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The electronic properties of the family of pyridyl- and pyrimidyl- ferrocenyl complexes
[Fe(η5-C5H4-4-C5H4N)(η5-C5H5)] (1), [Fe(η5-C5H4-4-C5H4N)2] (2), [Fe(η5-C5H4-4-C5H4N)(η5-C5H4-
5-C4H3N2)] (3), [Fe(η5-C5H4-5-C4H3N2)2] (4), [Fe(η5-C5H4-C6H4-4-C5H4N)(η5-C5H4-5-C5H4N)]
(5), and [Fe(η5-C5H4-C6H4-4-C5H4N)2] (6), prepared by Suzuki coupling starting from
ferrocenyl diboronic acid, have been investigated by electrochemical, spectroscopic, and
quantum-chemical methods. All complexes display photo- and electrochemical stability and
strong electronic interactions in the ground state between the ferrocenyl moiety and pyridine/
pyrimidine rings. The efficient modulation of the potentials of ferrocenyl-based oxidation is
shown to be strongly dependent on the nature of the hetero ring. These features, together
with their high chelating ability, are potentially useful in the preparation of redox-active
complexes of complexes such as mixed-metal metallamacrocycles.

Introduction

The development and investigation of photo- and/or
electroactive supramolecular systems are of high cur-
rent interest. The major goals are the design, assembly,
and evaluation of new materials to be exploited as
push-pull systems,1 molecular switches,2 logic gates,3
and systems based on intramolecular charge transfer.4
In this context, the choice of suitable bridging ligands
in the communication among metal centers is of prime
importance.

Recently, we reported the synthesis and structural
characterization by solid-state techniques of a series of
mono- and disubstituted pyridine/pyrimidine ferrocenyl

complexes, obtained either by coupling in solution5a or
by mechanochemical treatment5b of solid reactants. In
this work we expand on these results by investigating
the electrochemical and spectroscopic behavior of the
conjugated ferrocene derivatives represented in Chart
1: [Fe(η5-C5H4-4-C5H4N)(η5-C5H5)] (1), [Fe(η5-C5H4-4-
C5H4N)2] (2), [Fe(η5-C5H4-4-C5H4N)(η5-C5H4-5-C4H3N2)]
(3), [Fe(η5-C5H4-5-C4H3N2)2] (4), [Fe(η5-C5H4-C6H4-4-
C5H4N)(η5-C5H4-5-C5H4N)] (5), and [Fe(η5-C5H4-C6H4-
4-C5H4N)2] (6). The π-conjugated donor systems, formed
by the metal-coordinated cyclopentadienyl ligand and
its aromatic substituents, associated with the good
electron donor capability of ferrocene,4e are expected to
show a wide variety of electrochemical and spectroscopic
properties that, combined with the good coordinating
ability of the pyridine and/or pyrimidine rings, may be
exploited in the preparation of complexes of complexes,
whereby the complexes are, in their turn, used as
ligands. Indeed, the compound [Fe(η5-C5H4-4-C5H4N)2]
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(2) has been already utilized in the preparation of a
series of heterometallamacrocycles by reaction with
Cu(II), Cd(II), Zn(II), and Ag(I) salts.5c

In the following we report the results of an investiga-
tion of complexes 1-6, carried out by cyclic voltammetry
(CV), electronic absorption spectroscopy, and spectro-
electrochemistry. The experimental results were comple-
mented by molecular orbital (MO) calculations at the
density functional theory (DFT) level. The combination
of theory and experiment has afforded an unequivocal
localization of redox processes within the molecular
structure and a better understanding of mutual interac-
tions among redox centers.

Experimental Section

Syntheses. The ferrocenyl complexes 1-6 were prepared
as reported previously,5 starting from ferrocene-1,1′-diboronic
acid, [Fe(η5-C5H4B(OH)2)2]4,6 and from Br-pyridine/pyrimidine
in the presence of a catalytic amount of PdCl2[1,1′-bis-
(diphenylphosphino)ferrocene], through a Suzuki coupling
protocol. While all reactions were carried out in solution,
compounds 2 and 4 were also obtained quantitatively by
carrying out same reactions under solvent-free conditions by
mechanical treatment of solid reactants.

