50]
-10H,0 (66) covalently to form double-layered 2D networks
which are in turn pillared by other
non-coordinated POM anions into a layered
structure
[Cu'(L)2(H20)2][Cu'5(L)2]PM012040] (67) 3D and 0D molecular Diagonal [CuN,] POM anions encapsulated in 3D [3] rotaxane Fig.26  [51]
(L=4,4'-bis(1,2,4-triazol-1-ylmethyl) square Octahedral [CuN40;] framework of twofold interpenetrated
biphenyl) adamantanoid cages with additional locking of
molecular squares
D. Imidazole as linkers
(bbi);5[Cu(bbi)]45[PW12040]15 (68) 1D Diagonal [CuN;| POMs encapsulated in the channels created by [52]
5 1D chains with weak Cu. - -O interaction
[Cu'(bbi)]z[Cu',(bbi);(8-Mog 026 )os | 1D Diagonal [CuN;] 1D chains connected by POMs via weak Cu. - -O Fig.27  [53]
(a-Mog026 )05 (69) interaction to form a complex polythreaded
structure
[Cu!(bbi)][Cu'(bbi)(8-MogO026)o5] (70) 1D Diagonal [CuN;] 1D chains connected by POMs via weak Cu. - -O [53]
interaction to form double chains and then
with additional 1D chains to form a
polythreaded structure
[Hzbbi][Cu"(bbi),(8-Mog026)] (71) 2D rectangle Square [CuN4] 2D [Cu(bbi); ]?* sheets connected by POM Fig.28  [54]

anions into 3D framework via weak Cu. - -O
interaction
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Table 1 (Continued )

Compound Metal-ligand Metal coordination Structural description Figure  Ref.
framework geometry
[Cu"(bbi),(H20) (B-Mog026)os] (72) 2D rectangle Square [CuNg4| 2D [Cu(bbi); ]** sheets connected by POM [54]
anions via weak Cu- - -O interaction into 3D
framework, twofold penetration of the 3D
framework
[Cu''(bbi),(a-Mog 056 )][Cul(bbi)], (73) rectangular 2D sheets Square [CuN,] Diagonal 2D [Cu'!(bbi), ],2"* layers pillared by POMs via Fig.29  [54]

plus 1D chains

[Cu""Cu'(bbi)s3(a-Mog0x6)][Cu'(bbi)] (74) 2D with large rings

plus 1D chains

[CuN;]

Square [CuNy4] Diagonal
[CUNZ ]

weak Cu- - -O interactions to form a 3D

structure with channels of 1D chains inside

2D [Cu'Cul(bbi)3],3"* layers pillared by POMs [54]
via weak Cu- - -O interaction to form a 3D

structure with channels of 1D chains inside

3 Abbreviations: 3atrz=3-amino-1,2,4-triazole; 4atrz=4-amino-1,2,4-triazole; bbi=1,10-(1,4-butanediyl)bis(imidazole); bpe =bis(4-pyridyl)ethylene; bpp =1,3-bis(4-
pyridyl) propane; bpy =bipyridine; btb =4-bis(1,2,4-triazol-1-y1)butane; bte = 1,2-bis(1,2,4-triazol-1-yl)ethane; dmtrz = 3,5-dimethyl-1,2,4-triazole; dpdo = 4,4'-bipyridine-
N,N'-dioxide; en*=N,N,N',N'-tetramethylethylenediamine; en=ethylenediamine; Hfcz=2-(2,4-difluorophenyl)-1,3-di(1H-1,2,4-triazol-1-yl)propan-2-ol; H,pdc = pyridine-
2,6-dicarboxylate; H(2-pzc)=2-pyrazine-carboxylic acid; 2,3-Me,pz =2,3-dimethylpyrazine; 2,5-Me,pz =2,5-dimethylpyrazine; 2-Mepz =2-methylpyrazine; ox =oxalate;

phen = phenanthroline; pz = pyrazine; trz=1,2,4-triazole; tpypor = tetrapyridylporphyrin.

encapsulate the a-SiW;,040%" anion, which is bigger than those
in 2-4, as shown in Fig. 1. The size-selective encapsulation by the
molecular square is interesting and could be used in the separation
or purification of useful polyoxometalates.

