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Introduction

The chemistry of ferrocene-based structures has been receiv-
ing increasing attention because of their importance in
many fields such as electrochemistry, molecular recognition,

material science and catalysis.[1] We have focussed our atten-
tion on two important aspects of the chemistry of these ma-
terials, namely molecular recognition and intramolecular
electron transfer in mixed-valence diferrocene derivatives.

Design of redox-active receptors in which a change in
electrochemical behaviour can be used to monitor complex-
ation of guest species is an increasingly important area of
molecular recognition.[2] In this context, ferrocene deriva-
tives, mostly those which are substituted with macrocyclic li-
gands, are prototype molecules which have proved to be es-
pecially versatile as ion sensors.[3] Cation binding at an adja-
cent receptor site of a ferrocene-based host induces a posi-
tive shift in the redox potential of the ferrocene/ferrocenium
couple, either by through-bond and/or through-space elec-
trostatic interactions, interference or conformational
change,[4] and the complexing ability of the ligand can be re-
versibly switched on or off by varying the applied electro-
chemical potential. The efficiency of these kinds of redox-
active ligands crucially depends on the electronic communi-
cation between the metal centre involved. It has been
shown that this communication is very favourable when
donor atoms of a chelating ligand are directly attached to
the ferrocene units.[3e,5] In particular, it has been suggested
that an added degree of recognition is conferred by appear-
ance of a new set of redox waves (two-wave behaviour) as-
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Abstract: The synthesis, characterisa-
tion, and X-ray structure of a new
strained asymmetric diferrocene deriv-
ative (2) is reported. Compound 2 acts
as a highly specific electrochemical and
optical Mg2+ ion sensor, as revealed by
spectroscopic and electrochemical tech-
niques. Thus, in the presence of Mg2+ ,
a new redox peak appears in the cyclic
voltammogram (CV) that is anodically
shifted compared to the E1/2 of the free
receptor (DE1/2=340 mV). Diferrocene
derivative 2 also gives a highly visual
response upon addition of Mg2+ ,

namely a change of colour from orange
to deep purple. In addition, compound
2 does not show any significant sensing
activity in the presence of Ca2+ or al-
kaline ions. On protonation, it is con-
verted into the stable diferrocenylcar-
benium salt 4, in which two different
modes of stabilisation of the a-carbo-

cationic centre are clearly demonstrat-
ed by a combination of 1H NMR and
57Fe Mˆssbauer spectroscopic measure-
ments. Finally, by a partial (chemical or
electrochemical) oxidation, compound
2 forms the asymmetric mixed-valence
species 2+ , which can be isolated as the
solid salt 6 by using CF3SO3

� as a coun-
terion. This mixed-valence species
shows a fast intramolecular electron-
transfer process, as ascertained by sev-
eral spectroscopic techniques.

Keywords: electrochemistry ¥
electron transfer ¥ metallocenes ¥
molecular recognition ¥ Mˆssbauer
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sociated with the oxidation of the ferrocene unit in the
host±guest complex, compared with a single gradual shift in
the potential of the original ferrocene redox couple.[6]

Since the advent of mixed-valence chemistry in 1967,[7]

the study of electronic interactions in systems containing
multiple, identical metal-centred fragments that individually
display fast, reversible, one-electron exchange has been a
topic of particular interest.[8] Mixed-valence compounds,
which have at least two redox sites in different oxidation
states linked by a bridge that mediates the transfer of elec-
trons from one site to the other, are excellent benchmarks
for the study of intramolecular electron-transfer phenom-
ena.[9] In this context, many complexes containing two ferro-
cenyl moieties, which are linked together with a wide variety
of structural motifs, have been synthesised to investigate the
effectiveness of the bridging groups for electron transfer be-
tween the redox nuclei. Variation of the nature of the mo-
lecular framework of the bridge enables the extent of com-
munication between the metal centres to be modulated, as
reflected by the electrochemical response. Full characterisa-
tion of this kind of interaction between two iron atoms is
provided by the electronic coupling parameter (Vab), which
has the units of energy and can be obtained from the posi-
tion, intensity and width of the intervalence transition band,
which generally occurs in the near infrared region.[10,11] Al-
though metal±metal interactions of differing extents have
been revealed for homobimetallic complexes in which the
two ferrocene units are coupled intimately by p-unsaturated
bridges,[12] heterocycles[13] or metallocycles,[14] examples that
show electronic coupling between ferrocenyl units either
through a carbenium ion[15] or hydroxyl-substituted sp3

carbon atoms[16] are rare.
As shown in Figure 1, the structural features required for

the properties of particular interest to us in ferrocene
chemistry are very different: an effective spacer is needed to

observe the intramolecular electron-transfer phenomena in
diferrocene compounds, whereas the presence of an hetero-
macrocycle is the structural motif that is almost mandatory
for molecular recognition processes.

This paper is devoted to the preparation, structural deter-
mination and study of the physicochemical properties of the
new diferrocene derivative 2. This compound exhibits a de-

fined topology with a ferrocenophane architecture and also
incorporates an aza-substituted bridge. The combined effects
of both structural characteristics suggest that: 1) it might ex-
perience an electron-cloud perturbation upon coordination
or protonation and may thus function as a chemosensor for
metal ions or protons; and 2) it could be converted by parti-
al oxidation (chemical or electrochemical) into the corre-
sponding mixed-valence compound 2+ , which would display
interesting intramolecular electron-transfer phenomena and
show coordination properties that should differ from those
of the neutral derivative. Consequently, the combination of
these two properties in diferrocene 2 could lead to interest-
ing properties, such as electrochemically switchable chemo-
sensing behaviour.

Results and Discussion

Diferrocenylcarbinol 2

Synthesis: This compound was prepared from the ferroceno-
phane 1,[17] which can be viewed either as a [5]ferroceno-
phane bearing a 2,4-bridged dihydroquinoline ring or as a
[4](2,4)-dihydroquinolinophane containing a 1,1’-disubstitut-
ed ferrocene bridge. Reaction of ferrocenophane 1 with fer-
rocenyllithium[18] in dry THF at room temperature under N2

provided, after chromatographic purification, the diferroce-
nylcarbinol 2 as an orange solid, in 80% yield. (Scheme 1).

X-ray structure determination : Single crystals of 2 suitable
for X-ray structure determination were grown from CH2Cl2/
hexane. The molecular structure is shown in Figure 2 togeth-
er with the numbering scheme. Compound 2 crystallises in
the monoclinic space group P21/n with four molecules in the
unit cell. The molecular structure of 2 reveals almost
eclipsed cyclopentadienyl rings for both ferrocenes. The dif-
ferences between both ferrocenes are observed in the
Fe�C(cyclopentadienyl) distances. Thus, whereas in the
monosubstituted ferrocene the Fe�C distances are between
2.025 and 2.051 ä, in the disubstituted ferrocene the distan-
ces range between 2.024 and 2.084 ä. This generates a de-
formation angle between the two ring centroids and the iron
atom of 176.58 for the monosubstituted and 175.68 for the
disubstituted ferrocene, and tilt angles between the planes
of the Cp rings of 3.58 and 5.88, respectively. The deforma-
tion angle of the unstrained monosubstituted ferrocene can
accrue from crystal packing effects. More evidence for the
conformational strain is the bending of the single bonds
C(20)�C(21) and C(10)�C(21) with respect to the Cp rings.
Atom C(21) lies 0.021 ä and 0.277 ä out of the Cp planes

Figure 1. Schematic diagram of the structural features required for intra-
molecular electron-transfer phenomena and molecular recognition pro-
cesses.

