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The rational design and construction of functional coordination architectures, which rely upon the docile
assemblages of organic ligands with metal centers, have attracted continuing interest for many years. The selection of
suitable organic ligands as building blocks is a key point for the construction of novel coordination architectures with
desired structures and functions. This article will briefly review the coordination-driven assembly of angular dipyridyl-
type building blocks involving the oxadiazole spacer, namely 2,5-bis(4-pyridyl)-1,3,4-oxadiazole and its 3-pyridyl-donor
analog 2,5-bis(3-pyridyl)-1,3,4-oxadiazole, with transition-metal ions. Diversity of the established structural motifs thus
far (only considering the coordination interaction) is outlined, illustrating the broad range of coordination frameworks
from discrete molecular architectures to infinite extended one-, two-, and three-dimensional (1-D, 2-D, and 3-D)
networks. The specific influencing factors such as anion, solvent, and metal-to-ligand ratio on structural assemblies and
the interesting properties of anion exchange, magnetism, fluorescence, and guest inclusion of these crystalline solids will

also be discussed.

1. Introduction

In the past decade, crystal engineering, as an exciting
domain that attracts an increasing number of researchers, has
become a nice paradigm for the development of a clear
understanding of the relationship between individual molecules
and functional materials as crystalline solids.'*"!® Although the
term of crystal engineering was originated by Schmidt to refer
to the topic of solid-state photochemistry of organic com-
pounds,'¢ this theme is playing the role as an inherently
interdisciplinary activity at present, and making a significant
contribution to supramolecular chemistry, coordination chem-
istry, material science, molecular recognition, etc.'e-1h

Crystal engineering of coordination architectures provides a
good strategy for achieving solid-state functional materials
with potential applications in quite a few areas such as
separation, catalysis, conductivity, gas absorption, chirality,
luminescence, magnetism, and nonlinear optics.? Coordination
crystalline architectures are primarily dependent on the
foundation of coordination bonds for interconnecting the pre-
selective building components, so as to meet the requirement of
ligand function and metal binding tendency, as well as the
energetic consideration of crystal packing for the overall
supramolecular system.> Generally, the coordination geome-
tries of metal centers appear in somewhat predictable patterns,

ranging from linear, T- or Y-shaped, tetrahedral, square-planar,
square-pyramidal, trigonal-bipyramidal, octahedral, trigonal-
prismatic, and pentagonal-bipyramidal spheres, to their corre-
sponding distorted forms, according to their intrinsic coordi-
nation preferences and oxidation states.*

On the other hand, the appropriate choice of well-designed
organic bridging ligands as building blocks with adjustable
information of connectivity or binding ability, such as the most
common linear or angular bidentate spacers and more compli-
cated multidentate connectors, has been proven to be a crucial
element to fabricate fine-tuning functional crystalline architec-
tures.> For instance, by using a rigid multitopic spacer ligand
3,6-di-2-pyridyl-1,2,4,5-tetrazine (DPTZ) as a suitable tectonic
component, the quantitative preparation of a unique cyclic
tetranuclear Zn"" molecular box can be achieved as sponta-
neously resolved chiral crystals (Scheme 1).>¢ In this context,
multidentate bridging ligands containing two or more nitrogen,
sulfur, and/or oxygen-donor groups with distinct binding
ability to metal ions have been extensively explored. These
organic building components are normally of neutral or anionic
nature and can be mainly classified as several distinct types,
such as the representative dipyridyl, polycarboxylate, pyri-
dinecarboxylate, and thioether/thiolate, which have been
reported to be effective for the construction of diverse discrete
and/or extended coordination networks.® In this regard, in our
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continuing efforts to explore the rational construction of
functional coordination architectures, we have designed or
selected several types of organic ligands as building blocks for
multi-dimensional metallostructural assembly, such as bis(sul-
finyl) compounds,’ thioethers,® functional diazamesocycles,’
polydentate N-donor systems,'® ligands bearing bulky back-
bones,!! as well as mixed ligands.'?

As a series of excellent linkers between transition-metal ions
for the propagation of coordination frameworks, the importance
of exo-bidentate (or ambident) dipyridyl-type compounds, for
instance, apparently the simplest 4,4-bipyridine and its analogs
with modified spacers such as 1,2-bis(4-pyridyl)ethane, 1,3-
bis(4-pyridyl)propane, and trans-bis(4-pyridyl)ethene, has been
considerably noticed.’> In this regard, a bent dipyridyl
derivative 2,5-bis(4-pyridyl)-1,3,4-oxadiazole (4-bpo) and its
3-N-donor analog 2,5-bis(3-pyridyl)-1,3,4-oxadiazole (3-bpo)
with variable conformations and coordination fashions
(Chart 1) have also attracted intense attention recently. A
variety of coordination architectures based on such angular
dipyridyl building blocks and familiar metal ions (including
Cul/Cu", Agl, Zn", Cd", Hg", Mn", Fe''/Fe'!, Co'!, and Ni'l)
have been documented, which will be comprehensively
reviewed herein. A current Cambridge Structural Database
(CSD) search (Version 5.29 of November 2007, plus one
update, similarly hereinafter) indicates that the total numbers
of coordination structures of 3-bpo and 4-bpo with these
transition-metal ions are 23 and 45, respectively (see Figure 1
for details). Notably, other related crystalline species involving
such two molecules, for example, multi-component complex-
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or salts'#®!4¢ have also been known, which however will be
largely ignored in this account.

A plain strategy to achieve the rational modulation of the
coordination behavior of rich heteroatom systems such as
1,3,4-oxadiazole here is to add rigid substituents carrying
additional donor groups. This modification will create more
available binding sites, improve the steric hindrance, and thus,
make it feasible to promise more versatile and rich coordination
chemistry. Representatively, the most simple and widely used
substituent group for this goal is pyridyl, especially 3- and 4-
pyridyl terminal for the bridging purpose. Additionally, there
are some particular characteristics of the 3-bpo and 4-bpo
building blocks as described below. (a) Both ligands can take
various binding modes, such as monodentate (using one
pyridyl nitrogen donor), bidentate bridging (using two pyridyl
nitrogen donors or one pyridyl and one oxadiazole nitrogen
donors), and tridentate bridging (using two pyridyl and one
oxadiazole nitrogen donors) coordination to construct diverse
coordination frameworks. (b) The structural geometries of the
ligands are bent and variable. The dihedral angles between the
oxadiazole group and two pyridyl rings as well as the angle
between the center of oxadiazole and two terminal pyridyl
nitrogen donors are adaptable to meet the coordination require-
ments upon metalation. (¢) The aromatic groups in both ligands
usually show a tendency to completely or partly participate in
intermolecular 71— interactions, which may significantly affect
the packing arrangements of coordination structures. (d)
Especially for 3-bpo, theoretically, it has the potential tendency
to adopt three typical conformations to self-adjust the coordi-
nation assembles, which will give rise to distinct structural
motifs under appropriate conditions (Chart 1).

According to the result of a CSD analysis (Figure 2), the
occurrence frequencies of cisoid-I, cisoid-II, and transoid
conformations of 3-bpo are 17, 2, and 4, respectively, among
total 23 3-bpo involved coordination complexes. Notably, all
cisoid-I- and cisoid-II-styled 3-bpo ligands adopt the bidentate
bridging fashion via the pyridyl nitrogen, facilitating the

14b,14¢
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Figure 2. A schematic comparison of amount of coordina-
tion species involving 3-bpo with different conformations
and binding modes (on the basis of a current CSD
research).

