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Abstract

This review describes our recent results and other relevant studies into the preparation and structures of metal complexes with the sulfur-
bridged bis-pyridine ligand 4,4’-dipyridyldisulfide (4DPDS). More than 30 structurally characterized 4DPDS complexes of various structural types
including macrocycles, zigzags, helices and repeated rhomboids are known. Although 4DPDS is a simple bridging ligand, its twisted structure and
axial chirality provide structural diversity as well as guest inclusion properties for the complexes.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The design and synthesis of coordination polymer com-
plexes are of considerable interest from the viewpoint of crystal
engineering [1-6]. The well-defined infinite network topologies
that appear in these solids are attractive to chemists for esthetic
reasons [5,7], and various functional materials have been
developed based on their guest-inclusion [3-8] and physical
properties [6,9,10].

The structural motifs of the coordination polymers range
from zero- to three-dimensional, where the term “zero-
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dimensional” refers to a discrete structure, such as a macrocycle
or a molecular square. Because high-dimensional architec-
tures often allow guest inclusion, increasing dimensionality
is an important theme in coordination polymer chemistry
[3-6,8,11,12]; even some complexes with zero- or one-
dimensional structures can enclathrate small molecules [13—15].

The structures and properties of coordination polymers can be
controlled by choosing appropriate bridging ligands and metal
ions. Many types of bridging ligand have been reported, of which
the most extensively studied bidentate ligands are probably 4,4'-
bipyridine (4BPY) [4,5,11,12] and its analogs (Fig. 1). Spacer
groups can be introduced into 4BPY to produce a variety of linear
and bent bridging ligands. 4BPY analogs with linear spacers pro-
duce rectangles, linear chains, zigzag chains, grids and lattices
(Fig. 2a) when combined with metal salts [3-9,11]. For example,
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Fig. 1. Examples of 4,4'-bipyridine analogs.

combination of linear ligands containing phenylene and acety-
lene spacers with cis-protected square-planar Pd(II) and Pt(II)
ions produces a series of molecular squares [16,17]. Flexibility
can be introduced to the ligand by incorporation of alkyl spacers,
leading to remarkable changes in the resultant assembled struc-
tures. Coordination polymers that contain flexible ligands show
zigzag chain, helical chain and repeated rhomboid structures
(Fig. 2b) [18-22].

Coordination polymers with bis-pyridine-type ligands carry-
ing heteroatoms have been extensively developed in recent years
[23-28]. The introduction of a non-alkyl spacer between the two
4-pyridine groups has a dramatic effect: because chalcogen and
amine spacers give the ligand a bent structure, the assembled
coordination polymers are structurally more complicated than
those that contain linear ligands. Further, the chalcogen and
amine moieties have additional coordination ability as well as the
ability to accept hydrogen bonds, which may lead to increased
dimensionality.

We have studied complexes of metals with 4,4-
dipyridyldisulfide (4DPDS; Fig. 1), which has a characteristic
twisted shape. This review covers the synthesis and structures of
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Fig. 2. Schematic illustrations of the structural motifs of metal complexes from
4.4’ -bipyridine analogs with (a) linear spacers and (b) flexible spacers.

4DPDS complexes, arranged according to their dimensionality
(zero-, one- and two-dimension). To the best of our knowledge,
three-dimensional coordination polymers with 4DPDS have not
been reported. In particular, we highlight the correlation of the
overall structures of 4DPDS complexes with the coordination
geometries of the metal ions and the shapes of the counter
anions. Further, we describe the supramolecular isomerism
phenomenon [4] observed for 4DPDS coordination polymers.

More than 30 complexes of 4DPDS with transition-metal
species, such as Mn(Il), Fe(II), Co(I), Ni(Il), Cu(I), Cu(Il),
Zn(Il), Ag(I), Cd(II), Ir(IlT) and Pt(IT) are known. The impor-
tance of selecting an appropriate metal ion for rational design
has been well documented [3-7,29]. The structural diversity of
4DPDS coordination polymers is mainly a result of the ligand’s
characteristic twisted structure, but is also correlated with the
coordination geometry of the metal ions (Fig. 3).

2. Characteristic features of 4,4’-dipyridyldisulfide

4DPDS shows a characteristic twisted structure, with a
C—S—S—C torsion angle of approximately 90°. This ligand has
axial chirality, which generates M- and P-enantiomers as shown
in Fig. 4. The disulfide moiety is relatively rigid and maintains
its characteristic torsion even when coordinated to metal ions in
the solid state. Metal complexes with 4DPDS are interesting in
terms of chiral crystal engineering, although chiral crystals con-
taining the ligand have not yet been produced. A characteristic
feature of the ligand is the easy cleavage of the S—S bond. Asym-
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Fig. 3. (a) Schematic illustration of the assembled structures of 4DPDS complexes. Correlation between structural topology and metal coordination geometries are
shown. (b) Schematic illustration of 4DPDS complexes involving multinuclear metal units.
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Fig. 4. Enantiomers of 4DPDS.

metric disulfide derivatives undergo disproportion in solution to
give symmetric disulfide compounds. Accordingly, it is diffi-
cult to isolate 1:1 or 1:2 M:L molecular complexes containing
asymmetrically coordinated 4DPDS (Fig. 5), a feature that might
facilitate high-yield production of the coordination polymers.
Furthermore, cleavage of the S—S bond allows an efficient means
of introducing spacers into 4DPDS. For example, 4,6-bis(4'-
pyridylsulfide)dibenzofuran [30] and bis(thiopyridyl)ferrocenes
[31,32] (Fig. 1) are obtained by treatment of the corresponding
lithiated spacers with 4DPDS. This is an attractive route to func-
tional ligands.