The salt ferrocenium tetrafluoroborate, [Fe(η5-C5H5)2][BF4],
was synthesized as reported elsewhere.7 Since this salt rapidly
degrades in organic solvents, [Fe(η5-C5H5)2][PF6] was precipi-
tated by adding an excess of KPF6 to an aqueous solution of
[Fe(η5-C5H5)2][BF4]. After the mixture was stirred for 10 min
and allowed to stand for a further 10 min, the blue solid was
filtered, washed with a small amount of water, and finally
dried in air.

Electrochemistry. All materials were reagent grade chemi-
cals. The supporting electrolyte tetrabutylammonium hexa-
fluorophosphate (TBAH, from Fluka) was used as received.
Ultra-dry tetrahydrofuran (udTHF) from NanoClust (Bologna,
Italy) was chosen as solvent, due to the widest potential
windows. The cell, containing the supporting electrolyte and
the electroactive compound, was dried under vacuum at 370
K for at least 48 h. Afterward the solvent was distilled by a
trap-to-trap procedure into the electrochemical cell just before
performing the electrochemical experiment. The pressure
measured in the electrochemical cell prior to performing the
trap-to-trap distillation of the solvent was typically around 1
× 10-5 mbar.

The one-compartment electrochemical cell was of airtight
design, with high-vacuum glass stopcocks fitted with either
Teflon or Kalrez (DuPont) O-rings, to prevent contamination
by grease. The connections to the high-vacuum line and to the
Schlenk flask containing the solvent were made by spherical
joints fitted with Kalrez O-rings. Also, the working electrode
consisted of a Pt-disk ultramicroelectrode (with diameter of

125 µm), sealed in glass. The counter electrode consisted of a
platinum spiral, and the quasi-reference electrode was a silver
spiral. The quasi-reference electrode drift was negligible for
the time required by a single experiment. Both the counter
and reference electrodes were separated from the working
electrode by ∼0.5 cm. Further details about the electrochemical
cell were described elsewhere.8 Potentials were measured with
the ferrocene or decamethylferrocene standards and are
always referred to the saturated calomel electrode (SCE). E1/2

values correspond to (Epc + Epa)/2 from cyclic voltammetry
(CV), whereas for irreversible processes the peak potential Ep

is measured at 1 V s-1. Ferrocene (decamethylferrocene) was
also used as an internal standard for checking the electro-
chemical reversibility of a redox couple. Voltammograms were
recorded with a custom-made fast potentiostat9 controlled by
an AMEL Model 568 function generator. Data acquisition was
performed by a Nicolet Model 3091 digital oscilloscope inter-
faced to a PC. The minimization of ohmic drop was achieved
through the positive feedback circuit implemented in the
potentiostat. DigiSim 3.0 software (Bioanalytical Systems Inc.)
was used for digital simulation of CV curves.

Spectroelectrochemistry and Electronic Absorption
Spectra. UV-vis spectroelectrochemical experiments were
carried out using a quartz OTTLE (optically transparent thin-
layer electrode) cell with a 0.03 cm path length and a reservoir
area attached to the top to hold reference and counter
electrodes. Temperature control was achieved by a special cell
holder with quartz windows and two nitrogen flows (one at
room temperature and the other at low temperature) inde-
pendently regulated by two needle valves attached to two flow
meters (Jencons, Item 3015-045). The temperature of the
cuvette was monitored with a thermocouple connected to a
CAL-9000 digital thermometer and can be tuned between room
temperature and 230 K, with an accuracy better than (0.2 K.
The working electrode was a Pt-Rh (90:10) gauze with an
optical transparency of about 40%. The counter electrode was
a thick Pt wire, and a Ag/AgCl electrode, separated by a glass
frit, was the reference electrode. All of the details concerning
the spectroelectrochemical setup have been reported else-
where.10

The potential was set using an AMEL Model 552 poten-
tiostat connected to an AMEL Model 568 function generator.