Scheme 1. Reaction scheme for the formation of compound 2.
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of the mono- and disubstituted
ferrocene, respectively. The
single bonds C(10)�C(21) and
C(20)�C(21) have bending
angles of 0.88 and 10.58, respec-
tively, in the opposite direction
of the iron atoms. Interestingly,
the bending angle of the single
bond C(15)�C(25) is 5.68 in the
direction of the iron atom of the disubstituted ferrocene.
This bending in the direction of the iron atom can often be
found in monosubsituted ferrocenes with aldehyde groups
or vinyl groups with electron-withdrawing substituents,
which can conjugate with the Cp ring. In these compounds
the bending angles are in a range between 28 and 48. The
strain observed in the disubstituted ferrocene is, as expected,
much smaller than that found in a related 2-aza[3]ferroceno-
phane compound, which has the nitrogen atom linked to
both bridge carbons of the ferrocene, thus enforcing a rigid
bridge geometry.[17b] In contrast to that compound, which
has a short Fe�N distance, in 2 the nitrogen atom is far
from the Fe atom of the disubstituted ferrocene, as it is situ-
ated in the external part of the molecule and, therefore,
close interaction of the nitrogen atom with the iron atoms
of each ferrocene unit is prevented. The monosubstituted
ferrocene unit has a short Fe�HO interaction (dFe�HO

2.989 ä) reminiscent of agostic type bonding. The two ferro-
cene units are almost orthogonal, forming an angle of
106.938 between the closest Cp rings. On the other hand,
only a small torsion angle is observed between the Cp ring
of the disubstituted ferrocene and the aromatic ring con-
nected to the nitrogen atom, thus promoting an available
resonance pathway.

1H NMR studies : An in-depth study of the 1H NMR spec-
trum of the diferrocenylcarbinol 2 has been carried out. The

room temperature 400 MHz 1H NMR spectra of 2 was com-
pletely assigned (with the exception of the aromatic pro-
tons) by 1H,1H COSY, NOESY and spin-decoupled experi-
ments. The analysis of its 1H NMR spectrum presents the
following characteristic features: 1) the diastereotopism of
all the protons within the three substituted Cp rings, which
appear as twelve multiplets in contrast to the singlet corre-
sponding to the five equivalent protons within the unsubsti-
tuted Cp4 ring (Table 1); 2) the diastereotopism shown by
the two protons within each of the two methylene groups of
the bridge, which appear at d=1.99 ppm (t) and 2.41 ppm
(dd), in the case of the CH2 group placed at the 2-position
of the bridge, and at d=2.52 ppm (dd) and 3.70 ppm (dd),
in the case of the CH2 group placed in the dihydroquinoline
moiety; 3) the methine group which appears as a multiplet
at d=3.38 ppm and iv) the OH group, which appears as a
singlet at d=2.57 ppm.

The results obtained from NOE experiments are illustrat-
ed in Figure 3. It is important to emphasise that while a
NOE effect is detected between the OH group and the hy-
drogen atom H2 present in Cp3, no effect is observed be-

tween the OH group and the hydrogen atom H5 within the
same Cp3 ring. This indicates that, although in principle a
free rotation around the COH�CCp3 bond could be assumed,
giving rise to two possible extreme rotamers, from the NOE
experiments only the rotamer shown in Figure 3 is detected.
Moreover, inspection of the X-ray structure of alcohol 2 re-
veals the occurrence of an Fe¥¥¥HO interaction (dFe¥¥¥H:
2.989 ä), reminiscent of the agostic type bonding reported
for the protonation product of ferrocene and its proton ex-
change in highly acidic media,[19] and the intermediates in
electrophilic substitution reactions on ferrocenes.[20] The in-
teraction could account, to some extent, for a hampered ro-
tation of the monosubstituted ferrocene unit.

Electrochemical study : An electrochemical study in CH2Cl2
was carried out at room temperature, with [NnBu4]ClO4

(0.1m) as supporting electrolyte, a Pt disk as a working elec-
trode and SCE as the reference electrode. The cyclic vol-
tammetric (CV) response of 2 shows two closely spaced re-
versible oxidation processes at +0.510 V and +0.740 V (vs
SCE electrode in CH2Cl2) (Table 2 and Figure 4). Likewise
the differential pulse voltammogram (DPV) also exhibits
two well-resolved oxidation waves of the same area.[21] The
first reversible oxidation process arises from the oxidation
of the monosubstituted ferrocene unit, while the second re-
versible oxidation process is associated with the oxidation of
the 1,1’-disubstituted ferrocene unit. One might speculate

Figure 2. ORTEP view of the molecular structure of compound 2 show-
ing the atom labelling in the asymmetric unit. Thermal ellipsoids are
drawn at 50% probability level.

Table 1. 1H NMR data for the three substituted Cp rings in compounds 2 and 4.

Compound dH2 dH3 dH4 dH5 DdH2,3 DdH5,4

2 Cp1 3.88 3.99 4.07 3.96 0.11 �0.11
Cp2 4.72 4.53 4.45 4.99 �0.19 �0.46
Cp3 4.41 4.14 4.14 3.80 �0.27 0.34

4 Cp1 5.05 4.91 5.27 6.10 �0.14 �0.83
Cp2 5.86 5.51 5.12 5.66 �0.35 �0.54
Cp3 5.53 6.63 6.67 5.88 1.10 0.79
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that the difference between the oxidation waves (DE1/2=

230 mV) in compound 2, as well as the fact that the second
oxidation process appears at a higher potential than those
observed for closely related ferrocenophanes[17b] (0.740 V vs
0.580 V), is direct evidence for the presence of electronic
communication between the two ferrocene units. However,
we hesitate to invoke this explanation, because, even in the
absence of communication, the difference between the po-
tentials will increase simply because of the electrostatic
effect.[22] In addition, the two ferrocenyl groups are intrinsi-
cally inequivalent and this also contributes to the difference
in the oxidation potentials of the two ferrocene moieties. At
this time, with only the electrochemical data, it is not possi-
ble to separate the combined effects of, or to determine the

relative contribution of, chemi-
cal inequivalence and electronic
communication through the
carbon chain.