Table 1. Statistics of Various Coordination Structures of
3-bpo with Different Transition-Metal Ions¥

Discrete 1-D 2-D 3-D
Cu(10) 5 4 1 0
Ag(4) 2 2 0 0
Zn(2) 1 1 0 0
Cd(2) 0 0 2 0
Hg(2) 0 2 0 0
Mn(1) 1 0 0 0
Fe(1) 1 0 0 0
Co(1) 0 0 1 0

a) The number in parenthesis indicates the total amount of
coordination structures with a given metal. The data are taken
from a current CSD search (Version 5.29 of November 2007,
plus one update, similarly hereinafter).

formation of dinuclear, 1-D, and 2-D coordination motifs. Only
two out of four coordination structures with transoid-styled 3-
bpo are found to show a monodentate mode of the ligand in the
monomeric complex unit, among all 23 known examples (9%
probability). Based on the complexity of its binding mode and
conformation, the combination of 3-bpo with different tran-
sition-metal salts affords various coordination structures, from
discrete molecules, to 1-D and 2-D networks, as depicted in
Table 1 and Scheme 2. From the data in Table 1, it is indicated
that the most probable resultant crystalline structures are
discrete and 1-D motifs (19 of total 23 complexes, 83%
probability), and singularly, no 3-D coordination framework is
known so far, no matter what the metal ion and anionic co-
ligand.

Considering the coordination patterns of 4-bpo in the
structure-determined complexes, the database covers 46 related
results, in which the numbers of monodentate, bidentate, and
tridentate 4-bpo ligands are 17, 28, and 4, respectively, for the
angular coordination essence (Figure 3). It is noteworthy that
the central oxadiazole ring does not serve as a silent spectator
anymore, and participates in accomplishing the coordination
complexes, providing the 4-bpo ligand as a tridentate linker. As
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Table 2. Statistics of Various Coordination Structures of
30 4-bpo with Different Transition-Metal Ions®
25
20 Discrete 1-D 2-D 3-D
/ Cu(17) 4 4 2 7
15 / Ag(6) 0 4 2 0
10 / Zn(4) 1 3 0 0
5 -— Cd(4) 1 1 1 1
‘ Hg(2) 0 1 1 0
Monodentate ~ Bidentate Tridentate Mn(3) 3 0 0 0
Fe(2 2 0 0 0
Figure 3. A schematic comparison of amount of coordina- CE:)(( 6)) 3 2 1 0
tion species involving 4-bpo with different binding modes Ni(1) 0 0 1 0

(on the basis of a current CSD search).

listed in Table 2, the 4-bpo ligand displays affinity for copper
and silver centers for the specific complexes derived from
these two metals counting over 50% of total, and this is also
the case for the 3-bpo ligand. A large amount of coordination
architectures derived from 4-bpo with the given metal ions
have been synthesized, which exhibit multifarious structural
types ranging from discrete molecules, 1-D zigzag or comb-like
chains, 2-D grid-like layers, to 3-D reticular frameworks with
open or interpenetrated prototype, as shown in Scheme 3.
With regard to such unusual dipyridyl building blocks 3-bpo
and 4-bpo with bent backbones, the different relative orienta-
tions of the pyridyl nitrogen donors result in the dissimilar
binding nature (especially the flexible conformation of 3-bpo
that is adopted to cater to coordination prerequisites under
appropriate conditions), which in turn lead to the formation of

a) The number in parenthesis indicates the total amount of
coordination structures with a given metal. The data are taken
from a current CSD search.

various coordination architectures. Into the bargain, the
ultimate structures have also been shown to depend on several
factors such as the coordination tendency of metal ion, guest
molecule, ligand-to-metal ratio used in the reactive process,
counter anion, and even solvent, which will also be discussed
in this account. The objective of this article focuses upon a
comprehensive overview of the availability and general
coordination chemistry of the angular dipyridyl ligands 3-bpo
and 4-bpo, which may provide a useful guide for the further
design and preparation of the related functional coordination
systems in the future. Beyond this, some interesting properties
for the known crystalline solids such as anion exchange,



M. Du et al.

monodentate
—

discrete

1-D

bidentate

2-D
—

co-ligand

3-D

tridentate

=

Bull. Chem. Soc. Jpn. Vol. 82, No. 5 (2009) 543

\ chelated co-ligand

mononuclear

@ chelated co-ligand

binuclear

mono/bidentate

open or interpenetated frameworks

———— layered structrue

Scheme 3.

luminescence, magnetism, and guest inclusion will also be
discussed.

2. Coordination Chemistry of the Ligands

2.1 Monodentate Coordination. The presence of mono-
dentate bpo-type ligands usually decreases the extended
tendency of the resultant complexes and thus affords discrete
coordination motifs. Notably, under these circumstances, the 3-
bpo ligand always adopts the transoid conformation to avoid
the steric hindrance and the uncoordinated pyridyl groups in
both 3-bpo and 4-bpo are facilely involved in hydrogen-
bonding and/or aromatic stacking interactions to construct
extended supramolecular networks.

For instance, in the molecular structures of the isostructural
Mn'" and Fe" mononuclear complexes [M(3-bpo)y(H,0)-
(NCS),]," each metal ion is located at an inversion center
and six-coordinated to two nitrogen atoms of the monodentate
thiocyanate ions, two water molecules, and two pyridyl
nitrogen donors of the 3-bpo ligands. The unidentate 3-bpo
molecules adopt the unusual transoid conformation with
respect to the terminal pyridyl groups, so as to favor the
hydrogen bonds between the uncoordinated 3-pyridyl nitrogen
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Figure 4. 2-D hydrogen-bonded (broken lines in purple)

layer in the crystal structures of [M(3-bpo),(H,0),(NCS),]
(M = Mn" and Fe.

atoms and the aqua ligands to afford a layered supramolecular
network (Figure 4). In addition, aromatic interactions between
the pyridyl rings are also found to stabilize the overall
crystalline lattice.

Comparatively, the 4-bpo ligand presents a tendency to
construct mononuclear coordination motifs (a total of thirteen
examples are known and seven of them are based on metal
perchlorate). For example, assemblies of 4-bpo with a series of
metal perchlorates (M = Mn'", Fe', Co!", Zn", and Fe') in
CH;3;0H/CH3CN/H,0 mixed medium afford five new supra-
molecular complexes with the general formula [M(4-bpo),-
(H,0),](anion)-2(4-bpo)- (solvent).'®* In these similar cationic
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Figure 5. 3-D

supramolecular lattices of
(H,0),](anion)-2(4-bpo)-(solvent) (top) M = Mn'l, Zn",
and Fe and (bottom) M = Fe!” and Co'’.