The cell used to collect the electronic absorption spectra was
a 0.2 and 0.1 cm path length quarz cuvette. All the spectra
were recorded by a Varian Cary 5 UV-vis-near-IR spectro-
photometer.

Results and Discussion

Electrochemical Properties. The electrochemical
properties of complexes 1-6 were investigated by CV
in THF solutions, under ultra-dry conditions.
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In the positive potential region, all compounds show
a single reversible one-electron process, localized onto
the ferrocenyl unit. The E1/2 values measured for species
1-6 and for pristine ferrocene are reported in Table 1
and graphically compared in Figure 1. In all cases,
substitution onto the cyclopentadienyl ring(s) brings
about a significant shift of ferrocenyl-based oxidation
toward more positive potentials.

Such an effect is found to be additive: the stronger
the electron-withdrawing properties of the substituents,
the larger the potential shift. This suggests a strong
electronic coupling between the two moieties in the
ground state.

As matter of fact, the presence of a single pyridine
ring (4-py) in 1 causes a positive shift of ferrocene-based
oxidation with respect to ferrocene (Fc) by 98 mV, while
in 2 (with two 4-py substituents) a 182 mV shift is
measured (Figure 1). Furthermore, within a series of
homologous disubstituted compounds, the addition of
each N atom in hetero rings contributes ca. 15 mV to
the overall potential shift with respect to Fc (182, 197,
and 211 mV in 2-4, respectively). This is in line with
the known stronger electron-withdrawing properties of
pyrimidine (5-pym) with respect to pyridine. Also the
effect, due to bridging groups, between the ferrocenyl
moiety and the N hetero ring was investigated by
comparing the redox properties of species 2, 5, and 6,
where a phenyl ring is interposed between the ferrocenyl
moiety and the 4-py rings. Despite the fact that phenyls
are themselves slightly electron-withdrawing groups,
their presence is found to shield effectively the electronic
interaction between ferrocenyl and 4-py groups: this
results in a significant shift to less positive potentials
of the ferrocenyl-based oxidations in 5 and 6 with
respect to 2 (by 71 and 141 mV, respectively). Additive

effects of ligands on the redox potential were similarly
observed and parametrized for several coordination and
organometallic compounds.11

The identification of anodic processes as oxidations
of the ferrocenyl moiety in all species is straightforward,
as was also suggested by DFT calculations.12 Despite
the fact that the ferrocenyl and hetero ring moieties
interact quite strongly with each other, a description of
their redox properties in terms of a mainly localized
redox orbital model is viable. The HOMO and LUMO
surfaces of 5 and 2, shown in Figure 2, are adequate
representatives of those of the whole family of com-
plexes. No substantial difference is highlighted as to the
HOMOs of the various complexes; a very good linear
correlation between the calculated HOMO energy and
the corresponding oxidation potential for all complexes
was found (see Figure S1 in the Supporting Informa-
tion), confirming that the greater HOMO stabilization
is responsible for the increasingly difficult oxidation.14

In contrast, the complexes can be classified into two
different groups on the basis of the LUMO structure:
(i) the asymmetric complexes (1, 3, 5), characterized by
a LUMO mainly localized upon one specific ligand, and
(ii) the symmetric ones (2, 4, 6) in which the LUMO is
largely delocalized over the two identical ligands.

In view of the aforementioned properties of LUMOs,
the reduction behavior of complexes 1-6 is expectedly
more complex than the oxidation one. All species, except
1, show two or more one-electron-reduction processes
in the negative potential region, as shown in Figure 3.
In the case of 1, only a single one-electron reversible
reduction process (E1/2 ) -2.40 V; see Figure 3a, dashed
line) is observed, largely localized on the 4-py (pyridyl-
centered LUMO). The injection of a second electron,
either coupling with the first one within the same
LUMO or entering the second unoccupied MO (2-
LUMO), is likely to occur at much higher energy and is
therefore unaccessible within the experimental potential
window (∼-3.2 V).