3.1.2. One-dimensional metal-pyridyl polymers

One-dimensional metal-pyridyl chains are common in POM-
based coordination polymers, as revealed in compounds 7-22.
The detailed structures of the 1D chains are affected by vari-
ous factors, including the coordination preferences of the metals,
the metal-ligand stoichiometry, the reaction conditions, the pres-
ence of coligands, and the template effect of counteranions.
In compounds 7-14, the Cu(l) metal sites are linked by the
pyridyl ligands into linear [Cu(4,4’-bpy)]* chains, which reflects
the preference of d'° for diagonal coordination. Weak coordina-
tion interaction between the chains and the POM anions exists
frequently in these compounds. For example, in compound 12,
each [Wg019]?~ dianion acts as a tetradentate ligand through weak
coordination bonding (Cu---O 2.633(9) and 2.696(9)A) to bind
four [Cu(4,4'-bpy)],™* chains, resulting in a rare double bitrack

Cu(4,4'-bpy) chain-modified Lindqvist polymeric compound (Fig. 2)
[29].

The structure of compound 14 demonstrates the influence of
coligands. In compound 14, three [Cu(4,4’-bpy)]* chains are linked
through CI~ anions into a rare Cu(l) polymeric {[Cu(4,4'-bpy)]3Cl}2*
structure, as shown in Fig. 3 [30]. The trimeric chains are linked by
POM anions through weak Cu---O interactions into a 2D layered
network.

Compound 16 is an example that shows the influence of
hydrogen bonding interactions on the formation of metal-organic
polymer/POM host-guest structures [23]. The compound contains
1D chains of [Ni(4,4'-Hbpy),(4,4'-bpy)(H,0);],4"" cationic poly-
mers, which are composed of 1D linear [Ni (4,4’-bpy)] chains with
two additional pendant monoprotonated 4,4’-Hbpy ligands coordi-
nating each Ni(Il) site. The 1D cationic chains are then linked into 2D
supramolecular layers by POM anions through hydrogen bonding,
as shown in Fig. 4.

The template effect of POM anions is illustrated in the struc-
tures of compounds 17-19. These compounds contain particularly
unusual 1D chains that have never been observed without the pres-

(c)

Fig. 1. Structures of compounds: side views of 2 (a) and 4 (b) showing the encapsulation of the polyanion in the molecular square; top views of 5 (c) and 6 (d).

(d)
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Fig. 5. Views of compound 17: (a) showing the 1D chain with hexagonal units and (b) showing the SiW;,049%" anions encapsulated in the pseudo-6> 2D network.
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Fig. 6. A view of the cationic polymer (a) and layered structure (b) of compound 19.

Fig. 7. A view of compound 23 showing the layered structure with SiW;,040%" as pillars.

ence of the POM anions. For example, compound 17 has a unique
1D chain with hexagonal units (Fig. 5) [23]. A survey of the CSD
revealed that such a hexagonal void structure has not been found in
copper(I or I1)-4,4’-bpy complexes. Interlocking the adjacent chains
generates a pseudo-63 2D network. The SiW;,040%  anions are
encapsulated in the resulting hexagonal cavities.

The structure of compound 19 (as shown in Fig. 6) is
composed of SiW1,049* anions and infinite 1D zigzag [(en)Pd(4,4 -
bpy)]»2"*chains [34]. The formation of the 1D chains is very
surprising because the combination of partially blocked [(en)Pd]2*
metal building blocks, which were used as starting materials in
the preparation of compounds 2-6, with rigid linear 4,4'-bpy lig-
ands in a 1:1 ratio under ambient conditions results preferentially
in the formation of molecular polygons, such as [(en*)Pd(4,4'-
bpy)]a(NO3)2n (n=3, or 4).

3.1.3. Two-dimensional metal-pyridyl polymers
The structure of compound 23 is composed of 2D lay-

ers of [Cu(4,4-bpy),(H,0);],2", Keggin SiW1,049% polyanions
and water molecules [23]. The sheets are constructed from a
square-grid motif and stacked in parallel fashion. The result-
ing 2D channels are occupied alternately by Keggin anions
and cage-like (H,0)14 clusters. The SiW;,040% anions locate
between the 2D sheets rather than penetrate them, perhaps
due to the size limits of the square units as in compound
6, leading to a layer-pillared 3D structure as shown in Fig. 7.
Compounds 24 and 25 have similar 3D layered structure
s with POM polyanions as pillars.