4DPDS behaves as a bidentate N-donor ligand, but the bridg-
ing sulfur atoms can have additional coordination ability. 2,2’-
Dipyridyldisulfide (2DPDS), an isomer of 4DPDS, coordinates
tometal ions in an N,S- or N,N-chelate fashion to produce molec-
ular complexes (Fig. 6) [33], and 4,4’-dipyridylsulfide (4DPS;
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Fig. 5. Examples of 4DPDS molecular complexes that are not isolable. (a) 1:1
M:L complex and (b) 1:2 M:L complex.
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Fig. 6. (a) N,S-chelate and (b) N,N-chelate coordination modes of 2DPDS.

Fig. 1) can coordinate to a Ag(I) ion at the thioether moiety, pro-
ducing high-dimensional coordination polymers [34]. However,
coordination at the thioether moiety has not been observed for
4DPDS even when combined with soft metal ions, such as Ag(I).

Comparison with alkyl-bridged ligands reveals the character-
istics of the S—S bond. 1,2-Bis(4-pyridyl)ethane (4BPEa; Fig. 1),
which is structurally related to 4DPDS, is a flexible ligand with
two conformers with respect to the twist angle: anti and gauche.
In contrast, the disulfide moiety in 4DPDS is rigid and does not
adopt an anti conformation. The torsion angles of C—S—S—C
in complexes of 4DPDS range from 78.0° to 96.5° (average
87.6°; Table 1). Despite the rigidity of the S—S bridging group
in 4DPDS, its coordination polymers show various structures
when assembled, as discussed in the following sections.

3. Synthesis and structures of metal complexes with
4DPDS

3.1. Macrocycle structures

4DPDS generates 2:2 M:L macrocyclic compounds, which
can be achiral or chiral with cis-metal salts (Fig. 7). The achiral
macrocycle contains two 4DPDS ligands of different chirality,
while the chiral form contains two ligands with the same chiral-
ity. The macrocyclic units are chiral in most cases, but they form
racemic crystals and no chiral crystals have been discovered.

The complexes accommodate counter-anions or small sol-
vent molecules above and below the macrocycles, though the
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Table 1

C—S—S—C torsion angles and cavity sizes in 4DPDS coordination complexes

Compound Topology C—S—S—C torsion angle (°) Cavity size (A2) Reference
[{Pt(PEt3)2(4DPDS) }>,(NO3)4] (1) Macrocycle 91.7 95.7* [35]
[{Ir(H)2(PPh3)2(4DPDS) }2(BF4)2-(CH2Cl2)3-H, 0] (2) Macrocycle 87.4,87.2 100.6* [36]
[{Co(hfac),(4DPDS)},-(CHCl3)4] (3) Macrocycle 90.8, 89.1 98.3% [37]
[{Ni(hfac)>(4DPDS)},-(CHCl3)4] (4) Macrocycle 91.3, 89.5 98.3% [37]
[{Co(hfac),(4DPDS)}»-H,0] (5) Macrocycle 78.5 98.9% [37]
[{Ni(hfac)>(4DPDS)},-H,0] (6) Macrocycle 78.0 98.0% [37]
[Mn(hfac),(4DPDS)], (7) Zigzag chain 90.9 - [40]
[Mn(hfac),(4DPDS)], (8) Helical chain 90.1 - [37]
[Cu(hfac),(4DPDS)], (9) Helical chain 90.0 - [40]
[Ag(OTs)(4DPDS)], (10) Zigzag chain 96.2 - [46]
[{Ag(4DPDS)}NO3-(CH3CN)g 51, (11) Helical chain 83.2 - [46]
[{Cu(C¢HsCOO); }2(4DPDS)], (12) Zigzag chain 86.5 - [50]
[{Cu(C5H;;CO0); }»(4DPDS)], (13) Zigzag chain 90.6 - [50]
[Cug(CH3CO0)6(un?-OH),(4DPDS), ], (14) Ruffled ribbon 83.2,81.3 59.9P [50]
[{Cu(CH3CO0),(4DPDS)}-(H20)51, (15) Zigzag chain 96.5 134.6¢ [50]
[Zn7(CH3COO0)o(n*-0),(4DPDS)],, (16) Zigzag chain 85.5 - [52]
[Zn(NCS),(4DPDS)],, (17) Chiral zigzag chain 91.2 - [54]
[{Cd(H20)2(4DPDS)> }(NO3)2-(C2HsOH),-(H20)21, (18) Repeated rhomboid 89.7 105.5% [55]
[{Zn(NCS),(4DPDS); }-(DMF),], (19) Repeated rhomboid 86.3 101.8% [58]
[{Zn(H,0),(4DPDS); }(NO3),-H,0-CH3OH],, (20) Repeated rhomboid 91.1 100.3* [58]
[Zn(NO3),(4DPDS),],, (21) Repeated rhomboid 87.2,87.2 100.32 [58]
[{Zn(NO3)(H,0)(4DPDS); }NO3-(H,0)41, (22) Repeated rhomboid 88.9, 88.9 100.6* [58]
[{Zn(DMSO),(4DPDS); }(Cl04)21], (23) Repeated rhomboid 88.8 100.4* [58]
[{Zn(H20)2(4DPDS)2}(C104)2-(4DPDS)4],, 24) Repeated rhomboid 90.3, 85.9 (arm) 101.42 [58]
[{Cu(H20)(4DPDS); }(NO3)2-(H20)31, (25) Repeated rhomboid 89.7 96.6* [64]
[{Cu(SO4)(4DPDS), }-(H,0); 5-CH30H], (26) Repeated rhomboid 88.4 104.7% [64]
[{Fe(NCS)2(4DPDS); }-(H20)41, (27) Repeated rhomboid 80.9 101.5% [54]
[{Co(4DPDS), }(Cl),-(CH30H),1, (28) Repeated rhomboid 91.5 97.9% [54]
[Cul(4DPDS)-(CH3CN)],, (29) Planar ribbon 83.6 124.04 [65]
[Cul(4DPDS)-(CH,Cl»)], (30) Planar ribbon 85.7 125.24 [65]
[{(Cul)2(4DPDS)},-(CH3CH,CN)],, (31) Necklace chain 774 120.94 [65]
[{(Cul)2(4DPDS)},-(CH3CN)], (32) Tubular chain 79.5 123.84 [65]
[CdCI,(4DPDS), 1, (33) Sheet 90.5 - [64]
[{Ag(4DPDS); }PF¢l, (34) Sheet 91.4 - [46]
[{Ag(4DPDS); }C104], (35) Sheet 89.7 - [46]

