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Coordination polymers showing redox activity have been constructed by using ferrocene-based bidentate ligands,
1,1′-(4-dipyridinethio)ferrocene (1) and 1,1′-(2-dipyridinethio)ferrocene (2). The ligand of 1 formed an AgI coordination
polymer, 1‚AgPF6‚(CH3CN)2 (3). This complex showed a 1-D double-chain structure, with a weak interchain Ag‚‚‚Ag
interaction. Combination of 1 with M(hfac)2 (M ) Mn, Cu, Zn) afforded 1-D chain complexes, 1‚M(hfac)2 (M ) Mn
(5), Cu (6), Zn (7)). The complex 2‚CuPF6 (8) showed a 1-D twisted helix-like chain structure.

Introduction

The design and syntheses of supramolecular coordination
polymers, constructed from multifunctional ligands and
transition metals, have been extensively explored over the
past decade.1 One of the strategies for developing topologi-
cally interesting coordination polymers is to exploit pyridine-
derived bidentate ligands bearing rigid or flexible spacers
such as CH-CH, CdC, N-N, S-S, and alkyl groups.2 From
the viewpoint of constructing functional supramolecular
compounds, it may be interesting to incorporate functional
groups on the ligand instead of such spacers.3 For example,
redox-active coordination polymers are intriguing targets for
us, because redox functions may lead to a variety of inter-
esting electrical, photophysical, or catalytic phenomena.4 Our
approach to producing redox-active coordination polymers
is to incorporate redox-active moieties on the bridging ligand.
Along this line, we have designed here the ferrocene-based
bidentate ligands, 1,1′-(4-dipyridinethio)ferrocene (1) and
1,1′-(2-dipyridinethio)ferrocene (2) (Chart), although the
synthesis of ligand2 was reported independently by Laguna
et al. very recently.5 Ferrocenes not only show good redox

activity but also play important roles in the field of materials
science, as components of catalysts, molecular magnets, and
nonlinear optical materials.6 In addition, introducing fer-
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rocene derivatives to coordination polymers may lead to
interesting assembled structures because of the conforma-
tional flexibility of the ferrocenyl rings. So far, several groups
have reported the synthesis of versatile ligands of dppf
analogues and their interesting coordination polymers,7

although these ligands tend to afford chelate ormolecular
compounds.

On the other hand, the control of assembled structures can
be achieved by selecting appropriate metal ions with specific
coordination geometries. To obtain coordination polymers,
bidentate ligands1 and 2 were combined with metal ions
bearing two coordination sites, AgI, CuI, and M(hfac)2. The
coordination chemistries of AgI and CuI ions are well
documented; these ions show a variety of coordination
environments, for example, linear, T-shaped, and tetrahedral.8

The M(hfac)2 (M ) first row transition metal, hfac)
hexafluoroacetylacetonate) species are also useful building
blocks for coordination polymers.9 In the present paper, we
report the syntheses, structures, and electrochemical proper-
ties of the ferrocene containing bridging ligands and their

coordination polymer complexes,1‚AgPF6‚(CH3CN)2 (3),
12‚CuPF6 (4), 1‚M(hfac)2 (M ) Mn(5), Cu(6), Zn(7)), and
2‚CuPF6 (8).

Experimental Section

Materials and Instrumentation. All reagents and solvents were
commercially available except for [Cu(CH3CN)4]PF6

10 and 1,1′-
dilithioferrocene,11 which were synthesized by following the
literature procedures. NMR spectra were recorded on a Bruker AC-
250 spectrometer. Infrared spectra were recorded on a JASCO FT-
IR 230 spectrometer as KBr pellets in the 4000-400 cm-1 range.
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Chart 1. Bridging Ligands of 1,1′-(4-Dipyridinethio)ferrocene (1), 1,1′-(2-Ddipyridinethio)ferrocene (2), and Their Coordination Polymer
Complexes (3-8)
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Cyclic voltammograms were recorded with an ALS/chi electro-
chemical analyzer model 600A. Solution state measurements were
performed in dichloromethane solutions containing 0.1 mol dm-3

