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Considerable progress has been made in recent years in controlling the assembly and orientations of individual
molecules to create specific aggregates. It is the aim of this review to give an account of the latest developments in our
groups with regard to construction of functional crystal metal complex supermolecules from self-assembly of copper(I)
and silver(I) coordination compounds by intermolecular interactions as well as coordination bonds. Several approaches
to such self-organization process have been highlighted. Spontaneous organization of hydrogen bonding and host-guest
interactions in 3-cyano-6-methyl-2(1H)-pyridinone system result in the formation of three-dimensional channel structures
and multi-fold interpenetrated diamondoid architectures by modification of hydrogen-bonding mode and distances. Control
of effective aromatic stackings between polymeric chains assembles simple phenazine and benzothiadiazole building blocks
into well-organized, multidimensional honeycomb and graphite structures. Manipulation of strong interchain S- - -S contacts
in sulfur-rich tetrathiafulvalene derivative system creates a unique bookshelf type frameworks. Employment of multi-
coordination sites of the ligands in pyrazine, dithienylethene and dithiaparacyclophane systems generates a number of
novel infinite-sheet and -chain metal polymers with the potential to serve as functional supramolecular devices.

Polymers are macromolecules built up by the linking to-
gether of large numbers of much smaller molecules. The
word “polymer” itself is derived from the Greek roots
“meros”, meaning parts, and “poly”, meaning many. We
can usually distinguish organic polymers such as natural
proteins and nucleic acids, which are extremely important
constituents of all organisms, and inorganic polymers, which
form the major part of the earth’s crust. Each types is
composed of a large number of chemically related subunits
(organic and inorganic molecules) joined by covalent bonds.
The elements involved in such polymers are usually limited
toC,H, N, O, P, S, Al, and Si. The second half of the this
century has witnessed a productive interplay between organic
chemistry and inorganic chemistry. Recent developments in
the study of coordination chemistry have produced numerous
coordination polymers by selecting the coordination geom-
etry of metals and the chemical structure of organic ligands.
Unlike organic or inorganic polymers, the coordination poly-
mers include transition metal complexes in their constituents
and involve much wider ranges of metal and non-metal ele-
ments, Table 1. The building blocks are linked together by
coordination bonds and non-covalent interactions in nature,
which generates self-assembled one, two and three-dimen-
sional metal complexes with specific network topologies,?

Table 1. Features of Organic and Coordination Polymers

Organic Coordination
Element C,N,O ca. 60 elements
P S, Si
f;’;giﬁ:e Limitation Diversity
Bond nature Covalent Coordination
Crystal Flexible Rigid
Charge Neutral Localized
Solubility High-low Low-insoluble
Structure of
clements A few Several
-C= M- M
< LT
N\
,C=
A pgsz
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Fig. 1.

A great deal of the structural information available has
demonstrated the importance of carefully choosing linking
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Fig. 1. Metal complex supermolecules and polymers.

ligands for rational design of the system. One of the sim-
plest approaches is to use a bifunctional rod-like diatomic
anion such as CN ™ and bidentate N,N’-donor linking groups
such as pyridine- or pyrazine-based ligands with a prefer-
ence for binding metals at each end in a linear fashion, to-
gether with a metal center with a preference for a tetrahedral
arrangement of ligands.>~ The individual frameworks of
these polymeric complexes vary significantly, ranging from
a honeycomb structure containing hexagonal channels to a
“helical arrangement, interpenetrating diamondoid networks,
infinite interwoven, and interpenetrating molecular ladders
and bricks. These sophisticated transition metal coordina-
tion polymers have been the subject of intensive research
in the last few years, and major advances have been made
in both their theoretical descriptions and their application as
new materials.! ™

Metal complex crystal engineering, which relies primar-
ily upon exploitation of noncovalent interactions to spon-
taneously link transition metal-based subunits, provides an
alternative method for the design of supramolecular self-
assembly. Our group has been concentrating on the copper-
(I) and silver(I) polymers with an aim to design novel and
functional metal complex supermolecules by noncovalent
interactions as well as coordination bonds. Pearson has clas-
sified the copper(I) and silver(I) ions as extremely soft acids
favoring coordination to soft bases such as S and unsatu-
rated N-containing ligands.”® Copper(I) and silver(I) com-
plexes with these soft ligands give rise to an interesting ar-
ray of stereochemistries and geometric configurations with
the coordination numbers of two to five all occurring.® The
most common stereochemistries for both ions are the linear
two-coordinate and the tetrahedral four-coordinate geome-
tries with some distortions of the environment, particularly
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in the presence of chelating type ligands. Under suitable
conditions, these simple coordination compounds with the
presence of two rod-like or four sticky sites can be used
as building blocks to form the self-assembly of predictable
supramolecular aggregates.” In the light of this principle,
this account will focus on the most recent novel polymeric
copper(l) and silver(I) complexes, which combine the co-
valent bond forming capability of the metal ion with the
ligand capable of forming non-covalent interactions such as
hydrogen bonding, aromatic stacking, and S---S contacts to
construct crystal metal complex supermolecules with func-
tions. The major organic ligands involved in the present
study are listed in Fig. 2.