Metal-ion sensing properties of
2 : One of the most interesting
attributes of compound 2 is the
presence of two ferrocene
redox-active moieties in prox-
imity to the cation-binding di-
hydroquinoline site. The metal-
recognition properties of proli-
gand 2 were therefore evaluat-
ed by CV.[23] Whereas no per-
turbation of the CV was ob-
served upon addition of Ca2+

ion, significant modification
could be observed upon addi-
tion of Mg2+ ion. Thus, on addi-
tion of Mg(ClO4)2, a clear evo-
lution of the second wave from
E1/2=0.760 V to 1.100 V (DE1/2

=340 mV) was observed,
whereas there was almost no
effect on the first wave (a
change from E1/2=0.540 V to
0.570 V (DE1/2=30 mV)). More
interesting is the observation of
an extra irreversible reduction
wave at E1/2=�0.430 V, which
is absent for the proligand. The
current intensity of the anodic
peak of the newly appearing re-
versible wave increases, while
that of the disappearing reversi-
ble wave diminishes, with a
linear dependence on the
number of equivalents of the
salt added; maximum perturba-
tion of the CV was obtained
with one equivalent of added
Mg2+ ion (Table 2 and
Figure 4). This ™two-wave∫ be-
haviour is diagnostic of a large

value for the equilibrium constant for cation binding by the
neutral receptor.[6] The binding enhancement factor (BEF)
is 1.8î10�6 and the reaction coupling efficiency[2d,e] (RCE)
is 5.5î105. Remarkably, the presence of alkaline metal ions
in solution (LiClO4, NaClO4 and KClO4) had no effect on
the CV, even when present in large excess. The major chal-
lenge in the design of Mg2+ sensors lie, for many applica-
tions, in the discrimination of Mg2+ ions from Ca2+ , Na+

and K+ , as they play important roles as intracellular mes-
sengers in the regulation of cell function.[24] In this context,
a number of redox-active ferrocene-based receptors such as
imine-,[25] oxazoline-,[26] imidazoline-,[27] and pyridine-func-
tionalised[28] ferrocene ligands have been described, which,
in organic solvents, selectively respond to, but do not clearly

Figure 3. Chemical shifts and NOEs observed for compounds 2 and 4.

Table 2. Cyclic voltammetry data.

E1/2 (1)
[a]

(Epa�Epc)
E1/2 (2)

[a]

(Epa�Epc)
E1/2 (3)

[a]

(Epa�Epc)
Epc (irrev) (1) Epc (irrev) (2)

CH3CN CH2Cl2 CH3CN CH2Cl2 CH3CN CH3CN CH2Cl2 CH3CN CH2Cl2

2 0.450 0.510 0.670 0.740
(0.070) (0.070) (0.080) (0.080)

2¥Mg2+ [b] 0.570 0.760 1.100 �0.430
(0.080) (0.070) (0.070)

3 0.480 0.540 1.020 1.060 broad �0.560
(0.060) (0.080) (0.070) (0.140) wave

4 0.985 1.160 �0.130 �0.070 �0.310 �0.260
(0.095) (0.140)

6 0.470 1.010 �0.450
(0.070) (0.080)

[a] E1/2= (Epa+Epc)/2 versus SCE in volts. Electrolyte: [NnBu4]ClO4; working and counter electrodes: Pt; ref-
erence electrode: SCE. [b] E1/2= (Epa+Epc)/2 versus decamethylferrocene (internal reference), in volts. Data
obtained from measurements in CH3CN/CH2Cl2 (3:2) as solvent. Under these conditions the redox potentials
of compound 2 were: E1/2(1)=++0.540 V and E1/2(2)=++0.760 V versus DMFc.
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differentiate between, Mg2+ and Ca2+ ions, with no interfer-
ence from large excesses of Li+ , Na+ and K+ .

We have discounted the possibility that the electrochemi-
cal response we observed upon addition of Mg2+ ion is due
to adventitious protonation or hydration of the ligand. Ad-
dition of water to the resultant electrochemical solution eli-
cited a further redox response, with the evolution of a new
redox wave that corresponds to that assigned to the proli-
gand. Therefore it can be concluded that metal-ion coordi-
nation occurs. The proligand 2 can be recovered unchanged
in almost quantitative yield by aqueous workup.

The large positive shift in the ferrocene redox potential,
upon coordination of Mg2+ ions by 2, prompted us to inves-
tigate whether the coordination has an effect on the UV/Vis
spectrum, as previous studies on ferrocene-based ligands
have shown that their characteristic low-energy bands (LE)
are perturbed by complexation.[29]

The UV-visible spectrum of 2 is consistent with most fer-
rocenyl chromophores in that they exhibit two charge-trans-
fer bands in the visible region.[30] The prominent band at
319 nm (e=8240m�1 cm�1; high energy (HE)), is assigned to
a ligand-centred p±p* electronic transition (L±p*), and the
less energetic and weaker band at 464 nm (e=1195m�1 cm�1)
(LE), responsible for the bright orange colour of this com-
pound, is attributed to a metal-to-ligand charge-transfer
(MLCT) process (dp±p*) (Table 3). This assignment is in ac-
cordance with the latest theoretical treatment (model III)
reported by Barlow et al.[31] The bands associated with the
d±d transitions are masked by the MLCT band.[32]

Addition of anhydrous Mg(ClO4)2 into a solution of 2 in
dichloromethane caused a progressive appearance of a new,
more intense, absorption band located at l=530 nm (e=
4580m�1 cm�1) and the complete disappearance of the initial

LE band (Figure 5). The new band, which is 76 nm red-shift-
ed, is assigned to MLCT (dp±p*) transitions in the com-
plexed ligand and is responsible for a change of colour from

orange (neutral proligand) to deep purple (complexed
ligand). This colour change can be used for ™naked-eye∫ de-
tection of Mg2+ , even in the presence of Ca2+ . The HE
band is also red-shifted, although only very little.

The bathochromic shift of the LE band and the remarka-
ble increase in its molar absorptivity are consistent with an
increase in the electronic interaction in the resulting com-
plex, as the complexation process through the C=N�C
group implies a lowering of the energy gap between the dp

orbitals of the iron atom (HOMO) and the p* orbital of the
acceptor group (LUMO). This observation agrees with the
appearance of an irreversible reduction wave in the CV of
the complexed form of 2, which is not observed for the pro-
ligand, and might be attributed to the reduction of the now
highly polarised endocyclic C=N double bond. The complex-
ation process in which the binding site (C=N�C) interacts
with the cation gives rise to a more stabilised p* orbital in
the C=N group, which acts as acceptor in the MLCT pro-
cess. Consequently, the oxidant character of this group is en-
hanced and the charge-transfer process from the ferrocenyl
(which acts as the donor group) to the acceptor unit, is then
favoured upon cation binding.

Figure 4. Cyclic voltammogram of compound 2 before (black) and after
addition of 1 equivalent of Mg(ClO4)2 (blue); 1mm 2 and 0.1m [NnBu4]-
ClO4 in CH3CN/CH2Cl2 also containing 1mm DMFc, scan rate: 0.2 Vs�1.
The average of anodic and cathodic peak potentials (Epa+Epc)/2 for
DMFc was set at 0 V in each voltammogram.