nBu4NClO4 as the supporting electrolyte, at a scan rate of 0.2 V
s-1, with Ag/Ag+ electrode as a reference. A working electrode of
a glassy carbon disk was used. Solid-state voltammograms2n,owere
measured by using a carbon-paste working electrode; well-ground
mixtures of each bulk sample and carbon paste (graphite and mineral
oil) were set in a cavity on a Teflon rod and connected to a platinum
wire. A platinum-wire counter electrode and a Ag/AgCl reference
electrode were used. Measurements were performed by using a
three-electrode system in 0.1 mol dm-3 NaClO4 aqueous solutions
at a scan rate of 0.2 V s-1, in the range 0-1.5 V. Thermogravimetric
analysis was performed on MAC SCIENCE TG DTA 2000. Solid-
state UV-vis spectra were recorded on a JASCO V570 UV-vis-
NIR spectrophotometer. Emission spectra were obtained on a
HITACHI F4500 fluorescence spectrophotometer. The magnetic
susceptibilities were measured by means of a Quantum Design
MPMS-2 SQUID susceptometer in the temperature range 2-300
K at a constant field of 1000 mT. Elemental analyses were
performed on a Yanagimoto C-H-N corder (MT-3).

1,1′-(4-Dipyridinethio)ferrocene (1).A solution of 4,4′-dipyridyl
disulfide (1.6 g, 7.4 mmol) in THF (40 mL) was added at-80 °C
to a hexane suspension of 1,1′-dilithioferrocene-TMEDA complex
(40 mL), prepared from 0.69 g (3.7 mmol) of ferrocene. The orange
precipitate was extracted with dichloromethane, purified by column
chromatography (silica gel, dichloromethane-diethyl ether) 7:3),
and recrystallized from dichloromethane-hexane (1:1 v/v). The
product,1, was obtained as an orange solid in 35% yield (0.52 g).
Crystals of1 suitable for single-crystal X-ray analysis were isolated
from slow evaporation of an acetonitrile solution at ambient
temperature.1H NMR (250 MHz, CDCl3, 25 °C, TMS) δ: 8.31
(d, 4H,JHH ) 4.1 Hz), 6.89 (d, 4H,JHH ) 4.1 Hz), 4.55 (m, 4H),
4.50 (m, 4H). IR (KBr, cm-1): 1576(s), 1538(m), 1479(s), 1411-
(m), 799(s), 704(s), 499(m). Anal. Calcd for C20H16FeN2S2: C,
59.40; H, 3.99; N, 6.92. Found: C, 59.83; H, 4.04; N 6.81.

1,1′-(2-Dipyridinethio)ferrocene (2).The procedure was similar
to that described for the preparation of1, except that 1.6 g (7.4
mmol) of 2,2′-dipyridyl disulfide was used instead of 4,4′-dipyridyl
disulfide. The product,2, was obtained in 60% yield (0.90 g). The
method is almost the same as that reported by Laguna et al.5 1H
NMR (250 MHz, CDCl3, 25 °C, TMS) δ: 8.36 (d, 2H,JHH ) 4.9
Hz), 7.42 (t, 2H,JHH ) 8.2 Hz), 6.94 (m, 2H), 6.82 (d, 2H,JHH )
8.1 Hz), 4.56 (m, 4H), 4.52 (m, 4H). IR (KBr, cm-1): 1574(s),
1555(s), 1452(s), 1415(s), 1125(s), 762(s), 500(s). Anal. Calcd for
C20H16FeN2S2: C, 59.40; H, 3.99; N, 6.92. Found C, 59.31; H,
3.99; N 6.91.

[Ag{1,1′-(4-dipyridinethio)ferrocene}(PF6)]n (3). A methanol
solution (2 mL) of AgPF6 (25 mg, 1.0× 10-1 mmol) was mixed
with dichloromethane solution (3 mL) of1 (40 mg, 1.0× 10-1

mmol) and stirred for 30 min. The orange precipitate was collected
by filtration and washed successively with methanol and dichlo-
romethane. The product was recrystallized from acetonitrile-diethyl
ether (1:1 v/v). The product,3, was obtained as an orange solid in
49% yield (32 mg). Crystals of3 suitable for single-crystal X-ray
analysis were isolated from slow evaporation of an acetonitrile
solution at ambient temperature. IR (KBr, cm-1): 2250(m), 1594-
(s), 1560(s), 1457(s), 1428(s), 1168(s), 1059(s), 830(s), 762(s), 558-
(s). Anal. Calcd for C20H16AgF6FeN2PS2: C, 38.99; H, 3.00; N,
7.58. Found C, 39.19; H, 3.06; N, 7.48.

