
Tetrahedron Letters 50 (2009) 2825–2827
Contents lists available at ScienceDirect

Tetrahedron Letters

journal homepage: www.elsevier .com/ locate/ tet le t
Synthesis and redox behavior of ene–diyne scaffolds that bear ferrocenes
at the periphery

Taku Shoji a,*, Shunji Ito b, Kozo Toyota a, Noboru Morita a,*

a Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan
b Graduate School of Science and Technology, Hirosaki University, Hirosaki 036-8561, Japan

a r t i c l e i n f o a b s t r a c t
Article history:
Received 2 February 2009
Revised 25 March 2009
Accepted 26 March 2009
Available online 29 March 2009
0040-4039/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.tetlet.2009.03.172

* Corresponding authors. Tel./fax: +81 22 795 7714
E-mail addresses: shoji-azulene@m.tains.tohoku.

ne.jp (T. Shoji), nmorita@m.tains.tohoku.ac.jp (N. Mori
The ene–diyne systems 1 and 2 possessing ferrocenyl groups at the periphery were prepared by the simple
one-pot Sonogashira–Hagihara coupling reaction of ethynylferrocene with 9-dibromomethylene-9H-fluo-
rene (4) and 9,10-bis(dibromomethylene)-9,10-dihydroanthracene (5). The novel ferrocene-substituted
ene–diyne compounds exhibited amphoteric redox behavior with a reversible one-stage electrochemical
oxidation upon cyclic voltammetry.

� 2009 Elsevier Ltd. All rights reserved.
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The ene–diyne unit is a molecular scaffold designed for molec-
ular architectures that contain one- and two-dimensional carbon
networks.1 Interest in conjugated ene–diynes has grown because
of their wide range of applications, for example in molecular wires,
non-linear optics (NLOs), and molecular switches. Therefore, a
variety of ene–diyne compounds have been prepared and their
properties, for example, reactivity2 and fluorescence properties3

have been examined. Recently, we have also reported the synthesis
of two types of ene–diyne systems utilizing methylene-9H-fluo-
rene and anthraquinodimethane as platforms for redox-active sub-
structures that bear 6-azulenyl groups at the periphery. The
anthraquinodimethane derivatives exhibit two one-step two-elec-
tron redox reactions with significant color change under electro-
chemical reduction conditions.4

Ferrocene has attracted the interest due to its redox properties
with a lower oxidation potential to form a stabilized radical cation
(ferricinium ion). Thus, a large number of the compounds bearing
ferrocenyl groups have been synthesized and their properties
including intramolecular interactions with the ferrocenyl groups
have been extensively studied.5 Recently, preparation of ene–diyne
compounds bearing ferrocenyl group has been reported by several
groups.6 Ogawa et al. also reported the synthesis of novel benzoch-
alcogenophenes containing ferrocenyl units, which exhibited
reversible redox behavior attribute to the generation of stable rad-
ical anion and cation in CV.7 However, preparation and properties
of ferrocene-substituted ene–diyne compounds binding with p-
electron core have never been reported. The ene–diyne compounds
with multiple ferrocenyl moieties are expected to show novel mul-
ti-electronic redox properties. Herein, we report the synthesis of
ene–diyne compounds 1 and 2 that bear ferrocenyl groups at the
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periphery to examine their redox behavior and intramolecular
interaction between the ene–diyne cores with ferrocenyl groups
at the periphery.

Compounds 1 and 2 were prepared by Pd-catalyzed
alkynylation of ethynylferrocene (3) with 9-dibromomethylene-
9H-fluorene (4)8 and 9,10-bis(dibromomethylene)-9,10-dihydro-
anthracene (5)9, under Sonogashira-Hagihara conditions.10 The
cross-coupling reaction of 3 with the 9H-fluorene derivative 4
using Pd(PPh3)4 as a catalyst, and subsequent chromatographic
purification of the reaction mixture on silica gel, afforded the de-
sired ene–diyne 1 in 83% yield (Scheme 1).11 Likewise, the reaction
of 3 with 5 afforded 2 in 71% yield (Scheme 2).12 These new com-
pounds 1 and 2 are stable, reddish-brown colored crystals and can
be stored in the crystalline state at room temperature.

Compounds 1 and 2 were fully characterized by their spectro-
scopic data (see Ref. 11,12). The mass spectra of 1 and 2 ionized
by ESI showed their correct molecular ion peaks. The characteristic
stretching vibration band of the ethynyl groups in 1 and 2 was ob-
served at m = 2187 cm�1 and 2189 cm�1, respectively, in their IR
spectra. These results are consistent with the structure of these
products. UV–vis spectra of 1 and 2 showed characteristic absorp-
tion bands arising from the ferrocene moieties in visible region as
shown in Figure 1. UV–vis spectra of 1 showed characteristic
4 1

Scheme 1. Synthesis of 1.
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Scheme 2. Synthesis of 2.