2 Estimated by intramolecular M- - -M and (S—S)- - -(S—S) separations.
b Estimated by pyridine (centroid)- - -pyridine (centroid) separations.

¢ Estimated by intramolecular Cu- - -Cu separations.

4 Estimated by intramolecular (Cu—Cu)- - -(Cu—Cu) and (S—S)- - -(S—S) separations.

cavities are too small to encapsulate larger organic molecules.
The cavity sizes, measured by intramolecular M- - -M separa-
tions (10.1-11.0 A) and (S—S)- - -(S—S) separations (8.7-9.7 A),
are approximately 100 A% (Table 1), being almost independent
of metal species, counter-anions and guest molecules.

Stang and co-workers have prepared a discrete macrocyclic
compound [{Pt(PEt3),(4DPDS) }»(NO3)4] (1) by using 4DPDS
and cis-Pt(PEt3)2(NO3);, [35]. The macrocycle comprises two
4DPDS ligands of different chirality and two cis-platinum salts,
and exhibits a chair-like structure (Fig. 8). To the best of our

Fig. 7. Schematic illustrations of (a) achiral and (b) chiral 4DPDS macrocycles.

Fig. 8. Macrocycle structure of 1: (a) top view and (b) side view. Counter-anions

are omitted for clarity.
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Fig. 9. Macrocycle structure of 2: (a) top view and (b) side view. Solvent
molecules are omitted for clarity.

knowledge, this compound is the only example of an achi-
ral 4DPDS macrocyclic complex. The nitrate anions of 1 fit
above and below the macrocycle, and the cavity size is some-
what smaller than chiral macrocycles (Table 1) because of its
chair-like structure. This compound does not incorporate sol-
vent molecules in the crystal lattice.

An iridium hydrido complex [{Ir(H)2(PPh3),(4DPDS)}»
(BF4)2-(CH»Cl3)3-H,0] (2) has been prepared by Maekawa
and co-workers [36]. This complex has a chiral macrocyclic
structure that consists of two 4DPDS ligands with the same
chirality (Fig. 9). The iridium ion adopts a slightly distorted
octahedral coordination geometry with two cis pyridyl nitro-

2599

Fig. 10. Macrocycle structure of 3: (a) top view and (b) side view. Solvent
molecules are omitted for clarity.

gens. Two tetrafluoroborate anions occupy sites above and below
the macrocycle. Guest solvent molecules occupy the interstices
between the macrocycles.

The reaction of 4DPDS with M(hfac),(H,0), (M =Co, Ni;
hfac=1,1,1,5,5,5-hexafluoroacetylacetonate) in a mixture of
chloroform and diethyl ether produces [{M(hfac),(4DPDS)},-
(CHCl3)4] [M=Co (3), Ni (4)] [37]. Assembled structures
adopted by 4DPDS complexes with M(hfac), are summarized
in Scheme 1. Complexes 3 and 4 are isomorphous and involve
two cis M(hfac), units as shown in Fig. 10. These complexes
accommodate four solvent chloroform molecules in intermolec-
ular interstices; two of which occupy sites above and below the
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Scheme 1. Structural classification of 4DPDS complexes with M(hfac),.
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macrocycle, and the other two are outside the macrocycle. Com-
plexes 3 and 4 easily release their solvent molecules to give
non-crystalline solids, which are no longer soluble in common
organic solvents.

[{M(hfac),(4DPDS)},-H,0] [M=Co (5), Ni (6)] can be
obtained from the combination of 4DPDS and correspond-
ing metal salts in a solution of tetrachloromethane and diethyl
ether (Scheme 1) [37]. These compounds are isomorphous, and
although their molecular structures are very similar to those
of 3 and 4, the packing arrangements are different: the pack-
ing of 5 and 6 is solvent-dependent. In contrast to 3, the guest
molecules in § are located outside the macrocycle, and the sites
above and below the macrocycle are occupied by the tetraflu-
oromethane moiety of adjacent macrocycles. In contrast to 3
and 4, dried samples of 5 and 6 are slightly soluble in common
organic solvents, which indicates that the macrocyclic structures
are retained after loss of solvent. When 5 is recrystallized from
tetrachloromethane or chlorobenzene, solvent inclusion com-
pounds (5-CCly and 5-PhCl) are obtained.