[Cu{1,1′-(4-dipyridinethio)ferrocene}2(PF6)]n (4). [Cu(CH3-
CN)4]PF6 (20 mg, 5.0× 10-2 mmol) was treated with1 (40 mg,
1.0 × 10-1mmol) in dichloromethane (40 mL). After stirring for

30 min, the yellow precipitate was filtered and washed with
dichloromethane. The product,4, was obtained as yellow solid in
48% yield (29 mg). IR (KBr, cm-1): 1599(s), 1429(s), 1113(s),
1066(s), 841(s), 818(s), 731(s), 557(s), 498(s). Anal. Calcd for
C40H32CuF6Fe2N4PS2: C, 47.22; H, 3.17; N, 5.50. Found C, 47.26;
H, 3.25; N, 5.46. An attempted crystallization of the product from
acetonitrile and diethyl ether (1:1 v/v) resulted in the recovery of
the starting materials.

[Mn(hfac)2{1,1′-(4-dipyridinethio)ferrocene}]n (5). A diethyl
ether solution (4 mL) of1 (50 mg, 1.0× 10-1 mmol) was mixed
with dichloromethane solution (4 mL) of1 (40 mg, 1.0× 10-1

mmol) for 30 min. The yellow precipitate was filtrated and washed
successively with dichloromethane and diethyl ether, and then the
precipitate was recrystallized from methanol-diethyl ether (1:1 v/v).
The product,5, was obtained as a pale orange solid in 67% yield
(60 mg). Crystals of5 suitable for single-crystal X-ray analysis
were isolated from slow evaporation of an methanol solution at
ambient temperature. IR (KBr, cm-1): 1651(s), 1593(s), 1554(s),
1506(s), 1487(s), 1421(s), 1263(s), 1201(s), 1136(s), 816(s), 793-
(s), 717(s), 665(s), 582(s), 496(s). Anal. Calcd for C30H18F12-
FeMnN2O4S2: C, 41.25; H, 2.08; N, 3.21. Found C, 41.42; H, 2.18;
N, 3.08.

[Cu(hfac)2{1,1′-(4-dipyridinethio)ferrocene}]n (6). A methanol
solution (2 mL) of Cu(hfac)2 (50 mg, 1.0× 10-1 mmol) was slowly
layered onto a dichloromethane solution (4 mL) of1 (40 mg 1.0×
10-1 mmol) in test tubes at room temperature. Complex6 was
obtained as dark green crystals in 3 days (52 mg, 58%). IR (KBr,
cm-1): 1667(s), 1663(sh), 1601(s), 1554(s), 1425(s), 1266(s), 1200-
(s), 1132(s), 822(s), 790(s), 725(s), 670(s), 499(s). Anal. Calcd for
C30H18CuF12FeN2O4S2: C, 40.85; H, 2.06; N, 3.18. Found C, 40.83;
H, 2.16; N, 3.22.

[Zn(hfac)2{1,1′-(4-dipyridinethio)ferrocene}]n (7). Complex7
was obtained by a similar procedure to that of5, except that Zn-
(hfac)2 (50 mg, 1.0× 10-1 mmol) was used instead of Cu(hfac)2.
Product7 was obtained as yellow crystalline solid in 65% yield
(59 mg). IR (KBr, cm-1): 1652(s), 1596(s), 1555(s), 1422(s), 1265-
(s), 1203(s), 1135(s), 820(s), 793(s), 720(s), 670(s), 498(s). Anal.
Calcd for C30H18F12FeN2O4S2Zn: C, 40.77; H, 2.05; N, 3.17. Found
C, 40.89; H, 2.28; N, 3.01.

