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A series of metal-centered ferrocene compounds has been designed by using 5-ferrocenylpyrimidine (L1) and
ferrocenylpyrazine (L2). These ligands, when combined with transition metal salts, produce mixed-metal polynuclear
complexes with structural diversity. Reaction of L1 with M(SCN)2 (M ) Ni, Co) produces the pinwheel-like 4:1
complexes (L1)4‚M(SCN)2, while reactions of L1 and L2 with Cu(NO3)2 give the 3:1 complex (L1)3‚Cu(NO3)2 and
the 2:1 complex (L2)2‚Cu(NO3)2, respectively. Reactions of L1 and L2 with M(hfac)2 (hfac ) 1,1,1,5,5,5-
hexafluoroacetylacetonate, M ) Mn, Ni, Cu, Zn) produce 2:1 complexes (L)2‚M(hfac)2 with cis and trans configurations,
respectively. Crystal structures as well as solid-state electrochemical properties of these redox active complexes
were investigated.

Introduction

The tailored construction of mixed-metal supramolecular
assemblies, by complexation of organometallic ligands and
transition metal ions, is receiving much attention associated
with their characteristics such as redox, magnetic, optical,
and electronic properties.1 Various ferrocene-containing
ligands have been synthesized to date, focusing on their well-
behaved redox activity as well as their synthetic versatility.1b,2

In particular, 1,1′-substitution of ferrocene with various donor
heteroatoms has produced versatile ligands such as 1,1’-bis-
(diphenylphosphino)ferrocene (dppf); they often afford che-
late complexes, although there are some interesting excep-
tions.1b,3,4We designed 1,1′-bis-pyridinethio-substituted fer-
rocenes, to produce bridging ligands rather than chelating
ligands.5 Recently, preparations of 1,1′-bis(4-pyridyl)fer-
rocene ((4-py)2fc)6 and its analogues7 have been reported;
these act as a bridging ligand to produce metalla-macro-
cycles. On the other hand, however, only a few examples of
monosubstituted ferrocene-based bridging ligands have been
reported to date.8 Ferrocene carboxylate, for example, is a

highly versatile ligand, because it exhibits various bonding
modes, producing interesting coordination compounds.9 To
explore the possibilities of monosubstituted ferrocenes to
form novel molecular architectures, we have designed 5-fer-
rocenylpyrimidine (L1) and ferrocenylpyrazine (L2) (Scheme
1), which may act as bidentate ligands. The metal bridging
abilities of pyrimidine and pyrazine moieties are well
documented.10 In a separate paper,11 we have reported the
preparation of side-chain coordination polymers based on
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L1, in which the ligand acts as a bidentate one. In this study,
we have prepared a series of metal-centered molecular
complexes, in which the ligands act as monodentate ones.

This paper describes the preparation, structures, and elec-
trochemical properties ofL1, L2, and their polynuclear metal
complexes, (L1)4‚M(SCN)2 (M ) Ni (1a), Co (1b)), (L1)3‚
Cu(NO3)2 (2), (L2)2‚Cu(NO3)2 (3), and (L )2‚M(hfac)2 (L )
L1, M ) Mn (4a), Ni (4b), Cu (4c), Zn (4d); L ) L2, M )
Mn (5a), Ni (5b), Cu (5c), Zn (5d), hfac ) 1,1,1,5,5,5-
hexafluoroacetylacetonate) (Scheme 2), which can be re-
garded as electroactive ferrocene clusters. Ferrocene can
work as an electron reservoir, and its metal-assisted assembly
is highly intriguing in terms of molecular quantum devices,
as demonstrated by G. J. Long in a cobalt complex containing
four ferrocenes.12 This study demonstrates thatL1 andL2
are highly versatile ligands for synthesizing ferrocene-based
metal assemblies.

Experimental Section

General Procedure and Chemicals.All reagents and solvents
were commercially available except for PdCl2(PPh3)2, which was
synthesized by following the literature procedure.13 NMR spectra
were recorded on a JEOL JNM-ECL-400 spectrometer. Infrared
spectra were recorded on a JASCO FT-IR 230 spectrometer as KBr
pellets. Cyclic voltammograms were recorded with an ALS/chi
electrochemical 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
0.1 V s-1. A Ag/Ag+ reference electrode and a working electrode
of a glassy carbon disk were used. Solid-state voltammograms were
measured with 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.5,14 A three-electrode system was used with a platinum-wire
counter electrode and a Ag/AgCl reference electrode, in 0.1 mol
dm-3 NaClO4 aqueous solutions at a scan rate of 0.1 V s-1, in the
range-0.3 to 0.8 V. Elemental analysis was performed on a Perkin-
Elmer 2400CHN elemental analyzer.

X-ray Diffraction Studies. X-ray diffraction data for single
crystals were collected on a Rigaku AFC-5S four-circle diffracto-
meter equipped with a graphite crystal and incident beam mono-
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chromator using Mo KR radiation (λ ) 0.71073 Å) at 296 K.
Crystal data, data collection parameters, and analysis statistics for
L1, L2, 1a, 1b, 2, 3, 4b, 4c, 4d, and5c are listed in Tables 1 and
2. Selected bond angles and bond lengths are given in Table 3.
Powder X-ray measurements were performed on a Rigaku RAD-
IIB. Compounds1a-1b, as well as4a-4d and 5a-5d, were
confirmed to be isomorphous by comparing X-ray diffraction
patterns. All calculations were performed using the teXsan crystal-
lographic software package.15 These structures were solved by the
direct method (SIR 9216 and SHELEX 9717) and expanded using
Fourier techniques. The non-hydrogen atoms were refined aniso-
tropically, and absorption correction was applied (ψ-scan). The
hydrogen atoms were inserted at the calculated positions and
allowed to ride on their respective parent atoms.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cambridge
Crystallographic Data Center as supplementary publication nos.
CCDC 191982 (L1), CCDC 191983 (L2), CCDC 198073 (1a),
CCDC 198074 (2), CCDC 198075 (3), CCDC 191985 (4b), CCDC
191986 (4c), CCDC 191987 (4d), and CCDC 191988(5c). 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.)