Figure 1. UV–vis spectra of 1 (black line) and 2 (gray line) in dichloromethane.

2826 T. Shoji et al. / Tetrahedron Letters 50 (2009) 2825–2827
absorption bands attributable to both ferrocenyl (kmax

(loge) = 505 nm (3.83)) and 9H-fluorenylidene (kmax

(loge) = 390 nm (4.33)) moieties. The longest wavelength absorp-
tion band of 1 showed a bathochromic shift compared with that
of parent ferrocene, probably due to the expansion of the p-conju-
gation by the ethynyl substituent. Compound 2 also represented
the characteristic absorption bands responsible for its reddish-
brown color at similar wavelength region (kmax (loge) = 500 nm
(4.18)). The extinction coefficients increased with the number of
ferrocene rings substituted.

To clarify the electrochemical properties, the redox behavior of
1 and 2 was examined by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). Measurements were carried out with a
standard three-electrode configuration. Tetraethylammonium per-
chlorate (0.1 M) in benzonitrile was used as a supporting electro-
lyte with platinum wire auxiliary and working electrodes. All
measurements were carried out under an argon atmosphere, and
potentials were related to an Ag/AgNO3 reference electrode and
Fc/Fc+ as an internal reference, which discharges at +0.15 V under
these conditions. The redox potentials (in volts vs Ag/AgNO3) of 1
and 2 are summarized in Table 1.
Table 1
Redox potentials of 1 and 2

Compound Ered
1 (V) Ered

2 (V) Eox
1 (V)

1 CV �1.72 +0.32
DPV (�1.70) (�1.90) (+0.30)

2 CV +0.31
DPV (�1.64) (�2.05) (+0.30)

Redox potentials were measured by CV and DPV [V vs Ag/AgNO3, 1 mM in benzo-
nitrile containing Et4NClO4 (0.1 M), Pt electrode (internal diameter: 1.6 mm), scan
rate = 100 mV s�1, and Fc/Fc+ = +0.15 V]. In the case of reversible waves, redox
potentials measured by CV are presented. The peak potentials measured by DPV are
shown in parentheses.
1,2 First and second reduction potential.
Amphoteric redox behavior of compounds 1 and 2 was revealed
by CV and DPV. Electrochemical reduction of 1 showed a reversible
reduction wave at half-wave potentials of �1.72 V in CV (Fig. 2),
which can be attributed to formation of radical anion on 9H-fluor-
enylidene moiety. Reversible one-stage oxidation wave was also
observed at +0.32 V in CV, which attributes to electrochemical oxi-
dation of the two-ferrocenyl moieties of 1 to form dicationic spe-
cies. Thus, the electrochemical behavior of 1 could be explained
as shown in Scheme 3.

Compound 2 exhibited a reversible one-stage oxidation wave at
+0.31 V in CV, which is attributed to the formation of tetracationic
species derived from the electrochemical oxidation of the four-
ferrocenyl groups of 2. The electrochemical reduction also exhib-
ited irreversible waves at �1.64 V and �2.05 V in DPV, probably
due to the reduction of the dihydroanthracene moiety of the
compound.

The oxidation potential of compounds 1 and 2 (1: +0.32 V and 2:
+0.31 V) is more positive compared with that of parent ferrocene
(+0.15 V), which indicates less p-donating property and low HOMO
level of ene–diyne compounds 1 and 2 compared with those of par-
ent ferrocene. Despite the fact that 1 and 2 contain multiple ferr-
ocenyl groups, cyclic voltammogram displays only a single
anodic process with features of chemical reversibility. Moreover,
the first oxidation potential of 1 is similar to that of 2. These results
reflect the lower electrochemical interaction among the ferrocenyl
groups through the p-electron core.

In conclusion, ene–diyne compounds possessing the ferrocene
on the terminal acetylenes 1 and 2 were prepared by the simple
palladium-catalyzed alkynylation of ethynylferrocene (3) with 9-
Figure 2. Cyclic voltammograms of the reduction and oxidation of 1 (1 mM) in
benzonitrile containing Et4NClO4 (0.1 M) as a supporting electrolyte; scan
rate = 100 mV s�1.
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Scheme 3. Presumed redox behavior of 1.
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dibromomethylene-9H-fluorene (4) and 9,10-bis(dibromomethyl-
ene)-9,10-dihydroanthracene (5) under Sonogashira–Hagihara
conditions. Analysis by CV and DPV showed that compounds 1
and 2 exhibited a reversible one-stage oxidation wave, although
1 and 2 contain multiple ferrocenyl groups in their structures. Con-
struction of reversible multi-stage redox systems utilizing the ene–
diyne scaffolds is currently examined in our laboratory.
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