Compound 25 is composed of [PM01,040]3~ anions and unusual
2D heteronuclear cationic sheets with very large pores (ca.
28.3 x 11.7A) [37]. The 2D sheet can be considered as being con-
structed from wave-like 1D chains of [Mo12034(bpy)i2].%"" and
[Mn(bpy)(py)(H20),] joints. Adjacent 1D Mo chains are linked
through the Mn units to produce a 2D network with 26-metal
cyclic units. The pore of the cyclic unit is so large that two Keggin
jons (ca. 10.4 x 10.4A) are encapsulated in a “shoulder by shoul-
der” mode as shown in Fig. 8. Furthermore, the neighboring 2D
networks are stacked parallel to each other along the c-axis to gen-
erate a 3D supramolecular framework through extensive hydrogen
bonds between bpy ligands and terminal oxygen atoms from adja-
cent molybdenum oxide layers.

3.1.4. Three-dimensional metal-pyridyl polymers

The structure of compound 26 has a unique 3D framework.
The influence of the PW;,0403~ polyanion as a non-coordinating
anionic template in the construction of this structure is evident
[38]. In this compound, the Cu(I) sites adopt [CuNy4] tetrahedral
coordination with bridging 4,4’-bpy ligands or a terminal CH3CN
ligand. Five Cu(I) centers, of which three are coordinated by three
bridging 4,4’-bpy ligands and one terminal CH3CN molecule while
the other two are coordinated by four bridging 4,4’-bpy ligands,
are assembled around a POM anion by shared bridging 4,4'-
bpy ligands to form an interesting pentagonal unit (Fig. 9). The
pentagonal units are linked further through 4,4’-bpy into a 3D
framework.



R. Yu et al. / Coordination Chemistry Reviews 253 (2009) 2872-2890 2879

P
(¢

'{\ -
y R 7 y A P
) i i ' ‘ f 4 4 R 4 \l iy ‘ f ..VJ
% AN . ' R W al
W b WY CNK
=y R ha= A =i AN
5 i i‘ F
\ i _}' ¥, F ?-_, £ ‘J-‘
- pm VN VR
PR o FAEES PN o
s Vi =k .7 -3 W
Vd’ -:~ Yoy =y g L L / x J\ N
ARG .. v R Y 5 b’ & LR
AY 1 \1-_ . \“y‘* i._ ‘ \.,i' Y
e .-\-. e \\}_

Fig. 8. Polyhedral representation of 25: {MoO4N,} octahedra, blue; {MnO3Ns3} octahedra, azure; Keggin polyanions, blue.

The influence of metal coordination preference and coligand is
evident in the structures of 27 and 28, which are isomorphous [39].
In these compounds, each M(II) center is coordinated in a distorted
octahedral geometry by two oxygen atoms from an oxalate (ox) lig-
and, one terminal water molecule and three nitrogen atoms from
4,4'-bpy bridging ligands. Two identical M(II) units are connected
by sharing a p4-oxalate ligand to form binuclear secondary building
units (SBUs) which act as pseudo-octahedral six-connected nodes
(Fig. 10). Each SBU is connected to six identical SBUs through 4,4’-

bpy bridges into a 3D porous coordination framework. The resulting
square channels are occupied alternately by Dawson P, W;30g,6~
anions and interstitial molecules, including H, O molecules and pro-
tonated H,-4,4'-bpy.

Compound 29 is a 3D POM-based coordination polymer con-
taining a tethered 4-pyridyl ligand, 1,3-bis(4-pyridyl) propane
(bpp) [40]. The dramatic influence of introducing a flexible spacer
between the nitrogen donor groups is shown in this instance. In
this compound, the Cu(Il) atoms are coordinated in a distorted

4

Fig. 9. The framework (host) and the POM (guest) in compound 26.
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Fig. 10. Structural illustrations of compounds 27 and 28. (a) A view of the dinuclear SBU. (b). A view of the 3D host framework with the entrained P,W30s,5~ polyanions

(polyhedra).

octahedral geometry by four N atoms from four bridging bpp
ligands, one water molecule and one bridging Cl anion. Two iden-
tical Cu(Il) units are linked by sharing a bridging Cl~ anion to
form a binuclear SBU, which acts as an eight-connected [Cuy]
building unit. Each dinuclear unit is further linked to eight nearest-
neighbors through eight bpp ligands into a bcc-type 3D porous
coordination polymer (Fig. 11). The 3D framework features various

nanosized channels. Two kinds of large channels can be observed
along the [110] direction with dimension of 13.8A x 14.6 A and
13.9 A x 12.5 A, respectively, which are occupied by the Keggin-type
ions (ca. 10.4 A x 10.4 A).