5-Ferrocenylpyrimidine (L1). A solution of ferrocene (1.1 g,
6.0 mmol) in THF (5 mL) was treated with a pentane solution of

tert-buthyllithium (1.6 M, 4.5 mL, 6.9 mmol) at 0°C for 30 min.
To this solution was added a suspension of anhydrous zinc chloride
(1.0 g, 7.3 mmol) in THF (5 mL). The mixture was warmed to
room temperature and stirred for 1 h to give zincated-ferrocene
complex. To this mixture were added a suspension of PdCl2(PPh3)2

(0.21 g, 0.3 mmol) in THF (10 mL) and then a solution of
5-bromopyrimidine (1.0 g, 6.1 mmol) in THF (10 mL). After being
stirred for 24 h at room temperature, the mixture was treated with
2 M hydrochloric acid (2 mL). The reaction mixture was extracted
with diethyl ether (100 mL) and washed with water (100 mL× 3).
Then, the organic phase was dried over MgSO4. After evaporation
of the solvent, the product was separated by column chromatography
(silica gel, eluent: dichloromethane/diethyl ether) 9:1) to give
L1 in a 44% yield (0.68 g). Crystals ofL1 suitable for single-
crystal X-ray analysis were obtained by slow evaporation of a
pentane solution at ambient temperature.1H NMR (400 MHz,
CDCl3, 25 °C, TMS, ppm)δ: 9.04 (s, 1H), 8.81 (s, 2H), 4.70 (m,
2H), 4.45 (m, 2H), 4.10 (s, 5H). IR (KBr, cm-1): 3084 (w), 3022
(w), 1582 (m), 1556 (m), 1483 (m), 1438 (m), 1399 (s), 1293 (m),
1175 (m), 1138 (m), 1031 (m), 1007 (m), 888 (m), 842 (m),
813 (m), 722 (m), 512 (m), 495 (m), 467 (m). Anal. Calcd for
C14H12N2Fe: C, 63.66; H, 4.58; N, 10.61. Found: C, 63.68; H,
4.26; N, 10.33.

Ferrocenylpyrazine (L2). A solution of pyrazine (3.6 g, 4.5×
10-2 mol) in THF (50 mL) was added dropwise to a suspension of
1,1′-dilithioferrocene-tetramethylethylenediamine complex, prepared

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

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

(17) Sheldrick, G. M.Program for the Solution of Crystal Structures;
University of Göttingen: Göttingen, Germany, 1997.

Table 1. Crystallographic Data forL1, L2, 1a, 1b, 2, and3

L1 L2 1a 1b 2 3

chemical formula C14H12N2Fe C14H12N2Fe2 C58H48N6S2NiFe4 C58H48N6S2CoFe4 C42H36N8O6Fe3Cu C28H24N6O6CuFe2
a/Å 6.897(4) 5.900(2) 11.348(3) 11.36(1) 13.455(3) 10.243(4)
b/Å 9.911(2) 20.141(2) 12.670(3) 12.63(1) 13.841(3) 7.820(3)
c/Å 16.868(3) 9.680(3) 9.152(1) 9.18(1) 13.350(5) 17.913(3)
R/deg 93.98(1) 93.8(1) 96.31(3)
â/deg 95.04(3) 98.40(3) 94.77(2) 94.8(1) 106.65(3) 105.02(2)
γ/deg 81.08(2) 80.7(1) 119.14(2)
V/Å3 1148.5(7) 1137.9(6) 1293.2(5) 1295(3) 1986(1) 1385.8(8)
Z 4 4 1 2 2
fw 264.11 264.11 1175.27 1175.51 979.88 715.77
space group P21/c (No. 14) P21/c (No.14) P1h (No. 2) P1h (No. 2) P1h (No. 2) P21/a (No. 14)
Fcalcd/g‚cm-3 1.527 1.542 1.509 1.638 1.715
µ/cm-1 12.87 12.99 15.77 16.61 18.48
R1

a 0.041 0.035 0.047 0.070 0.039
Rw

a 0.120 0.123 0.108 0.117 0.130

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

2)2/∑w(Fo
2)2]1/2.

Table 2. Crystallographic Data for4b, 4c, 4d, and5c

4b 4c 4d 5c

chemical formula C38H26N4O4F12Fe2Ni C38H26N4O4F12CuFe2 C38H26N4O4F12Fe2Zn C38H26N4O4F12CuFe2
a/Å 16.671(3) 16.848(3) 16.945(3) 11.747(5)
b/Å 13.222(2) 13.078(5) 13.016(3) 13.238(3)
c/Å 17.393(2) 17.521(5) 17.544(2) 6.447(2)
R/deg 96.47(2)
â/deg 91.749(10) 92.25(2) 92.09(2) 93.04(3)
γ/deg 78.49(2)
V/Å3 3832.0(8) 3857(1) 3866(1) 975.7(5)
Z 4 4 4 1
fw 1001.02 1005.87 1007.714 1005.87
space group C2/c (No.15) C2/c (No.15) C2/c (No.15) P1h (No. 2)
Fcalcd/g‚cm-3 1.735 1.732 1.635 1.712
µ/cm-1 13.38 13.93 10.99 13.77
R1

a 0.046 0.051 0.047 0.043
Rw

a 0.144 0.154 0.140 0.133

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

2)2/∑w(Fo
2)2]1/2.