Table 3. UV-visible/near-IR data in CH2Cl2.

Compound lmax [nm] (103 e [m�1 cm�1])

2 319 (8.2), 464 (1.2)
2¥Mg2+ 530 (4.6)
3 342 (10.2), 530 (3.5), 731 (0.2)
4 325 (14.7), 375 (h), 465 (3.9), 641 (3.1)
6 329 (10.0), 507 (1.4), 625 (sh), 1230 (0.03)
2+1 [a] 330 (10.5), 520[b] (1.8), 630 (sh), 1240 (0.03)
2+2 [a] 339 (12.8), 524 (2.8), 630 (sh).

[a] Oxidised species obtained electrochemically in CH2Cl2 with 0.15m
nBu4NPF6. [b] Value obtained by deconvolution of the experimental
spectrum.

Figure 5. UV-visible spectra of the titration of alcohol 2 with 1 equivalent
of Mg(ClO4)2 in CH2Cl2 (c=5î10�4 moldm�3). The initial spectrum is
that of alcohol 2 and the final spectrum corresponds to the complexed
form. Arrows indicate the absorptions that increased (up) and decreased
(down) during the experiment.

Chem. Eur. J. 2004, 10, 1815 ± 1826 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 1819

Ferrocenophane Derivatives 1815 ± 1826

www.chemeurj.org


The electrochemical and
spectrophotometric data there-
fore indicate that the complexa-
tion process takes place only
through the C=N�C group,
with no complementary partici-
pation of the OH, a result
which is consistent with the rel-
ative spatial orientation found
for both groups in the solid
state (X-ray structure of 2) and
in solution (NOE experiments
of 2). The association constant
of the 2¥Mg2+ complex (Ka=

1.8î108m�2) could be evaluated
by means of a UV-visible spec-
trophotometric titration.[33] Two
well-defined isosbestic points
were found at 428 and 464 nm
(Figure 5), indicating that a
neat interconversion between complexed and uncomplexed
species occurs. A Job×s method experiment carried out be-
tween 2 and Mg(ClO4)2 in dichloromethane at 25 8C re-
vealed a ML2 stoichiometry.[34] It is important to note that
the association constant determined by UV-visible spectro-
photometry corresponds to the complexation of the Mg2+

ion by neutral 2, whereas the voltammetric shift reflects the
interaction of the guest cation with the oxidised ligand.

Protonation of 2 : When 2 was treated with one equivalent
of HBF4 in acetonitrile, the N-protonated salt 3 was isolated
as a deep purple solid. This, in turn, can be deprotonated by
potassium carbonate in methanol to give the starting alcohol
2. Treatment of the salt 3 with one equivalent of HBF4 in di-
chloromethane afforded the diferrocenylcarbenium salt 4, a
green solid, in 90% yield. Complex 4 is highly persistent
and thermally stable in the solid state and in dichlorome-
thane, even when exposed to air. Direct conversion of alco-
hol 2 into 4 was achieved by addition of two equivalents of
HBF4 in dichloromethane at room temperature. However,
when this treatment was carried out in acetonitrile, a com-
plex mixture was obtained in which neither the N-protonat-
ed salt 3 nor the diferrocenylcarbenium salt 4 could be de-
tected.

Further addition of one equivalent of HBF4 to a solution
of 4 in dichloromethane yielded the ferrocenylfulvene deriv-
ative 5 in 90% yield. This compound can also be prepared
directly from 2, in almost quantitative yield, by the action of
an excess of dry hydrogen chloride. When this conversion
was carried out in the presence of ammonium hexafluoro-
phosphate, the reaction rate was increased. We have also
found that compound 4 is slowly transformed into 5, al-
though in moderate yield, in acetonitrile at room tempera-
ture (Scheme 2).

In order to gain an insight of the stepwise protonation of
2, spectrophotometric and electrochemical studies were per-
formed. A solution of the compound 2 in dichloromethane
was titrated with HBF4 in dichloromethane and the absorp-
tion spectra were taken after each addition. The evolution

of the UV-visible spectra is shown in the Supporting Infor-
mation (Figure II). Upon addition of sub-stoichiometric
quantities of HBF4, the two characteristic charge-transfer
absorption bands of ferrocenyl derivatives underwent a red-
shift with an intensity increase, as predicted by the theoreti-
cal model III, developed by Marder et al.,[32] since both tran-
sitions involve charge transfer to the same empty acceptor-
based orbital. As expected from its higher energy, the HE
band (e=10244m�1 cm�1) experienced a smaller red-shift
(23 nm) than the LE band (e=3549m�1 cm�1) (66 nm).
These changes are observed until one equivalent of acid is
added. After addition of the second equivalent of acid, the
spectrum of the resulting diferrocenylcarbenium salt 4 is
very different from its precursor. The resulting HE band
and the first LE band are almost identical to those found in
the neutral alcohol 2. This addition also induces the appear-
ance and development of a new broad band in the visible
region at 641 nm (e=3084m�1 cm�1). This explains the dark
green colour of 4 and might be ascribed to a relevant transi-
tion to the iron-centred orbitals with the empty p orbital of
the a-carbocationic centre.[35] The observation of some well-
resolved isosbestic points during the protonation of 2 (at
320, 428 and 464 nm) and of 3 (at 245, 507, and 565 nm) in-
dicates that there is no decomposition.

The electrochemical behaviour of compound 2 in the
presence of variable concentrations of HBF4¥Et2O was also
investigated by CV in order to obtain further details about
the protonation process. Thus, upon addition of sub-stoichio-
metric amounts of HBF4 to a solution of 2 in dichlorome-
thane, clear evolution of the second wave from E1/2=

0.740 V to E1/2=1.060 V (DE1/2=320 mV), and the appear-
ance of a new irreversible reduction wave at E1/2=�0.560 V,
were observed (Figure 6). Maximum perturbation of the CV
was obtained with two equivalents of added acid and, at this
point, the second wave disappears. Interestingly, the new
anodic wave has a typical diffusional shape, while, in con-
trast, a sharp cathodic stripping peak was observed. This in-
dicates the precipitation of the oxidised protonated salt onto
the electrode upon oxidation; on the reverse scan it redis-

Scheme 2. Reagents and conditions: i) Fec-Li/THF, RT, 30 min, 80%; ii) 0.1m HBF4/CH3CN (1 equiv); iii)
K2CO3/MeOH, CH3CN; iv) 0.1m HBF4/CH2Cl2 (1 equiv), 90%; v) a) 0.1m HBF4/CH2Cl2 (1 equiv) 90%; b)
SiO2, 10% Et3N/n-hexane; vi) a) HCl (g)/CH2Cl2/NH4

+PF6
� ; b) SiO2 10% Et3N/n-hexane, 90%.
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solves as it is reduced. If a small amount of acetonitrile is
added to the dichloromethane electrolyte medium, the
cathodic stripping peak disappears. The value of the redox
potential shift on protonation (DE1/2=320 mV) deviates by
64.6 mV from the theoretical value (255.4 mV) obtained
from Plenio×s relationship (y= (�2.7 + 2.1x)î102) between
the inverse iron±nitrogen separation (x; 399.4 pm for 2) and
the shifts of the potential (y) found on protonation of sever-
al types of aza-substituted ferrocenes.[5] This deviation indi-
cates that, apart from the electrostatic interaction between
the complexed Mg+2 ion and the disubstituted ferrocene
unit, an additional interaction between the ferrocene moiet-
ies should exist.