3.2. One-dimensional structures

The most extensively studied coordination polymers are
one-dimensional. 4DPDS affords one-dimensional coordination
polymers with zigzag, helical and repeated rhomboidal struc-
tures.

3.2.1. Zigzag and helical chains

One-dimensional chains with 1:1 M:L stoichiometry can be
classified into two groups: zigzag and helical. The zigzag chain
is achiral in most cases, being constructed from alternating links
of metal ion and 4DPDS with the M- and P-forms. Only one com-
plex with a chiral zigzag chain structure is known. The helical
chain is chiral, containing ligands with the same chirality. How-
ever, no chiral crystals have been isolated; all known crystals
involve a 1:1 ratio of M- and P-chains, crystallized in an achiral
space group.

3.2.1.1. M(hfac); complexes. The two vacant sites of M(hfac);
facilitate the construction of low-dimensional coordination poly-
mers using bidentate ligands [31,38,39]. Combination of 4DPDS
with cis-M(hfac), produces either the 2:2 M:L macrocycles
described above or 1:1 M:L helical chains, while use of trans-
M(hfac), leads to 1:1 M:L one-dimensional chains.

(a)

Fig. 11. Zigzag chain structure of 7.

The structure of the manganese compound [Mn(hfac),
(4DPDS)],, is solvent-dependent. A zigzag chain complex,
zigzag-[Mn(hfac),(4DPDS)], (7), can be obtained by the
reaction of Mn(hfac),(H>O), and 4DPDS in methanol or chlo-
roform (Scheme 1) [40]. The structure of 7 is depicted in Fig. 11
and is composed of achiral chains in which the ligands occupy
the trans positions of the manganese ion. Interestingly, the same
reaction in a mixture of tetrachloromethane and diethyl ether
produces helix-[Mn(hfac),(4DPDS)],, (8), in which Mn(hfac),
adopts the cis configuration to produce chiral chains (Fig. 12)
[37]. Such a solvent effect is rare, and some related phenomena
are described in Section 3.2.3. Thus, choice of solvent is
crucial for the manganese complex; however, the structure of
the analogous copper complex [Cu(hfac),(4DPDS)], (9) is
independent of reaction solvent [40], being isomorphous to
helix-[Mn(hfac),(4DPDS)],, (8).

A difference between 4DPDS and related ligands can be
seen in the M- - -M separations. The nearest intra-chain M- - -M
separations in 7 and 8 are ca. 10.3 and 11.5 A, respectively,
which are shorter than those found in [Mn(hfac),(4BPEe)],
(4BPEe = 1,2-bis(4-pyridyl)ethylene; Fig. 1) (ca. 13.9 A) [41]
and [Cu(hfac),(4BPEa)], (ca. 13.3 A) [38]. Owing to the bent
structure of 4DPDS, the lone pairs of the pyridine rings are
nearly perpendicular, while those in ethane- or ethylene-bridged
ligands are nearly parallel. This leads to the shorter intra-chain
M- - -M separations in 4DPDS complexes (Fig. 13).

3.2.1.2. Silver(I) complexes. The Ag(I) ion can adopt various
coordination geometries, including linear, T-shaped and tetra-
hedral [18,42], so coordination polymers with Ag(I) salts differ
widely. For example, when Ag(I) salts are combined with 4BPY,
the resultant structures can be one- or two-dimensional [43—45].
Similarly, structures of Ag(I)~4DPDS complexes vary depend-
ing on the coordination geometry of the metal ion: linear and

Fig. 12. Helical chain structure of 8 viewed along (a) the a-axis and (b) the c-axis.
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T-shaped coordination geometries lead to a one-dimensional
chain, while a tetrahedral geometry results in a two-dimensional
sheet (Scheme 2).

[Ag(OTs)(4DPDS)], (OTs=p-toluenesulfonate) (10) and
[{Ag(4DPDS)}NO3-(CH3CN)q 51, (11) both form 1:1 M:L one-

\ Ag
X =NOg @ s ON N
> [{Ag(4DPDS)}NO3+(CH3CN)o 5]n (11) s”
[
Helical chain O - S
NN
Ag

+ ———1—— [AgOTs(4DPDS)], (10)

N s Z Aa

4DPDS X =OTs \'\@S /©NA9\‘ @Z\(@NAQ\

AgX °
Zigzag chain ™\

Q

N ¥ Ny
/A9~,&> NAQ\
s°S O
@@S'S@
\A ¥ AN
= 9 Ag A
X = PF (
L2720, iagaoros)ypre, 38 7 <b? S'@N&Q . £
| x=co o @ s s (_>s
[{Ag(4DPDS)2}CIO,], (35) Eqs N @ NO
" "

-di i N .
Two-dimensional sheet @ &32

Scheme 2. Structural classification of 4DPDS complexes with AgX.



2602 R. Horikoshi, T. Mochida / Coordination Chemistry Reviews 250 (2006) 2595-2609

Fig. 15. Helical chain structure of 11.

dimensional chains [46], but their assembled structures differ as
shown in Figs. 14 and 15, respectively. Although the local struc-
ture of 10 is an achiral chain, the structure overall is a pseudo-
two-dimensional sheet where chains are bridged by inter-chain
Ag- - -Ag interactions (3.044(2) A). The OTs counter-anions are
located between sheets. In contrast, compound 11 shows a chiral
chain structure with guest acetonitrile molecules incorporated
between the chains.