Horikoshi et al.

6870 Inorganic Chemistry, Vol. 42, No. 21, 2003



from 2.8 g (1.5× 10-2 mol) of ferrocene, in hexane (150 mL) at
room temperature. The reaction mixture was stirred for 3 days at
room temperature; then, the resulting brown suspension was
evaporated to dryness, and the mixture redissolved in diethyl ether
(100 mL). The organic phase was washed with water (100 mL×
3) and dried over MgSO4. After evaporation of the solvent, the
product was separated by column chromatography on silica gel.
Elution with dichloromethane yielded a reddish-orange fraction
containingL2 in a 6% yield (0.24 g). Crystals ofL2 suitable for
single-crystal X-ray analysis were obtained by slow evaporation
of a pentane solution at ambient temperature.1H NMR (400 MHz,
CDCl3, 25 °C, TMS, ppm)δ: 8.69 (d, 1H,JH,H ) 3.5 Hz), 8.43
(m, 1H), 8.32 (m, 1H), 4.96 (m, 2H), 4.49 (m, 2H), 4.08 (s, 5H).
IR (KBr, cm-1): 3111 (w), 3081 (w), 3052 (w), 1577 (m), 1518
(s), 1498 (s), 1399 (s), 1386 (m), 1283 (m), 1138 (m), 1110 (m),
1030 (m), 1014 (m), 1002 (m), 847 (m), 837 (m), 830 (m),
812 (m), 519 (m), 496 (m), 481 (m), 475 (m). Anal. Calcd for
C14H12N2Fe: C, 63.66; H, 4.58; N, 10.61. Found: C, 63.66; H,
4.27; N, 10.42.

(L1)4‚Ni(SCN)2 (1a). To a solution of Ni(SCN)2‚1/2H2O (4.5
mg, 0.25× 10-2 mmol) in 2 mL of methanol was added a solution
of L1 (26 mg, 1.0× 10-2 mmol) in 4 mL of methanol. After
standing for a few days, orange crystals were formed in a 66%
yield (20 mg), which were suitable for X-ray analysis. IR (KBr,
cm-1): 3077 (m), 2067 (s), 1587 (m), 1555 (m), 1481 (m), 1404
(m), 1177 (m), 1003 (m), 892 (m), 822 (m), 715 (m), 510 (m), 491
(m), 474 (m). Anal. Calcd for C58H48N10Fe4NiS2: C, 56.58; H, 3.93;
N, 11.38. Found: C, 56.41; H, 3.95; N, 11.36.

(L1)4‚Co(SCN)2 (1b). This material was prepared as described
for 1a using L1 (26 mg, 1.0× 10-2 mmol) and Co(SCN)2 (4.5
mg, 0.25× 10-2 mmol). Reddish orange crystals were formed as
a minor product, together with a powdered main product. The minor
product was subjected to X-ray structure determination and
confirmed to be the 4:1 complex, (L1)4‚Co(SCN)2 (1b). The major
product seem to be a 3:1 complex, (L1)3‚Co(SCN)2‚H2O. IR (KBr,
cm-1): 3114 (w), 3072 (w), 2056 (s), 1635 (m), 1589 (m), 1562
(m), 1479 (m), 1404 (s), 1178 (m), 1003 (m), 816 (m), 715 (m),

490 (m), 471 (m). Anal. Calcd for C44H40N8OFe3CoS2 ()(L1)3‚
Co(SCN)2‚H2O): C, 53.63; H, 3.89; N, 11.37. Found: C, 53.54;
H, 3.79; N, 11.36.

(L1)3‚Cu(NO3)2 (2). This material was prepared as described
for 1a usingL1 (26 mg, 1.0× 10-2 mmol) and Cu(NO3)2‚3H2O
(8 mg, 0.3× 10-2 mmol). After standing for a few days, orange
crystals were formed in a 35% yield (12 mg), which were suitable
for X-ray analysis. IR (KBr, cm-1): 3014 (m), 1637 (m), 1562
(m), 1479 (s), 1407 (m), 1384 (s), 1297 (s), 1280 (m), 1004 (m),
829 (m), 713 (m), 514 (m), 489 (m), 472 (m). Anal. Calcd for
C42H36N8Fe3O6Cu: C, 51.48; H, 3.70; N, 11.44. Found: C, 51.47;
H, 3.68; N, 11.37.

(L2)2‚Cu(NO3)2 (3). This material was prepared as described
for 1a usingL2 (26 mg, 1.0× 10-2 mmol) and Cu(NO3)2‚3H2O
(12 mg, 0.5× 10-2 mmol). After standing for a few days, dark
green crystals were formed, which were suitable for X-ray analysis.
The product was obtained in a 50% yield (19 mg). IR (KBr, cm-1):
3100 (w), 3084 (w), 1601 (m), 1523 (s), 1491 (s), 1406 (m), 1387

(s), 1268 (s), 1178 (m), 1143 (m), 1104 (m), 1008 (s), 853 (m),
817 (m), 747 (m), 510 (m), 480 (s), 418 (m). Anal. Calcd for
C28H24N6O6CuFe2: C, 46.98; H, 3.38; N, 11.74. Found: C, 46.99;
H, 3.19; N 11.25.

