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Abstract

1,1 0-Ferrocene dicarboxylic acid pyridin-4-yl ester (1) is prepared from 1,1 0-ferrocene dicarbonyl chloride and 4-hydroxypyridine. This
new bidentate ferrocenoyl ligand reacts with the monocationic complex [(g6-p-cymene)2Ru2(l-OH)3]+ to give the dicationic complex
[(g6-p-cymene)2Ru2(l-OH)2(1,1 0- (NC5H4–OOC)2–Fc)]2+ (2) (Fc: C5H4–Fe–C5H4), isolated as a tetrafluoroborate salt. The single-crystal
X-ray structure analysis of [2][BF4]2 reveals the ferrocenoyl pyridine ligand 1 to act as l2-g2 chelating ligand in the dinuclear complex,
having replaced a l2-g1-hydroxo ligand.
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Since the discovery of the Josiphos ligand [1] by Togni
et al. in 1994, a considerable number of bidentate ligands
derived from ferrocene have been developed and used to
catalyse various organic reactions [2]. Another interesting
aspect of these bidentate ligands is the use of 1,1 0-substit-
ued ferrocenes for the construction of macromolecular
structures, for the design and synthesis of host/guest com-
plexes [3] or as building blocks for antitumor agents [4]. To
our knowledge, ferrocene-based bidentate ligands have
never been used with dinuclear hydroxo-bridged arene
ruthenium complexes [5], although the chemistry of these
complexes is quite well established [6,7].

In this communication we report the synthesis of a new
ferrocenoyl pyridine ligand and its coordination to a dinu-
clear hydroxo-bridged arene ruthenium complex, as well as
the molecular structure of the new complex obtained.

1,1 0-Ferrocene dicarbonyl chloride [8] reacts with 4-
hydroxypyridine in dichloromethane at room temperature
to give 1,1 0-ferrocene dicarboxylic acid pyridin-4-yl ester
* Corresponding author. Tel.: +41 32 718 24 00; fax: +41 32 718 25 11.
E-mail address: georg.suess-fink@unine.ch (G. Süss-Fink).
1,1 0-(NC5H4–OOC)2–Fc (Fc: C5H4–Fe–C5H4) (1) [9]. This
new bidentate ligand based on ferrocene is obtained as an
air-stable red crystalline powder. Its 1H NMR spectra is
in accordance with the structure expected, the two 1- and
1 0-arms being equivalent. The ligand 1 reacts with the triply
hydroxo-bridged complex [(g6-p-cymene)2Ru2(l-OH)3]+

[5] to give the dicationic complex [(g6-p-cymene)2Ru2(l-
OH)2(1,1 0- (NC5H4–OOC)2–Fc)]2+ (2), isolated as the tet-
rafluoroborate salt [10] (Scheme 1). This salt is obtained
as air-stable orange crystals, which are only soluble in ace-
tone [11]. From the reaction of a dinuclear complex with a
bidentate ligand, also a tetranuclear complex may be
expected, as in the reaction of 4,4’-bipyridine with [(g6-p-
cymene)2Ru2(l-OH)3]+ [12] or with [(g6-p-cymene)2Ru2-
(l-g4- C2O4)(CH3OH)2] [13]. However, the complex 2 is
the first example of ‘‘dinuclear ruthenacycle’’ containing
two hydroxo bridges and a l2-g2-ferrocenoyl pyridine
bridge (Figs. 2 and 3).

UV–visible spectra of the free ligand 1 and of the salt
[2][BF4]2 have been measured in dichloromethane
(Fig. 1). The free ligand exhibits an absorption maximum
at kmax = 253 nm, for the complex kmax = 240 nm, this shift
being due to the coordination to the arene-ruthenium
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Fig. 1. UV spectra of 1,1 0-(NC5H4–OOC)2–Fc (1) and [(g6-p-cyme-
ne)Ru2(l-OH)2(1,1 0- (NC5H4–OOC)2–Fc)][BF4]2 ([2][BF4]2).

Fig. 2. Molecular structure of 2 at 50% probability level, H atoms,
tetrafluoroborate anions and Me2CO molecules omitted for clarity.
Selected bond lengths (Å) and angles (�): Ru(1)–O(1) 2.105(2), Ru(1)–
O(2) 2.093(2), Ru(2)–O(1) 2.073(2), Ru(2)–O(2) 2.074(2), Ru(1)–N(1)
2.104(2), Ru(2)–N(2) 2.120(2); Ru(1)–O(1)–Ru(2) 101.96(9), Ru(1)–O(2)–
Ru(2) 103.73(10), N(1)–Ru(1)–O(1) 82.54(9), N(1)–Ru(1)–O(2) 80.56(9),
N(2)–Ru(2)–O(1) 84.67(9), N(2)–Ru(2)–O(2) 81.31(9), O(1)–Ru(1)–O(2)
74.14(9), O(1)–Ru(2)–O(2) 74.37(9).