Hydrogen Bonded System

The hydrogen bond is encountered among compounds
with the most polar M~H bonds, that is, it is the relatively
weak secondary interaction between a hydrogen atom bound
to an electronegative atom and another atom that is also
generally electronegative and has one or more lone pairs en-
abling it to act as a base. While selective and directional
hydrogen bonding has been noted as a most powerful or-
ganizing force in organic molecular assembly and the vast
majority of publications and reviews has been devoted to
the self-organization of organic molecules into one-, two-,
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Fig. 2. Important organic ligands involving in this review.
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or three-dimensional hydrogen-bonded architectures,® such
development in crystal engineering of coordination super-
molecules is rather slow.” We have isolated several hydro-
gen-bonded copper(I) coordination polymers in which the
hydrogen bonding network is either based on the interac-
tions between the tetrahedral counter anions such as Cl04™
and the uncoordinated NH or OH moieties of the ligands,
or between an uncoordinated group and a hydrogen-bonding
site of the ligand itself.

3D-Complex with Aromatic Stacking. = When quin-
oline-2-thione reacts with [Cu(MeCN),]ClOy in tetrahydro-
furan, it gives red plate crystals of [Cu(CoH7NS),]C104.1
There are two types of metal ions in the structure, each of
which involves an infinite linear-chain of (CuS,),. The aro-
matic stackings of the neighboring chains lead to an eclipsed
conjugated system and the hydrogen bonds between the un-
coordinated NH sites of the thione and the ClO,~ anions
give a three-dimensional structure with the average distance
of 2.84(1) A for O---H-N bonds (Fig. 3). Thus, the perchlo-
rate anion not only serves as a counter anion of copper(l), but
also acts as a bridge linking adjacent two polymeric chains.
A similar example is found in a copper(I) complex of N,N'-di-
methylthiourea, [Cu(dmtu),NOs], in which the coordinated
nitrate anion acts as a bridge linking two alternately stacked
polymeric CuS, chains with O---H-N distances of 2.76 and
291 A

3D-Complex with Channel Framework. Although
crystal structure is generally thought to be rigid, the
supramolecular structures of coordination copper(I) com-
pounds of 3-cyano-6-methyl-2(1H)-pyridinone (Hcmp) can
be rationally designed by changing the hydrogen-bonding
mode and distances.'>!® The ligand possesses both a coordi-
nation group (CN) and a hydrogen-bonding site (O---H-N).
The reactions of copper(I) salt with Hcmp in acetone have
isolated four coordination polymers [Cu(Hcmp)4]X, where
X=ClO4~, BFs~, PFs™ and CF3SO3;~. Although each
structure contains a three-dimensional framework of tetrahe-
dral CuNy centers linked by intermolecular hydrogen bonds
through pyridone N and O atoms in a head-to-tail mode, dif-
ferent patterns of hydrogen-bonding give rise to two different
types of frameworks.'? In the perchlorate and the tetraflurob-
orate complexes each Hcmp molecule is hydrogen-bonded
to two adjacent Hcmp groups and this results in each [Cu-
(Hcmp)4]X entity being connected to eight others, Fig. 4(a).
A square channel framework is generated with a relatively
small size of cavities (Cu---Cu distance =ca. 12.1 A) filled
with guest anions, Fig. 4(b). The hydrogen bond distances
of O---H-N are 2.876 and 2.845 A for the perchlorate and
tetrafluroborate, respectively, consistent with the size of the
cavity to accommodate the smaller anions. When the small
anion is changed to the drastically larger PF¢~ and CF3SO3~
the cavities in the square channel lattice for the perchlorate
and tetrafluroborate cannot be effectively adapted for large
guest ions only by elongating the hydrogen bond distances.
If the stoichiometry is to remain the same, one way for the
system to respond and avoid this destabilizing repulsion is to
rearrange the hydrogen-bonding mode. As a consequence,
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Fig. 3. (a) Crystal structure of [Cu(CoH7NS),]ClO4 without
counter anions, projected down the b axis. The ligand sits
on the mirror plane. (b) Projection of the stacks of
the coordinated ligands of [Cu(CoH7;NS),]ClO4 along the
c axis. The broken lines indicate the sites of hydrogen
bonding between the perchlorate anion and the NH moiety
of the ligand.

each Hemp molecule in the hexaflurophosphate and the tri-
fluoromethanesulfonate complexes is hydrogen-bonded to
only one neighboring Hcmp group, Fig. 4(c), and this gives
a superdiamond network (Fig. 4(e)) with larger open cav-
ities (Cu---Cu distance =ca. 13.3 A), that just fit the large
anions, Fig. 4(d). The space filling models of the latter
type are illustrated in Fig. 5. On the other hand, because of
incorporation of acetone into the metal coordination atmo-
sphere in [Cu,(Hemp)s(Me, CO),](BF,),, each copper atom
only coordinates to two Hemp moieties in the dimeric unit.
The hydrogen-bonding of Hcmp leads to a one-dimensional
infinite chain structure.'® If the system does not involve hy-
drogen-bonding, a completely different stoichiometry and
frameworks arise. The pentanuclear copper(I) cluster with
deprotonated cmp~, [Cus(cmp)4]Cl04, was obtained by the
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Fig. 4. (a) Schematic molecular structure and
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(b) packing diagram of [Cu(Hcmp)4+]ClOs with open square channels.

(c) Schematic molecular structure and (d) packing diagram with  (e) diamondoid framework in [Cu(Hemp)4]PFé.

reaction of copper(l) salts with Hcmp in a protic solvent
such as methanol, Fig. 6(a). In the complex, each cmp™
monoanion employs all its three functional groups bridging
three rather than two copper atoms, forming a supramolecu-
lar channel architecture containing a Cuy cluster,' Fig. 6(b).
This finding suggests that the hydrogen-bonding interactions
have decisive influence on crystal engineering of coordina-
tion polymers. Modification of the hydrogen-bonding mode
and distances, as well as the direction of H-bonding sites,

can effectively facilitate transition of one framework to the
other.