As shown in Table 1, several 4,4’-bpy-containing 3D coordina-
tion polymer/POM host-guest compounds have been reported so
far. However, all of the hosts in these compounds are heteroleptic.

Fig. 11. View of the structure of 29 along the [11 0] direction.
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Fig. 12. Packing diagram of compounds 32 and 33 along the c-axis showing the cubic molecular boxes, which serve as hosts to contain the POMs (blue polyhedra) and the

protonated water cluster H*(H,0),7 (red space-filling).

No homoleptic 4,4’-bpy 3D hosts have been synthesized thus far. A
possible reason is the size limitation of the cavities in such 3D coor-
dination polymers. Recently, by using the 4’-bpy derivative ligands
4,4'-bipyridine-N,N’-dioxide and tpypor, in which the distances
between donor groups are lengthened, the 3D homoleptic coordi-
nation polymer/POM host-guest compounds 31-33 were success-
fully assembled. Compound [{Fe(tpypor)}3Fe(MogO19), ]*xH,0(31)
contains a three-dimensional [ {Fe(tpypor)}3Fe],*"* cationic frame-
work and isolated {MogO19}2~ polyoxo anions [41]. The resulting
cubic cavities are alternately occupied by {MogQO19}2~ clusters and
disordered water molecules.

In compounds 32 and 33, each M(II) center is coordinated in an
essentially ideal octahedral geometry to six dpdo bridging ligands
[35]. The sharing of the bridging dpdo ligands of the metal atoms
creates a 3D non-interwoven porous coordination framework. The
resulting channels are occupied by either the PW1,04¢93~ anions or
CH3CN-stablized water clusters H*(H;0),7 (Fig. 12). The structure
of the water clusters in these compounds is an interesting compo-
sition of a 26 water (H,0),6 shell and a monowater center, which
act as “host” and “guest”, respectively.

3.2. PCPs/POM host-guest supramolecules constructed from
pyrazine

The coordination preference of pyrazine is similar to that of
4,4'-bpy. As shown in Table 1, several 1D and 2D POM-based
coordination polymers have been synthesized. However, the short

distance between the donor groups causes difficulty in forming 3D
compounds with POM anions as guests. No 3D pyrazine coordina-
tion polymer/POM host-guest compounds have been reported so
far.

Compounds 45-49 are composed of 2D coordination polymers
with pyrazine and its derivatives as bridging unit [23]. Their struc-
tures show again the structural flexibility of coordination polymers
and the influence of the steric groups in the ligands. Compound
45 is composed of a 2D [Cu(pz)15],™" framework and SiW,040%~
anions. In this compound, each Cu(I) atom is coordinated trigonally
to three pz bridging ligands [23]. The 2D framework can be viewed
as being constructed from square tetranuclear building blocks that
are composed of four Cu(l) centers and four pz bridging ligands.
Each tetranuclear building block is linked to four others of the same
kind by the pz ligands. This arrangement leads to the formation of a
2D layer which can be visualized more simply as a unique 4!82 net-
work with each Cu(I) center lying next to one square void and two
octagonal voids. The octagonal void is so large that the SiW;,049%~
anion can be encapsulated inside it. The replacement of pz in 45
by 2,3-Me;pz allowed the formation of compound 46 (Fig. 13), the
structure of which is similar to that of complex 45 [23].

Complexes 47,48, and 49 have common structural features [23].
In these compounds, linkage of the trigonal [MN3] units leads sim-
ply to the generation of 2D 63 networks with hexanuclear motifs.
The 2D sheets in compounds 47 and 48 are essentially planar, but
compound 49 has a corrugated structure (Fig. 14). In contrast to
the octagonal voids in 45 and 46, the hexagonal voids are not
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Fig. 13. Views of structure 46 (a) 2D structure of the [Cu(pz);5],"" polymeric cation with encapsulated polyanions. (b) Crystal packing showing that the polyanions penetrate

the 2D polymeric cation.

Fig. 14. Views of structure 49. (a) Structure of 2D sheet. (b) Crystal packing.

large enough to accommodate fully a Keggin anion. In these com-
plexes, Keggin anions are located between the 2D layers to form 3D
layer-pillared structures, as in compound 23. Owing to the charge
difference between PMo1;0403~ and SiW1,040%", the PM01,0403~
anions occupy two-thirds of the hexagonal voids in 48 instead of
half of the voids in 47 and 49. These examples demonstrate that
the number of voids in coordination polymers can be manipulated
with the corresponding charge of the POMs.