Fig. 3. Hydrogen bonded network in [2][BF4]2 Æ Me2CO.
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motive. The 320 nm shoulder observed in the spectrum o
[2][BF4]2 originates from the weak peak at 309 nm in th
spectrum of 1, which probably can be assigned to the pyr
idine group.

The compound [2][BF4]2 is crystallised by slow evapora
tion of an acetone solution. A single-crystal X-ray analys
was performed, confirming the cyclic molecular structur
of 2, see Fig. 2.

The two ruthenium atoms possess a pseudo-octahedra
geometry, and the metrical parameters around the metalli
core compare well with those of similar three-legged piano
stool [(g6-arene)RuCl2(C5H4N)] complexes [14]. Th
ferrocene moiety is in the eclipsed conformation. The tw
pyridyl ester substituents are parallel and perfectly copla
nar to their cyclopentadienyl unit. Therefore, strong p
interactions between the C5H4N rings are observed, th
centroid� � �centroid distance of the aromatic rings bein
3.41 Å. Accordingly, due to the formation of the metallacy
cle upon coordination of the chelating 1,1 0-ferrocenoy
ligand, the separation between the oxygen atoms of the car
bonyl groups is very short [O(5)� � �O(6) 3.541(9) Å]. In th
trinuclear metallacyclic system, the metal–metal distance
3.2618(4) Å between the ruthenium atoms, while the dis
tances between the iron and the ruthenium atoms ar
9.7681(8) and 9.6255(8) Å, respectively.

In the crystal packing of [2][BF4]2 Æ Me2CO, the solven
molecule forms two strong hydrogen bonds with the car
bonyl groups of 2, see Fig. 3. The C–O distances of th
C–H� � �O hydrogen bonds are 3.329(8) and 3.286(11) A
with C–H� � �O angles of 136.8 and 140.1�, respectively
One tetrafluoroborate anion interacts strongly with 2, se
Fig. 4. The BF4 anion is encapsulated between the p-cym
ene ligands and forms a hydrogen contact with one o
the hydroxo bridges, thus pushing away the two p-cymen
units. The two C6H4 planes of the p-cymene ligands ar



Fig. 4. Space filling representation of the BF4 anion encapsulated in 2.
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tilted by as much as 81.87(8)�. The O–F distance of this
hydrogen contact is 2.901(8) Å with an O–H� � �F angle of
176.8�. By contrast, the second hydroxo bridge is protected
by the methyl groups preventing any possible intermolecu-
lar interactions.

Given these observations in the solid state of [2][BF4]2,
the question arises whether or not the carbonyl functions
of the carboxylic groups adopt the same fixed positions
also in solution. For this reason we undertook a variable-
temperature NMR study of [2][BF4]2. At room or low-tem-
perature (from +30 to �30 �C), 1H NMR spectra (Fig. 5)
6.46.87.27.68.08.48.8

(ppm)

Hpyridyl

Fig. 5. 1H NMR spectra of [2][BF4]2 in aceto
of [2][BF4]2 in acetone-d6 show no signals indicating the
presence of diastereotopic atoms, suggesting a fast
exchange on the NMR time-scale between the different ori-
entations for the carbonyl functions. However, below
�60 �C, the NMR signals start to split, this splitting
becomes more distinct at lower temperature. Thus, at
�90 �C the two distinct doublets of the pyridyl protons
split into eight peaks, probably because the rotation
around the O–C(O) bonds becomes restricted, giving rise
to different orientations of the carbonyl functions with
respect to each other (Fig. 6). It can also be observed that
4.04.44.85.25.66.0

HOHHCpHarene
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ne-d6 at selected temperatures (fl = dOH).
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Fig. 6. Two possible ‘‘flip-flop’’ conformations of 2 below �60 �C.
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the signal of the equivalent protons of the hydroxo bridge
is shifted down-field by lowering of the temperature an
moves from d = 4.0 ppm at +30 �C to d = 5.4 ppm a
�90 �C.

Acknowledgements

We are grateful to the Fonds National Suisse de l
Recherche Scientifique and the Canton de Neuchâtel fo
financial support. A generous loan of ruthenium chlorid
hydrate from the Johnson Matthey Technology Centre
gratefully acknowledged.

Appendix A. Supplementary material

CCDC 645078 contains the supplementary crystallo
graphic data for this paper. These data can be obtained fre
of charge via http://www.ccdc.cam.ac.uk/conts/retriev
ing.html, or from the Cambridge Crystallographic Dat
Centre, 12 Union Road, Cambridge CB2 1EZ, UK, fax
(+44) 1223-336-033, or e-mail: deposit@ccdc.cam.ac.uk
Supplementary data associated with this article can b
found, in the online version, at doi:10.1016/j.inoche.2007
07.014.
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