[Cu{1,1′-(2-dipyridinethio)ferrocene}(PF6)]n (8). A dichlo-
romethane solution (5 mL) of [Cu(CH3CN)4]PF6 (20 mg, 5.0×
10-5 mol) was slowly diffused onto a dichloromethane solution (5
mL) of 2 (20 mg, 5.0× 10-5 mol) in an H-type cell at room
temperature. The complex8 was obtained as yellow crystals in a
week in 91% yield (28 mg). IR (KBr, cm-1): 1594(s), 1560(s),
1457(s), 1428(s), 1168(s), 1059(s), 830(s), 762(s), 558(s). Anal.
Calcd for C20H16CuF6FeN2PS2: C, 39.07; H, 2.95; N, 4.56. Found
C, 39.35; H, 2.68; N, 4.55.

X-ray Diffraction Studies. All the X-ray data were collected
using Mo KR radiation on a Rigaku AFC-5S four-circle diffrac-
tometer. Crystal data, data collection parameters, and analysis
statistics for1, 3 and 8, and 5-7 are listed in Tables 1 and 2,
respectively. All calculations were performed using the teXsan
crystallographic software package.12 These structures were solved
by the direct methods (SIR 9213 and SHELEX 9714) and expanded
using Fourier techniques. The non-hydrogen atoms were refined
anisotropically. Absorption correction was applied (ψ-scan). Though

(12) teXsan: Crystal Structure Analysis Package; Molecular Structure
Corporation: The Woodlands, TX, 1985 and 1999.

(13) Altomore, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo,
C.; Guagliardi, A.; Polidori, G.J. Appl. Crystallogr. 1994, 27, 435.

(14) Sheldrick, G. M.Program for the Solution of Crystal Structures;
University of Göttingen: Germany, 1997.
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some of the hydrogens were found by means of the Fourier
synthesis, all hydrogen atoms were inserted at the calculated
positions using a rigid model.

Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tion nos. CCDC 172378-172383. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, U.K. (fax (+44)1223-336-033; e-mail deposit@
ccdc.cam.ac.uk).

Results and Discussion

Redox-Active Bridging Ligands, 1,1′-(4-Dipyridine-
thio)ferrocene (1) and 1,1′-(2-Dipyridinethio)ferrocene (2).
The bidentate ligands1 and2 were synthesized to produce
redox-active coordination polymers. Satisfactory analytical
data (1H NMR, IR, elemental analysis) were obtained (vide
ante). An ORTEP view of the ligand of1 is shown in Figure
1 with the numbering scheme. Selected bond lengths and
angles are listed in Table 3. There are two crystallographi-
cally independent molecules in the unit cell. Their geometries
differ only very slightly, and both molecules have a center
of symmetry at the iron atom site. The pyridyl nitrogen atoms

are directed toward opposite directions, manifesting its
versatility as a bidentate ligand.

The cyclic voltammograms of1 and2 in dichloromethane
show half-wave potentials (E1/2) at +0.43 and+0.46 V (vs
FeCp2/FeCp2+), respectively. The∆Ep values of1 and2 are
53 and 57 mV, respectively, which are one-electron redox

Table 1. Crystallographic Data for1, 3, and8

1 3 8

formula C20H16FeN2S2 C24H22AgF6FeN4PS2 C20H16CuF6FeN2PS2

fw 404.34 739.26 614.85
T/°C 23 23 23
cryst syst triclinic triclinic orthorhombic
space group P1h P1h Pbcn
a/Å 9.909(2) 14.006(3) 10.401(3)
b/Å 11.529(2) 14.234(3) 26.428(3)
c/Å 8.096(2) 7.265(3) 8.065(4)
R/° 98.79(2) 103.07(3)
â/° 98.29(2) 93.77(2)
γ/° 77.99(1) 94.48(2)
V/Å3 890.8(3) 1401.2(7) 2216(1)
Z 2 2 4
Fcalcd/g cm-3 1.537 1.752 1.842
µ/cm-1 10.85 14.82 19.36
R1

a 0.034 0.044 0.078
Rw

a 0.106 0.134 0.235

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; Rw ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.