In the case of 2, in fact, two subsequent one-electron
reductions (Figure 3a, solid line) are observed, separated
by a relatively large potential gap (400 mV). The first
reduction peak (E1/2 ) -2.24 V) appears at lower
energies than in 1, as expected for the more delocalized
LUMO (Figure 2d). The second reduction peak is not
fully reversible, since it displays an anodic-to-cathodic
peak ratio (ip,a/ip,c) much lower than that at any scan
rates up to 50 V/s. However, when the scan rate is
increased, the peak potential was found to shift toward
more negative potentials by ca. 30 mV/decade, thus
suggesting that the observed irreversibility may be due

(11) (a) Lever, A. B. P. Inorg. Chem. 1990, 29, 1271. (b) Lu, S.;
Strelets, V. V.; Ryan, M. F., Pietro, W. J.; Lever, A. B. P. Inorg. Chem.
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Chem. 1972, 44, 339.
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Table 1. Electrochemical Potentials (vs SCE) of
the Ferrocenyl Ligandsa

E1/2/Vcompd

Fc 0.58 -2.98b

1 0.68 -2.40
2 0.76 -2.24 -2.77c (-2.64)
3 0.78 -2.22 -2.52
4 0.79 -2.26c (-2.20) -2.47c (-2.41)
5 0.69 -2.12 -2.41 -2.87c

6 0.62 -2.11 -2.22 -2.56 -2.79c

a Data collected for a 0.7 mM solution, in 0.05 M TBAH/THF,
at 1 V s-1 and 295 K. b Extrapolated from data recorded at 225 K.
c Ep for quasi-reversible or totally irreversible behaviors, values
in parentheses are E1/2 values determined by digital simulation.

Figure 1. Comparison of the E1/2 values (genetic diagram)
for the reversible one-electron oxidation, localized in the
ferrocenyl unit of all the compounds. Arrows indicate the
additive effects of the heterocyclic substituents (see text).

1200 Organometallics, Vol. 24, No. 6, 2005 Paolucci et al.



to a follow-up chemical reaction coupled to the reduction
process (EC mechanism15). The digital simulation of the
CV curve, calculated according to such a mechanism,
allowed us to estimate the rate constant of the chemical
step (g50 s-1) and the standard potential of the second
reduction process (Table 1).

A similar behavior was found for 3: the CV curve
displays two quasi-reversible one-electron reductions
(Figure 3b). The first process occurs at -2.22 V, a few

(15) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Funda-
mentals and Applications; Wiley: New York, 2001; Chapter 12 and
pp 200-201.

Figure 2. Molecular orbital surfaces showing the localization of the first orbitals involved in the redox process of (a) the
HOMO of 5 centered on the ferrocenyl unit, (b) the LUMO of 5 mainly localized on the phenyl-pyridine ligand, (c) the
HOMO of 2 localized on the metal center, and (d) the LUMO of 2 delocalized between the two pyridine ligands.

Figure 3. Cyclic voltammetric curves in THF solutions (0.05 M TBAH, at T ) 295 K, working electrode Pt disk (125 µm)
and scan rate 1 V s-1) of (a) 0.7 mM 1 (dashed line) and 0.7 mM 2 (solid line), (b) 0.8 mM 3 (dashed line: CV curve at 50
V s-1), (c) 1.1 mM 4 (dashed line: CV curve at 10 V s-1), and (d) 0.9 mM 5 (solid line) and 0.9 mM 6 (dashed line). Potentials
are referenced to SCE.
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tenths of a millivolt less negative in potential than in
2, which is consistent with the slightly lower LUMO
energy; it mainly involves the pyrimidine group (see
Figure S2 in the Supporting Information). This is in line
with the stronger electron-withdrawing effect of 5-pym
with respect to 4-py, as found from the analysis of the
ferrocene-based oxidations. Interestingly, the second
reduction of 3 occurs at significantly less negative
potentials than in 2 and the potential separation
between the first and second reductions narrows by
about 100 mV in 3 with respect to 2. The MO calcula-
tions agree with experimental findings, as the energy
separation between LUMO and 2-LUMO in 3 is much
lower than in 2. The LUMO of [3]- is widely delocalized
upon both of the ligands (see Figure S3 in the Support-
ing Information).16

