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The strength of the electronic interactions between the two

redox moieties in fullerene-substituted mixed-valence bis(ferro-

cenylethynyl)ethene derivatives is modulated by the through-

space intramolecular electronic interactions of C60 with the

bridging conjugated system.

Mixed-valence compounds, which have two redox sites in different

oxidation states linked by a bridge that mediates the transfer of

holes (electrons) from one site to the other, are excellent bench-

marks for the study of intramolecular electron transfer phenom-

ena.1 Interestingly, the calculated electronic coupling (Vab) for

systems with the same donor–acceptor distances, is sensitive to

the bridge electronic structure and shows a significant depen-

dence for the bridge conformations.2 In principle, intra- and/or

inter-molecular interactions of electron rich or electron deficient

molecular subunits spatially close to the p-conjugated bridge

should also modulate its ability of carrying one electron from

one redox unit to the other but this has never been shown to the

best of our knowledge. To demonstrate such an effect, we have

designed compounds 1 and 2 containing two-ferrocenyl moi-

eties3 bridged with a E-1,2-diethynylethene unit4,5 and bearing

one or two fullerene groups capable of giving rise to

intramolecular p–p interactions with the bridging p-conjugated

nanowire. Comparison of the electronic coupling parameters of

1 and 2 with the one derived from model compound 3 revealed a

significant effect resulting from this through-space intramole-

cular electronic interactions.

Fullerene bis-adduct 1 was obtained by taking advantage of

the versatile regioselective reaction developed in the Diederich

group6 which led to C60 bis-adducts by a cyclization reaction at the

C sphere with bis-malonates in a double Bingel cyclopropanation.

To this end, bis-malonate 6 was prepared by esterification of

diol 45 with acid 57 [dicyclohexylcarbodiimide (DCC),

N,N-dimethylaminopyridine (DMAP)] (Fig. 1). Reaction of 6

with C60 (1 equiv.), I2 and 1,8-diazabicyclo[5.4.0]undec-7-ene

(DBU) in toluene afforded the C1 symmetric cis-2 bis-adduct 1 in

31% yield.

The relative position of the two cyclopropane rings on the C60

core in 1 was determined based on the molecular symmetry (C1)

deduced from the 1H- and 13C-NMR spectra. It is also well-

established that the 1,2-vinylenebis(methylene)-tethered bis-mal-

onates produce regioselectively the cis-2 addition pattern at C60.
6

Compound 2 was also prepared from bis-malonate 6. In this case,

the reaction was performed at a higher concentration with an

excess of C60 (2.2 equiv.). The bis-fullerene derivative was thus

obtained in 49% yield.
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Fig. 1 Preparation of compounds 1 and 2; Reagents and conditions: (a)

5, DCC, DMAP, CH2Cl2, 0 uC to rt, 12 h (44%); (b) C60 (1 equiv.), PhMe,

DBU, I2, rt, 12 h (31%); (c) C60 (2.2 equiv.), PhMe, DBU, I2, rt, 12 h (49%).

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 4345–4347 | 4345



Dicyclohexylcarbodiimide (DCC)-mediated esterification of

acetic acid with diol 4 afforded model compound 3 in 83% yield.

The E-configuration of the alkene fragment in 3 was unambi-

guously confirmed by X-ray crystallography (Fig. 2).{ The unit cell

of the crystal structure contains four molecules in two slightly

different conformations. It can be noted that the both conformers

lie about inversion centers. The center to center Fe–Fe distances

for the two conformers were found to be 11.7789(8) and

11.9134(8) Å.

The relative potentials of the redox processes in compounds 1–3

were determined by cyclic voltammetry (CV) in CH2Cl2 solutions

containing 0.1 M [(n-Bu)4N]BF4 as supporting electrolyte (Table 1).

All compounds show only one quasi-reversible two-electron

process attributed to the simultaneous oxidation of the two

ferrocene units.8 This result suggests the presence of very weak

electronic interactions between the two redox centers9 since in the

case of strong or moderate electronic interactions between the two

units, two electrochemical waves are anticipated. Comparison of

the oxidation potential of the ferrocene moieties in 3 with those

obtained for 1 and 2 shows only a very weak effect of the fullerene

moieties in good agreement with the calculated structures of 1 and

2 revealing no specific through-space intramolecular p–p interac-

tions between the C60 units and the ferrocenyl groups in both cases

(Fig. S1{). In the cathodic region, 1 and 2 give rise to two

reduction waves in the studied electrochemical window (up to

21.25 V) corresponding to the first and second reductions of the

fullerene.

The UV-vis spectra obtained in CH2Cl2 for all compounds are

characterized by a very strong absorption with a maximum

between 320 and 328 nm which are assigned to a localized ligand-

centered p–p* electronic transition (L–p*) (Fig. S2{). In addition

to this band another less energetic and weaker absorption is visible

between 464 and 478 nm which is assigned to another localized

excitation with a lower energy produced either by two nearly

degenerate transitions, a FeII d-d transition10 or a metal-to-ligand

charge transfer (MLCT) process (dp–p*).11 These bands are

significantly red-shifted (Table S1{) in 1 and 2 with respect to

compound 3 suggesting substantial ground state interactions

between the fullerene and the p-conjugated bridge. This was

confirmed by molecular modelling studies revealing p–p stacking

interactions between the C60 units and the diethynylethene core

(Fig. S1{). In addition, compounds 1 and 2 show bands, which do

not appear in compound 3, at around 325, 430, 644 and 680 nm

assigned to the absorption of the fullerene. In compound 2, with

two fullerene moieties, the bands centred at 643 and 687 nm have a

molar extinction coefficient practically twice than those at the

similar position of compound 1 with only one C60 unit.