[M(4-bpo),-

monomeric complex units, each metal ion is located at the
crystallographic inversion center and six-coordinated to four
aqua ligands and two monodentate 4-bpo ligands. Interestingly,
although similar molecular structures and compositions are
found for these mononuclear complexes, they display two types
of supramolecular lattices, as shown in Figure 5. The Mn",
Zn", and Fe™ coordination species similarly crystallize in space
group P2/n or P2/c, in which the cationic complex units, free
4-bpo molecules, and lattice water guests are interlinked to
form 2-D layered supramolecular frameworks with the aid of
hydrogen bonding, and the perchlorate anions are located
within and between (also methanol in the Fe'" complex) these
2-D arrays (Figure 5 top). On the other hand, the isostructural
Fe'' and Co™ complexes crystallize in space group P1, in which
two types of layered arrays respectively constituted by the
cationic complex units and uncoordinated 4-bpo components
are found, and the perchlorate anions and lattice water
molecules are located between such alternate layers (Figure 5
bottom). As a result, a complicated 3-D network is formed via
the linkage of these subunits by intermolecular hydrogen
bonds. However, when Mn'" perchlorate is used to react with
4-bpo in CH3CN/H,0O mixed solvents, another monomeric
complex [Mn(4-bpo),(CH3CN)»(H,0),](C104),-2CH;CN s
obtained.'®® In this structure, the Mn" ion is also located at
the crystallographic inversion center to furnish a slightly
distorted octahedral coordination geometry, leaving the un-
coordinated pyridyl group of 4-bpo available for secondary
interactions. Another very similar structural illustration of
[Cu(4-bpo),(C104)(H,0)3](C104)+-H,0O is generated from the
reaction of copper(Il) perchlorate with 4-bpo in CH;0H/H,0O
medium, except that one ClO,;~ is bound to the Cu' center
instead of solvent.'®

ACCOUNTS

When thiocyanate ion is introduced into the assembled
system, a series of isostructural mononuclear complexes with
the formula [M(4-bpo),(H,0),(NCS),] (M = Mn'!, Co', Fe'l,
and Cd") are obtained.!”>!"° In these structures, the monomeric
complex molecules are also extended to 3-D supramolecular
networks via hydrogen bonding and aromatic stacking. While
in the structure of complex [Cu(4-bpo),(H>0)(OAc),], the Cu"
center is penta-coordinated (CuN,03) to two pyridyl nitrogen
atoms from the unidentate 4-bpo molecules, as well as three
oxygen donors from the terminal acetate anions and one aqua
ligand.® Furthermore, the combination of 4-bpo, cobalt(IT)
acetate, and organic dianion pyridine-2,6-dicarboxylicate
(pydc) leads to the formation of an unusual mononuclear
complex [Co(4-bpo)(H,0),(pydc)]-H,0, in which the distorted
octahedral sphere of Co!' is completed by the tridentate
chelated pydc organic anion, two water molecules, and one
protrudent 4-bpo ligand as pendant.!’® Attractively, such
unsymmetrical monomeric coordination motifs are further
interconnected via hydrogen bonding and aromatic stacking
to establish a 3-D microporous framework with the guest water
molecules being included in the available 1-D columned
channels. Distinguishingly, the reaction of cadmium(II) iodide
with 4-bpo affords a 1-D chain array [Cd(4-bpo)>(i4-I)2],,¢¢ in
which the cadmium ions are connected by paired iodide bridges
to generate infinite [Cdl,], chains while the 4-bpo molecules
serve as the unidentate terminals.

2.2 Bidentate Coordination. Normally and essentially,
both ligands 3-bpo and 4-bpo are considered to be exo-
bidentate building blocks and undisputedly play the bridging
role by using the terminal pyridyl groups. Nevertheless, another
distinct category may also be observed, which involves one
pyridyl and one oxadiazole nitrogen donors (Chart 1). In this
connection, various coordination architectures can be assem-
bled from both ligands with bidentate coordination modes.

2.2.1 Discrete Binuclear Complexes (0-D):  Obviously,
the 3-bpo bridging ligand with cisoid-I conformation will
facilitate the formation of cyclic binuclear complexes, and
up to now, eight such coordination motifs with the metal ions
of Cu', Cu", Ag', and Zn" have been reported. Reactions
of copper(Il) perchlorate, nitrate, or tetrafluoroborate with
3-bpo under general conditions afford three similar bimetallic
macrocyclic species [Cuy(3-bpo),(H,0)6](C104)4-4H,0, [{Cu-
(NO;3)2(3-bpo) }2]-2CH;CN, and  [Cux(3-bpo)2(H20)6](BF4)4+
3H,0.'8%18% In each case, two Cu! centers with square-
pyramidal geometries are connected by a pair of cisoid-I-
3-bpo linkers to result in a discrete [M,(3-bpo),] metallacycle,
which represents the smallest closed cyclic structure with a 1:1
metal-to-ligand ratio, as illustrated in Figure 6 top. The dimen-
sions of such rectangular metallacycles are ca. 7.9 x 7.3,
7.6 x 7.4, and 7.9 x 7.3 A%, with intra-ring Cu--Cu distances
of 7.985, 7.376, and 7.962 A. Similar association of the Cu'-
based metallacyclic motif is also found in the structure of
[Cu(Hfum),(3-bpo)(H,0)],-2(3-bpo)-6H,0 (Hyfum = fumaric
acid), in which the organic anion is unidentate coordinated.
Unexpectedly, the uncoordinated 3-bpo molecules in this case
have the rare cisoid-II conformation and are included in the
final 3-D crystalline lattice as guest templates.'3¢

We have also designed and synthesized a flexible 3,3'-
dipyridyl ligand with a diazamesocycle as spacer, namely N,N’-
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Figure 6. Two types of binuclear metallamacrocycles in
(top) [Cu'y(3-bpo)»(H20)s]** and (bottom) [Cu',(3-bpo);-
(CH3CN),J**.

bis(pyrid-3-ylmethyl)-1,5-diazacyclooctane (L). Self-assembly
of copper(I) perchlorate with L-4HCI1-4H,0 affords a chain
coordination polymer {[CuCl(u-H,L)(L)](ClO4)3}, instead of
the bimetallic macrocyclic motif, in which the ligands display
two different coordination modes (cis chelated and trans
bridged) with the Cu' ions.'”® Interestingly, when its 4-N-
pyridyl analogous L’ is used to react with copper(I) chloride, a
unique paramagnetic Cu"l metallamacrocycle [CuCl,(HL')],-
(Cl0Oy,), is obtained due to the considerable ligand flexibility, in
which the ferromagnetic exchange interaction is found between
the Cu"" centers.'®

Notably, when copper(]) tetrafluoroborate is used to assem-
ble with 3-bpo, a novel cage-shape species [Cuy(3-bpo)s-
(CH3CN),](C104),-H,O with trigonal-prismatic geometry is
obtained, in which the two adjacent Cu' centers that adopt
distorted tetrahedral geometries are linked by three 3-bpo
ligands with cisoid-I conformation (Figure 6 bottom).'®® It is
interesting that the resulting complex cation hosts a guest water
molecule within the inner cavity with a Cu--Cu distance of ca.
5.9 A, which further stabilizes this coordination polyhedron.
Thus, we can undoubtedly conclude that the nature of metal
center is of key importance in the structural assembly of
distinct [M,(3-bpo),]-ring or [M,(3-bpo);]-cage motifs due to
their different coordination tendencies and geometries.

As for other related dinuclear species, complex [Zn(3-bpo)-
(H,0)3(NO3)],(NO5),2% displays a planar macrocyclic motif
with dimension of ca. 7.9 x 7.3 A2, in which the two octahedral
Zn" centers are similarly linked by the cisoid-I-3-bpo ligands.
In addition, two centrosymmetric binuclear macrocyclic
complexes with the general formula [Agy(3-bpo),](anion),
(anion = SbF¢~ and CF3SO;37) have also been isolated from
3-bpo and the corresponding silver(I) salt.2002%
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Figure 7. 1-D coordination chain motifs in (top) {[Cu,-
(3-bpo)>(H20)6(SO4)2]-6H,0},  and  (bottom)  {[Ag-
(3-bpo)]CF3S03},, with cisoid-I-3-bpo ligands.