Table 2. Crystallographic Data for5, 6, and7

5 6 7

formula C30H18N2O4-
F12S2FeMn

C30H18N2O4-
F12S2CuFe

C30H18N2O4-
F12S2FeZn

fw 873.37 881.98 883.81
T/°C 23 23 23
cryst syst triclinic triclinic triclinic
space group P1h P1h P1h
a/Å 10.328(2) 10.267(3) 10.295(3)
b/Å 10.763(2) 10.752(4) 10.763(8)
c/Å 8.574(2) 8.378(3) 8.386(6)
R/° 112.88(1) 112.70(3) 112.57(4)
â/° 99.29(2) 100.92(2) 99.01(4)
γ/° 94.19(2) 92.56(3) 93.35(4)
V/Å3 856.9(3) 830.7(5) 840.3(10)
Z 1 1 1
Fcalcd/g cm-3 1.692 1.763 1.746
µ/cm-1 10.17 13.09 13.75
R1

a 0.072 0.059 0.066
Rw

a 0.243 0.203 0.207

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; Rw ) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2.

Figure 1. ORTEP drawing of1 with the atom numbering scheme, showing
the molecular structure. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. Only one of the
two crystallographically independent molecules is shown, with the number-
ing of the other molecule in parentheses.

Table 3. Selected Bond Lengths (Å) and Bond Angles (deg) with
Estimated Standard Deviations in Parentheses

1
(molecule A) (molecule B)

C(3)-S(1) 1.760(2) C(13)-S(2) 1.755(2)
C(6)-S(1) 1.757(2) C(16)-S(2) 1.752(2)
C(3)-S(1)-C(6) 102.73(9) C(13)-S(2)-C(16) 103.16(9)

3
Ag-N(1) 2.181(3) Ag-N(2) 2.186(3)
C(3)-S(1) 1.771(4) C(6)-S(1) 1.752(4)
C(13)I a-S(2) 1.770(4) C(16)-S(2) 1.745(4)
N(1)-Ag-N(2) 163.9(1) C(3)-S(1)-C(6) 100.9(2)
C(13)I-S(2)-C(16) 101.6(2)

5
Mn-N(1) 2.266(4) Mn-O(1) 2.174(3)
Mn-O(2) 2.141(3) C(3)-S(1) 1.757(4)
C(6)-S(1) 1.760(6)
N(1)-Mn-N(1)I b 180 N(1)-Mn-O(1) 92.1(1)
N(1)-Mn-O(2) 90.2(1) C(3)-S-C(6) 102.7(2)

6
Cu-N(1) 2.016(3) Cu-O(1) 2.297(3)
Cu-O(2) 2.004(2) C(3)-S(1) 1.763(4)
C(6)-S(1) 1.756(5)
N(1)-Cu-N(1)I c 180 N(1)-Cu-O(1) 90.9(1)
N(1)-Cu-O(2) 90.3(1) C(3)-S-C(6) 102.5(2)

7
Zn-N(1) 2.145(4) Zn-O(1) 2.117(3)
Zn-O(2) 2.082(3) C(3)-S(1) 1.760(5)
C(6)-S 1.754(6)
N(1)-Zn-N(1)I d 180 N(1)-Zn-O(1) 88.5(1)
N(1)-Zn-O(2) 89.8(1) C(3)-S-C(6) 102.6(2)

8
Cu-N(1) 1.904(8) C(1)-S(1) 1.769(9)
C(6)-S(1) 1.77(1)
N(1)-Cu-N(1)I e 180 C(1)-S-C(6) 103.0(4)

a Symmetry code (I):x, y - 1, z + 1. b Symmetry code (I):-x + 1,
-y, -z + 1. c Symmetry code (I):-x + 2, -y, -z + 2. d Symmetry code
(I): -x + 1, -y, -z + 1. e Symmetry code (I):-x, -y, -z.
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processes. These positive shifts relative to ferrocene are due
to the electron-withdrawing effect of the pyridylthio moiety.
In acetonitrile solutions, the cyclic voltammogram showed
irreversible oxidation waves, probably because of the coor-
dination of acetonitrile to the iron atom upon oxidation.15