(L1)2‚Mn(hfac)2 (4a). To a solution ofL1 (26 mg, 1.0× 10-2

mmol) in 3 mL of diethyl ether was added a solution of Mn(hfac)2‚
2H2O (25 mg, 0.5× 10-2 mmol) in 2 mL of diethyl ether. After
standing for a few days, an orange crystalline solid of3a formed
in a 69% yield (35 mg). IR (KBr, cm-1): 3114 (w), 3071 (w),
3039 (w), 1943 (w), 1878 (w), 1646 (s), 1566 (m), 1537 (m), 1486
(s), 1439 (m), 1407 (m), 1298 (m), 1256 (s), 1220 (s), 1176 (s),
1144 (s), 892 (m), 815 (m), 716 (m), 662 (s), 646 (m), 583 (m),
468 (m). Anal. Calcd for C38H26N4O4F12Fe2Mn: C, 45.77; H, 2.63;
N, 5.62. Found: C, 45.75; H, 2.55; N, 5.41.

(L1)2‚Ni(hfac)2 (4b). This material was prepared as described
for 4a usingL1 (26 mg, 1.0× 10-2 mmol) and Ni(hfac)2‚2H2O
(25 mg, 0.5× 10-2 mmol), yielding dark brown crystals, 72% yield
(37 mg). IR (KBr, cm-1): 3107 (w), 3077 (w), 1946 (w), 1882
(w), 1644 (s), 1566 (m), 1534 (m), 1489 (s), 1438 (m), 1409 (m),

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

Complex1a
Ni-N(1) 2.1792(2) Ni-N(3) 2.138(3) Ni-N(5) 2.042(2) N(1)-Ni-N(1)#1 180.0
N(1)-Ni-N(3) 87.27(9) N(1)-Ni-N(3)#1 92.73(9) N(1)-Ni-N(5) 89.93(9) N(1)-Ni-N(5)#1 90.07(9)
N(3)-Ni-N(3)#1 180.0 N(3)-Ni-N(5) 89.56(10) N(3)-Ni-N(5)#1 90.44(10) N(5)-Ni-N(5)#1 180.0

Complex2
Cu-O(1) 1.987(3) Cu-O(4) 1.979(3) Cu-N(1) 2.276(4) Cu-N(3) 2.035(3)
Cu-N(5) 2.036(3) O(1)-Cu-O(4) 178.7(1) O(1)-Cu-N(1) 90.6(1) O(1)-Cu-N(3) 90.4(1)
O(1)-Cu-N(5) 91.3(1) O(4)-Cu-N(1) 90.7(1) O(4)-Cu-N(3) 89.6(1) O(4)-Cu-N(5) 88.4(1)
N(1)-Cu-N(3) 101.3(1) N(1)-Cu-N(5) 93.6(1) N(3)-Cu-N(5) 165.1(1)

Complex3
Cu-N(1) 1.976(4) Cu-O(1) 2.007(3) O(1)-Cu-O(1)#2 180.0 O(1)-Cu-N(1) 89.6(1)
O(1)-Cu-N(1)#2 90.4(1) O(1)#2-Cu-N(1) 90.4(1) O(1)#2-Cu-N(1)#2 89.6(1) N(1)-Cu-N(1)#2 180.0

Complex4b
Ni-O(1) 2.047(3) Ni-O(2) 2.012(3) Ni-N(1) 2.102(4) O(1)-Ni-O(1)#3 90.8(2)
O(1)-Ni-O(2) 88.7(1) O(1)-Ni-O(2)#3 91.7(1) O(1)-Ni-N(1) 88.7(1) O(2)-Ni-N(1) 92.4(1)

Complex4c
Cu-O(1) 2.109(5) Cu-O(2) 1.983(5) Cu-N(1) 2.184(6) O(1)-Cu-O(1)#4 92.0(3)
O(1)-Cu-O(2) 87.9(2) O(1)-Cu-O(2)#4 92.5(2) O(1)-Cu-N(1) 174.0(2) O(2)-Cu-N(1) 86.2(2)

Complex4d
Zn-O(1) 2.104(3) Zn-O(2) 2.064(2) Zn-N(1) 2.174(3) O(1)-Zn-O(1)#5 91.9(2)
O(1)-Zn-O(2) 85.76(10) O(1)-Zn-O(2)#5 93.3(1) O(1)-Zn-N(1) 171.6(1) O(2)-Zn-N(1) 85.8(1)

Complex5c
Cu-O(1) 2.301(3) Cu-O(2) 1.964(2) Cu-N(1) 2.051(3) O(1)-Cu-O(1)#1 180
O(1)-Cu-O(2) 86.37(9) O(1)-Cu-O(2)#1 93.63(9) O(1)-Cu-N(1) 94.7(1) O(2)-Cu-N(1) 89.39(9)

a Symmetry codes used for generating equivalent atoms:#1, -x + 2, -y, -z + 2; #2, -x + 1, -y + 1, -z; #3, -x, y - 1, z + 1; #4, -x + 1, y, -z +
1/2; #5, -x + 1, y, -z + 3/2.
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1257 (s), 1207 (s), 1177 (s), 1148 (s), 1001 (m), 826 (m), 811 (m),
715 (m), 671 (m), 588 (m), 491 (m), 472 (m). Anal. Calcd for
C38H26N4O4F12Fe2Ni: C, 45.60; H, 2.62; N, 5.60. Found: C, 45.35;
H, 2.26; N, 5.49.