3.2.1.3. Copper(Il) and zinc(Il) carboxylate complexes. The
copper(Il) carboxylates provide various polynuclear structures
including the “paddlewheel” lantern-like dinuclear unit [47—49].

Fig. 16 shows the zigzag chain structure of [{Cu(CgHs
C0O0); }2(4DPDS)],, (12), in which the paddlewheel [Cu(CgHs
COO),]> units are linked by 4DPDS [50]. The structure of
[{Cu(CsH;;COO); }2(4DPDS)], (13) is very similar. Crystals
of 12 contain two crystallographically independent paddlewheel
units that have almost identical structures. However, the reaction
of [{Cu(CH3COO); }»-H,0] with 4DPDS produces a 4:2 M:L
coordination polymer [Cus(CH3COO)g(p3-OH)2(4DPDS)3],
(14), as shown in Fig. 17 [50]. The hydroxo groups are from
the water molecules; 14 does not form under anhydrous con-
ditions. The structure of 14 consists of alternating links of a
Cus(CH3COO)g(p3-OH), butterfly core and two 4DPDS lig-
ands with opposite chirality, making a ruffled ribbon structure
(Figs. 17a and 3b). The cavity area is ca. 60 AZ (Table 1), which
is much smaller than those of macrocycles 1-6 (~100 A?).
This difference is a result of cavity shape: that of 14 is ruffled,
while macrocycles 1-6 have rhomboidal cavities. In the butter-
fly core, two hydroxo oxygen atoms link three Cu(Il) ions in a
w3 fashion to construct two CuzO(H) tetrahedra, which share a
Cu- - -Cu edge. Further, intramolecular hydrogen bonds connect
the hydroxo hydrogen and the carboxylato oxygen, as indicated
by dashed lines in Fig. 17b. The structure of the Cu(Il) tetranu-

Fig. 16. Zigzag chain structure of 12.

Fig. 17. (a) Repeated rhomboidal structure of 14. Counter-anions are omitted
for clarity. (b) ORTEP drawing around the [Cus(CH3COO)4(OH);] core in 14.
Dashed lines indicate hydrogen bonds.

clear core is reflected in its magnetic susceptibility: the Cu(II)
ions have antiferromagnetic interactions via the two hydroxo
oxygen atoms.

The structures of these 4DPDS complexes indicate that
copper carboxylates with large substituents (C¢Hs—, CsHj1—)
maintain the dinuclear paddlewheel structures, but those
with a small substituent (CH3—) do not. An analogous
phenomenon is observed in the Cu(ll) carboxylate com-
plexes with 4-aminopyridine: the copper hexanate complex
[Cu(C5H11COO),(4-aminopyridine),] shows a mononuclear
structure, while the copper acetate complex [Cus(CH3COO)q
(n3-OH)2(4-aminopyridine)4] has a tetranuclear structure sim-
ilar to the butterfly core of 14 [51].

Interestingly, the 4:2 M:L compound 14 can be trans-
formed into a 1:1 M:L coordination polymer [{Cu(CH3COO);
(4DPDS)}-(H20)6], (15) by recrystallization from aqueous
solution [50]. This conversion is accompanied by a change in
crystal color and shape: compounds 14 and 15 crystallize as blue-
green blocks and sky-blue plates, respectively. The Cu(Il) ion
in 15 adopts square-planar geometry, coordinated by two pyri-
dine nitrogens and two carboxylate oxygen atoms. Its assembled
structure shows a honeycomb-like network (Fig. 18) formed by
the assembly of one-dimensional helical chains. There are two
helical chains in 15, running approximately perpendicular to
each other, along the a and c—b directions, respectively. The
honeycomb channels are occupied by counter anions and guest
water molecules, and the size of the open channel is estimated
by intra-chain M---M separations to be ca. 12A x 12A. At
room temperature, this compound gradually releases the guest
molecules and decomposes. The number of water molecules
present has been determined by elemental analysis and thermo-
gravimetric analysis, but their precise positions in the channel
have not been crystallographically determined.

The reaction of zinc acetate and 4DPDS affords a 7:1 M:L
zigzag chain [Zn7(CH3COO)0(n4-0)2(4DPDS)], (16) [52].
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Fig. 18. Honeycomb structure of 15. Counter-anions and guest molecules are
omitted for clarity.

The heptanuclear zinc clusters are linked by 4DPDS, as shown
in Fig. 19. The Zn(II) ion that resides at the center of the cluster
possesses an octahedral coordination geometry, while the others
adopt a highly distorted tetrahedral geometry. The Zn(II) ions
are connected by carboxylate anions and two oxygen atoms. The
overall structure of 16 is different from that of the related com-
pound [Zn7(CH3COO)0(pnsa-O)2(4BPEa)],,, which is a linear
coordination polymer [52]. This difference is associated with
the shape of the different ligand; 4BPEa can adopt an anti-
conformation and provide straight-chain coordination polymers.

3.2.1.4. Zinc(Il) complex. The Zn(Il) ion is often employed to
construct coordination polymers because it can adopt a tetrahe-
dral coordination geometry, which can lead to high dimensional
networks [6,53]. Besides, the ion shows no significant d—d tran-
sition in the visible region, which is advantageous for NLO
materials [53].