3.3. PCPs/POM host-guest supramolecules constructed from
triazole ligands

Recently, 1,2,4-triazole and its derivatives have gained increas-
ing attention in the coordination chemistry of transition metals,
not only because of their numerous coordination possibilities, but

also because of their wide-ranging potential as pharmaceuticals,
agricultural chemicals, and photographic materials. By virtue of
their versatile coordination abilities, many simple 1,2,4-triazole
compounds and their tethered derivatives have been used in the
construction of POM-based coordination polymers.

3.3.1. Discrete metal-triazole clusters

Complex 51 is composed of discrete [Agg(3atrz)s]®* cationic
hexamers and non-coordinated [PMo1,04¢]3~ anions [45]. Each sil-
ver atom is diagonally coordinated by two 3atrz bridging ligands,
and the 3atrz ligands serve as bridging ligands in a common N1, N2
mode to link silver atoms. This arrangement leads to the formation
of a double calix[3]arene-shaped hexamer with two bowls, each
containing a polyanion, opening in opposite directions and shar-
ing a common bottom (Fig. 15). In packing in the crystalline state,

Fig. 15. (a) The structure of the hexanuclear cluster in 51. (b) Side view of the double calix[3]arene-shaped hexamer with polyanions.
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Fig. 16. (a) Ball-and-stick representation of the molecular square encapsulated polyhedral polyanion. (b) View of the stacking of the 2D structure of 52.

the hexamers are arranged in a honeycomb-like structure with 1D
hexagonal channels. The metal-organic cations and [PMo1,040]3~
anions form a three-dimensional supramolecular network through
weak N-H- - -0 hydrogen bonds.

Compound 52 is composed of square tetranuclear copper
oligomeric [Cu'4(Hfcz)4]*" cations and [SiW12040]% polyanions
[46]. The Cu(I) atoms are linked diagonally by the Hfcz ligands to
form a square 40-membered ring in which a polyanion is contained.
The polyanion exhibits a distorted structure and has weak coordi-
nation interactions with four Cu(l) metals through four terminal
and two bridging O atoms, leading to a 2D structure as shown in
Fig. 16.

3.3.2. One-dimensional metal-triazole chains

The structure of 53 consists of [Agy(trz), ],2"* zigzag chains and
v-[Mog0,6],4"~ anionic chains [45]. The Ag-trz chains are disposed
in a face-to-face fashion with weak -7 interactions to form 2D
Ag-trz layers. The y-[MogO,6]*~ octamolybdate units are linked
together through shared vertices to generate an infinite chain. The
overall structure presents a layered ...ABAB... pattern (A=POM

layer and B = Ag-trz layer) along the b-axis. The POM chains and the
Ag-trz chains are essentially perpendicular with extensive hydro-
gen bonding between them (Fig. 17).

Complex 54 contains interesting cationic [Ags(4atrz),Cl],3"*
looped chains and unprecedented anionic [Ag(Mog0,¢)],>"~ chains
[45,57]. In this compound, the 4atrz tridentate ligands link silver
atoms to form 1D Ag-4atrz chains. The 1D chains are connected
by [AgyCl] units to form looped chains (Fig. 18(a)). The anionic
[Ag(Mog0,6)]3" chainin 54is constructed from (3-octamolybdate
clusters and silver ions (Fig. 18(b)). The tetra-coordinated Ag* ion is
sandwiched by two 3-octamolybdate units. In the crystal packing,
the POM chains and the Ag chains are essentially perpendicu-
lar.

Complexes 55 and 56 crystallize isostructurally and consist of
one-dimensional Ag-1,2,4-triazole helix chains and Keggin anions
(Fig. 19 (a) and (b)) [45]. The cationic helices and Keggin anions are
linked by hydrogen bonds (N-H- - -O or C-H- - -O) to generate a three-
dimensional organic-inorganic hybrid supramolecular host-guest
structure (Fig. 19). The whole packing schemes of compounds 55
and 56 reveal a layered supramolecular structure (Fig. 19 (c)) in

Fig. 17. View of structure 53 showing the layered structure and the extensive hydrogen bonding along the a-axis direction.
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Fig. 18. (a) View of the looped chain in 54. (b) Inorganic [AgMogO,6],3"~ chain.

the ...ABAB..
a-axis.