(L1)2‚Cu(hfac)2 (4c). This material was prepared as described
for 3a using L1 (26 mg, 1.0× 10-2 mmol) and Cu(hfac)2‚H2O
(25 mg, 0.5× 10-2 mmol), yielding orange-red crystals, 67% yield
(34 mg). IR (KBr, cm-1): 3107 (w), 3065 (w), 1647 (s), 1590 (m),
1565 (m), 1534 (m), 1489 (s), 1458 (s), 1438 (m), 1409 (m), 1296
(m), 1258 (s), 1204 (s), 1176 (s), 1154 (s), 1001 (m), 893 (m), 812
(m), 714 (m), 669 (m), 586 (m), 508 (m), 491 (m), 469 (m). Anal.
Calcd for C38H26N4O4F12CuFe2: C, 45.38; H, 2.61; N, 5.57.
Found: C, 45.20; H, 2.64; N, 5.26.

(L1)2‚Zn(hfac)2 (4d). This material was prepared as described
for 3a usingL1 (26 mg, 1.0× 10-2 mmol) and Zn(hfac)2‚2H2O
(25 mg, 0.5× 10-2 mmol), yielding orange crystals, 70% yield
(36 mg). IR (KBr, cm-1): 3109 (w), 3077 (w), 1648 (s), 1566 (m),
1538 (m), 1489 (s), 1205 (s), 1205 (s), 1178 (m), 1147 (s), 1096
(m), 894 (w), 811 (m), 715 (m), 666 (m), 586 (m), 596 (w), 470
(w). Anal. Calcd for C38H26N4O4F12Fe2Zn: C, 45.29; H, 2.60; N,
5.56. Found: C, 45.56; H, 2.64; N, 5.56.

(L2)2‚Mn(hfac)2 (5a). To a solution ofL2 (26 mg, 1.0× 10-2

mmol) in 3 mL of diethyl ether was added a solution of Mn(hfac)2‚
2H2O (25 mg, 0.5× 10-2 mmol) in 2 mL of diethyl ether. After
standing for a few days, orange-red crystalline solids of4a formed
in 85% yield (43 mg). IR (KBr, cm-1): 3286 (w), 3105 (m), 3091
(m), 1646 (s), 1591 (m), 1559 (m), 1532 (m), 1489 (s), 1404 (s),
1253 (m), 1223 (s), 1205 (s), 1150 (s), 1034 (m), 896 (w), 850
(m), 810 (m), 802 (m), 738 (m), 663 (m), 584 (m), 520 (w), 481
(m), 478 (m). Anal. Calcd for C38H26N4O4F12Fe2Mn: C, 45.77; H,
2.63; N, 5.62. Found: C, 45.43; H, 2.51; N, 5.39.

(L2)2‚Ni(hfac)2 (5b). This material was prepared as described
for 5a usingL2 (26 mg, 1.0× 10-2 mmol) and Ni(hfac)2‚2H2O
(25 mg, 0.5× 10-2 mmol), yielding orange-red powder, 76% yield
(39 mg). IR (KBr, cm-1): 3128 (w), 3098 (w), 3064 (w), 1644 (s),
1592 (m), 1558 (m), 1539 (m), 1486 (s), 1403 (m), 1341 (w), 1256
(s), 1206 (s), 1175 (s), 1140 (s), 1034 (m), 898 (w), 853 (m), 812
(m), 801 (m), 739 (w), 674 (s), 588 (m), 521 (m), 502 (m), 478
(m), 430 (w). Anal. Calcd for C38H26N4O4F12Fe2Ni: C, 45.60; H,
2.62; N, 5.60. Found: C, 45.56; H, 2.57; N, 5.44.

(L2)2‚Cu(hfac)2 (5c). This material was prepared as described
for 5a using L2 (26 mg, 1.0× 10-2 mmol) and Cu(hfac)2‚H2O
(25 mg, 0.5× 10-2 mmol), yielding dark brown crystals, 51% yield
(26 mg). IR (KBr, cm-1): 3120 (w), 3099 (w), 1661 (s), 1592 (m),
1552 (m), 1532 (m), 1521 (m), 1485 (s), 1404 (m), 1337 (w), 1260
(s), 1222 (s), 1177 (s), 1142 (s), 1070 (s), 1070 (m), 1034 (m), 852
(m), 808 (m), 800 (m), 729 (w), 668 (m), 592 (w), 577 (w), 522
(w), 502 (m), 484 (m). Anal. Calcd for C38H26N4O4F12CuFe2: C,
45.38; H, 2.61; N, 5.57. Found: C, 45.39; H, 2.49; N, 5.73.

(L2)2‚Zn(hfac)2 (5d). This material was prepared as described
for 5a usingL2 (26 mg, 1.0× 10-2 mmol) and Zn(hfac)2‚2H2O
(25 mg, 0.5× 10-2 mmol), yielding yellow-orange powder, 78%
yield (40 mg). IR (KBr, cm-1): 3138 (w), 3094 (w), 1646 (s), 1594
(m), 1559 (m), 1533 (m), 1486 (s), 1404 (m), 1254 (s), 1222 (s),
1203 (s), 1173 (s), 1135 (s), 1032 (m), 855 (m), 811 (m), 800 (m),
739 (w), 667 (m), 587 (m), 496 (m), 481 (m), 477 (m). Anal. Calcd
for C38H26N4O4F12Fe2Zn: C, 45.29; H, 2.60; N, 5.56. Found: C,
45.38; H, 2.69; N, 5.56.

