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proton affinity
Alberto Tarraga,* Pedro Molina,* David Curiel and Ma� Desamparados Velasco

Departamento de Quı́mica Orgánica, Facultad de Quı́mica, Universidad de Murcia, Campus de Espinardo, E-30100 Murcia,
Spain

Received 11 September 2002; accepted 24 September 2002

Abstract—The previously unreported 2,5-bis(ferrocenyl)thiazole 4, prepared from �-aminoacetylferrocene and chlorocarbonylfer-
rocene in two steps, exhibits two reversible redox processes, indicating a significant electronic interaction between the iron centres.
Electrochemical investigation of the protonated ligand revealed a reversible electrochemically-driven deprotonation/reprotonation
process. © 2002 Elsevier Science Ltd. All rights reserved.

Since the advent of mixed-valence chemistry in 1967,1

the study of electronic interactions in systems contain-
ing multiple, identical metal-centered fragments that
individually display fast reversible one-electron
exchange, has been a topic of interest particularly
reviewed.2

Owing to the high stability, ease functionalization and
well-defined electrochemistry, many complexes bearing
two ferrocenyl moieties linked together with a wide
variety of structural motifs have been synthesized to
investigate the effectiveness of the bridging groups for
the internuclear interaction. In this kind of system,
variation of the nature of the molecular framework of
the bridge enable the extent of communication between
the centers to be modulated, as reflected in the electro-
chemical response.3

When electron communication between two ferrocenyl
moieties is not allowed, the system will exchange two
electrons through two one-electron processes whose
potentials are separated only by the statistical term
�E=35.6 mV at 298° K.4 However, intramolecular
communication between the two iron centers causes the
�E value to increase, which can be used to evaluate the
magnitude of their intramolecular electron-communica-
tion.5 Such redox coupling has been discussed to occur
through two main paths: (1) through-bond interactions,

such as inductive effects, electron hopping, and electron
delocalization through a bridging coordinating unit,
and/or (2) through-space electrostatic and magnetic
interactions.

Indeed, molecular design of a framework that supports
electronic interaction is an issue of recent interest as
possible components of not only molecular electronic
devices but also electron-storage systems.6 Although
different extents of metal–metal interactions have been
revealed for homobimetallic complexes in which the
two ferrocene units are coupled intimately by �-unsatu-
rated bridges,7 examples showing electronic coupling
between the ferrocenyl units through a heterocycle8 or
metallocycle9 are rare.

In continuation of our studies on the synthesis of
ferrocenylsubstituted azaheterocycles,10 we wish to
present here the synthesis of a new type of biferrocene
derivative, namely 2,5-bis(ferrocenyl)thiazole 4, and its
electrochemical behavior with regard to the electronic
communication between the two redox nuclei through
the heteroaromatic ring.

Compound 4 was prepared in 30% overall yield by a
two-step sequence. Acylation of �-aminoacetyl-
ferrocene11 1 with chlorocarbonyl ferrocene 2 in
the presence of Et3N provided the �-ketoamide 3 in
49% yield, which was converted into 4 in 62% yield,12

by the action of the Lawesson’s reagent (LR). The
related ferrocenylthiazoles 5 and 6, which have only
one redox site, were also prepared only for comparison
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purposes following the above described sequence. Com-
pound 5, was obtained in a 20% overall yield from 1
and benzoyl chloride, whereas compound 6 was pre-
pared in 56% overall yield from phenacylamine and 2
(Scheme 1).

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) were used to evaluate the strength of the
interaction between the metal centers in the homo-
bimetallic complex 4. The cyclic voltammogram of 4
(Fig. 1a) shows two closely spaced reversible one-elec-
tron oxidations for the ferrocenyl groups, likewise the
DPV voltammogram (Fig. 2a) also exhibits two well
resolved oxidation waves of the same area.13 An esti-
mate for the extent of the ferrocenyl–ferrocenyl interac-
tion is obtained from the wave splitting, �E1/2=140
mV. The comproportionation constant Kc relative to
the equilibrium given in Eq. (1), was calculated,14

resulting a value of Kc=2.32×102. This value indicates
that the partially oxidized 4+ can be classified as Class
II mixed-valence species according to the Robin-Day
classification.1,15

2[Fe(II)−Fe(III)] � [Fe(II)−Fe(II)]+[Fe(III)−Fe(III)]
(1)

The difference between the oxidation waves of the
ferrocenyl groups in compound 4 (140 mV) is smaller
than those for simple biferrocene15 (420 mV), whereas
the value is slightly larger than those for most bis-ferro-
cenyl compounds with �-conjugated bridges such as
1,4-bis(ferrocenyl)butadiene17 (129 mV) and 1,4-bis(fer-
rocenyl)butadiyne16 (120 mV).