Compounds 57 and 58 are structural isomers [46]. They
were prepared from the same starting materials but at differ-
ent pH values. Their structures are composed of zigzag chains
of [Culy(Hfcz);]?* and polyanions of [SiW13049]*". Each Cu(l) is
linearly coordinated by two Hfcz ligands. Hfcz ligands link Cu(I)
cations in a bis(monodentate) mode to form the zigzag chains. Each
[SiW12040]*" polyanion has weak interactions with two Cu(I) ions
from adjacent chains, leading to the formation of layers with 63
topology. However, the arrangements of the [SiW;,040]*~ polyan-
ions and the 1D chains in these compounds are different. Their
structures are shown in Figs. 20 and 21.

Compound 62 is composed of 1D [Cu(btb)],™ chains and
[PMo1,040]3~ anions. Its packing structure is very interesting and
can be viewed as being constructed from layers of 1D polymeric
[Cu(btb)],™* chains and 2D [Cuy(btb); PM013040]»™ sheets (Fig. 22)
[47]. The 2D sheets are constructed from 1D [Cu(btb)],™* chains
and POMs through weak coordination interaction. Furthermore, the

. mode (A=POM layer and B = Ag-trz layer) along the

(a) (b) (©)

layers of 1D chains are linked through weak coordination Cu.--O
interactions (over 2.86 A) into a layered 3D structure.

Compound 63 is constructed from a channel-like chain and
[SiM01,040]* polyanions (Fig. 23) [48]. The 1D chains are first con-
nected by the polyanions through weak coordination interaction to
generate a 2D layer. Moreover, each polyanion also provides two
terminal oxo groups to link Cu(I) atoms of the adjacent layers and
thus fabricates the components into a 3D framework.

3.3.3. Two-dimensional metal-triazole sheets

The structures of compounds 64 and 65 are isomeric, which
shows again the structural flexibility of coordination polymers. In
compound 64 [49], four Cu (I) atoms are linked by four 1,2,4-triazole
ligands with slightly distorted linear coordination into a cyclic
[Cuy(trz),] tetramer. The adjacent tetramers are further linked by
four Cu(l) atoms with linear coordination to form a 2D cationic
network with square and octagonal motifs (Fig. 24(a)). From a topo-
logical viewpoint, this 2D sheet is a typical 4-connected 44 net with
[Cuy(trz),] units as nodes and the remaining Cu! ions as linkers. In

Fig. 19. Space-filling views of the helix chains in compounds 55 (a) and 56 (b), and the layered structure of 56 (c).
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Fig. 20. Structure of 57: (a) polyhedral and ball-and-stick representation; (b) schematic view of the 2D structure.
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Fig. 22. Views of structure 62: (a) the 1D [Cu(btb)],** chains and 2D [Cu,(btb);PMo0;2040]," sheets stack alternately into a layered structure. (b) The 2D

[Cuy(btb),PMo12040],"~ sheet. (c) The infinite wave-like chains.

compound 65, the diagonal coordination of Cu(l) with the triazole
ligand gives a [Cus(trz)s] trimer instead of a tetramer, as seen in 64
(Fig. 24(Db)). The connection of each [Cus(trz)s] trimer with three
adjacent ones by [Cus(trz)]?* units generates a 2D network with
trigonal and nonagonal Cu-polygons. The Keggin [PMo13040]3~
anions are encapsulated in the octagon and nonagon in 64 and
65, respectively. The parallel stacking of the 2D sheets in these
compounds leads to layered structures as in 45 and 46.
Compound 66 contains both coordinated and non-coordinated
[SiW12040]* polyanions [50]. In this compound, each Co(Il) atom
is coordinated in a distorted octahedral geometry by four bridging
Hfcz ligands, one water molecule, and one oxo group from a polyan-
ion with Co-0 distances of 2.184(8)A. The Co(ll) atoms are linked
by Hfcz ligands in a bis(monodentate) bridging mode to generate
(4*.62) sheets, which are further connected covalently by polyan-

ions to form an interesting double layer. Such POM-sandwich sheets
and layers of non-coordinated polyanions stack alternately intoa 3D
layered structure (Fig. 25).

3.3.4. Three-dimensional metal-triazole polymers

As was the case with pyrazine, non-tethered triazole lig-
ands are also too small to construct homoleptic 3D coordination
polymer/POM host-guest supramolecules. However, by using
triazole derivatives with spacers, such supramolecules can
be synthesized. For instance, compound 67 has an unusual
polyoxometalate-encapsulated 3D polyrotaxane framework with
molecular squares threading on a twofold interpenetrated dia-
mondoid skeleton [51]. The compound is composed of a 3D
network [Cu'(L),(H,0),]?* (L=4,4'-bis(1,2,4-triazol-1-ylmethyl)
biphenyl) (A), molecular square [Cu'y(L),]%*(B), and Keggin anion
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Fig. 24. The 2D metal organic cationic frameworks in 64 (a) and 65 (b).