1D-Mixed Valence Complex. While most com-
monly encountered hydrogen-bonded organic or inorganic
molecules are based on Y---H-X (X and Y=0, N) in-
teractions, there are few examples with Cl---H-X hydro-
gen bonds.¥ We have recently isolated a mixed-valence
copper complex [CuCl(bpy)2],[CuCl;12(CsO6H4) by reac-
tion of copper(I) chloride with tetrahydroxybenzoquinone
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(@)

Fig. 5. (a) Space filling models of [Cu(Hcmp)4]PFs and
(b) the cation [Cu(Hcmp)4]*.

(C¢OgHy) and 2,2'-bipyridine (bpy).'”® In this complex
each C¢OgH, molecule is located midway between the two
[Cu'Cl,]~ anions and two [CulCl(bpy),]* cations and is ap-
proximately symmetrically hydrogen-bonded to four chlo-
rine atoms with its four hydroxyl groups. The average bond
distance of Cl- --H (2.486 A) is significantly shorter than their
combined contact radii [H(1.20)+CI(1.75)=2.95 A]'® indi-
cating that a strong intermolecular interactions exist.  Fur-
thermore, the two quinone oxygens of each tetrahydroxy-
benzoquinone group and their symmetry equivalents act fa-
vorably as proton acceptors symmetrically linked to two bpy
hydrogens of the two adjacent [Cu”(bpy),Cl]* ions through
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Fig. 6. The supramolecular rectangular channel framework
in [Cus(cmp)4]C1O, formed by tridentate coordination of
cmp~ monoanion.

O.--H-C interactions. The total result of this connection
gives rise to an infinite chain arrangement of Cu!Cl, and
Cu“(bpy)ZCI ions linked by C¢O¢H, groups with intermolec-
ular Cl---H-O and O- - -H-C hydrogen-bondings interactions,
Fig. 7. Thus, a good match between hydrogen bond donors
and acceptors both in number and spatial arrangement is the
key point in successful synthesis of such extended structures.

Hydrogen bonding in copper(I) and silver(I) complexes
does not always lead to polymeric frameworks; in some
rare cases it couples two monomers into a dimeric struc-
ture. The examples include a silver(I) complex'” with pyra-
zole derivative ligand, [Agy(Hbpypz)4](Cl04)3+2(CHj;),CO,
where Hbpypz = 3,5-bis(2-pyridyl)pyrazole. There are two
crystallographically independent monomeric units in a lat-
tice linked by intramolecular hydrogen bonds between the
free pyridine nitrogen atom of one monomeric unit and the
N-hydrogen of a pyrazole belonging to another monomeric
moiety with N---N distance of ca. 2.87 A.

n—n Interaction System

Phenazine Stacking.  Aromatic ring stacking is one of
the intermolecular noncovalent interactions between ligands
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Fig. 7. Hydrogen-bonded networks in the mixed valence
copper complex, [Cu”(bpy)>CI][Cu'Cl,] (CsOsHa)oss.

in complexes which may enhance the stability of the complex
in solution and in the solid state as well.'® The extreme of
the short interplanar distance of aromatic moiety in copper(I)
and silver(I) coordination polymers is close to 3.26 or 3.28
A, but most are in the range of 3.4 to 3.7 A, similar to that of
layers of graphite,” Table 2. Some copper(I) polymers with
stacks of aromatic ligands display specific properties such as
low-energy optically allowed intermolecular electronic tran-
sitions (charge-transfer bands), which might have practical
applications in future.!” Phenazine (phz) is a very versatile
ligand in the assembly of metal complexes by m— stacking
interactions. We have structurally characterized a number of
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polymeric copper(I) and silver(I) complexes of phenazine,
in which phz can not only act as a building block bridging
metal ions through its two nitrogen atoms but also exhibits
variety of aromatic stackings.”>—? Interchain and intersheet
n—7 interactions frequently appear in the phz complexes
with copper(I) halides, [Cux(¢-X)»(phz)], which results in a
one-dimensional chain (X=1I) or in two-dimensional sheet
(X =Cl1 or Br) structures composed of phz-linked (CuX),
moieties,?V Fig. 8(a,b). The interplane distances range from
3.36 to 3.46 A. Similar interchain aromatic stackings are
also present in [Ag(phz)]C104.2” This type of interaction
can even generate an infinite columnar stack of phz, as found
in [Cu(NOs)(phz)],? and a three-dimensional framework, as
in [Ag,(NOj3)2(phz)], in which six-membered rings of silvers
and strong 7t~ interactions (3.34 A) of phz further stabilize
the structure.?®

Intercalation. Intercalation of metal-free phenazine
or pyrene molecules into metal-coordinated phz stacks
is yet another form of observed m—m interactions as
found in [Cuy(phz);(MeOH),](PFs),-(phz)*® and [Cu(phz)-
(MeCN)J»(PFe),+(pyrene),” Fig. 8(c,e). In the former
complex, the metal-free phz and the dicopper cation
[Cuy(phz)3(MeOH),]** are alternately stacked along the c-
axis with the nearest separation of 3.42 A between the planes,
whereas in the latter a pyrene molecule is intercalated into
every other phz stack with the interplane distance of 3.37
A, forming an infinite columnar stack. A similar example
is found in copper(l) complex of 2,5-dimethylterephthaloni-
trile,” [Cu(DMTPN),]X(thf). (DMTPN), where X =BF4~
or ClO4~, in which each copper atom is tetrahedrally co-
ordinated to four nitrogen atoms of four cyano groups of
different DMTPN and a n—m stacking column of alternate
coordinated and uncoordinated ligands run through the three-
fold interpenetrated diamondoid frameworks along the [101]
direction, Fig. 8(d).