One might speculate that the difference in the oxidation
potentials of the two ferrocenyl groups in 4 could be
due to the fact that they are intrinsically inequivalent.

Figure 1. (a) Cyclic voltammogram of compound 4. Condi-
tions: 1 mM of 4 and 0.1 M of Bu4NClO4 in CH3CN/CH2Cl2
(3:2) at a Pt-disk electrode, scan rate: 0.2 V s−1. (b) Differen-
tial pulse voltammogram of compound 4; pulse amplitude: 10
mV: pulse width: 50 ms; amplitude: 10 mV; scan rate: 0.004 V
s−1; other conditions as in (a).

Scheme 1.

In order to separate the combined effects of chemical
inequivalence and electronic communication through
the thiazole ring, the electrochemical behavior of simple
ferrocenylthiazoles 5 and 6 was studied.

The CV voltammograms of compounds 5 and 6, which
display a single anodic process with features of chemi-
cal and electrochemical reversibility, showed that 5-fer-
rocenyl thiazole 5 is more easily oxidized than the
isomeric 2-ferrocenylthiazole 6, E1/2=0.521 versus
0.569 mV, which is in agreement with the results of OM
calculations of varying degrees of sophistication of the
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thiazole ring, which mostly place a slightly higher
electron density at position C(5) than C(2).18

These data reveal that the electrochemical response
associated with the chemical inequivalence of the two
ferrocenyl groups in compound 4 is estimated to be
48 mV. From these results, the thiazole ring in 4 is
found to connect the two ferrocene subunits and
facilitates metal–metal interaction: it displays its abil-

ity to function as electroconducting spacer for molec-
ular wire application.

One of the most interesting attributes of compound 4
is the presence of two ferrocene redox-active moieties
in proximity of the proton-binding thiazole site. Bind-
ing and electron-transfer events can influence each
other owing to the short distance between their
respective sites. So, the electrochemical behavior of
the ferrocenyl thiazoles 5 and 6 and bis(ferro-
cenyl)thiazole 4 was investigated in the presence of
variable concentrations of HBF4. Upon protonation
by addition of stoichiometric quantities of HBF4 in
CH3CN to a solution of compounds 5 and 6 in
CH3CN/CH2Cl2 (3:2), the redox potential of the fer-
rocene nucleus was shifted anodically. The protona-
tion-induced redox shift was higher for compound 6
(�E1/2=152 mV) than for compound 5 (�E1/2=72
mV). These values are in good agreement with the
linear relationship between the inverse iron–nitrogen
separation and the shifts of the potentials found upon
protonation of several kinds of aza-substituted fer-
rocenes.19 The CV voltammogram of compound 4
upon protonation under the same conditions showed
a clear evolution of the first wave from Ep=0.488–
0.631 V, whereas there was no effect on the second.
Remarkably, the current intensity of the cathodic
peak of the second wave increases, while that of the
first one decreases with a linear dependence on the
equivalents of the added acid. In particular, the sec-
ond wave reaches the maximun current intensity
value at 1.0 equiv. of added acid, and at this point
the first wave disappears20 (Fig. 1b and Fig. 2b). The
occurrence of this wave at the same potential for the
unprotonated 4 suggests that after oxidation of the
ferrocene unit linked at position 5, the adduct is
deprotonated and subsequent oxidation takes place
on the partially oxidized 4+. In other words, these
results show that 4·H+ adduct undergoes reversible
electrochemically induced deprotonation/reprotonation
processes on a time scale faster than that of electro-
chemical experiment (Scheme 2).

In conclusion, the electrochemical study of the new
bisferrocene ligand 4 reveals for the first time that the
thiazole ring acts as a molecular wire connecting the
two electron rich organoirons centres and a reversible
switching can be induced by chemical input (protona-
tion) and where the output is electrochemical (CV or
DPV).21 In addition, it should be noted that the two
states of 4, neutral and protonated, are characterized
not only by different electrochemical properties but
also by different colors. In principle, both outputs
could be useful to process information at the molecu-
lar level.
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Figure 2. (a) Voltammetric response of compound 4 before
(continuous line) and after protonation with 1 equiv. of
HBF4 (dotted line). (b) Differential pulse voltammogram
before (continuous line) and after protonation with 1 equiv.
of HBF4 (dotted line). 1 mM in sample and other condi-
tions as in Fig. 1.
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Scheme 2. Schematic representation of the electrochemically induced deprotonation/reprotonation of 4·H+.
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11. Tárraga, A.; Molina, P.; Curiel, D.; Velasco, M. D.
Tetrahedron 2001, 57, 6765–6774.