Further addition of two equivalents of acid produced dra-
matic changes in the CV. The first wave vanishes and a
quasi-reversible wave at E1/2=1.160 V (DEp=140 mV) ap-
pears. Remarkably, two well-defined irreversible reduction
waves appear at �0.070 and �0.260 V versus SCE. These
are attributed to the two-electron reduction of the carbeni-
um centre. That this CV corresponds to the diferrocenylcar-
benium salt 4 was confirmed by comparison with the CV of
a pure sample of 4 recorded under the same conditions.

Spectroscopic characterisation of 4 : The structure of 4, which
is both a carbenium ion and a [5]ferrocenophane, has been
elucidated from spectroscopic data. The high stability of car-
benium ion 4 permits its accurate mass detection by high-
resolution positive FAB-MS. The mass spectrum displayed
an intense isotopic cluster, peaking at m/z=524, assignable
to the molecular ion. The relative abundance of the isotopic
cluster was in good agreement with the simulated spectrum
of [M]+ .

The room temperature 400 MHz 1H NMR spectrum[36] of
4 was completely assigned (with the exception of the aro-
matic protons) by 1H,1H COSY, NOESY and spin-decoupled

experiments. The diastereotopism of all the protons of the
three substituted Cp rings is immediately apparent from the
1H NMR spectrum of 4 (Table 1). The assignment of the
protons corresponding to the different Cp rings present in
the molecule, as well as the four diastereotopic protons pres-
ent in the two methylene groups of this structure, were ach-
ieved by inspection of the 1H,1H COSY and two-dimension-
al NOESY spectra (Figure 3). In addition to full characteri-
sation of these protons, some differences observed among
the chemical shifts of the protons in the Cp1, Cp2 and Cp3

rings are noted. In the Cp3 ring a large deshielding for the b

and b’ protons, with respect to that of the a and a’ protons,
is observed (Dd2’’,3’’=1.10 and Dd5’’,4’’=0.79 ppm). This fits in
with this cation having an important resonance contribution
from a h6-fulvene-h5-cyclopentadienyliron(ii) unit, with addi-
tional p-bonding of the metal with the exocyclic double
bond. In this context it is also important to underline that
the d values for the b protons (H3’’and H4’’) are the largest
observed for these type of protons in a-ferrocenylcarbenium
ions.[37]

Direct metal participation in the stabilisation of the posi-
tive charge promotes significant bending of the exocyclic
carbenium atom out of the Cp ring plane towards the cen-
tral iron atom (Fe2). Consequently, the electronic density on
the 2’’- and 5’’-positions have been found to be significantly
increased, giving rise to a shielding of those protons with re-
spect to H3’’ and H4’’, for which the opposite effect has
been found.[38] These last two protons, H3’’ and H4’’, can be
considered as fulvene-like protons. Interestingly, in the 1H
NMR spectrum of ferrocenylfulvene derivative 5, the ful-
vene protons appear in the same region (6.4±6.7 ppm). On
the other hand, the chemical shifts corresponding to the pro-
tons of the Cp1 moiety clearly indicate that the iron atom in
this ferrocene unit does not take part in stabilisation of the
positive charge. The expected d values for the b and b’ pro-
tons should thus be larger than those for the a and a’ pro-
tons.[34a] However, the observed situation is that the a and a’
protons are unshielded, with respect to the b and b’ protons
(Dd2,3=�0.14 and Dd5,4=�0.83), following the typical pat-
tern of a ferrocene unit linked to an electron-withdrawing
group.[39]

Finally, the pattern observed for the d values of the pro-
tons in the Cp2 ring are in accordance with those observed
in ferrocene rings monosubstitued with an electron with-
drawing group: dH2’>dH5’>dH3’>dH4’ (Dd5’,4’=�0.54
and Dd2’,3’=�0.35). This parallels the observed pattern in
the structurally related Cp2 in alcohol 2.

57Fe Mˆssbauer spectroscopy has been employed to probe
the iron environments in the prepared compounds (Table 4).
At 77 K the neutral alcohol 2 shows one quadrupole split
doublet of narrow linewidth with an isomer shift (IS) and
quadrupole splitting (QS) in the normal range for ferro-
cenes.[40] There is no differentiation of the iron atoms, as
shown by Mˆssbauer. The N-protonated salt 3 exhibits two
nested quadrupole split doublets of equal relative intensity.
The smallest of the QS values is lower than that for the
parent alcohol 2. This is expected as protonation increases
the electron-withdrawing character of the C=N double bond
and now favours backbonding from the e2 (dx2�y2, dxy) iron-

Figure 6. Voltammetric response of compound 2 (1mm) in CH2Cl2 before
(black) and after addition of 2 equivalents of HBF4 (blue), and after ad-
dition of 4 equivalents of HBF4 (red). Scan rate: 0.2 Vs�1. Upper inset re-
ductive scan (0.2 Vs�1): left for 3 and right for 4.
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based orbitals to the ring, with a consequent decrease in QS
values.[41]

The diferrocenylcarbenium 4 exhibits, at both 77 K and
300 K, two overlapping quadrupole split doublets of equal
relative intensity. The i.s. moves with temperature as expect-
ed and the q.s. values are independent of temperature. The
i.s. is also typical of ferrocene derivatives.[43] The smaller of
the q.s. values of 4 is similar to that reported for diferroce-
nylmethylium tetrafluoroborate (2.10 mms�1 at 298 K)[42]

and is lower than that for the parent alcohol 2. The other
doublet of 4 has a QS that is higher than that of 2 and is
similar to those found for a series of a-ferrocenylcarbenium
ions.[43] It has been postulated that high QS values (greater
than that of ferrocene itself) in a-ferrocenylcarbenium sys-
tems are due mainly to the interactions between the empty
p orbital on Cexo with several occupied metal orbitals, proba-
bly most efficiently with one lobe of the dx2�y2, the central
belt of dz2, or one lobe of dzx. Such an interaction would dis-
rupt the normal binding of the ferrocene system,[44] giving
rise to a ring tilt angle on the ferrocene moiety and causing
the dz2 to take part in the bonding.[45] As a consequence, this
would promote bending towards the iron centre. Values of
about 2.6±2.7 mms�1 represent maximal iron participation
for such systems, whereas lower QS values are due to elec-
tron withdrawal through ring-based orbitals e1.