Table 2.  Stacks of Aromatic Moieties Found in Copper(I) and Silver(I) Coordination

Polymers
Compounds Stacking aromatic Interplane Ref.
molecules distances (A)
[Cuy(phz)3:(MeOH),1(PFs), -(phz) Phenazine 342 20
[Cu(phz),(H,0)IC104 Phenazine 3.46 20
[Ag(phz)]ICIO, . Phenazine 3.36 20
[Ag2(NOs)2(phz)] Phenazine 3.34 20
[Cuz(u —X)2(phz)], X = Cl, Br, orI  Phenazine 3.36, 3.40, 21
3.46
[Cu(NOs)(phz)] Phenazine 347 22
[Cu(acr),(NO3)]2(H20)-(phz) Acridine 3.39,341 22
[Cuy(PFO3)(phz)] Phenazine 3.31,3.43 22
[Cu(phz)(MeCN)]>(PF¢),-pyrene Phenazine, pyrene 3.37,347 22
[Cu(DMTPN),]ClO4(thf)-DMTPN 2,5-Dimethyltere- 3.37,3.51 23
phthalonitrile
[Cu(apyr);]1Cl104 1-Aminopyrene 3.40, 3.43, 25
3.46,3.52
[Cu3(CN)s(biq).] 2,2-Biquinoline 3.28,3.35 7
[Cu(CN)(dmphen)] 2,9-Dimethyl- 3.26 7

1,10-Phenanthroline
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Fig. 8.
ings),
rings into metal-coordinated ring stacks),
of a m—r stackings).

Different types of n—m stackings:
(¢) [Cuy(phz);(MeOH),](PFs),+(phz) and

The example of coexistence of a m—r stacking system in
phz complexes is rather limited, but it is observed in [Cu-
(phz)(MeCN)1,(PFs)2(pyrene). In this complex there are
two columnar stacks: One by intercalation of metal-free
phenazine molecules into metal-coordinated phz stacks and
the other by the coordinated phz moieties solely, though the
overlap is only restricted to the terminal C—C region. These

(@) [Cuz(p-I(phz)] and

(b) Cuy(u-Cl)2(phz)] (interchain and intersheet m—rm stack-

(d) [Cu(DMTPN),]X(thf)-(DMTPN) (intercalation of metal-free aromatic
(e) [Cu(phz)(MeCN)]2(PFe)2-(pyrene) and  (f) [Cu(apyr)3;]ClO4-MeOH (coexistence

two columns are inclined from each other by 59.4°, Fig. 8(e).

Charge-Transfer Band. A large number of copper-
(I) complexes exhibit intense absorption bands in the visible
region, which is ascribed to metal-to-ligand charge-transfer
transitions. For example, copper(I) complexes with unsatu-
rated compounds such as pyridine and 2,2’-bipyridine exhibit
charge-transfer bands from metal to the ligands.?? In the solid
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state, free phz shows a single absorption with high intensity
at 372 nm; upon complexation with copper(I) atom, this CT
band shifts to ca. 420-—560 nm.?>=?? This significant red
shift is attributed to the stabilization of the phz ™ orbitals
caused by double coordination to copper(I) ion.”? In these
complexes, an additional band is observed at ca. 700 nm; this
is considered to be a characteristic of copper(I) coordination
polymers with phz, Fig. 9.

Pyrene Stacking. Obviously, aromatic ring stack-
ing is a general approach to stabilize and synthesize metal
complex assemblies. Like phenazine, many other organic
molecules with aromatic rings, such as 3,5-bis(2-pyridyl)pyr-
azole and pyrene, also show m—r interactions in their metal
complexes.'*?® Without s~ interactions, aromatic amines
such as naphthylamine and aminophenanthrene rarely form
stable monodentate coordination compounds with copper-
(I) ions. On the contrary, in copper(I) complex of 1-ami-
nopyrene,” [Cu(apyr);]C104-MeOH, each copper atom is
coordinated by three amine nitrogens in a distorted trigo-
nal geometry and 7t~ interactions cross-link two columns
of aromatic stacks, forming a reasonably stable two-dimen-
sional structure, Fig. 8(f). The average interplanar spacing
of 3.43 A is shorter than that of the free pyrene (3.52 A).

S---S Contact System

Organic Conductive Materials. Since the initial
discoveries that tetrathiafulvalenes (TTF) formed a stable
radical cation (in 1970)’® and that its complex with an
electronic acceptor, tetracyanoquinodimethane, TTF-TCNQ,
exhibited semiconductivity (in 1973),”” there has been
increasing world attention paied to synthesis of organic
metals or synthetic metals based on TTF and its deriva-
tives. Organic superconductivity was first reported in
1980 for tetramethyltetraselenafulvalene hexafluorophos-
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Fig. 9. The Electronic spectra of the free phz, free pyrene