12. Selected spectral data of 4: IR (Nujol) 1594, 1546, 1496,
1456, 1412, 1261, 1107, 1065, 1031, 1002, 874, 823 cm−1;
1H NMR (CDCl3) � 4.12 (s, 5H), 4.15 (s, 5H), 4.32 (s,
2H), 4.41 (s, 2H), 456 (s, 2H), 4.86 (s, 2H), 7.51 (bs, 1H);
13C NMR (CDCl3) � 67.38 (2×CH, Cp), 67.58 (2×CH,
Cp), 68.99 (2×CH, Cp), 69.93 (2×CH, Cp), 70.00 (5×CH,
Cp), 70.14 (5×CH, Cp), 76.64 (q, Cp), 78.58 (q, Cp),
136.61 (q, thiaz.), 137.20 (CH, thiaz.), 166.87 (q, thiaz.);
EIMS m/z (rel. intensity): 453 (M+, 100), 332 (14), 211
(34), 210 (34), 121 (49), 56 (35); anal. calcd for
C23H19Fe2NS: C, 60.96; H, 4.23; N, 3.09; found: C, 61.21;
H, 4.39; N, 2.97%.

13. All processes observed were reversible, according to the
criteria of (i) separation of 60 mV between cathodic and
anodic peaks; (ii) close-to-unity ratio of the intensities of
the cathodic and anodic currents, and (iii) constancy of
the peak potential on changing sweep rate in the CVs.
The same halfwave potential values have been obtained
from the DPV peaks and from an average of the cathodic
and anodic cyclic voltammetric peak.



A. Tarraga et al. / Tetrahedron Letters 43 (2002) 8453–8457 8457

14. Richarson, D. E.; Taube, H. Inorg. Chem. 1981, 20,
1278–1285.

15. Creutz, C. Progr. Inorg. Chem. 1983, 30, 1–71.
16. Levanda, C.; Bechgaard, K.; Cowan, D. O. J. Org. Chem.

1976, 41, 2700–2704.
17. Ribou, A. C.; Launay, J. P.; Sachtleben, M. L.; Li, M.;

Spangler, C. W. Inorg. Chem. 1996, 35, 3735–3740.
18. Metzger, J. V. In Comprehensive Heterocyclic Chemistry ;

Katritzky, A. R.; Rees, C. W., Eds.; Pergamon: Oxford,
UK, 1984; Vol. 6, Chapter 4.19, pp. 226–331.

19. Plenio, H.; Yang, J.; Diodone, R.; Huinze, J. Inorg.
Chem. 1994, 33, 4098–4104.

20. The reversibility of the chemical process is confirmed by
the fact that the CV and DPV of the adduct 4·H+,
recorded after base addition is identical to that obtained
before the addition of acid.

21. For ferrocenes as molecular switches, see: inter alia: (a)
Beer, P. D. Chem. Soc. Rev. 1989, 18, 409–450; (b)

Constable, E. C. Angew. Chem., Int. Ed. 1991, 30, 407–
408; (c) Beer, P. D. Adv. Inorg. Chem. 1992, 39, 79–157;
(d) Beer, P. D. Adv. Mater. 1994, 6, 607; (e) Delavaux-
Nicot, B.; Mathieu, R.; de Montanzon, D.; Lavigne, G.;
Majoral, J. P. Inorg. Chem. 1994, 33, 434–443; (f) Fillant,
J. L.; Linares, J.; Astruc, D. Angew. Chem., Int. Ed. 1994,
33, 2460–2462; (g) Hall, C. D. In Ferrocenes ; Togni, A.;
Hayashi, T., Eds.; VCH: New York, 1995; pp. 279–316;
(h) Kaifer, A. E.; de Mendoza, J. In Comprehensive
Supramolecular Chemistry ; Gokel, G. W., Ed.; Elsevier:
Oxford, 1996; Vol. 1, pp. 701–732; (i) De Santis, G.;
Fabbrizzi, L.; Manotti-Lanfredi, A. M.; Pallavicini, P.;
Ugozzoli, F. Inorg. Chim. Acta 1998, 267, 177–182; (j)
Delavaux-Nicot, B.; Fery-Forgues, S. Eur. J. Inorg.
Chem. 1999, 1821–1825; (k) Teng-Yuan, D.; Chung-Kay,
C.; Ching-Hung, C.; Kuan-Jiuh, L. Organometallics 1999,
18, 1911–1922; (l) Beer, P. D.; Gale, P. A. Angew. Chem.,
Int. Ed. 2001, 40, 486–516.


	Synthesis of the first homobimetallic thiazoleferrocene ligand displaying metalmetal interaction and redox-s...
	Acknowledgements
	References