With regard to the metallosupramolecular assembly based on
4-bpo, it can be easily deduced that the formation of above-
mentioned bimetallic macrocyclic structural motifs will be
unfavorable due to the change of pyridyl nitrogen terminals and
thus the coordination orientation (more divergent) of ligand.
Instead, a dissimilar dinuclear Cu" complex [Cu,(4-bpo)-
(H,0)3(pydc),]-2.75H,0 is obtained by the reaction of
copper(Il) salt with the combination of H,pydc and 4-bpo
ligands under either ambient or hydrothermal conditions. In
this instance, each neutral dimeric coordination unit consists of
two Cu'l centers chelated to a pair of pydc terminals and
bridged by one 4-bpo ligand as spacer, which display different
coordination spheres of distorted square pyramid and octa-
hedron, respectively.'7

2.2.2 1-D Coordination Polymer: The majority of
coordination polymers with 3-bpo and 4-bpo ligands are 1-D
arrays. This observation could be ascribed to the nature of
metal ions—these nodes have limited coordination numbers
(no more than six) and the effective linkage for network
assembly is usually prevented by the coordination competition
of the terminal anions and/or solvents. As a result, the known
1-D polymerized products can be classified into two categories
based on geometries of the coordination patterns, from the
popular zigzag (metal/ligand molar ration of 1/1) to unusual
double sinusoidal, comb-like, and binuclear paddle-wheel
based chains (metal/ligand molar ratio of 1/2).

2.2.2.1 Zigzag Chain Motif; To date, all the theoretically
possible conformations of the 3-bpo ligand, namely cisoid-I,
cisoid-II, and transoid, have shown the tendency to produce
zigzag coordination polymers with familiar metal ions such as
Cu", Ag', Zn", and Hg". In the neutral 1-D infinite alternate
chain motif of complex {[Cu,(3-bpo),(H,0)s(SO4),]-6H,0},,
two independent octahedral Cu'' centers with different coordi-
nation environments are bridged by the 3-bpo spacers with
cisoid-I conformation (Figure 7 top).'®? Other than the bimet-
allic macrocyclic complexes stated above,?®2% reactions of
AgX (X = SbF¢~ and CF3S0;7) with 3-bpo under appropriate
conditions may also produce two similar cationic 1-D
coordination chains {[Ag(3-bpo)]*}, bridged by the cisoid-I-
3-bpo ligands,2°2!2 in which the large counter anions are
located within the grooves of the 1-D arrays (Figure 7 bottom).
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Moreover, crystallization of 3-bpo with copper(II) hexafluoro- - f"-.___\,- . o e W
acetylacetonate (hfacac) in CH;0H/CH,Cl, solution yields the LI ¥ W i3 s & LY L
infinite 1-D polymeric compound [Cu(hfacac),(3-bpo)],, which l"‘ v';*::‘i__. . 1. e .!.:1—_11_}_. _{ ‘L" ﬁ*“&i“‘
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and unique cisoid-II conformational 3-bpo ligands playing the [ = A EAT () 2 _g'Ar

chelating and bridging roles, respectively.?!® e i &

When d'° metal halides are applied in the self-assembled
systems, 1-D wave-like polymeric coordination polymers can
also be obtained. In the crystal structure of complex [Zn-
(3-bpo)Cl,],, prepared from ZnCl, and equimolar 3-bpo, the
tetrahedral Zn" coordination sphere is built up by two chloride
ligands and two pyridyl nitrogen donors of the bridging 3-bpo
ligands with unusual transoid conformation, giving rise to a
1-D zigzag coordination chain with the ligand/metal compo-
sition of 1/1.2%* In the case of 1-D coordination arrays of
[Hg(3-bpo)X,], (X =Br~ and I"), each Hg" center is also
surrounded by two halide counter ions and a pair of 3-bpo
ligands but with the cisoid-I conformation to complete a
distorted tetrahedral coordination environment.?2>22¢

Comparatively, the monotonous 4-bpo bridging ligands
prefer to interlink metal ions such as Co, Zn", Agl, and
Hg", resulting in similar 1-D crooked chains. In this context,
reactions of the ligand 4-bpo with CoSO,4 and Co(NOs), lead
to the formation of two extended polymeric chains, namely
{[Co(4-bpo)(H,0)3(SO,)]-2CH;0H},  and  {[Co(4-bpo)-
(H,0)2(NO3),]-3H,01},,'% in which the Co™ centers are also
coordinated by the anions and aqua molecules, besides the 4-
bpo linkers. As for the ZnX, species (X = C1~,22* NO;~,2 and
Cl0O,4~ 2%, the polymerization with 4-bpo coherently demon-
strates the 1-D propagating nature, regardless of the different
Zn" coordination spheres in these structures (tetrahedron for
chloride and octahedron for nitrate and perchlorate). Similarly,
in the coordination polymeric chains of {[Ag(4-bpo)]*}, with
NO;—,24 BF,,'® and ClO,~?* as counter anions, no
significant divergence of the coordination frameworks is found,
arising from their reliable accommodation of different anions.
Furthermore, the combination of 4-bpo and Hgl, in the mixed
solvents of CH,Cl,/CH3CN affords a 1-D coordination
polymer {[Hgl,(4-bpo)]-CH;CN},*?* with a zigzag chain
motif, in which the uncoordinated CH3;CN molecules are
located between the parallel coordination chains with none
significant interchain interactions.

2.2.2.2 Double Sinusoidal Array; Only one example for
this structural type is found by crystallization of 3-bpo with
Cu(ClOy), in a methanol/methylene chloride mixed-solvent
system at room temperature, which affords a 1-D polymeric
complex {[Cu(3-bpo),(Cl04)]C104},, with the metal/ligand
ratio of 1/2.2!® In this structure, the metal center displays a
square-pyramidal environment, consisting of four equatorial
pyridyl N-donors from four cisoid-I-3-bpo ligands and one
axial interaction with one oxygen of the C104~ counter ion. As
a result, the Cu'! centers are doubly connected to each other by
two sets of curved 3-bpo ligands to give a novel double-
sinusoidal chain motif extended along the [010] direction
(Figure 8), in which one set of 3-bpo lies along (110) while the
other along (011).

2.2.2.3 Comb-Like 1-D Polymer; In contrast, the
analogous reactions of 4-bpo with univalent copper salts of
[Cu(CH3CN)4]Cl1042* and [Cu(CH;CN)4JBF4'% in CH;CN/

Figure 8. 1-D double sinusoidal chain coordination motif
in {[Cu(3-bpo),(ClO4)]CI104}, with cisoid-I conforma-
tional 3-bpo linkers.

Figure 9.
and Cu'.

1-D comb-like chain motif assembled from 4-bpo

CH;0H generate two orange crystalline products formulated
as {[Cu(4-bpo),(CH;CN)]CIO,4-CH;CN-1.5H,0}, and {[Cu-
(4-bpo),(CH3CN)|BF4- 1.5H,0},, respectively, with the metal-
to-ligand ratio of 1:2. In both structures, each Cu! center takes a
tetrahedral sphere, coordinating to four nitrogen atoms from
three 4-bpo ligands plus one acetonitrile. Remarkably, the 4-
bpo ligands here display two types of coordination modes with
the Cu' ions, in which the bidentate bridges extend the Cu'
centers to form a 1-D chain (the adjacent Cu--Cu distances for
Cl0, and BF, species being 13.490 and 13.476 A, respectively)
and the monodentate terminals locate on one side of the chain,
leading to the formation of a novel comb-like motif, as
illustrated in Figure 9. Such a different coordination pattern
from those of the Cu'" species may arise from the distinct
coordination tendency and geometry of the Cu' center.
Although both Cu' coordination polymers show similar 1-D
structures, further analysis of the crystal packing reveals some
interesting structural difference. In the case of copper(l)
tetrafluoroborate complex of 4-bpo, the monodentate 4-bpo
ligands from different 1-D arrays are arranged alternately along
[010], whereas those in the copper(I) perchlorate complex are
overlapped along [010] with significant aromatic stacking
interactions. As a consequence, the latter stacking mode leads
to the formation of larger channel volumes (662 A3, 37.2% of
the unit-cell volume) than those in the former complex (320 A3,
21.0% of the unit-cell volume), in which the counter anions and
solvent guests are included.