Results and Discussion

Ferrocene-Based Ligands, 5-Ferrocenylpyrimidine (L1)
and Ferrocenylpyrazine (L2).5-Ferrocenylpyrimidine (L1)

was synthesized by a palladium-catalyzed cross-coupling of
zincated ferrocene with 5-bromopyrimidine, and ferroce-
nylpyrazine (L2) was prepared by the reaction of lithiofer-
rocene with pyrazine (Scheme 1). ORTEP18 drawings of
these compounds are shown in Figure 1. The torsion angles
between the cyclopentadienyl (Cp) ring and the heteroaryl
ring are 21.7(1)° and 7.8(1)°, for L1 andL2, respectively.
The planarity of the latter may be ascribable to the decrease
of steric hindrance of the ring hydrogen.

The cyclic voltammograms ofL1 and L2 in dichlo-
romethane show half-wave potentials (E1/2’s) at 0.11 and 0.09
V (vs FeCp2/FeCp2+), respectively. The positive shifts
relative to ferrocene are ascribable to the electron-withdraw-
ing effect of the heteroaryl rings, and these values are
comparable to other typical heteroaryl-substituted ferrocene
derivatives.19

Pinwheel-Like Complexes with 4:1 L/M Stoichiometry,
(L1)4‚M(SCN)2 [M ) Ni (1a), Co (1b)]. Reaction ofL1
with M(SCN)2 (M ) Ni, Co) gave the 4:1 complexes (L1)4‚
M(SCN)2, which involve five metal ions. An ORTEP view
of the pinwheel-like structure of1a (M ) Ni) is shown in
Figure 2, with the numbering scheme. Compound1b (M )
Co) is isomorphous to1a. The coordination geometry around
the nickel ion in1a is pseudo-octahedral, and fourL1 ligands
and two thiocyanate anions are coordinated to the equatorial
and axial positions, respectively. The bond lengths and angles

(18) ORTEP-3 for Windows: Farrugia, L. J.J. Appl. Crystallogr.1997,
30, 565.

(19) Isaac, C. J.; Price, C.; Horrocks, B. R.; Houlton, A.; Elsegood, M. R.
J.; Clegg, W.J. Organomet. Chem.2000, 598, 248-253.

Figure 1. ORTEP representations (50% thermal probability ellipsoids)
of the molecular structures ofL1 (a) andL2 (b). Hydrogen atoms are omitted
for clarity.

Figure 2. ORTEP representation (50% thermal probability ellipsoids) of
the molecular structure of the 4:1 complex1a with the numbering scheme.
Hydrogen atoms are omitted for clarity.
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around the Ni atom have normal values. The nickel atom
lies on an inversion center, and thus, the unit contains two
crystallographically independentL1 ligands. Relative con-
formations of the two Cp rings in the ligands are synclinal
(eclipsed), and the dihedral angles between the Cp ring and
the pyrimidine ring are 34.6(1)° and 14.5(1)°, for L1(Fe1)
andL1(Fe2), respectively.

Copper(II) Complexes with Varying Stoichiometry,
(L1)3‚Cu(NO3)2 (2) and (L2)2‚Cu(NO3)2 (3). Reaction of
L1 with Cu(NO3)2 gave the 3:1 complex (L1)3‚Cu(NO3)2,
which involves four metal ions. An ORTEP view of this
complex is shown in Figure 3a, with the numbering scheme.
The coordination geometry around the copper ion is penta-
coordinated, with the five donor atoms at the vertices of a
distorted square pyramid formed by threeL1 ligands and
two nitrate anions. The Cu-N(1) bond length of 2.276(4)
Å is slightly longer than the Cu-N(3) and Cu-N(5) of
2.035(3) and 2.036(3) Å, respectively, due to the Jahn-Teller
effect. The Cu-O(1) and Cu-O(4) bond lengths are
1.987(3) and 1.979(3) Å, respectively, and there is no
significant departure from planar coordination geometry
within the CuN2O2 unit. Conformations of the two Cp rings
are synclinal (eclipsed) and located ca. 1.63-1.64 Å away
from the iron atom. The dihedral angles between the Cp ring
and the pyrimidine ring are 6.2(3)°, 10.4(2)°, and 28.9(2)°,
for L1(Fe1),L1(Fe2), andL1(Fe3), respectively.

In contrast, reaction ofL2 with Cu(NO3)2 produced a 2:1
complex (L2)2‚Cu(NO3)2, which involves three metal ions.
An ORTEP view of this complex is shown in Figure 3b,
with the numbering scheme. The copper(II) ion, which is
located on an inversion center, adopts a square planar
coordination geometry and is trans coordinated by two nitrate

anions and twoL2 ligands. The Cu-O(1) and Cu-N(1)
distances are typical at 2.007(3) and 1.976(4) Å, respectively.
The torsion angle between the Cp ring and the heteroaryl
ring is 26.3(2)°, which is significantly larger than the value
observed in the precursorL2.