[Zn(NCS),>(4DPDS)],, (17) can be obtained by the reaction of
zinc(Il) nitrate, ammonium thiocyanate and 4DPDS in methanol
[54]. This is the only example of a chiral complex with a zigzag
chain structure. The metal ion adopts a tetrahedral geometry,
linked by the 4DPDS ligands with the same chirality (Fig. 20).
Interchain S---S contacts are found between the thiocyanate
group and 4DPDS (3.64 A), which is shorter than the van der
Waals distance (3.7 A).

3.2.2. Repeated rhomboids

The repeated rhomboid structures (Fig. 21) are composed
of an equatorial coordinated metal ion and two bent bridging
ligands. The local structure can be regarded as similar to that

Zn7(CH3COO0)10(u4-0)2

Fig. 19. Zigzag chain structure of 16.

Fig. 20. Chiral zigzag chain structure of 17. Dashed lines indicate S- - -S inter-
actions.

of the macrocycles, and, accordingly, repeated rhomboids with
4DPDS also show chiral or achiral structures. Furthermore, as
observed for the macrocycles, the guest molecules or counter
anions occupy sites above and below the rhomboids. Their guest-
inclusion abilities are more efficient than the macrocycles. The
repeated rhomboids are in most cases stacked face-to-face, con-
structing crystal packings that resemble the pillared-layer struc-
ture, which further promotes guest-inclusion properties. Among
other ligands, gauche-4BPEa [36] and 4DPS [25,55] also pro-
vide the repeated rhomboid structures, but few such structures
are known for linear bridging ligands.

3.2.2.1. Cadmium(Il) and zinc(Il) complexes. The d!0 electron
configurations of Cd(II) and Zn(II) allow a variety of coordina-
tion geometries, similar to the Ag(I) ion [53,56].

A Cd(II) compound, [{Cd(H20),(4DPDS), }(NO3),-(C2Hs
OH);-(H20),],, (18), can be obtained by the combination of
4DPDS with Cd(NO3), [57]. The polymeric structure consists
of repeated achiral rhomboids (Fig. 22). The repeated rhomboid
chains stack face-to-face to form channels (cavity area: 106 A%
(Fig. 22). The Cd(I) ions adopt an octahedral coordination
geometry and are coordinated by four pyridine nitrogen atoms
and two water oxygen atoms. The guest molecules and nitrate
anions are located between the repeated rhomboidal chains, and
form hydrogen bonds with the coordinated water molecules.

N‘@S ON@S©@3© N

Fig. 21. Schematic illustrations of (a) achiral and (b) chiral repeated rhomboidal
chains from 4DPDS.
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Fig. 22. Achiral repeated rhomboid structure of 18.

Compound 18 retains crystallinity after removal of the guest
molecules by vacuum drying, but the crystal structure is altered
and the dried material is unable to absorb gas, unlike porous
coordination polymers.

As shown in Scheme 3, the reactions of 4DPDS with
ZnX; (X=SCN, NO3, ClOy4) produce 1:2 M:L complexes with
repeated rhomboids, [{ZnL'L?(4DPDS),}A-G],, where L is
a ligand in the apical position, A an uncoordinated counter-
anion and G a guest molecule. These complexes enclathrate
various guest molecules: Ll=12= NCS, A =none, G =(DMF),
(19); L'=L?2=H,0, A=(NO3);, G=H,O-CH3;0H (20);
L'=1L2=NOs, A=none, G=none (21); L' =NO3, L2=H,O0,
A=NO3, G=(H;0); (22); L'=L2=DMSO, A=(ClOy),,
G=none (23); L' =L?=H,0, A=(ClO4),, G=(4DPDS)4 (24)
[58]. These complexes are obtained from recrystallization of the

Zn(NCS),
CHZOH

Zn(NCS),
——
CH30H-H0 LN

Zn(N03)2
CH3OH

DMF
4DPDS —

CH4OH

H,0

Zn(Cl0,),
—_—
CH3OH

DMSO

H,O

corresponding precursor complex [ZnX>(4DPDS),-(solvent)].
Except for 19, the structures of all these complexes are solvent-
dependent. Despite the various coordination geometries avail-
able to Zn(Il) ions, the 4DPDS complexes contain only six-
coordinated zinc octahedra.

The thiocyanate derivative [Zn(NCS),(4DPDS)-(DMF);],
(19) has an achiral repeated-rhomboid structure, constructed
from alternate links of a Zn(Il) ion and two enantiomers of
4DPDS, while [Zn(NCS),(4DPDS)],, (17), involving no guest
molecule, has a chiral zigzag structure (vide supra). The com-
plex accommodates DMF molecules above and below each
rhomboid. There is no significant interaction between the rhom-
boid and the guest DMF molecules, so the latter are gradually
released. The nitrate derivative 20, obtained by recrystallization
from a methanol solution of the precursor complex, also has
an achiral structure. Compound 20 incorporates two coordina-
tion water molecules, a guest water and a guest methanol. The
methanol molecules lie above and below the rhomboid, while
the water molecule is located outside the rhomboid. The nitrate
anion and the coordination water form hydrogen bonds with the
guest molecules.