A significantly narrower separation between the two
subsequent reduction peaks was found in complex 4
(Figure 3c). However, in this case the CV curve exhibits
a highly irreversible pattern, with an ip,a/ip,c ratio ,1
at any scan rate (up to 50 V/s) for both reduction peaks.
At high scan rates (Figure 3c, dashed line), the revers-
ibility of the second peak increases while little or no
effect was found on the first peak. Such a CV behavior
suggests that the first one-electron-reduction process in
4 may trigger a follow-up chemical reaction, yielding a
novel species that is in turn responsible for the second
reduction peak, according to an ECE mechanism.17

The insertion of phenyl spacers between hetero rings
and the ferrocenyl moiety increased the stability of
electrochemically generated anions. In fact, complexes
5 and 6 undergo two subsequent fully reversible one-
electron reductions that were attributed to the phenyl-
pyridine unit and to the (phenyl-)4-py one. The peaks
are significantly shifted with respect to the previous
complexes toward less negative potentials (see Table 1),
as a consequence of the increased delocalization of the
LUMOs allowed by the close-to-coplanar geometry
adopted by the rings (Figure 2b). The second 4-py-
centered reduction in 5 occurs at the same potential as
in 1, suggesting that, in 5, the two ligands are in fact
only weakly interacting with each other. Little or no
interligand interaction is also evidenced in 6: the two
subsequent reductions are nearly superimposed in a
single reduction peak, with a potential separation of ca.
110 mV (Figure 3d, dashed line, and Table 1). This is
in line with the fact that the LUMO and 2-LUMO, both
linear combinations of the phenyl-pyridine-based MOs,
are nearly degenerate because of the very weak com-
munication between the two ligands.

The anticipation of the first two reductions in 5 and
6, consequent to the stabilization of the respective
LUMOs, allows us to observe further reduction pro-

cesses of both complexes. Nevertheless, the third reduc-
tion was associated in both cases with a follow-up chem-
ical reaction responsible for ip,a/ip,c < 1 and for the occur-
rence of a small additional oxidation peak in the reverse
scan (located at -2.62 and -2.39 V for 5 and 6, respec-
tively). Finally, 6 also undergoes a fourth reduction pro-
cess within the experimental potential window, not ob-
served for 5. The separation between second and third
reduction peaks (460 mV in 5 and 340 mV in 6) is sig-
nificantly larger than that between the first two peaks
(290 and 110 mV, respectively), thus suggesting that
the third process (and also the fourth one in 6) may cor-
respond to the coupling of a second electron in the same
redox orbital(s) involved in the first set of reductions.8

Electronic Absorption Spectra and Spectroelec-
trochemistry. Electronic absorption spectra of species
1-6, in the range 250-550 nm, are compared in Figure
4, and the relevant data are gathered in Table 2.

Any perturbation of the electronic structure of fer-
rocene brings about a bathochromic shift of UV-vis
transitions. In fact, ferrocene exhibits two weak bands
at 325 and 440 nm, assigned to d-d transitions, which
shift to lower energy (by about 20 nm) upon substitution
with conjugated electron-withdrawing groups. In addi-
tion, all spectra show major absorption bands in the
range 265-310 nm that are assigned to the intraligand
π f π* transitions of nitrogen-containing ligands (L),
probably overlapped with the dπ(Fe) f π*(Cp-L)
bands.18 Such absorption bands are not observed in the
case of Fc.

(16) The second reduction peak is not fully reversible, since ip,a/ip,c
was lower than 1 at scan rates as high as 50 V/s. At the same time,
the cathodic-to-anodic peak potential separations increased with scan
rate (see Figure 3b, dashed line), suggesting slow electron-transfer
kinetics. The digital simulation of the CV curve, calculated according
to such a hypothesis, showed in fact a rather good agreement with
the experimental curve using the standard ET rate constant ∼10-2

cm s-1. The slow ET kinetics might be associated with the molecular
rearrangement coupled to the reduction of the radical monoanion, such
as an increase of coplanarity (Figures S2 and S3 in the Supporting
Information). Further investigations are currently in progress to
identify the nature of such a molecular reorganization.