Oxidized species derived from all the compounds were generated

electrochemically and their formation followed by absorption

spectroscopy. Thus, a stepwise Coulommetric titration was

performed on a ca. 1 6 1023 mol L21 solution of compounds

1, 2 and 3 in CH2Cl2, with [(n-Bu4)N]PF6 (0.15 M) as supporting

electrolyte, and absorption spectra were regularly recorded for

different average number (0 ¡ n ¡ 2) of removed electrons. UV-

Vis-NIR data for the mixed valence species are collected in Table 2.

As a typical example, Fig. 3 shows the evolution of the spectra of

compound 1 during its oxidation process.

For all the compounds, the characteristic ferrocenyl bands

disappear during the oxidation process, while some shoulders

appear between 500 and 555 nm and are attributed to the

ferrocenium ions as well as a band at around 800 nm assigned to a

ligand to metal charge transfer (LMCT) band of the ferrocenium

ion.12 The latter band doubles more or less its intensity when going

from the formation of the first to the second ferrocenium ion.

Interestingly, during the oxidation process of compounds 1, 2,

and 3 a new weak and broad band centered at 1182, 1179, and

1131 nm, respectively, appears and increases continuously until

complete formation of their mixed valence compounds.

Afterwards, for 1 ¡ n ¡ 2 average number of removed electrons

the intensity of this band decreases until it disappears when the

dications 12+, 22+ and 32+ are completely formed (see Fig. 3, inset).

This behaviour is typical for an intervalence charge transfer (IV-

CT) band due to the presence of an intramolecular electron

transfer process in a Class II mixed valence compound.13 The

spectral data of IV-CT bands obtained from the deconvolution

(see Fig. S5-7{) of the experimental spectra of 1+–3+ are

summarized in Table 2. From the characteristics of the IV-CT

band, the effective electronic coupling Vab (in cm21) between both

ferrocene redox centres can be determined, using eqn (1) developed

by Hush.14

Fig. 2 ORTEP view with partial numbering of compound 3 (only one of

the conformers is shown), the additional ‘‘a’’ characters in the atom labels

indicate that these atoms are at equivalent position (2 2 x,1 2 y, 2 z),

thermal ellipsoids include 50% of the electron density.

Table 1 Electrochemical properties of 1, 2, and 3 determined by CV
on a Pt working electrode in CH2Cl2 + 0.1 M [(n-Bu4)N]BF4 at room
temperature

Compound
Oxidation

Reduction

E1 E1 E2

1 +0.72a,b 20.59a 20.96c

2 +0.72a,b 20.52a,b 20.94b,c

3 +0.71a,b — —
a Values for (Epa + Epc)/2 in V vs. SCE at a scan rate of 0.1 Vs21.
b Bielectronic process. c Irreversible process, Ep value measured at
0.1 Vs21.

Table 2 Spectral data of the IV-CT bands obtained from the
deconvolution of the experimental spectra of 1+–3+ and calculated
Vab values

Compound nmax/cm21 emax/M21?cm21 Dn1/2/cm21 RM-M/Å Vab/cm21

1+ 8484 487 3532 11.85 209
2+ 8460 430 3650 11.85 199
3+ 8842 740 3532 11.85 263
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Vab ~ 2:05| 10{2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

emax nmax Dn1=2

qh i

R
{1 (1)

In this equation, Dn1/2 (in cm21) is the half-height band width of

the IV-CT band, R (in Å) the distance between the redox centers

(here, the intermetallic distance, as determined by the X-ray crystal

structure of 3), emax (in M21 cm21) is the maximum molar

extinction coefficient, and nmax (in cm21) the wavenumber at the

maximal absorbance. Eqn (1) gives an effective electronic coupling

(Vab) for 3+, 1+ and 2+ of 263, 209 and 199 cm21, respectively,

taking into account the comproportionation constants to recalcu-

late the molar extinction coefficient. A similar trend for Vab values

of 1+–3+ were found when Hush-Mulliken model was applied (see

Supporting information{).14 Interestingly, the electronic coupling

between the two redox centers is influenced by the through-space

intramolecular interactions of the C60 units with the p-conjugated

bridge.15 In other words, the HOMO–LUMO gap of the

conjugated nanowire is affected by the electrostatic field generated

by the neighbouring electron withdrawing C60 units and, as a

result, the electronic interactions among the two redox centres are

different. The decreased electronic coupling in 2 with respect to 1 is

in good agreement with this interpretation. Indeed, the simulta-

neous influence of two fullerenes increases the effect on the

electronic interaction between the two electroactive units. In

conclusion, the C60 electron acceptor behaves like an applied

electric field on the molecular wire and modulates its charge

mobility. In this way, compounds 1 and 2 can be seen as primitive

mimics of a field-effect transistor-like behaviour at the molecular

level.
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