One-Dimensional Straight Chain Complex, [Ag{1,1′-
(4-dipyridinethio)ferrocene}(PF6)]n (3). An ORTEP view
of the chain structure of3 is shown in Figure 2a, with the
numbering scheme. Selected bond lengths and angles are

listed in Table 3. The chain consists of the alternate linkage
of Ag ions and the bridging ligand. The AgI coordination in
3 is linear, with a N(1)-Ag-N(2) angle of 163.9(1)o, and
Ag-N(1) and Ag-N(2) bond lengths of 2.181(3) and 2.186-
(3) Å, respectively, which are typical values for Ag-N
coordination distances.8 The complex involves two solvent
molecules of acetonitrile around the Ag ion, although the
distances from the Ag ion to the nitrogen atoms of aceto-
nitrile, 2.652(6) and 3.022(7) Å for Ag-N(3) and Ag-N(4),
respectively, are long for significant AgI-N interactions.16

The stretching frequencyV(CdN) of the guest molecule was
observed at 2250 cm-1 in the infrared spectrum. Thermo-
gravimetric analysis of3 exhibits loss of the two acetonitrile
molecules between∼80-120°C in one step (11.65% weight
loss observed; 11.11% calculated).

The packing structure of3 is shown in Figure 2b. The
chain structure extends along theb-axis, and the distance
between the Ag ions along the chain is 17.36 Å. It is noted
that a relatively short Ag‚‚‚Ag distance ()3.2670(8) Å) is
found between two adjacent chains, and thus, the structure
may be regarded as a double-chain one. The ferrocene
moieties of3 are located on the same side of individual
chains, and we speculate that the weak Ag‚‚‚Ag interactions17

in adjacent chains may play the role of orienting the ferrocene
moieties. Solids of3 showed no significant emission in the
range 400-800 nm, although some compounds with short
Ag‚‚‚Ag distances exhibit fluorescence due to d10-d10

aurophilic interactions.18 We found that ligand1 also forms
a complex represented as12‚CuPF6 (4), which we failed to
crystallize.

One-Dimensional Straight Chain Complex, [M(hfac)2-
{1,1′-(4-dipyridinethio)ferrocene}]n (M ) Mn (5), Cu (6),
Zn (7)). Complexes5-7 assume one-dimensional straight
chain structures, which consist of the alternate linkage of
M(hfac)2 and the ligand. An ORTEP view of the chain
structure of5 is shown in Figure 3a with the numbering
scheme. Compounds6 and7 are isomorphous to5. Selected
bond lengths and angles are listed in Table 3. In these
complexes, the metal ion of M(hfac)2 is hexacoordinated by
the four oxygen atoms of the hfac ligands and the two
N-donor atoms of1 occupying the trans positions. The
coordination geometries of these complexes are listed in
Table 3. The Cu-O(1) distance of 2.297(3) Å in6 is slightly
longer than the other M-O distances because of the Jahn-
Teller effect. The IR spectrum of6 shows two carbonyl
stretching bands at 1667 and 1663 cm-1, in accord with the

(15) Ogino, H.; Tobita, H.; Habazaki, H.; Shimoi, M.J. Chem. Soc., Chem.
Commun. 1989, 828-829.

(16) (a) Janiak, C.; Uehlin, L.; Wu, H.-P.; Klu¨fers, P.; Piotrowski, H.;
Scharmann, T. G.J. Chem. Soc., Dalton Trans. 1999, 3121-3131.
(b) Bachman, R. E.; Andretta, D. F.Inorg. Chem. 1998, 37, 5657-
5663.

(17) (a) Yaghi, O. M.; Li, H.J. Am. Chem. Soc. 1996, 118, 295-296. (b)
Tong, M.-L.; Chen, X.-M.; Ye, B.-H.Inorg. Chem. 1998, 37, 5278-
5281. (c) Yang, S.-P.; Zhu, H.-L.; Yin, X.-H.; Chen, X.-M.; Ji, L.-N.
Polyhedron2000, 19, 2237-2242. (d) Robinson, F.; Zaworotko, M.
J.J. Chem. Soc., Chem. Commun. 1995, 2413-2414. (e) Jung, O.-S.;
Park, S. H.; Park, C. H.; Park, J. K.Chem. Lett. 1999, 923-924. (f)
Carlucci, L.; Ciani, G.; Gudenberg, D. W. v.; Proserpio, D. M.Inorg.
Chem. 1997, 36, 3812-3813.