[43]

The reported parameters are consistent with the two iron
atoms having different partial charges. However, 4 can not
be described as mixed-valence as, in this case, a larger differ-
ence between QS values would be expected (e.g., in mixed-
valence biferrocenium derivatives, the difference between
the QS values of FeII and FeIII is more than 0.66 mms�1).[46]

The useful combination of 1H NMR and 57Fe Mˆssbauer
spectroscopic data of the diferrocenylcarbenium ion 4
strongly suggests two different processes for stabilisation of
the a-carbocationic centre. The monosubstituted ferrocene
group can clearly be considered as h6-fulvene-h5-cyclopenta-
dienyliron(ii) (deshielding for b protons with respect to a

protons) with iron participation (high QS value), whereas
the disubstituted ferrocene group is acting only through cy-
clopentadienyl-based orbitals (deshielding for a protons
with respect to b protons) without iron participation (low
QS value). That the nature of diferrocenylcarbenium ion 4
as a pentafulvene complex is more than just formal is dem-
onstrated by its easy conversion to 5, either spontaneously
or under acidic conditions. Compound 4 represents an at-
tractive example in which two ferrocene groups linked to an

a-carbocationic centre show different spectroscopic (both
1H NMR and 57Fe Mˆssbauer) characteristics.

Mixed-valence compound 6

Synthesis: Mixed-valence compound 6 was isolated in 60%
yield, as a stable purple solid, by controlled oxidation of 2
with silver trifluoromethanesulfonate. When 6 was treated
with an excess of 4-dimethylaminopyridine in toluene at
room temperature, the alcohol 2 was obtained, in 70%
yield, after chromatographic separation on a deactivated
silica gel column (Scheme 3).

Physicochemical properties: A chronoamperometric study
(see Figure IV in the Supporting Information) revealed the
nature and purity of compound 6. Plotting the sample cur-
rent, at a fixed time of 800 ms versus the potential gave a
sampled-current voltammogram, which displays two waves
in the anodic and cathodic region, respectively, with the
same wave height (FeIII/FeII ratio 1:1). In contrast, the re-
corded sampled-current voltammogram for the neutral pre-
cursor 2 displayed two waves in the anodic region.

The CV of 6 in acetonitrile does not correspond to the ex-
pected one, that is, one with two reversible one-electron
redox waves at +0.450 V and +0.670 V; however, it is
almost identical to that obtained by complexation with
Mg(ClO4)2. At the same time the CV of 6 is also very similar
to the spectrum obtained by protonation of the neutral pre-
cursor 2 with one equivalent of acid, in that it displays an ir-
reversible reduction wave at �0.450 V and two one-electron
oxidation waves at +0.470 V and +1.010 V (See Figure V
in the supporting information), respectively. These electro-
chemical results strongly suggest that, in acetonitrile, the
asymmetric mixed-valence complex 2+ exhibits an intramo-
lecular complexation of the FeIII atom by the nitrogen atom
of the C=N double bond (Scheme 4). Support for this intra-

Table 4. 57Fe Mˆssbauer parameters.

Compound T [K] IS QS HWHM[a]

2 77 0.52 2.33 0.13
3 77 0.50 2.41 0.13

0.50 2.09 0.15
4 77 0.50 2.51 0.13

0.51 2.11 0.14
300 0.43 2.50 0.11

0.44 2.14 0.13
6 77 0.51 2.22 0.17

300 0.44 2.20 0.14

HWHM=half width at half maximum.

Scheme 3. Reagents and conditions: i) AgCF3SO3, toluene, RT, 1.5 h,
60%; ii) a) DMAP (excess); b) deactivated silica gel (10% ET3N in n-
hexane), 70%.

Scheme 4. Schematic representation of the intramolecular interaction in
the mixed-valence complex 2+ .
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molecular interaction is provided by the appearance of an
absorption band at 520 nm (see Table 3) that resembles the
HE band shown by 2¥Mg2+ .

The mixed-valence compound 6 exhibits, both at 77 K and
300 K, a quadrupole split doublet with a QS of about
2.2 mms�1. The IS values move, as expected, with tempera-
ture and the QS values are independent of temperature. The
observed quadrupole split doublet, even at 77 K, is associat-
ed with a mixed-valence state in which the intramolecular
electron-transfer rate is greater than the Mˆssbauer time-
scale (107 s�1) (Table 4). In 6 the QS is larger than those ob-
served for other valence-delocalised biferrocenium cations.
In general, ferrocenyl groups (electronic ground state 1A1g)
give spectra characterised by a large QS in the range 2.0±
2.2 mms�1, while the spectra of ferrocenium cations (elec-
tronic ground state 2E2g) are characterised by a small or van-
ishing QS. In localised mixed-valence biferrocenium cations,
the value of the QS in the ferrocenyl moiety is slightly
smaller than that expected for an FeII ferrocenyl unit and
the FeIII ferrocenium moiety has a slightly larger QS value.
For asymmetric biferrocenophane mixed-valence com-
pounds Mˆssbauer studies clearly indicate that the electron-
ic ground state of the FeIII unit is not pure 2E2g and larger
QS values are observed. In
these compounds, the Cp rings
are tilted from the parallel ge-
ometry of ferrocenium. Bend-
ing back the Cp rings leads to
an increase of dx2�y2,dxy-ring
overlap and the metal non-
bonding orbitals start to inter-
act with the ligand p orbitals.
Under these circumstances the
iron ion loses some of its FeIII

character and there is conse-
quently an increase in the QS
value. In addition, an intramo-
lecular interaction between the
FeIII atom and the nitrogen
atom of the ferrocenophane
framework (as evidenced by
CV) also contributes to this in-
creased QS.

IR spectroscopy has often
been used to evaluate the rate
of electron-transfer in mixed-
valence compounds in the solid
state when a suitable vibrator is available on one of the me-
tallic termini. In these cases, when the electron-transfer is
faster than the timescale (1013 s�1), an averaging of this spe-
cific vibrational mode is observed for the mixed-valence
compound 6 relative to the neutral compound 2 and the di-
oxidised 22+ species. A spectrum corresponding to the over-
lap of both spectra is obtained in the opposite case; that is,
when a slow electron-transfer process takes place.[7,47]

Previous work on mixed-valence biferrocenes indicates
that the perpendicular C�H bending band is the best indica-
tor of the iron oxidation state. This band is seen at 815 cm�1

for neutral ferrocene and at 850 cm�1 for ferrocenium salts.

A localised mixed-valence biferrocenium cation should ex-
hibit one C�H bending band for the FeII ferrocenyl moiety
and another one for the FeIII ferrocenium moiety,[46d,48] while
only one averaged band is expected for delocalised mixed-
valence species. In our case, the IR spectrum of the neutral
form 2 displays a C�H bending vibration band at 818 cm�1,
while in the diferrocenylcarbenium salt 4 this band appears
at 843 cm�1.