M(hfac)2 Complexes with 2:1 L/M Stoichiometry, (L)2‚
M(hfac)2 [L ) L1, M ) Mn (4a), Ni (4b), Cu (4c),
Zn(4d); L ) L2, M ) Mn (5a), Ni (5b), Cu (5c), Zn(5d)].
Reaction ofL1 with M(hfac)2 gave the 2:1 complexes, (L1)2‚
M(hfac)2 (M ) Mn (4a), Ni (4b), Cu (4c), Zn (4d)), which
involve three metal ions. The molecular structure of4c is
shown in Figure 4a. Compounds4a, 4b, and4d are isomor-
phous to4c, and these complexes exhibited the cis configu-
rations of the M(hfac)2 unit. The metal center in M(hfac)2

in 4chas a slightly distorted tetrahedral coordination environ-
ment and shows no significant Jahn-Teller distortion with
Cu-O(1), Cu-O(2), and Cu-N(1) bond lengths of 2.109-
(5), 1.983(5), and 2.184(6) Å, respectively. The bond lengths
and bond angles of4b and4d around the metal centers are
almost the same as those found in4c (Table 3). The dihedral
angles between the Cp ring and the pyrimidine ring in the
L1 ligands in4b (M ) Ni), 4c (M ) Cu), and4d (M ) Zn)
are 20.9(2)°, 18.7(3)°, and 17.6(2)°, respectively, which are
similar to the value found in the precursorL1.

Reaction ofL2 with M(hfac)2 also produced 2:1 com-
plexes, (L2)2‚M(hfac)2 (M ) Mn (5a), Ni (5b), Cu (5c), Zn
(5d)). However, the coordination structures exhibit trans
configurations, in contrast to4a-d. The molecular structure
of 5c is shown in Figure 4b. The copper atom lies on an
inversion center, and each N-donor ligand occupies the trans
positions relative to the copper(II) ions. Elongation of
Cu(1)-O(1) (2.300(3) Å) relative to Cu(1)-O(2) (1.964(2)
Å) is ascribable to the Jahn-Teller effect. The dihedral angle
between the Cp ring and the pyrimidine ring in ligandL2 in
5c is 3.7(1)°, which is similar to the value observed in the
precursorL2. Intermolecular magnetic interactions in these
molecularcomplexes are expected to be negligibly small due
to long intermolecular metal-metal distances.

Figure 3. ORTEP representations (50% thermal probability ellipsoids)
of the molecular structures of the 3:1 complex2 (top, a) and the 2:1 complex
3 (bottom, b) with the numbering scheme. Hydrogen atoms are omitted for
clarity.

Figure 4. ORTEP representations (50% thermal probability ellipsoids)
of the molecular structures of the cis 2:1 complex4c (top, a) and the trans
complex5c (bottom, b) with the numbering scheme. Hydrogen and fluorine
atoms are omitted for clarity.
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Discussion of the Coordination Structure.In this study,
we have synthesized a series of metal-centered polynuclear
complexes by using the simple ferrocene-based ligandsL1
andL2. In these complexes, both ligands act as monodentate
ligands, leaving one of the two nitrogens free. The poor co-
ordination ability of the 1-nitrogen (N2) inL2 may be ac-
counted for by the steric hindrance of the adjacent ferrocenyl
group, whereas a free pyrazine molecule can link metal ions
to produce multinuclear compounds or coordination poly-
mers.10 The dihedral angles between the Cp ring and the
arene ring of the present compounds are listed in Table 4.
The smaller dihedral angle inL2 relative to that inL1 may
be ascribable to the smaller steric hindrance, although
variation of the angles as seen in Table 4 indicates that these
angles are rather flexible. On the other hand,L1 is ex-
pected to act also as a bidentate ligand. Indeed, as reported
in a separate paper,L1 also affords coordination polymers,
{L1‚M(hfac)2}n (M ) Mn, Ni, Cu, Zn) and{L1‚CuX}n (X
) I, Br), in which the ligand acts as a bridging ligand.11 In
the present study, we could selectively synthesize the
polynuclear complexes by recrystallization from diethyl ether,
whereas reactions ofL1 with equimolar amounts of M(hfac)2

in heptane produced the 1:1 coordination polymers.
The stoichiometric and structural differences as observed

in these polynuclear complexes may be the consequence of
competition or synergy between the steric factors inside the
complexes and packing effects upon crystallization. The
followings points should be noted on the stoichiometry and
the structures of the present complexes: (i) the ligandL1
produced 4:1 complexes (1a, 1b), a 3:1 complex (2), and
2:1 complexes (4a-4d), whereasL2 produced only 2:1
complexes (3, 5a-5d); (ii) reaction of Cu(NO3)2 with L1
produced a 3:1 complex, whereas that withL2 produced a
2:1 complex; and (iii) concerning M(hfac)2 complexes, we
could only isolate cis complexes forL1 and trans complexes
for L2, regardless of the metal species. We found that the
M/L ratio of the present compounds was not affected by
changes in the stoichiometry of metal salts and the ligands
used in the reaction, although typical experimental conditions
are described in the Experimental Section. It is interesting
to note that the coordination polymers of{L1‚M(hfac)2}n

exhibit the cis configurations of the M(hfac)2 unit, whereas
the molecular complexes of (L1)2‚M(hfac)2 display the trans
ones. The difference in the shapes ofL1 andL2, under the
influence of packing effects, may have resulted in the
stabilization of these different coordination modes in the
crystals. As related ligands, the pyridyl ferrocenes (pyfc)20

have been known for many years, but only a few of their
coordination complexes have been reported; Laguna and co-
workers demonstrated that complexation of 3-pyfc with AuI

and AuIII ions produce 1:1 and 2:1 complexes, respectively.21

Interestingly, the assembled structures of these complexes
and the present ones are quite different, although the
coordination modes ofL1, L2, and 3-pyfc appear to be
similar. On the other hand, 2-pyfc rarely produce coordina-
tion compounds except when ortho-metalation19,22 occurs,
although chelate complexes are reported for 1,1′-(2-pyridyl)-
ferrocene and its analogues.23