and [Cu(phz)(CH; CN); 1(PFe);-(pyrene).
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phate, (TMTSF),PFg, which was found to be superconduct-
ing at 0.9 K at 12 kbar.?® The two-dimensional superconduc-
tor %2-(BEDT-TTF),[Cu(NCS),], where BEDT = bis(ethyl-
enedithio)tetrathiafulvalene, reported in 1988 showed a Tt
value of about 10 K.? In this complex, BEDT-TTF layers,
which are connected only through the S- - -S contacts, are sep-
arated by insulating layers of the polymer anions Cu(NCS),.
During the search for new organic conductive and super-
conductive materials, we have asked the question: As TTF
is a sulfur-rich organic molecule, if metal ions are directly
coordinated to TTF and its derivatives, would it be possible
to use TTF as a building block to generate supramolecular
and macromolecular system by the covalent bonds as well
as by S---S contacts?*? If such system can be designed, its
prospect for applications will be promising.>” Copper atoms
play an important role in superconducting copper oxide ce-
ramics with high T,,* and the speculation that copper ions
coordinated to TTF might create a new molecular system
having fascinating conductivity and superconductivity has
prompted us to prepare and characterize systematically a se-
ries of TTF—copper coordination compounds. In general, the
S---S contacts considered to be effective in sulfur-rich con-
ductive compounds refer to those having interplanar S---S
separations at 3.35—3.75 A, close to the sum of two sul-
fur atom van der Waals radii (3.60 A), Table 3. A shorter
distance has been found in TTF[Pt(dmit),]3, where the very
short S---S contact of 3.23 A results from a steric effect due
to the Pt—Pt bonded dimmer structure.*®

TTF Derivative Complexes with Bookshelf Struc-
ture.  The first series of TTF derivatives we have under-
taken is tetrakis(methylthio)tetrathiafulvalene (TMT-TTF).
When TMT-TTF reacts with copper(I) halide it gives three
polymeric complexes with the empirical formula, [Cup(z-
X),(TMT-TTF)] (X=CI1~, Br—, 17).3® All three complexes
involve coordination of TMT-TTF directly to copper(l) atom
with reasonable bond distances and angles. Each TMT-TTF
acts as a tetradentate ligand linking two metal centers forming

Table 3.  S---S Contacts in Copper(I) and Silver(I) Coordi-
nation Polymers with TTF Derivatives

Compounds S---S Dlistances Ref.
[Cuz(u-Cl)2(TMT-TTF)] 3.53 30
[Cua(u-Br)2(TMT-TTF)] 3.63 30
[Cua(u-D)2(TMT-TTF)] 3.68 30
[Ag(OsSCE:)(TMT-TTF)] 4.00 34
[(CuC1),TTC,-TTF] 3.74 36(a)
[(CuBr), TTC,-TTF] 3.577,3.610 36(a)
[Cu(TTC,-TTE)ICIO4 4.00 36(b)
[(Cul), TTC,-TTF] 3.717,3.743 36(a)
[AgNOs3(CsHySs)2] 3.41,3.77,3.84 38
[CusTs(CsHaSs)4] 3.257,3.576 39
3.615,3.623
[Ag(O3SCF3)(CsHaSs)] 3.262, 3.392 40
3.530,3.589
[Ag(ClO4)(CsHaSs)] 3.284,3.317 40
3.390, 3.440
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rhomboid and zigzag or helical structures to give chain and
bookshelf structures, respectively, Fig. 9. These polymeric
complexes are further associated by a strong S---S contacts
of TMT-TTF fragments constituting one-, two-, or three-
dimensional networks, Figs. 10 and 11. The S---S contact
distances range from 3.53 to 3.75 A, Table 3. Both struc-
tural data and IR spectra indicate the presence of neutral
TMT-TTF rather than organic radical cation in the coor-
dination polymers, and as a result, they do not show visi-
ble conductivity at room temperature. Reaction of silver(I)
trifluoromethanesulfonate with TMT-TTF yielded orange
polynuclear silver(I) complex, [Ag(O;SCF;)(TMT-TTF)],
in which each silver(I) ion is six-coordinated by four sulfur
atoms from two bridging TMT-TTF groups and two oxy-
gen atoms of the bidentate O3SCF3 anions and this results
in a two interwoven polymeric chain structure.*® The closest
S---S distance of 4.00 A between the two chains found in
the silver complex is remarkably greater than those in the
corresponding copper(I) system, which precludes any strong
S---S contacts present.

Tetrakis(ethylthio)tetrathiafulvalene (TTC,—TTF), which
has a central TTF (CgS4) 7 system and a side ethylthio
chain, is a single-component organic semiconductor with
low conductivity (Orr~10719 Scm™').3¥ With copper(l)
halide, it forms neutral 2 : 1 (metal/ligand) complexes of
[(CuX),TTC,—TTF] (Fig. 12).’*" As in the TMT—TTF sys-
tem each metal ion is coordinated in a distorted tetrahedral
geometry to two bridging halide ions and two sulfur atoms
from TTC,~TTF which in turn links two copper atoms form-

organic compounds
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Fig. 10. Schematic diagram of bookshelf structure.
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top view

Fig. 11. (a) Sideand (b) top views of molecular packing
of [(Cul)(TMT-TTF)]. Doted lines represent S---S con-
tacts.