(18) (a) Catalano, V. J.; Kar, H. M.; Bennett, B. L.Inorg. Chem. 2000,
39, 121-127. (b) Harvey, B. L.; Gray, H. B.J. Am. Chem. Soc. 1988,
110, 2145-2147.

Figure 2. (a) ORTEP drawing of the linear chain structure in3 with the
atom numbering scheme. Displacement ellipsoids are shown at the 50%
probability level. Hydrogen atoms are omitted for clarity. (b) Packing
diagram of3 viewed along thec-axis. Hydrogen atoms are omitted for
clarity.
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X-ray structure showing two types of Cu-O distances.9a On
the other hand, compounds5 and 7 show the carbonyl
stretching bands at 1651 and 1652 cm-1, respectively, as
single peaks.

The packing structure of5 is shown in Figure 3b. In
complexes5-7, the straight chains run along the [111]
direction, and there are no interchain interactions of any note.
The intrachain M‚‚‚M separations are 18.86, 18.39, and 18.66
Å for 5 (M ) Mn), 6 (M ) Cu), and 7 (M ) Zn),
respectively, which are longer than the nearest interchain
separations for the corresponding complexes, 8.57, 8.38, and
8.39 Å, respectively.

The magnetic susceptibilities of5 and6 were measured
by using a SQUID susceptometer. These complexes are
simple paramagnets with negligible intermolecular interac-
tions. The susceptibilities obey the Curie-Weiss law, with
the Weiss constants of-0.4 K and-0.06 K, for 5 and6,
respectively, and no cooperative phenomena are observed
within the temperature range 300-2 K. The paramagnetic

behaviors are consistent with the crystal structures in which
the metal-metal distances are too long for significant
magnetic interactions.

One-Dimensional Twisted Helix-Like Chain Complex,
[Cu{1,1′-(2-dipyridinethio)ferrocene}(PF6)]n (8). An ORTEP
view of 8 is shown in Figure 4a with the numbering scheme.
Selected bond lengths and angles are listed in Table 3. The
coordination environment of CuI in 8 is linear, with an N(1)-
Cu-N(1*) angle of 180°, and a Cu-N(1) bond length of
1.904(8) Å, which are typical values in copper complexes
with a linear coordination geometry. The Cu‚‚‚S separation
distance is 2.96 Å, which is too long for significant Cu-S
interactions.

It is interesting to note that ligand2 also afforded a one-
dimensional coordination polymer. Figure 4b,c shows the
helix-like chain structure of8. In contrast to the straight chain
structures in3-7, the helix-like chain in8 is highly twisted.

Figure 3. (a) ORTEP drawing of the linear chain structure in5 with the
atom numbering scheme. Displacement ellipsoids are shown at the 50%
probability level. (b) Packing diagram of5 viewed along thea-axis.
Hydrogen atoms are omitted for clarity.

Figure 4. (a) ORTEP drawing of8 with the atom numbering scheme,
showing the copper coordination environment. Displacement ellipsoids are
shown at the 50% probability level. Hydrogen atoms are omitted for clarity.
(b) Structure of one-dimensional twisted helix-like chain in8 viewed along
the copper array. Cu atoms are shaded. (c) Side view of the twisted helix-
like chain in8.
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In this complex, the Cu atom lies on an inversion center,
and the Fe and P atoms lie on independent 2-fold axes. The
twist pitch of the helix is 8.07 Å (cyclical Cu‚‚‚Cu separa-
tion), and the cyclical Fe‚‚‚Fe separation is 12.09 Å. The
interchain Cu‚‚‚Cu separation (4.03 Å) is shorter than the
intrachain separation (14.87 Å).

Very recently, the group of Laguna reported interesting
coordination complexes of this ligand with AuI and AgI ions.
Their complex of Ag2L3(OTf)2 shows a symmetrical struc-
ture, in which three ligands are bridging two AgI ions. On
the other hand, our CuI coordination polymer shows a helix-
like chain structure, with a highly twisted configuration. Such
an interesting structural variation may be derived from the
conformational flexibility of the ferrocene-based ligand.