2.2.2.4 Coordination Chain with Dinuclear Paddle-
Wheel Nodes; Under suitable conditions, the acetate ions
can be used as the anionic building blocks and readily exhibit
syn,syn bridging to constitute a reliable [Cuy(-OAc)4]
binuclear unit. For instance, assembly of 3-bpo with Cu(OAc),
in CH;CN/CH30H medium furnishes a 1-D complex {[Cu,-
(3-bpo)(4-OAc)4]},,, 8 in which the [Cu,(u-OAc),] dinuclear
entities (Figure 10 top) are further extended by the 3-bpo
ligands with rare cisoid-II conformation to facilitate a 1-D
coordination array (Figure 10 bottom). Notably, elaborate



Figure 10. (top) Binuclear paddle-wheel subunit and
(bottom) 1-D coordination chain motif in complex
{[Cua(3-bpo)(1t-OAC)]},.

treatments of Cu(OAc), with 4-bpo under different reaction
conditions may lead to the formation of a series of comparable
coordination polymers that are generally formulated as
{[Cuy(4-bpo)(1£-OAc)4]-solvent},. In practice, if the coordi-
nation-driven assembly is performed in CH;OH medium with
the metal-to-ligand ratio of 1/1 or 2/1, the corresponding
complex  {[Cuy(4-bpo)(u-OAc),]-2CH;0H},%  or  {[Cu,-
(4-bpo)(j4-OAc)4]-3H,0},2** is produced, whereas under the
circumstance of CH3;CN/CHCl;, another similar solvate
[Cuy(4-bpo)(14-OAc)s]-CHCl3}, can also be isolated.?®® In
these three isostructural complexes, 1-D coordination chains
based on the paddle-wheel type [Cuy(it-OAc)s] dinuclear
nodes and the 4-bpo linkers are formed with the inclusion of
different lattice solvent molecules.

2.2.3 Layered Coordination Network: Up to now, four
coordination polymers with 2-D layered coordination frame-
works have been reported based on the 3-bpo linkers and/or
other bridging co-ligands. In the crystal structure of [Cd-
(3-bpo)(H,0)(1-NO3),],,2%° two types of Cd' centers with
different seven- and six-coordinated environments are inter-
connected by the 3-bpo ligands with cisoid-I conformation
and bridging nitrate anions to generate a layered network. As
for complexes {[Cu(3-bpo)(H,0),(u-suc)]-1.75H,0}, and
{[Cdy(3-bpo)(H,0),(it-suc),]-6.75H,0},,  (Hpsue = succinic
acid),'® similar 2-D metal-organic coordination networks are
observed in which the metal centers are linked by bidentate
suc®>~ and 3-bpo ligands with cisoid-I conformation. Notably,
these 2-D layers display the interdigitated packing mode with
the presence of interlayer 77— stacking interactions between
the adjacent 3-bpo segments, which may reinforce the 3-D
supramolecular lattices. Remarkably, the variable conformation
of 3-bpo also leads to a completely different 2-D coordination
polymer [Co(3-bpo),(NCS),],,,%* in which the octahedral Co'
centers are interconnected by only the transoid-3-bpo bridges
to result in a 2-D undulating (4,4) layer with unidentate
thiocyanate terminals (Figure 11). These layers are also stacked
in the interdigitated fashion to decrease the steric hindrance of
the final 3-D crystalline lattice.

Constitutionally, the bridging bidentate coordination char-
acteristic of 4-bpo makes a sound explanation to join the metal
centers to 1-D infinite transmission, and with the involvement
of further linkages from additional assistant connectors such as
anions, 2-D layered architectures can be easily achieved. The
first structural paradigm on this issue occurs in the cobalt(Il)
sulfate ~ complex {[Co(4-bpo)(CH30H),(SO,4)]-CH;0H-
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Figure 11. Layered framework of [Co(3-bpo),(NCS),],
based on transoid-3-bpo linkers.

3.5H,0}, crystallized from methanol solvent.!®® In this case,
the Co! centers are interlinked by 4-bpo ligands into zigzag
chains, which are further extended by the bridged sulfate
anionic components to form a 2-D coordination architecture. It
seems that the replacement of sulfate with perchlorate in the
assembled system will obscure the bridging fashion of anion
due to its weaker coordination ablility.'®® Even though a
distinct 2-D coordination polymer {[Cu(4-bpo),(H,0),]-
(ClO4),+2(4-bpo),-CH3;0H-H,0}, with layered network
bridged by 4-bpo spacers is obtained via subtly changing the
assembled conditions, and the 3-D lattice with a parallel
stacking of the 2-D layers possesses large rhombus-grid
cavities for the inclusion of uncoordinated 4-bpo ligands,
perchlorate counter anions, and lattice solvent molecules of
methanol and water.!® In its Cd" analog {[Cd(4-bpo),-
(CH3CN),](Cl0y4),-2CH;CN},,,2 a similar 2-D layered pattern
with bridging the octahedral Cu ions via 4-bpo spacers is
found. However, these 2-D undulating layers are offset in the
crystalline lattice to effectively reduce the volume of the
cavities. Nevertheless, there exist available square cavities with
the dimension of ca. 6 x 7A2, in which the guest CH3;CN
molecules and perchlorate anions are located. The organic
dicarboxylate anions such as the flexible building component
1,4-cyclohexanedicarboxylate (chdc®™) and the above-men-
tioned suc®~ have also been employed as bridging bidentate
ligands to furnish 2-D coordination polymers together with the
4-bpo spacers. The combination of copper(Il) acetate and
mixed ligands of Hychdc/4-bpo gives rise to the formation of
{[Cu(4-bpo)(chdc)(H,0)]-0.5H,0},,2** which has a 2-D neu-
tral coordination network extended by the bridging e,e-trans
conformational chdc?>~ anions and 4-bpo ligands with the
dimension of 13.6 x 11.3 A2 for each repeating unit. These 2-D
layers adopt the parallel stacking mode, creating large quadrate
microporous cavities with the volume of 2805 A3. The layered
structure of a comparable complex'® ({[Ni(4-bpo)(H,0),-
(suc)]-5H,0}, is shown in Figure 12. However, in this case,
the 2-D arrays with the dimension of 13.8 x 8.9 A2 for the
rectangle grid unit are offset, which thus allows the signifi-
cantly smaller void volume of only 190.0 A3

In all 2-D coordination motifs stated above, the 4-bpo
component is demonstrated as a typical exo-bidentate linker by
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Figure 12. 2-D square grid coordination framework of
{[Ni(4-bpo)(H,0),(suc)]-5H,0}, bridged by 4-bpo and
succinate linkers.

two terminal pyridyl groups, whereas in the structure of its
mercury(Il) azide complex [Hg(4-bpo),(N3),],,24 the 4-bpo
ligands provide a new bidentate coordination mode via one
pyridyl and one oxadiazole nitrogen donors, which link the
octahedral Hg'" centers to result in a 2-D bilayer coordination
framework.