Solid-State Electrochemistry.Cyclic voltammograms of
these complexes were measured in the solid state. Solid-
state redox potentials of the present compounds are listed in
Table 5. CompoundsL1 andL2 show half-wave potentials
at E1/2 ) 0.10 and 0.11 V (vs solid-state FeCp2/FeCp2+),
respectively, which are slightly shifted from those in solution.
As listed in Table 5, theE1/2 values for4a-4d are observed
at around 0.06 V, whereas those of5a-5d are observed at
around 0.08 V, which corresponds to the redox process of
the ferrocenyl moiety. These potentials show negative shifts
with respect to those ofL1 andL2 in the solid state; lowering
of the redox potentials in the metal complexes is probably
due to electrostatic stabilization between the resultant fer-
rocenium ions and neighboring anionic moieties, as generally
observed in the ionization processes of molecular solids.24

Similar tendencies have been reported for the redox processes
of [M(hfac)2{1,1’-di(pyridinethio)ferrocene}]n (M ) Mn, Cu,
Zn).5 In addition to the redox waves of the ferrocenyl groups,
the copper derivatives4c and5c show another redox wave
at E1/2 ∼ -0.2 V in the solid state. This is assignable to a
redox process involving the Cu(hfac)2 unit, because the
Cu(hfac)2‚nH2O complex shows a redox peak at around
-0.30 V in the solid state, whereas those of M) Mn, Ni,
and Zn show no significant redox waves in the range-0.6
to 0.5 V. It is interesting to know whether electronic com-
munication25 occurs between the ferrocenyl groups through

(20) (a) Rausch, M. D.; Ciappenelli, D. J.J. Organomet. Chem.1967, 10,
127-136. (b) Carugo, O.; De Santis, G.; Fabbrizzi, L.; Licchelli, M.;
Monichino, A.; Pallavicini, P.Inorg. Chem.1992, 31, 765-769. (c)
Liu, C.-M.; Chen, B.-H.; Liu, W.-Y.; Wu, X.-L.; Ma, Y.-X.J.
Organomet. Chem.2000, 598, 348-352.

(21) Barranco, E. M.; Crespo, O.; Gimeno, M. C.; Jones, P. G.; Laguna,
A.; Villacampa, M. D.J. Organomet. Chem.1999, 592, 258-264.

(22) Yoshida, T.; Tani, K.; Yamagata, T.; Tatsuno, Y.; Saito, T.J. Chem.
Soc., Chem. Commun.1990, 292-294.

(23) (a) Tani, K.; Mihana, T.; Yamagata, T.; Saito, T.Chem. Lett.1991,
2047-2050. (b) Delis, J. G. P.; van Leeuwen, P. W. N. M.; Vrieze,
K.; Veldman, N.; Spek, A. L.; Fraanje, J.; Goubitz, K.J. Organomet.
Chem. 1996, 514, 125-136. (c) Neumann, B.; Siemeling, U.;
Stammler, H.-G.; Vorfeld, U.; Delis, J. G. P.; van Leeuwen, P. W.
M. N.; Vrieze, K.; Fraanje, J.; Goubitz, K.; de Biani, F.; Zanello, P.
J. Chem. Soc., Dalton Trans.1997, 4705-4711.

(24) The Electronic Structure and Chemistry of Solids; Cox, P. A.; Oxford
University Press: New York, 1987.

Table 4. Dihedral Angles (deg) between Cyclopentadienyl Ring and
Heteroaryl Ring inL1, L2, and Ligands in Metal Complexes

compd torsion angle compd torsion angle

L1 21.7(1) L2 7.8(1)
1a 14.5(1), 34.6(1) 2 6.2(3), 10.4(2), 28.9(2)
3 26.3(2) 4b 20.9(2)
4c 18.7(3) 4d 17.6(2)
5c 3.7(1)

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

compd E1/2 Epc Epa compd E1/2 Epc Epa

L1 0.10 0.31 -0.11 L2 0.11 0.31 -0.08
1a 0.05 0.10 0.00 1b 0.06 0.20 -0.09
2 a -0.12 3 a -0.18
4a 0.05 0.10 0.00 4b 0.05 0.13 0.02
4c 0.07 0.13 0.02 4d 0.07 0.15 0.00
5a 0.08 0.17 -0.01 5b 0.07 0.11 0.03
5c 0.09 0.14 0.04 5d 0.07 0.14 0.01

a Irreversible.
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the metal centers. However, the present complexes dissociate
in usual organic solvents, and thus, we measured solid-state
voltammograms of the bulk materials, from which we could
not obtain detailed information on individual electrochemical
processes.

It should be noted that the redox potentials of these
heteroaryl ferrocenes are lower than those of dppf or bis-
pyridinethio ferrocenes by ca. 0.1 and 0.4 V, respectively.5,26

The lower redox potentials of the monosubstituted ligands
are advantageous when producing coordination compounds
involving ferrocenium cations by electrochemical oxidation.

Conclusion

We have designed simple ferrocene-based ligands with
pyrimidine or pyrazine moieties and obtained electroactive
polynuclear complexes with varying L/M stoichiometry.
These polynuclear complexes can be regarded as metal-
centered ferrocene clusters, although there are several other
interesting examples of ferrocene-based assemblies.8,9,12,27

Through the present and related studies,11,28the ligand design
has been shown to be useful for synthesizing ferrocene-based
coordination compounds. These ligands may be also useful
for the construction of ferrocene-based organometallic den-
drimers,29 and a study is underway in our laboratories.
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