ing polymeric chain or helix. The shortest S---S distances
between the neighboring chains are 3.74, 3.60, and 3.73 A
for the chloride, bromide, and iodide, respectively. In order
to decrease the repulsion between the ethyl groups in neigh-
boring chains all the ethyl groups in one polymeric chain take
the same orientation, while the ethyl groups in its two adja-
cent chains orientate to the opposite direction so that these
chains can pack closely to reach the shortest possible S---S
contacts. This affords a unique bookshelf type structures.
CsH;Ss Complexes. The sulfur-rich ligand 4,5-eth-
ylenedithio- 1,3-dithiole-2-thione (CsH4Ss) can also form
novel silver(I)*®® and copper(I)*® coordination polymers. In
[AgNO3(CsH4Ss),] each CsH4Ss displays a bidentate fash-
ion through both thiocabonyl sulfur and thioether sulfur
bridging two silver atoms, giving an infinite chain, Fig. 13.
The shortest S---S contact of 3.41 A indicates a strong inter-
action present between two nearby chains, which leads to a
two-dimensional network. In [Cusl4(CsH4Ss)4] the stepped
Cuyly clusters are bridged by two CsHySs ligands and the
resultant polymeric chains are further assembled by short
interchain S---S contacts (3.257 A) to form a three-dimen-
sional network. Silver ions in [Ag(CF3;SO3)(CsHySs)] are
bridged both by CsH4Ss and CF3SOs3 to give a two-dimen-
sional structure with S---S contacts containing the shortest
distance of 3.262 A.*® The Ag(CsH,Ss); moieties in {[Ag-
(C5H4S5)3]C104-CH;CN}, are assembled by S---S contacts
of 3.284(4)—3.569(2) A to form a one-dimensional chain
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structure.
Conductivity. Halogen doping of conjugated electron

side view

top view

Fig. 12. (a) Sideand (b) top views of molecular packing
of [(CuCl2(TMT-TTF)] with bookshelf structure. Doted
lines represent S---S contacts.

Fig. 13. Molecular packing of [(Cu(NO3)CsH4Ss),]. Doted
lines represent S-: - -S contacts.
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donors has been shown to be an effective strategy for the
synthesis of electrically conductive material. Most copper-
(D) and silver(I) complexes with TTF (or its derivatives) are
insulators (0 < 10712 Scm™!), but their iodine-doped prod-
ucts usually show conductivity or semiconductivity.303+36—3%
One of the common features of the conducting process is that
the constituent molecules are in a mixed-valence (or partial-
oxidation) state, and therefore, a partial oxidation of the li-
gands can be assumed to have occurred in the above system.
A detailed understanding of the conductivity observed in
these partially oxidized polymers will only be possible if
the structural data are available. The search for new coor-
dination polymers with multidimensionally expanded TTF
derivatives is still active and challenging. However, these
polymers and their I,-doped conducting products still await
practical applications. Problems awaiting solution in this re-
spect include how single crystals of the products are obtained
with suitable size for physical measurements, and how elec-
tron-filling control of the polymers is efficiently achieved.

Honeycomb, Graphite, and Helical Structures

Honeycomb and Graphite Structures. A variety of
choices in linking ligands, together with the different tran-
sition-metal coordination geometries exhibited, makes coor-
dination polymer chemistry a fruitful research field. Unique
structures such as honeycomb, graphite, infinite chain, sin-
gle helix, and two- or three-dimensional networks, have
been characterized in an impressive number of polynuclear
copper(l) and silver(I) complexes with 2,1,3-benzothiadiazo-
le or pyrazine. 2,1,3-Benzothiadiazole (btd) is considered to
be a potential ligand for construction of honeycomb and
graphite complexes.*Y In [Cu,(ClO4)(btd);]Cl0,-2thf, each
copper atom is coordinated to one oxygen of the perchlorate
and three nitrogens of different btd molecules and the struc-
ture is composed of a honeycomb framework [Cug(btd)s]®*
based on six-membered rings of coppers interconnected by
the ligands, Fig. 14. The 2-D sheet rings composed of the six
copper atoms are still maintained in [Cu(HPO3F)(btd)], even
though HPO3F anions also take part in the interconnecting
of the ring. The most remarkable feature in the polymer
with nitrate, [Cu(NO;)(btd)], is that the six-membered rings
of coppers interconnected by btd and the bidentate bridg-
ing NO3;™ are in a chair form. This leads to stacking of
btd molecules within and between the 2-D sheets and for-
mation of a layered structure similar to that of graphite,*?
Fig. 15. The shortest interplanar spacing of btds within and
between the sheets are 3.30 and 3.39 A, respectively, sim-
ilar to that between the layers composed of six-membered
rings of carbons in graphite, Fig. 16. One more remarkable
feature in this complex is its electrical conductivity, with
0=10"%3 Scm™!. It is interesting to see that the similar
silver(I) complex, [Ag(btd)]JClO4, does not have honeycomb
or graphite structure, but has an infinite chain of Ag atoms
interconnected by btd groups. The preference of silver(I) ion
for a two-coordination linear geometry rather than three- or
four-coordination geometries might be responsible for this
discrepancy.
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Fig. 14.

(a) 2D Honeycomb structure of [Cuz(C104)(btd)s1-
(C104), where only copper centers are presented, and
(b) the six-membered ring of coppers connected by btd
molecules.

Pyrazine (pz) and substituted pyrazines have long been
known to act as exo-bidentate ligands to linearly bridge metal
ions, generating oligomeric and polymeric metal complexes
with infinite chain and pleated sheet structures, double and
triple interpenetrating frameworks and interwoven honey-
comb architecture,*? Fig. 17. Kitagawa et al. have explored
ways to modify the substituents to tailor the copper/pyra-
zine polymer structures, such as mode of polymerization,
dimensionality and frameworks.*—*® The complex [Cu-
(pz)3/2(CH3;CN)](PFs)-0.5Me, CO contains a chair-form of
hexanuclear copper units bridged by pz, which constituents
an infinite two-dimensional sheet spreading out along the
ab plane (Fig. 18),*Y while the ternary pz complex [Cuy(u-
3-methylpyridazine),(pz)3](C1O,), contains three- and four-
coordinate tetranuclear copper units which are sequentially
linked by pyrazines, affording a zigzag cation chain.*®

In the substituted pyrazine system, the polymerization
modes are greatly affected by the substituents.*” While
[Cuy(Me4pz)31(ClO,), gives a zigzag chain,* [Cuy(2,6-
Me;pz)3](Cl04)2,(Me,CO), shows planar sheets composed

Bull. Chem. Soc. Jpn., 70, No. 8 (1997) 1737

(a)

(a) 2D Honeycomb structure of [Cu(NOs)(btd)],
(b) top and
(c) side views of the graphite-like packing arrangement.