2.2.4 3-D Coordination Framework: In this issue, the
Cu" ion is observed to readily construct multifarious 3-D
coordination frameworks with 4-bpo (sometimes with the aid
of auxiliary co-ligands, especially the counter anions), in which
the effect of anion on the assembled process is significant. For
example, the metal complexation of various copper(Il) salts
with 4-bpo in the presence of ClO,~/PFs~, N3~, and SO4*~
anions leads to the formation of three types of distinct 3-D
coordination polymers. Direct mixing of 4-bpo with copper
perchlorate in the methanol/water medium gives the product of
{[Cu(4-bpo),(H,0),](C104)(OH)-2.5H,0},.3 In this structure,
the octahedral Cu™l centers are connected by the 4-bpo spacers
to form 3-D diamond-like networks, which are significantly
distorted and of twofold interpenetration due to the existence of
a large cavity for each single net (Figure 13 top). Notably,
although the 4-bpo bridging ligands coordinate to Cu'" in a
square-planar arrangement, the bent backbone of 4-bpo allows
such metal centers to actually serve as distorted tetrahedral
nodes to constitute the final 3-D framework. Moreover, this
complex represents the first divalent copper coordination
polymer with twofold interpenetrating diamond structure. More
recently, assembly of 4-bpo with copper perchlorate under
different conditions also gives rise to another 3-D diamond-
type coordination framework, which interestingly, is of three-
fold interpenetration (Figure 13 bottom). Significantly, this
crystalline solid may undergo a temperature-driven reversible
single-crystal-to-single-crystal structural transformation be-
tween the room temperature (293K) and low temperature
(150K) phases with the general formula of {[Cu(4-bpo),-
(H,0)](C104),-x(solvent)} .23

On the other hand, treatment of {[Cu(4-bpo),(H,0)]-
(C104)(OH)-2.5H,0},, in aqueous solution in the presence of
excess NaPFg leads to the formation of well-shaped prismatic
blue crystals of {[Cu(4-bpo),(H,0),](PFe),-1.25H,0},.%>* The
two structures are isomorphous due to the similar nature of the
counter anions. Furthermore, with the same reactive procedure
except that PF¢~ is replaced by N3~ and SO, respectively,
two fascinating 3-D coordination polymers {[Cu(4-bpo)-
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Figure 13. Schematic representation of (top) twofold and
(bottom) threefold interpenetrated diamond coordination
networks in two different 3-D copper(ll) perchlorate
complexes with 4-bpo.

(4-N3)2]- 1.5H;0}, and {[Cu(4-bpo)(H,0)(SO4)]-2H,0},, can
also be properly isolated.® In both structures, the 3-D
networks are built up from the linkages of Cu—anion
coordination layers via 4-bpo pillars, which however com-
pletely differ in the resultant network topology. In {[Cu-
(4-bpo)(14-N3),]-1.5H,0},, the Cu' centers are bridged by
M1 3-azide anions into (4,4) sheets (Figure 14 top), which are
connected by the bridging 4-bpo ligands to afford a single
acentric a-Po network with available channels (Figure 15 top).
Whereas in the latter case, the sulfate anions are in (3-mode
and bridge the Cu" centers into (6,3) networks with alternating
3-connected Cu' and sulfate nodes (Figure 14 bottom). The
2-D patterns are further extended by 4-bpo into a chiral
channel-like 3-D framework (Figure 15 bottom) showing a
(3,5)-connected network topology with the Schéfli symbol of
(6%).(6°.8).

And also, a 3-D microporous Cd" coordination polymer
{[Cd(4-bpo)(SCN),;]-CH3CN}, with 4-bpo and thiocyanate
anionic bridges is presented,>® which is topologically equiv-
alent to that of {[Cu(4-bpo)(it-N3);]-1.5H,0},. In this case,
the octahedral Cd" centers are interlinked by the thiocyanate
ions in Wy s-fashion to form a 2-D sheet, featuring hourglass-
shaped 16-membered [Cd4(i£-SCN);] macrocycles as the
repeating subunits (Figure 16 top). As shown in Figure 16
bottom, these 2-D layers are further linked by the bridging 4-
bpo spacers to give a 3-D open framework with 1-D channels
for the inclusion of lattice CH3CN solvents.

2.3 Tridentate Coordination. Theoretically, besides the
terminal pyridyl groups, the central oxadiazole entity may also



Figure 14. 2-D coordination layers of (top) Cu-azide in
{[Cu(4-bpo)(1£-N3)3]-1.5H,0}, and (bottom) Cu-sulfate
in {[Cu(4-bpo)(H,0)(SO4)]-2H,0},..

be a potential candidate for metal complexation. However, as a
matter of fact, it shows inert coordination tendency when
encountering the common transition-metal ions. Nevertheless,
it is worthwhile to point out that the coordination interaction
between oxadiazole and the versatile Ag' ion appears to be
exercisable. Benefiting from the subtle templating effect of the
counter anions and solvent molecules, the 4-bpo ligand may
display flexible coordination styles in its polymeric Ag'
compounds. In this context, crystallization of 4-bpo with
AgSbFs/AgPF¢ in methanol/methylene chloride affords two
isostructural 2-D coordination polymers {[Ag(4-bpo)](SbFe)},
and {[Ag(4-bpo)](PF¢)},.2% In both structures, each Ag' center
adopts a distorted trigonal coordination environment and each
4-bpo ligand is bound to three Ag' ions via one oxadiazole and
two pyridyl nitrogen donors. Thus, the resultant cationic
infinite polymeric network (Figure 17) consists of equal 3-
connected nodes of Ag' and 4-bpo, featuring a 4.8% network

topology.
3. Influencing Factors on Structural Assembly

Generally speaking, the two basic elements for determining
the structure and properties of a given supramolecular complex
are organic ligand and metal ion. From the above discussion, it
can be clearly revealed that the use of 3-bpo and 4-bpo building
blocks with different orientations of the functional pyridyl
groups as well as the selection of metal ions with dissimilar
coordination tendency/geometry can result in significant
structural diversity of the final crystalline materials (from
discrete 0-D, to infinite 1-D, 2-D, and 3-D coordination
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Figure 15. 3-D coordination frameworks of (top) {[Cu-
(4-bpo)(i4-N3),]- 1.5H,0},, and (bottom) {[Cu(4-bpo)-
(H20)(804)]-2H,0},..

architectures). On the other hand, it has been well known that
some subtle but crucial influencing factors on coordination
assemblies, such as the counter anion, solvent system, and even
metal/ligand stoichiometric ratio, may also lead to the
formation of distinct crystalline products. As expected, this is
realized as the important terms to design and construct various
metallosupramolecular systems on the basis of the 4-bpo and
3-bpo ligands as described below.

3.1 Anion Effect. In this direction, we have systematically
investigated the anion effect on regulating the Cu'" coordination
architectures with 3-bpo and 4-bpo. Explanatorily, the ancillary
dicarboxylate components can be assessed as the organic
anions thereof. In a typical procedure, all other parameters such
as ligand, metal ion, solvent, and metal/ligand ratio are
invariable with the only change of counter anion in the
assembled process.'®* With regard to 3-bpo, bimetallic macro-
cyclic coordination motifs are found in [Cuy(3-bpo),(H,0)s]-
(Cl04)4+4H,0 and [{Cu(NO;),(3-bpo)},]-2CH;CN, in which
the perchlorate moiety acts as the counter anion for charge
balance and also forms hydrogen bonding with water, and the
nitrate anions are bound to the Cu! centers and involved in
intermolecular C-H--O interactions to link the dinuclear units
into 1-D arrays. As for the 1-D coordination polymers {[Cu,-
(3-bp0)>(H20)6(SO4)2]-6H20},, and {[Cuy(3-bpo)(it-OAC)]}n,
the sulfate anions coordinate to the Cu'' centers in unidentate
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Figure 16. Views of {[Cd(4-bpo)(SCN),]-CH;CN},. (top)
2-D Cd-thiocyanate coordination layer and (bottom) 3-D
microporous network with the inclusion of solvents.
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Figure 17. 2-D 4.8% polymeric cationic network bridged
by tridentate 4-bpo ligands in the structures of {[Ag-
(4-bpo)](SbFe)}, and {[Ag(4-bpo)](PFe)},.