[PMoYMoVY!11040]*~ (C). In fragment A, each Cu(ll) center is effect efficient packing (Fig. 26). Furthermore, motif B and
linked to four adjacent metal centers through L ligands to two A fragments are interlocked in such a way as to form a
form a typical diamondoid framework with large adamantanoid unique 3D [3]rotaxane with large voids in which fragment C is
cage; two independent A fragments interpenetrate so as to trapped.

Fig. 25. Structure views of compound 66: (a) metal-ligand 2D sheets; (b) two kinds of POM; (c) schematic structure of the crystal packing.
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Fig. 26. Structure view of compound 67 showing interpenetrating diamondoid units locked by molecular squares.

3.4. PCPs/POM host-guest supramolecules constructed from
imidazole ligands

Compounds 69-74 were synthesized from the same starting
material at different pH values and metal-ligand stoichiometries
under hydrothermal conditions [53,54]. The structures of these
compounds demonstrate the dramatic influence of the reaction
conditions, the metal-ligand stoichiometry and the weak interac-
tion between the POM anions and the metal-organic framework
upon the formation of these compounds. The structure of com-
pound 69 is composed of 1D [Cu(bbi)],™* chains and two kinds
of polyanions, [a-MogO6]*~ and [3-MogOy6]*~ [53]. In the struc-
ture, two 1D chains are linked alternately by [8-MogOys]*~ and
[o-MogO,5]*~anions through Cu- - -O weak coordination to form a
double-chain subunit. The double chains are further linked by 1D
chains through the weak coordination of [a-MogO5]*~ anions and
Cu(I) atoms into an 2D sheet with numerous cavities. Furthermore,
additional isolated 1D chains penetrate the 2D sheet in an inclined
way along the crystallographic b-axis to form a polythreaded
structure, as shown in Fig. 27. Compound 70 is a supramolec-

ular isomer of 69, and its structure also has a polythreaded
topology.

In 71, the Cu(Il) atoms are coordinated by four bridging bbi lig-
ands to generate 2D coordination polymeric [Cu(bbi);],2"" layers.
Adjacent layers are linked by [3-MogOy6]*~ polyanions through
weak coordination interaction (Cu- - -0 2.732(4) A) into a 3D frame-
work a-Po topology (Fig. 28) [54]. Additional protonated bbi ligands
act as counterions and are located in the channels of the 3D struc-
ture with extensive hydrogen bonding to the polyanions. In 72, the
Cu(Il) atoms are coordinated by four bridging bbi ligands to gen-
erate 2D coordination polymeric [Cu(bbi),],2"* layers and afford
a structure very similar to that in 71 [54]. The adjacent layers are
also connected by [B-MogO,5]*~ polyanions through weak coor-
dination interaction (Cu-0 2.511(4)A), but only half of the Cu(Il)
centers in 72 are linked by the polyanions instead of all the Cu(II)
atoms in 71, leading to formation of a 3D framework with larger cav-
ities. Two independent 3D frameworks interpenetrate one another
in this structure.

Compounds 73 and 74 are supramolecular isomers [54]. Both
structures consist of 1D [Cu!(bbi)],™* chains, [«-MogO26]*~ polyan-

Fig. 27. View (a) and schematic representation (b) of the polythreaded structure 69.
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Fig. 28. Views of the structure 71 showing: (a) the 2D [Cu(bbi) ],2** metal-ligand sheet and [3-MogOs]*~ polyanion. (b) The 3D framework built from the 2D sheets and

polyanion. (c) Schematic view of the a-Po topology framework.
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Fig. 29. Views of the structure 74: (a) the 2D coordination polymer and [a-MogO2¢]#~ polyanion. (b) Schematic view of the 3D polythreaded framework.