Fig. 15.
where only copper centers are presented, and

aromatic
M/M M \/M-——M\ /;:nompound
N, oM VM
MMM e — M
M—m—M——MC =M
n-x interaction

Fig. 16. Schematic diagrams of graphite structure.

of Cug hexagons. Our findings reveal that the basic unit of
these polymers can be considered as one-dimensional zigzag
chains. The interchain connection, which causes the poly-
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[Cu;La(CH3CN))(PFg). *Y
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Fig. 17. Cu(l) and Ag(I) complexes of pyrazine and the derivatives with honeycomb structure.
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(a) Structure of [Cuz(pz),/3(CH;CN)](PFe)-0.5
(b) hexagonal motif, and (c) layered struc-

merization mode to vary, largely depends on the spatial factor
of the pyrazine molecules, such as size and orientation of the
substituents.”

Helical Structure.  Recently we have studied copper-
(I) coordination polymers with the tridentate ligand, pyra-
zinecarboxamide (pzca).*” Reaction of an acetone solution
of the copper(I) metal salt with 2-pzca yielded deep red
brick complexes [Cuy(pzca)3](ClO4),(Me,CO), and [Cu-
(pzca)(Me,CO)o 51(BF,). We have found that it is possible to
use this simple molecular building block to generate an un-
usual hexagonal circular array of ligand-bridged Cu(I) ions.
Depending upon whether the counter ion is perchlorate or
tetrafluroborate, these arrays assemble respectively as a hon-
eycomb structure or as a helical array. The most remarkable
feature of the tetrafluroborate is that the infinite helices gen-
erate a three-dimensionally extended hexagonal array of Cu
atoms with a large cavity where the counter anions, BF,~,
are placed (Fig. 19). Organic and inorganic polymers exist-
ing in helical structures are of great practical and theoretical
interest.*® Most of previously reported single and double
helical polynuclear copper(l) and silver(I) complexes based
on oligopyridine or oligophenanthroline ligands are gener-
ated by the complexation of two ligands twisted around the
tetrahedral metal ions lying on the helical axis. However,
in [Cu(pzca)(Me,CO)y s](BFs), the primary coordination in-
volves pzca groups tridentately bridging two copper atom,
and the helical structure is further stabilized by secondary
interaction between Cu atoms and the bridging acetone as
the continuous strand, Fig. 20. It demonstrates that assem-
bled helical structures of copper(l) complexes with tridentate
oligopyrazine ligands, rather than bidentate oligopyridine or
oligophenanthroline ligands, can also be achieved by in-
troducing a suitable spacer group like acetone between the
metal-binding sites to match the metal ion stereochemical
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Fig. 19. (a) 2D Honeycomb structure of [Cuy(pzca)s]-
(C104)2(Me;CO)z and  (b) the overlapped honeycomb ar-
ray generating hexagonal channels to accommodate Cl104™

ions and acetone molecules.

preference.*® The conditions for self-assembly of Cu(I)/pzca
derived from the detailed study of the complex might be able
to be applied to different systems for the successful synthesis
of many other helical coordination compounds.

Macrocyclic and Photochromic Ligand System

Double Ring Complex. Studies on the ion trap
have been developed and form an important subdivision of
host—guest chemistry which involves two structural types
of host molecules, a cyclic and macrocyclic.*” Many cyclic
multidentate organic ligands, such as cryptants, crown ethers,
cyclophanes, and other coronands have been synthesized;
formation of metal complexes with these polytidentate li-
gands is well established. In terms of trapping transition
metal jons two types of macrocyclics have appeared, in type
I metal ions, are involved as ring members and in type II,
donor groups are involved as a ring member to which metal
ions are coordinated as a pendant (Chart 1).

The dinuclear macrocyclic system of copper(I) and silver-

~

M M

J

type I type 11

Chart 1.
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Fig. 20. (a) Overlapped hexagonal cyclicarrayand  (b) the
helical cyclic array in [Cu(pzca)(Me,CO)o.s1(BFs), where
only copper centers are presented. (c) Space filling
model of [Cu(pzca)(Me;CO)os]*. BFs~ ions are deleted
for clarity.

(I) with 1,6-bis(diphenylphosphino)hexane (dpph) has been
characterized by Kitagawa et al.>® In [M,(u-X),(dpph),]
(X=ClO4—, NO3~, PF,0,7, or CH;CO,7), two diphOS-
phines and two metal ions form a 18-membered macrocycle
(type I) which traps two anions each bridging two metal
centers. Thus each structure has two rings sharing two metal
atoms: the outer larger one is composed two bridging diphos-
phines while the inner ring contains two bridging anions,
Fig. 21.