The IR spectra of the N-protonated salt 3 and the mixed-
valence compound 6 only show one C�H bending vibration
at 835 cm�1. These findings are in agreement with the elec-
trochemical results that indicate a partial positive polarisa-
tion of the C=N double bond induced by a through-space in-
teraction with the FeIII atom. They also point towards a fast
electron-transfer process, in the solid state, for 6.

The generation of the mixed-valence species from 2 was
also performed electrochemically and monitored by UV-visi-
ble/near-IR spectroscopy. A stepwise Coulometric titration
was performed on a solution of 2 in CH2Cl2 (3.5î
10�3 molL�1), with [NnBu4]PF6 (0.1m) as supporting electro-
lyte. UV-visible/near-IR absorption spectra were regularly
recorded by transferring a small aliquot of the solution con-
tained in the electrochemical cell, for different average

number of electrons (n) removed (0�n�2), into a UV
quartz cell . The UV-visible/near-IR data are collected in
Table 3. Figure 7 shows the evolution of these spectra. The
increase in the characteristics bands of ferrocenium ions at
520 and 630 nm is clearly observed, with a remarkable in-
crease of the e value for the 520 nm band when the second
ferrocenium ion is formed, on transfer of more than one
electron per mol.

Interestingly, during the oxidation process of compound 2,
a new weak and broad band, centred at 1240 nm, appears.
This band increases continuously until complete formation
of 2+ (see inset of Figure 7). The intensity of this band sub-

Figure 7. Evolution of the UV-Visible spectrum during the course of the oxidation of compound 2. The aver-
age number of removed electrons is given on each spectrum. Inset: maximum of the intervalence charge-trans-
fer band.
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sequently decreases until it disappears when the dication
22+ is completely formed. This behaviour is typical of an in-
tervalence charge-transfer (IVCT) band due to the presence
of an intramolecular electron-transfer process in a class II
mixed-valence compound.[7] From the characteristics of the
IVCT band, the effective electronic coupling Vab (in cm�1)
between both ferrocene redox centres can be determined,
by using Equation (1) developed by Hush.[49]

Vab ¼ ½2:05� 10�2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emaxnmaxDn1=2

q
�R�1 ð1Þ

In this equation Dn1/2 (in cm�1) is the half-height band
width of the IVCT band, R (in ä) is the distance between
the redox centres (in this case the intermetallic distance, as
determined by the X-ray structure, has been used), emax (in
m

�1 cm�1) is the maximum molar extinction coefficient, and
nmax (in cm�1) is the wavenumber at the maximal absorb-
ance. Equation (1) gives an effective electronic coupling
(Vab) for 2

+ of 90 cm�1 (0.0112 eV), which represents a weak
coupling between the two ferrocene units, since it is only
half the value observed in a diferrocene system linked by a
long chain of six ethylene bonds.[50]

Unfortunately, the strong resemblance between the ab-
sorption spectra of 2¥Mg2+ and the mixed-valence species
2+ has prevented a detailed study of the electrochemically
induced switchable chemosensor properties of 2.

Conclusion

Diferrocene derivative 2, which incorporates an aza-substi-
tuted bridge and has a ferrocenophane architecture with a
ferrocenyl susbtituent, functions as a highly selective chemo-
sensor for Mg2+ ions, while not showing any response to
Ca2+ or alkaline ions. The response of 2 to Mg2+ can be de-
tected either by electrochemical or optical techniques, even
in the presence of other metal ions. The presence of two
redox moieties in compound 2 allows formation of the
mixed-valence compound, which, interestingly, shows mod-
erate electronic coupling between both ferrocene units. It is
therefore a new class II mixed-valence system in which in-
tramolecular electron transfer has been studied by different
spectroscopic techniques.

The reported properties of this new multifunctional ion-
sensing derivative demonstrate that, with proper design,
more efficient switchable chemosensors could be developed
in the future.

Experimental Section

General methods : All reactions were carried out under N2 and with sol-
vents that were dried by routine procedures. All melting points were de-
termined on a Kofler hot-plate melting point apparatus and are uncor-
rected. IR spectra were determined as Nujol emulsions or films on a
Nicolet Impact 400 spectrophotometer. 1H and 13C NMR spectra were re-
corded on a Bruker AC200, 300 or 400 MHz instrument, and chemical
shifts are referenced to signals of tetramethylsilane. Mˆssbauer spectra,
obtained on an ES-Technology MS-105 spectrometer with a 100 MBq
57Co source in a rhodium matrix at ambient temperature, were refer-

enced to natural iron at 298 K. Solid samples were prepared by grinding
with boron nitride. Parameters were obtained by fitting the data with
Lorentzian lines, errors <	0.01 mms�1. The EI and FAB+ mass spectra
were recorded on a Fisons AUTOSPEC 500 VG spectrometer, with 3-ni-
trobenzyl alcohol as a matrix. Microanalyses were performed on a
Perkin±Elmer 240C instrument. Electrochemical measurements were
taken with a QUICELTRON potentiostat/galvanostat controlled by a
personal computer and driven by dedicated software. Electrochemical ex-
periments were conducted in a conventional three-electrode cell, under a
nitrogen atmosphere, at 25 8C. The working electrode was a Pt disk
(1 mm in diameter), polished before each recording. The auxiliary elec-
trode was a platinum wire. The reference electrode was SCE. All poten-
tials are quoted with respect to SCE, except where noted. The experi-
ments were in acetonitrile or dichloromethane solutions containing 0.1m
[NnBu4]ClO4 (WARNING :CAUTION) as supporting electrolyte. Under
these experimental conditions, the ferrocenium/ferrocene couple was ob-
served at +0.405 V versus SCE in acetonitrile and at +0.535 V versus
SCE in dichloromethane. Deoxygenation of the solutions was achieved
by bubbling with nitrogen for at least 10 minutes. Cyclic voltammetry
(CV) curves were recorded at scan rates of 0.050±1 Vs�1 and the scan po-
tential was obtained in both positive and negative directions. The differ-
ential pulse voltammtery (DPV) curves were recorded at a 4 mVs�1 scan
rate with a pulse height of 10 mV and a step time of 50 ms.

1,1’-[(3,4-Dihydro-2,4-quinolinediyl)(2-ferrocenyl-2-hydroxy-1,2-ethane-
diyl)]ferrocene (2): A solution of ferrocenyllithium, preparared by reac-
tion of ferrocene (0.5 g, 2.68 mmol) and tBuLi (1.33 mL of a 1.7m pen-
tane solution, 2.26 mmol) in dry THF (5 mL) at 0 8C for 1 h, was added
dropwise to a solution of 1 (0.2 g, 0.56 mmol) in THF (10 mL). The solu-
tion was stirred at room temperature for 10 min, then H2O (20 mL) was
added. The reaction mixture was extracted with CH2Cl2 (3î50 mL). The
combined organic layers were washed with a saturated solution of NaCl
(3î50 mL), then dried over anhydrous Na2SO4 and evaporated under re-
duced pressure. The crude product was purified by chromatography on a
previously deactivated silica gel column, with 1:1 EtOAc/n-hexane as
eluent, to give 2 in 80% yield as an orange solid. This was crystallised
from CH2Cl2/n-hexane (1:3). M.p. 290±293 8C (decomp); elemental analy-
sis calcd (%) for C31H27Fe2NO (541.3): C 68.79, H 5.03, N 2.59; found: C
68.55, H 4.88, N 2.70.