ions and 2D metal-ligand sheets. In 73, the combination of
Cu(II) centers with bbi ligands generates 2D [Cull(bbi), ],2"* layers,
which are pillared by [@-MogOy]*~ polyanions (Cu. - -0 2.605(4) A)
and lead to the formation of a 3D framework with «-Po topol-
ogy. The channels of the 3D framework are occupied by 1D
[Cul(bbi)];,™ chains, resulting in an unusual 3D polythreaded
framework (Fig. 29). The 2D sheets in 75 contain both Cu(I) and
Cu(Il) ions. The Cu(I) ions are coordinated diagonally by two bridg-
ing bbi ligands, and the Cu(II) sites are coordinated by four bridging
bbi ligands. The coordination of the Cu centers and bridging bbi
ligands leads to 2D sheets with large 66-membered hexanuclear
copper motifs. The Cu(ll) centers further interact with the [a-
MogO26]4~ polyanions (Cu---0 2.556(7)A) to form a layer-pillared
3D framework with a-Po topology. The resulting channels contain
1D [Cul(bbi)],™* chains that form a polythreaded structure as in 73.
Weak coordination interaction exists between the 1D chains and
the polyanions in compounds 73 and 74.

4. Catalytic application of PCPs/POM host-guest
supramolecules

In 2005, Férey and co-workers synthesized a chromium
terephthalate-based porous coordination polymer MIL-101 with
unusually large pore volumes and surface area [7a)]. They also
demonstrated that Keggin anions could be encapsulated inside
the PCP in large amounts. The MIL-supported POM materials were
assessed by Kholdeeva and co-workers as catalysts in the oxida-
tion of three representative alkenes—a-pinene, caryophyllene, and
cyclohexene—using molecular oxygen and aqueous hydrogen per-
oxide as oxidants [7b]. NaH3[PW;;Ti(OH)O39] (Ti-POM)/MIL-101
and [BugN]4H[PW1;Co(H,;0)039] (Co-POM)/MIL-101 have moder-

ately good catalytic activity and selectivity in a-pinene allylic
oxidation (81-84% verbonol/verbenone selectivity at 15-25% sub-
strate conversion) and caryophyllene epoxidation with hydrogen
peroxide (100% selectivity with 88% conversion) with the green
oxidants H,0, (Ti-POM) and O, (Co-POM). The Co-POM composite
materials are stable to POM leaching, and can be used repeatedly
without sustaining a loss of activity and selectivity in oxidations
with O,. Under mild reaction conditions (T<50°C, [H,0,]<0.2 M),
Ti-POM is rather stable, does not undergo catalyst leaching, and can
be recycled with no loss of catalytic properties.

By using a reported porous coordination polymer complex,
[Cu3(TMA),(H20)3]n (TMA=deprotonated trimesic acid=1,3,5-
benzenetricarboxylate) as host [58], the Yamase and Liu groups
have synthesized a series of PCP/POM host-guest compos-
ite materials, P0M=[H25iW12040]27 (75), [H2G6W12040]27 (76),
[HPW130401*~ (77); [H2SiM012040]%~ (78); [HPMo012040]%~ (79);
[HAsMo1,049]% (80) [7c,59]. X-ray single-crystal analysis indi-
cates that only about half of the pores in the host are occupied by
polyanions and that the empty pores remain available to host other
species. The latter group used compound 77 in catalytic hydrolysis
of esters in excess water [7c]. The catalytic activity of this com-
pound in hydrolysis reactions is size selective. With smaller esters
like methyl esters and ethyl esters, very high catalytic activity was
observed. Moreover, the catalyst behaves in completely heteroge-
neous fashionand can be recycled 15 times without loss of reactivity
and selectivity. No POM leaching was observed.

5. Conclusion

In summary, significant progress has been reported in the syn-
thesis and structural study of PCPs/POM host-guest composite
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materials over the last two decades. Much effort has been devoted
to the synthesis of materials under the template effect of discrete
POMs, such as MsO]gn_, XM12040n_. X2M18062n_, and M080254_.
PCPs/POM host-guest composite materials of diverse topologies
can be prepared using simple reaction techniques. The structures
of the materials can be easily tuned by adjusting the reaction
conditions, the metal-ligand stoichiometry, the template polyan-
ions, and the co-ligand, thus allowing for a rational engineering
of such materials. Even though still in their infancy, PCPs/POM
materials have shown promising results for some organic transfor-
mations. However, the applications of these materials still remain
largely unexplored. The next stage of research in this area should
be function-oriented. Introduction of enantiopure host or guest
molecules into these materials remains to be done. Another excit-
ing and challenging effort in this area is the removal POM anions
without decomposition of the overall 3D framework. If POM anions
could be substituted by free counteranions, these materials might
be useful for anion-exchange.
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