Control of Dimensionality. Macrocyclic thioether com-

S

\/ dpph
X
Fig. 21.  [Ma(dpph)2(¢-X),] with double rings (dpph = bis-

(diphenylphosphino)hexane; X =ClO4~, NO;, PF,0,™,
or CH3CO, ™).
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plexes of copper(I) and copper(Il) have been the subject of
much interest for a long time as simple models for blue copper
proteins. By contrast, the investigation of the corresponding
silver(I) complexes has developed only recently.”” We have
successfully examined silver(I) and copper(Il) complexes
with 1,5,9,13-tetrathiacyclohexadecane-3,11-diol but failed
in isolating the stable corresponding copper(I) complex.’”
In the mononuclear copper(Il) complex [Cu{(OH),[16]-
aneS4}[C104],, the crown thioether traps the metal ion in
the center of the 16-menbered ring (type II) by coordination
of four thioether donors to the copper atom, even though the
macrocycle itself is strongly pleated and twisted. By contrast,
the exo conformation mode of the macrocycle has been found
in the silver(I) complex, [Ag{(OH),[16]aneS, }INOs; in this
the thioether adopts a much flattened conformation with an
opened 16-membered cavity filled with NO; ™ and a three-di-
mensional tetrahedral polymeric network is created (Fig. 22).
This is obviously attributable in part to the metal-ion size in
respect to the cavity size of the macrocycle. On the other
hand, formation of two silver complexes with a polymeric
tetrahedral network also results from the strong tendency of
Ag(I) ion to achieve a tetrahedral coordination sphere rather
than square planar, which can not be obtained simply by
distortion or rearrangement of the macrocycle. The study
reveals that the conformation of the ligand and the dimen-
sionality of its complexes in crown thioether system are also
controlled by the counter anion as well as the metal ions.
This conclusion is in line with the results in the copper(l)
and silver(I) complexes of 2,11-dithia[3,3]paracyclophane.”
Although this thia-bridged cyclophane acts as a rod-like 1i-
gand linking two metal atoms in all compounds studied, if a
second bridging ligand such as a halide ion exists, it gives
a wide arrange of coordination polymers from one-dimen-
sional infinite chains observed in [Cu,Br,(dtpcp)(MeCN);,]
to two-dimensional sheets in [Cu, I, (dtpcp)(MeCN),]-thf, or
three-dimensional frameworks found in [Ag(dtpcp)(NO3)],
Fig. 23(a,b,c).

Fig. 22.

Molecular arrangements of three- dimensional
silver(I) complex, [Ag{(OH),[16]aneS4 }INOs.
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Fig. 23.
(MeCN)], (b)
(c) 3D-[Ag(dtpcp)(NO3)].

(a) Molecular arrangements of 1D-[Cu,Br,(dtpcp)-
2D- [Cuz L, (dtpep)(MeCN), ]-thf, and

Light-Induced Crystal Oscillation. Study of pho-
tochromic compounds, which undergo thermally irreversible
and fatigue-resistant photochromic reactions, is one of the
key points in the current revival of interest in designing of
light-triggered molecular and supramolecular devices.” Re-
action of copper(I) salt with photochromatic ligand cis-1,2-
dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethene (cis-L) in
acetone produced a photoreactive polynuclear copper(l)
complex [Cu(cis-L);]C104 in which each metal center is
coordinated with one CN group of the four dithienylethene
molecules.”® Each cis-L in turn bridges two copper atom
with two cyano groups, leading to an infinite chain of metal
cations, as shown in Fig. 24(a). The complex has been found
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Fig. 24. (a) Schematic figure showing one-dimensional ar-
ray of [Cu(cis-L)2]C104.  (b) Absorption spectra of the
complex as KBr disc: a, before irradiation; b, in the pho-
tostationary state under irradiation with 405 nm light; ¢,
irradiation of b with 550 nm light.  (c) Schematic view
of reversible light-induced cyclization/ring-opening proc-
ess.

in crystalline state to exhibit the reversible photoinduced
cyclization/ring-opening process. During the cyclization re-
action of cis-L, the two thiophene rings twisted with dihedral
angle of 48.3° approach each other and the ethene double
bond is converted into a single bond. The most important
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feature of the compound is that this is the first example of
copper(l) coordination polymers with photochromic ligand
to show a light-induced crystal oscillation, Fig. 24(b).

In conclusion, the rational design of metal-containing
polymers by self-assembly of metal complexes has been one
of the most exciting and challenging subjects in solid-state
coordination chemistry. This paper reviews many of our cur-
rent developments in the search for new supramolecular and
macromolecular coordination compounds by. the incorpora-
tion of a copper(l) or silver(I) ion into unsaturated N-con-
taining ligands and sulfur-rich organic molecular system. We
have demonstrated that the development of multifunctional
ligands which can give organized supermolecules upon com-
plexation to two or more metals is a key feature in crystal
engineering. We have found that an important step toward
the rational design of such systems is the controlled linking
of simple building blocks. Thus, apart from consideration of
the fragments, there are many other elements to be taken into
account concerning the linkage: The preference of the metal
ion for specific stereochemistry, intermolecular interactions
such as hydrogen-bonding, m—m stackings, and S---S con-
tacts, host—guest interactions, as well as complementarity of
solvents and anions. We expect that with the development of
the methodology based on these results, the synthesis is pos-
sible of more complex multidimensional compounds which
will have important implications for the construction of new
functional solid inorganic materials.

The authors are indebted to professor Susumu Kitagawa
of Tokyo Metropolitan University for his outstanding contri-
butions to the studies on copper(l) and silver(I) coordination
polymers described in this paper. This work was partially
supported by a Grant-in-Aid for Science Research from the
Ministry of Education, Science, Sports and Culture. The
authors are also grateful to Kinki University for financial
support.
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