Conformation of the Ferrocenyl Rings in 1-8. In all
of the previously described complexes, the distances from
the iron atom to the Cp planes are around 1.64 Å, which is
a typical value for a neutral ferrocene moiety.19 The
conformations of the ferrocene moieties in1-8 are shown
in Figure 5. As listed in Table 4, the conformations of
disubstituted ferrocenes are classified into six categories in
terms of the torsion angle of CA-XA-XB-CB.20 The
conformations of the two Cp rings are antiperiplanar for1,
5, 6, and 7, synclinal (staggered) for3, and synclinal
(eclipsed) for8. The conformational freedom of the ferro-
cenyl moiety in ligands1 and2 may play an important role
in the formation of these coordination polymers.

Solid-State Redox Properties of 1-8. Solid-state cyclic
voltammograms of1, 3, and5 are shown Figure 6, and the
redox potentials are listed in Table 5. The voltammogram
of 2 is similar to that of1, and those for6 and7 are similar

to that of 5. The observed redox peaks correspond to the
redox processes of the ferrocene moieties. The complexes1
and 2 showed half-wave potentials (E1/2) at 0.50 and 0.51
(vs solid-state FeCp2/FeCp2+), which are slightly shifted by
ca. +0.06 V from those in solutions. As listed in Table 5,
the half-wave potentials (E1/2) for 3 and5-7 were obtained
at around 0.4 V (vs solid-state FeCp2/FeCp2+), which are
shifted negatively with respect to that of1 in the solid state.
These negative shifts may be attributed to the relative
stabilization of the oxidized species in the coordination
polymers, which has anionic moieties such as hfac- and PF6-

located nearby the ferrocene moieties. In addition, various
∆Ep values of each sample are 0.03-0.21. On the other hand,
we could not observe clear redox peaks for complex8, which
is probably because of the air sensitivity of the surfaces of
the complex, for it contains CuI. Actually, we found that
complex8 decomposes gradually under air, while the other
complexes are highly stable.

Conclusion

We have shown that the reaction of ferrocene-based
bridging ligands with metal ions leads to the formation of
several redox-active coordination polymers. The conforma-
tional flexibility of the ligand may have led to the various
assembled structures of the present complexes. The approach

(19) Seiler, P.; Dunitz, J. D.Acta Crystallogr., Sect. B1979, B35, 2020-
2032.

(20) Mai, J.-F.; Yamamoto, Y.J. Organomet. Chem. 1998, 560, 223-
232.

Figure 5. Conformations of the ferrocenyl rings in1, 3, and5-8. (a) 1,
5-7 (antiperiplanar), (b)3 (synclinal, staggered), (c)8 (synclinal, eclipsed).

Table 4. Structural Parameters of the Ferrocenyl Rings

cmpd Fe-Cp distance/Å torsion angle/dega conformation

1 1.646(1), 1.642(2) 180 antiperiplanar
3 1.643(3), 1.645(2) 40 synclinal (staggered)
5 1.632(5) 180 antiperiplanar
6 1.638(4) 180 antiperiplanar
7 1.638(5) 180 antiperiplanar
8 1.642(3) 65 synclinal (eclipsed)

a CA-XA-XB-CB torsion angle/deg, where CA is a carbon atom in
Cp(A) ring that is bonded to the S atom (likewise for CB) and XA and XB

are the centroids of the two Cp rings A and B, respectively.

Figure 6. Solid-state cyclic voltammograms (vs. Ag/AgCl) of1, 3, 5,
and7.

Table 5. Solid State Redox Potentials from Cyclic Voltammetry (in V
vs FeCp2/FeCp2+)

cmpd E1/2 Epa Epc

1 0.50 0.56 0.45
2 0.51 0.61 0.40
3 0.42 0.46 0.37
5 0.43 0.47 0.40
6 0.39 0.40 0.37
7 0.43 0.46 0.40
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of incorporating functional groups into the bridging ligands
may further lead to the construction of interesting assembled
complexes.
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