The two chiral nitrate derivatives 21 and 22 are obtained
by recrystallization of the precursor complex from DMF and
aqueous solutions, respectively; their structures are depicted in
Figs. 23 and 24. In each case, the stacked rhomboidal chains are
slightly shifted with respect to adjacent chains, so the rhomboids
do not form channels. In 21, the nitrate anions that coordi-
nate to the Zn(Il) in the adjacent rhomboids are located above
and below the rhomboid, and this complex enclathrates no sol-

[Zn(NCS),(4DPDS), ], (17)

NCS),(4DPDS),}+H,0]

L (Zn(NCS),(4DPDS)}-(OMF)], (19)
DMF

[ZN(NO3)(4DPDS)5} + (H0)1 6]
> [{ZN(H0)2(4DPDS),}(NO3)y+ H0 +CHzOH], (20)
————= [Zn(NO3),(4DPDS),, (21)
L [ZN(H,0)(NO3)(4DPDS),}NO3+ (H0)4], (22)
[{ZN(CIO04)2(4DPDS)5} +(CH3OH),]
> [{Zn(DMSO),(4DPDS),}(C10,)s, (23)

—— > [{Zn(H20)2(4DPDS),}(ClO4)2 +-(4DPDS)4] (24)

Scheme 3. Solvent dependence of the reaction products of 4DPDS with ZnX,.
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Fig. 23. Chiral repeated rhomboid structure of 21.

vent molecules. In contrast, 22 includes a coordination water
molecule and four solvent water molecules, which form hydro-
gen bonds with the nitrate anions to construct a pseudo-three-
dimensional network structure (Fig. 24b). This network can be
regarded as a pillared-layer structure.

The perchlorate complexes 23 and 24 are obtained by
recrystallization of the precursor complex from DMSO and
water, respectively; their chiral repeated rhomboid structures are
shown in Figs. 25 and 26, respectively. Compound 23, which
has a 1:1 ratio of chains with opposite chirality, has a non-
centrosymmetric space group (P-4). This compound has two
crossed channels, parallel to the a and b axes, respectively. The

(a)

88wy $o0--0g|p

Fig. 24. (a) Chiral repeated rhomboid structure of 22. (b) Pseudo-three-
dimensional network structure of 22. Dashed lines indicate hydrogen bonds.

Fig. 25. Chiral repeated rhomboid structure of 23 viewed along the b-axis.

axial positions of the Zn(II) ion in 23 are coordinated by two
DMSO molecules, while those in 24 are occupied by two water
molecules. The coordinated water molecules form hydrogen
bonds with two free 4DPDS molecules, constructing an armed
repeated thomboid structure. The 4DPDS arms do not link the
repeated thomboid chains, and the free pyridine moieties are
located above and below adjacent rhomboids.

3.2.2.2. Copper(Il), iron(Il) and cobalt(Il) complexes. Due to
their diverse coordination geometries and magnetic properties,

Fig. 26. Chiral repeated rhomboid structure of 24 with hydrogen-bonded
4DPDS arms viewed along (a) the b-axis and (b) the c-axis. Dashed lines indicate
hydrogen bonds.
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Fig. 27. Repeated rhomboid chain of 25, linked via hydrogen bonds to form a
double chain structure. Dashed lines indicate hydrogen bonds.

Cu(II), Fe(IT) and Co(II) salts are often employed to build func-
tional coordination polymers [38,59-63].

Two Cu(l) derivatives [{Cu(H,0)(4DPDS);}(NO3);-
(H20)3], (25) and [{Cu(SO4)(4DPDS)}-(H,0); 5-CH30H],
(26) have the chiral repeated rhomboid structure, as shown in
Figs. 27 and 28, respectively [64]. In 25, the repeated rhomboids
are linked via hydrogen bonds between the coordination water
molecules, the nitrate anion and the guest water molecules, to
form double chains. Complex 26 shows a two-dimensional sheet
structure in which the one-dimensional repeated rhomboids
are bridged by coordinating sulfate anions. In this compound,
the water molecules are located between the sheets while
the methanol molecules are located above and below the
rhomboids. Although the local structure in each complex is
chiral, the overall structures are achiral because they contain
chains with both chiralities. As for magnetic properties, 25
shows an antiferromagnetic intra-chain interaction between the
Cu(Il) ions, while the Cu(Il) ions of 26 have an intra-chain
antiferromagnetic interaction and an inter-chain ferromagnetic
interaction.

An Fe(IT) complex [{Fe(NCS),(4DPDS); }-(H20)4],, (27) is
formed by the reaction of iron(Il) sulfate, 4DPDS and ammo-

Fig. 28. Two-dimensional sheet structure of 26. Solvent molecules are omitted
for clarity.

Fig. 29. Repeated rhomboid chain of 27. Solvent molecules are omitted for
clarity. Dashed lines indicate S- - -S interactions.

nium thiocyanate [54]. The structure consists of repeated chiral
rhomboids (Fig. 29). The axial thiocyanato anions of the adja-
cent rhomboids are located above and below the rhomboids,
while the guest water molecules occupy the interstices between
the repeated rhomboids. The inter-chain S4ppps- - -Sappps dis-
tance is 3.52 A (Fig. 29), indicating the presence of significant
S---S interactions. This type of complex should be interesting
from the viewpoint of spin-crossover [63].

The reaction of cobalt(Il) chloride with 4DPDS affords
a chiral repeated rhomboid complex [{Co(4DPDS);}(Cl),-
(CH30H), ], (28) [54]. The structure contains alternate links of
a square-planar Co(II) ion and two 4DPDS molecules with the
same chirality. The chloride anions are located at the axial posi-
tions of the metal center with a long Co- - -Cl distance (2.916 A).