mode whereas the acetate components bridge the Cu" ions in
syn—syn fashion to define the [Cuy(i4-OAc)4] subunit. Notably,
in these structures, the different anions used in the assembled
procedures can also extremely influence the conformation and
arrangement of the 3-bpo ligands in the final crystalline
products and thus afford distinct coordination arrays. With the
employment of the organic anions of suc’~ and Hfum~, two
distinct complexes {[Cu(3-bpo)(H,0),(e-suc)]-1.75H,0}, and
[Cu(Hfum),(3-bpo)(H,0)],-2(3-bpo)-6H,0 are obtained, and
their 2-D layered and binuclear coordination patterns are
constructed by cisoid-I-3-bpo spacers and anionic co-ligands of
suc?~ bridges and Hfum™ terminals, respectively.'®

In contrast to the 3-bpo related complexes, the well-defined
coordination polymers derived from 4-bpo as well as various
Cu" salts experience a more significant structural diversity
relying on the particular anions, including OAc™ (mono-
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nuclear),”® ClO,~ (3-D),>* S04~ (3-D),*® N3~ (3-D),?® PF4~
(3-D),%" and organic ions such as pydc?~ (binuclear)!’® and
chdc®>~ (2-D).>** From the description above, it is especially
interesting that the molecular structures of its Cu'' complexes
are profoundly influenced by the anions with different
coordination ability or bulk. In addition, the investigation of
coordination chemistry of 4-bpo with Ag' indicates the
templating effect of counter ions on the resultant coordination
architectures. In this regard, the existence and ancillary ligation
of different anions, such as NO;~,?%¢ BF,~,!%® Cl0,~,2%°
CF380;7,%%° PFs~,2® and SbFs~ 2% have been explored. For
the first four species, the final structures are 1-D chain motifs,
whereas corrugated 2-D layered frameworks are generated in
the latter two cases. On the other hand, a greatly similar analog
of 4-bpo, 2,5-bis(4-pyridyl)-1,3,4-thiadiazole (4-bpt) has been
surveyed in the direction of silver coordination polymers with
diverse anions such as PF4~, Cl0,~, NO;~, and CF;S0;~.212
The results reveal that the nature of anions is the underlying
reason behind the structural difference of this series of Ag!
complexes. The PF¢~ and ClO4~ anions have similar size and
display poor coordination ability, and thereby in complexes
{[Ag(4-bpt)](PFe)}, and {[Ag(4-bpt)](ClO4)},, the anionic
components may play a spacial templating role in building
up the 2-D coordination frameworks with cavities except for
the essential charge balance. With regard to the supramolecular
array of {[Ag4(4-bpt)4(NO3),](NO3),},, the smaller NO3;~
anions possess stronger coordination or donor ability than
those of PF¢~ and ClO4~, and serve as linkages to bridge the
1-D coordination chains to a 3-D framework via Ag—Ojtrate
contacts. As for another 1-D coordination polymer {[Ag-
(4-bpt)|(CF53S03)},, the CF3SO;~ ions with large bulk lie
between the {[Ag(4-bpt)]"}, chains and prevent the further
extension of these 1-D arrays, which may also act as the
templates in structurally directing the overall 3-D lattice.

3.2 Solvent Effect. The self-assembly synthesis of specific
reactants has been definitely affected by the reaction medium in
thermodynamic and kinetic manners, which may produce
different crystalline products from the mother solution under
appropriate conditions. In this regard, a typical example is the
delicate formation of two closely related coordination species
{[Cu(4-bpo),(H,0)](C104),- x(solvent) },2% and {[Cu(4-bpo),-
(H,0),](C104)(OH)-2.5H,01},,>* which are obtained from the
same reagents but in different solvent medium (CH;OH/CHCl;
and CH30H/H,0, respectively) and thus display dissimilar
threefold and twofold interpenetrating coordination frame-
works with the same diamond network topology.

3.3 Metal/Ligand Stoichiometric Ratio. The appropriate
metal/ligand stoichiometric ratio applied during the synthetic
procedure of a specific coordination supramolecular system can
not only facilitate the crystallization process and/or regulate
the competition of counterparts, but also diversify the molar
ratio of the metal/ligand components in the final products and
thus undoubtedly affect their crystal structures. It has been
indicated that the M/4-bpo/thiocyanate ternary systems
(M =Co", Mn", and Cd") possess the general formula
[M(bpo),(H,0)»,(NCS),]'"»!17 and simple monomeric struc-
tures, in which both 4-bpo and thiocyanate anion only act as the
unidendate terminal ligands. However, by varying the metal/
ligand ratio in the assembled process of the Cd' species, a
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novel 3-D open coordination framework {[Cd(4-bpo)(SCN),]-
CH;CN},2¢ can also be isolated as the pure phase, in which
both 4-bpo and thiocyanate components serve as suitable
connectors to result in the extended coordination architecture.

4. Physicochemical Properties of the Coordination Solids

4.1 Fluorescence. The rational design and preparation of
inorganic—organic hybrid coordination solids, especially for
those involving d'® metal ions and ligands with aromatic
backbones have now been a powerful approach for achieving
new luminescent materials. Owing to the ability of affecting the
emission wavelength of organic ligand molecules, the deliber-
ate construction of such crystalline species by the judicious
choice of organic spacers and metal centers has been applied to
obtain a variety of electroluminescent materials. In the solid
state, the fluorescence spectra of 3-bpo and 4-bpo exhibit
emission maxima at 360 and 358 nm, respectively.2’22¢ As for
the relevant polymeric metal complexes with the 3-bpo ligand,
the emission spectrum of [Hg(3-bpo)l,], is red-shifted to
427 nm, whereas for [Zn(3-bpo)Cl,],, the emission maximum is
blue-shifted to 329 nm.??° That is to say, the emission of 3-bpo
may be significantly affected and tuned by the incorporation of
Zn" or Hg"" metal ions, which may be assigned to the ligand-to-
metal charge transfer (LMCT) in these coordination polymers.
On the other hand, the emissions of [Zn(3-bpo)(H,0)3(NO3)],-
(NO3); and [{Cu(NO;3),(3-bpo)},]-2CH;CN in the solid state
are both red-shifted to 367 and 380nm, rspectively.zo"1
Reasonably, the presence of intervening Zn" and Cu" ions,
which exert an electron-withdrawing effect as a consequence of
their bivalent charge and the attached nitrate ion, has a
significant influence on the fluorescent properties of the
resultant coordination complexes.

Similarly, the red-shifted phenomenon can be also discov-
ered in the 4-bpo related coordination polymers. For in-
stance,?® {[Cu(4-bpo),(H,0)](Cl04),}, is luminescent in the
solid state, and exhibits one fluorescence emission maximum at
373nm (358 nm for the free 4-bpo ligand) upon photo-
excitation at 213 nm, which should originate from the ligand-
centered n—7* or 71— process.

4.2 Anion Exchange. Normally, the nature of anion plays a
key role in the formation of these coordination frameworks,
especially for the Cu" species according to the above
description. Consequently, the anion-exchange behaviors of
the Cu'-related coordination complexes are deliberately taken
into consideration. For example,”>® compound {[Cu(4-bpo),-
(H,0),](PFg),+1.25H,0},, can be obtained by reacting {[Cu-
(4-bpo),(H,0),](C104)(OH)-2.5H,0}, with excess NaPFg in
aqueous solution, and this procedure is reversible. Moreover,
two novel acentric or chiral 3-D coordination polymers {[Cu-
(4-bpo)(14-N3)2]-1.5H,0},  and  {[Cu(4-bpo)(H,0)(SO4)]-
2H,0}, can also be achieved either from {[Cu(4-bpo),-
(H20)2](C104)(OH)-2.5H,0}, or {[Cu(4-bpo)2(H,0)-](PF¢),+
1.25H,0}, in the presence of NaNj or Na,SO, through the
anion-exchange procedure. It seems that the exchange reaction
occurs via dissolution of the precursor before (or simultane-
ously with) crystallization of the final product in these courses.