3,4-Dihydroquinolium salt 3 : A stirred solution of the alcohol 2 (73 mg,
0.14 mmol), in dry CH2Cl2 (10 mL), was treated dropwise with 1 equiv of
the appropriate acid (HBF4 or CF3SO3H) (e.g., 1.4 mL of a 0.1m solution
of HBF4 in CH2Cl2), during which the orange colour of the solution
changed to a deep purple. The resulting mixture was stirred for 5 min at
room temperature, then the solvent was removed under vacuum to give a
deep purple residue which was triturated with diethyl ether (10 mL). The
purple solid that formed was isolated in almost quantitative yield and re-
crystallised by slow diffusion of Et2O into a dilute solution of the com-
pound in CH2Cl2. 3a (X=BF4): M.p. 222±225 8C (decomp); 3b (X=

CF3SO3): M.p. 215±220 8C (decomp).

Diferrocenylcarbenium 4 : A stirred solution of the alcohol 2 (73 mg,
0.14 mmol) in dry CH2Cl2 (10 mL) was treated dropwise with 2 equiv of
HBF4 (2î1.4 mL of a 0.1m solution of HBF4 in CH2Cl2). During the ad-
dition, the orange colour of the solution evolved to a deep purple colour
and finally to the green colour of the carbenium species. After the addi-
tion, the solution was stirred for 5 min, then the solvent was removed in
vacuo. The crude product was treated with acetone/CH2Cl2 (1:3) and the
resulting powder was washed with CH2Cl2 (4î2mL) to give a deep green
product, in 90% yield. This was crystallised by slow diffusion of CH2Cl2
into a dilute solution of the compound in acetone. M.p. >300 8C; FAB+-
HRMS: calcd for C31H26NFe2: 524.0760; found: m/z (%): 522.0809 (15),
524.0765 (100), 525.0801 (79).

1,1’-[(3,4-Dihydro-2,4-quinolinediyl)(2-cyclopentadienylidene-1,2-ethane-
diyl)]ferrocene (5):

Method A : A 0.1m solution of [NBu4]PF6 in dry CH2Cl2 (10 mL) was
treated with a solution of 2 (0.2 g, 0.37 mmol) in dry CH2Cl2 (5 mL), and
the reaction mixture was stirred for 5 min at room temperature. A
stream of dry HCl was bubbled through the mixture for 1 h, during
which a clear evolution of the colour of the solution, from orange to
purple to green to purple, was observed. When the deep purple colour
was persistent, the reaction mixture was filtered through a deactivated
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(10% Et3N in n-hexane) silica gel layer. The filtrate was evaporated to
dryness and purified by chromatography on a deactivated silica gel
column, using EtOAc/n-hexane (9:1) as eluent, to give 5, in almost quan-
titative yield, as a red solid. This was crystallised by slow diffusion of n-
hexane into a diluted solution of the compound in CH2Cl2.

Method B : A solution of the diferrocenylcarbenium 4 (0.1 g, 0.16 mmol)
in CH2Cl2 (10 mL) was treated with HBF4 (1 equiv., 1.1 mL of a 0.1m sol-
ution of HBF4 in CH2Cl2) and the mixture was stirred at room tempera-
ture and under nitrogen for 30 min, during which the deep green colour
of the solution changed to deep purple. A crystalline sample in 90%
yield was obtained following the same procedure as described above.

Method C : A solution of the diferrocenylcarbenium 4 (0.1 g, 0.16 mmol)
in CH3CN (10 mL) was stirred at room temperature for 10 min to give a
black precipitate, which was filtered off. The filtrate was evaporated to
dryness and the product was isolated, as described above, in 90% yield.
M.p. 167±170 8C; elemental analysis calcd (%) for C26H21FeN (403.3): C
77.43, H 5.25, N, 3.47; found: C 77.14, H 5.30, N 3.27.

Mixed-valence compound 6 : A sample of this mixed-valence compound
was prepared by adding a solution of AgCF3SO3 (0.024 g, 0.094 mmol) in
dry toluene (10 mL) to a solution of the alcohol 2 (0.051 g, 0.094 mmol)
in the same solvent (50 mL). The reaction mixture was stirred at room
temperature and under nitrogen for 1.5 h. The dark brown microcrystals
formed were collected by filtration and washed with three portions of tol-
uene (3î10 mL). The solid was dissolved in CHCl3 (25 mL) and stirred
at room temperature and under nitrogen for 10 min to give a deep purple
solution and a dark precipitate. The solution was filtered under nitrogen
and the precipitate was washed with CHCl3 (3î10 mL). The combined
organic layers were evaporated to dryness under reduced pressure. The
resulting residue was triturated with dry Et2O to give 9 as a deep purple
solid in 60% yield. This was crystallised from CH2Cl2/toluene (1:1). M.p:
227±230 8C (decomp); IR (CH2Cl2): ñ=3468, 1642, 1618, 1574, 1287,
1263, 1169, 1038, 835, 758 cm�1; MS (FAB+): m/z (%): 691 (5) [M++1],
542 (100) [M++1�CF3SO3]; elemental analysis calcd (%) for
C32H28F3Fe2NO4S (691.3): C 55.60, H 4.08, N2.03; found: C 55.42, H 4.28,
N 1.95.

X-ray crystal structure analysis :

Data collection : A Nonius Kappa CCD with an area detector was used.
19153 reflections were measured by means of f- and w-scans and extract-
ed from the frames (DENZO-SMN).

Structure solution and refinement : Non-hydrogen atoms were refined ani-
sotropically on F2 (SHELXL 97), hydrogen atoms of the carbon atoms
were refined at calculated positions, the hydrogen atom of the hydroxyl
group was refined with an isotropic displacement parameter; R values for
320 parameters and 2402 observed reflections [I>2s(I)]: R1=0.0418 and
wR2=0.0977.

Crystal data : C31H27Fe2NO, monoclinic, space group P21/n, a=11.3545(4),
b=10.8175(6), c=18.725(1) ä, b=92.667(3)8, V=2297.45(19) ä3, Z=4,
T=233(2) K, l(MoKa)=0.71073 ä, F(000)=1120, m=1.289 mm�1, 1calcd=

1.565 gcm�3, yellow prism 0.4î0.1î0.05 mm. CCDC-215840 contains the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44)1223±336±033; or e-mail : deposit@
ccdc.cam.uk).
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