3.2.3. Supramolecular isomerism (topological isomerism)

Choice of reaction solvent is often crucial in the forma-
tion of coordination polymers, because it can govern yields
and product structures. The solvent can act as a guest, as
a ligand and as a template for the supramolecule. Moulton
and Zaworotko have demonstrated that the Co(Il) compound
[Co(NO3)2(4BPEa); 5],, shows two different structures, associ-
ated with the different conformations of the ligand, and they
referred to this phenomenon as “supramolecular isomerism”
[4,62]. The relationship between zigzag-[Mn(hfac),(4DPDS)],
(7) and helix-[Mn(hfac),(4DPDS)],, (8) corresponds to this type
of isomerism (Scheme 1).

An interesting study of the supramolecular isomerism of
one-dimensional coordination polymers of copper(I) iodide
with 4DPDS has been done by Blake et al. [65]. Copper(I)
halides produce square dimer, cubane tetramer and stair
polymeric structures, which provide interesting coordination
chemistry [39,49,66,67]. They isolated four one-dimensional
coordination polymers: [Cul(4DPDS)-(guest)], [guest=
CH3CN (29); CHCl, (30)] and [{(Cul)2(4DPDS)},-(guest)],
[guest=CH3CH,>CN (31); CH3CN (32)]. Slow diffusion of an
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Fig. 30. Planar ribbon structure of 29.

acetonitrile solution of Cul into a dichloromethane solution of
4DPDS produces the 1:1 M:L complex 29 in the ligand-rich
(lower) layer and the 2:1 M:L complex 31 in the metal-rich
(upper) layer. Similarly, complexes 30 and 32 can be obtained
in the ligand-rich and metal-rich regions, respectively, by using
cyanoethane instead of acetonitrile. Compounds 29 and 30 have
similar planar ribbon structures, while the structures of 31 and
32 are necklace-like and tubular, respectively (Fig. 3b).

The planar ribbons 29 and 30 comprise Cuyl, rhomboidal
cores linked by two 4DPDS molecules (Fig. 30). The com-
pounds incorporate acetonitrile and dichloromethane molecules,
respectively, as guests between the ribbons. Interestingly, 29
accommodates the Cul solvent while 30 accommodates the
solvent of 4DPDS, despite similar synthetic procedures. The
necklace structure of 31 is constructed from alternate links of
macrocycles composed of a Cuyly cubane core and two 4DPDS
ligands. Adjacent macrocycles are perpendicular and enclathrate
CH3CH>CN molecules, as shown in Fig. 31. The structure of 32
is quite different; two zigzag chains consisting of alternate links
of 4DPDS and Cuyly tetrahedra are linked by two 4DPDS lig-
ands (Fig. 32). The packing structure of 32 involves two crossed
channels that run parallel to the a and b axes and accommodate
acetonitrile molecules.

The structural differences between 31 and 32 may be
attributed to a solvent template effect. These examples demon-
strate how the structures and compositions of the coordination
polymers with 4DPDS depend on reaction conditions.

3.3. Two-dimensional structures

Examples of two-dimensional coordination polymers with
4DPDS are fewer than those with other bis-pyridine-type lig-
ands. This is probably owing to the twisted structure of the
ligand. As described above, the reaction solvent may act as a
template for the assembled structures. Similarly, the counter-
anion plays an important role.

Cu g C e Wl
! [ 1
Kw‘vﬂy )

Fig. 31. Necklace-like structure of 31. Solvent molecules are omitted for clarity.

Fig. 32. Tubular structure of 32. Solvent molecules are omitted for clarity.

Combination of cadmium(II) chloride with 4DPDS generates
a two-dimensional sheet complex [CdCl,(4DPDS);], (33) with
a puckered rhombus grid structure (Fig. 33) [64]. The Cd(Il)
ion in 33 adopts an octahedral geometry, the equatorial posi-
tions being occupied by the nitrogen atoms of 4DPDS. Although
the coordination environments around the Cd(II) ion are simi-
lar in 18 and 33, the overall structures are different. 18 has a
one-dimensional repeated rhomboid structure, while the sheets
in 33 are tightly packed. Complex 33 accommodates no guest
molecules, unlike 18. Each sheet in 33 is achiral, containing
both enantiomers of 4DPDS. Complex 33 exhibits a weak broad
emission at around 350-500 nm and a sharp emission at 575 nm
(Aex =314 nm) at room temperature in the solid state. These
emissions are attributed to an inter-ligand transition and a ligand-
to-metal charge-transfer transition, respectively.

[{Ag(4DPDS);,}PFs], (34) has a two-dimensional sheet
structure, the local structure of which resembles the Mobius strip
(Fig. 34) [46]. The ring is constructed from four approximately

Fig. 33. Two-dimensional sheet structure of 33.
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Fig. 34. Mobius-strip-like structure of 34.

tetrahedral Ag(I) ions coordinated by four nitrogen atoms from
four 4DPDS ligands, and surrounds two hexafluorophosphate
anions, which, we speculate, act as a template for assembly. The
Ag(I) perchlorate complex [{Ag(4DPDS);}ClO4], (35) is iso-
morphous to 34, and these complexes do not enclathrate guest
molecules [46]. Interestingly, each Mobius strip consists of only
P- or M-4DPDS; therefore, the two-dimensional sheet is chiral.
However, the crystal has a centrosymmetric space group and
contains sheets of opposite chirality.
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