In addition, selective anion-exchange function of a series of
PtS-type metal-organic frameworks based on various silver(I)
salts and an analogous ligand 2,5-bis(pyrazine)-1,3,4-oxadia-
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zole has also been demonstrated.?® Notably, in this case, the
host coordination frameworks are almost invariable although
the anions vary significantly from the smaller BF,~, AsF¢~, and
CF3S05;™ to the very large SbFs~ with different binding
abilities to silver(I), and the mechanism of anion exchange
seems to be a solvent-mediated process.

4.3 Magnetism. The coordination architectures presented
herein are usually based on the isolated metal ions that are
connected through 3-bpo/4-bpo ditopic organic ligands and/or
additional assistant linkers. Under such conditions, the mag-
netic coupling via 3-bpo and 4-bpo bridges mainly depends on
the distance between the metal ions. As a matter of fact, the 3-
bpo and 4-bpo ligands cannot mediate the magnetic interactions
effectively because the possible overlap of magnetic orbitals
through such long organic bridges is negligible. Thus, it can be
anticipated that such ligands do not essentially contribute to the
magnetic properties in their complexes and the resultant
magnetic systems will be paramagnetic only (very small intra-
or intermolecular exchange interactions may occur at very low
temperature),>62182.18¢.25> Nevertheless, some interesting mag-
netic phenomena have been observed due to the linkage of
metal ions via other small anionic bridges in these complexes.
For instance,”® the 3-D coordination polymer {[Cu(4-bpo)-
(4-N3),]-1.5H,0},, contains unique 2-D Cu—Nj layers with a
new topological type that are pillared by the 4-bpo linkers.
Small antiferromagnetic interactions are found between the
adjacent Cu" ions via the azide anions in end-to-end coordi-
nation mode. While in another 3-D complex {[Cu(4-bpo)-
(H,0)(SO4)]-2H,01},, unexpected weak ferromagnetic cou-
pling between the Cu" ions are observed for the first time
within the 2-D Cu-sulfate coordination layers. At present, we
may only briefly conclude that the bent geometric features of 3-
bpo and 4-bpo will influence and modulate the metal-anion
inorganic magnetic arrays in the resultant ternary coordination
systems. Based on this strategy, more interesting magnetic
materials may be obtained by using other anionic bridges that
can effectively transfer the magnetic interactions between the
paramagnetic metal ions, with the aid of the 3-bpo and 4-bpo
components that can lead to the formation of novel coordina-
tion networks.

4.4 Guest Inclusion. Ordinarily, the known 3-D
coordination frameworks of 4-bpo and related ligand 4-bpt
(vide ante) possess considerable channels for the inclusion of
different guests and/or anions. However, these microporous
materials show completely different guest absorption/desorp-
tion behaviors. First, the crystalline samples of 3-D coordina-
tion polymers {[Cu(4-bpo),(H,0),](C104)(OH).2.5H,0}, and
{[Cu(4-bpo),(H,0),]1(PF¢),-1.25H,0}, are not stable when
exposed to air at room temperature, and partly change to the
amorphous substance.’®** This is usually observed for
coordination polymers with large cavities. Second, as for
the 3-D metal-organic frameworks {[Cd(4-bpo)(SCN),]-
CH;CN},, {[Cu(4-bpo)(H,0)(S04)]-2H,0},, and its isostruc-
tural complex {[Cu(4-bpt)(H,0)(SO4)](H,0),},, the guest
solvent molecules can be successfully removed from the
crystalline lattices to result in microporous materials, whose
structures correspondingly coincide with those of the original
coordination polymers. Moreover, the included solvent mole-
cules can be easily reintroduced into the evacuated samples
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without change of the crystal structures.®®>3*2% While finally,
coordination polymer {[Cd(4-bpt)(NCS),]-1.5CH3;0H},, has a
similar 3-D network (not isostructural) to that of {[Cd-
(4-bpo)(SCN),]-CH;3CN},, but represents another type of
microporous framework which has dissimilar guest inclusion
behavior. In this case, the removal of guest molecules makes a
structural change of the network solid, which however, can
revert to the original structure by reintroducing the guest
molecules.®

In this context, it seems that the counter anions are not only
critical to the network architectures of coordination solids but
also to their possible functions. Generally speaking, for the
known 3-D metal-organic frameworks based on 3-bpo and 4-
bpo, the bulk counter anions with poor coordination ability
always occupy the empty cavity and serve for guests to
template the coordination architectures, which may be ex-
changed or replaced by other ions to afford new crystalline
species. Of further interest, small counter anions especially
halogens and pseudo-halogens with strong and versatile bind-
ing features may lead to the generation of neutral coordination
frameworks with included solvent molecules, which can be
easily removed from the crystalline lattices to afford micro-
porous crystalline materials with attractive functions. On the
other hand, such coordination systems with the paramagnetic
metal ions may also show interesting magnetic properties.
Moreover, organic polycarboxylate anions have also been
confirmed to be effective co-ligands to design and construct
unusual coordination frameworks, which may possess available
channels and thus potential porosity. However, the related
systems involving 3-bpo and 4-bpo have largely been unex-
plored, and we are currently extending this strategy to prepare
new coordination polymers.

5. Conclusion and Outlook

A pair of analogous angular dipyridyl ligands 2,5-bis-
(n-pyridyl)-1,3,4-oxadiazole (n =3 for 3-bpo and n =4 for
4-bpo) have been applied as versatile prototypical building
blocks to construct a variety of coordination supramolecular
systems, and the network architectures are argued to heavily
depend on the coordination mode and/or conformation of such
ligands when coordinating to different metal ions. A variety of
coordination fashions featured in the known complexes are
enumerated in order of the ligation number to the metal ions,
including monodentate, bidentate, and tridentate modes, as well
as the occurrence of different cisoid-I, cisoid-II, and transoid
conformations for 3-bpo. In a normal manner, the variation in
number and orientation of the ligated donors is predominantly
responsible for the formation of different polymeric coordina-
tion arrays. Consequently, the resultant architectures can
present discrete mononuclear entities and binuclear motifs of
metallamacrocycle or cage, as well as infinite 1-D zigzag,
double sinusoidal, comb-like, or binuclear paddle-wheel based
chains, 2-D layered networks, and 3-D open and interpene-
trated frameworks, which may display some useful properties
such as fluorescence, magnetism, anion exchange, and guest
inclusion relying on their crystalline structures. Beyond this,
concerning the sound role of ancillary stimulation during the
assembled process, other subtle factors such as counter anion,
solvent system, and metal/ligand stoichiometric ratio have also

ACCOUNTS

been found to be crucial to regulate the construction of
metallosupramolecular architectures.

At this stage, such angular ligands with the oxadiazole-
spacer are generally considered to be elongated analogs of
dipyridyl, and of further importance, the modification of these
building blocks can be easily achieved by employing other
functional groups to replace the terminal pyridyl rings,?
profiting from the sophisticated ligand design strategy. There-
fore, it can be optimistically predicted that more coordination
crystalline materials with these modified ligands will be
exploited for their novel structural features and potential
applications as functional hybrid materials.
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