(17) (a) Cattarin, S.; Ceroni, P.; Guldi, D. M.; Maggini, M.; Menna,
E.; Paolucci, F.; Roffia, S.; Scorano, G. J. Mater. Chem. 1999, 9, 2743.
(b) Zi-Rong, Z.; Evans, D. H. J. Am. Chem. Soc. 1999, 121, 2941.

Figure 4. Electronic absorption spectra of the whole class
of compounds in THF (T ) 295 K).

Table 2. UV-Vis Absorption Spectroscopic Dataa

λmax/nm (ε × 10-3/M-1 cm-1)compd

Fc 325 (0.06) 440 (0.10)
[Fc]+ 254 (7.20) 285 (5.50) 618 (0.18)
1 279 (8.50) 337 (1.44) 452 (0.44)
2 265 (15.1) 285 sh (14.1) 339 (2.81) 460 (0.79)
[2]+ 273 (19.7) 314 (11.3) 429 (2.88) 516 (2.14)
3 285 (13.9) 340 (2.80) 459 (0.69)
4 284 (13.5) 341 (2.69) 458 (0.62)
5 266 (17.1) 309 (13.8) 359sh (3.56) 459 (0.71)
6 271 (17.9) 291 (17.2) 365sh (3.20) 459 (0.84)

a Data measured in THF at 295 K.
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The small red shifts observed for 1-6 with respect to
Fc are indicative of the weak electronic interaction
between the hetero rings and the ferrocenyl moiety. On
the other hand, such an interaction is strong enough to
bring about a remarkable increase of intensity of the
dπ(Fe) f π*(Cp-L) absorption bands (compare the
relative extinction coefficients in Table 2), likely because
of the mixing of L orbitals and metal d orbitals that
makes these symmetry-forbidden transitions more al-
lowed.19

Finally, the spectroelectrochemical behavior of 2 was
examined in the range 250-1000 nm (Figure 5b). Upon
oxidation of 2 to [2]+, corresponding to the metal-cen-
tered oxidation of Fe(II) to Fe(III), two intense transi-
tions appear at 429 and 516 nm. These are likely to be
LMCT transitions that become possible due to the hole
in the metal-based HOMO.20 At higher energy, the oxi-
dation generates a UV absorption pattern typical of the
ferrocenium ion, [Fc]+ (compare the blue trace in Figure
5a with the light blue trace in Figure 5b): two sharp
bands at 273 and 314 nm, assigned to the intraligand
π f π* transitions of Cp overlapped with those of L.
These transitions occur at lower energy than in [Fc]+,
according to the higher stability of involved orbitals
caused by ligand substitutions. Moreover, this batho-
chromic shift is comparable to that observed above on
comparing the spectra of Fc and complexes 1-6. Similar
results were also obtained for all the other complexes.

Conclusions

In summary, we have investigated the electronic
properties of a number of pyridyl- and pyrimidyl-
ferrocenyl ligands, aiming to develop a new class of
photo- and/or electroactive complexes to be used in the
assembly of redox-active supramolecular systems or
coordination networks.21 In the case of complexes 1-6
a strong electronic communication occurs between fer-
rocenyl and ligand moieties in the ground state. This is
a useful prerequisite in the preparation of systems
where intramolecular charge transfer is sought. For
instance, the utilization of complexes 1-6, as ligands
in the formation of heterometallic complexes of com-
plexes or coordination networks, is expected to lead to

interesting collective properties, such as those sought
in organometallic crystal engineering and molecular
materials chemistry.22 The convolution of the electro-
chemical behavior of 1-6 with the redox properties of
metal centers will provide access to the physical chem-
istry of mixed-valence (and mixed-spin) supramolecular
complexes. As an initial attempt in this direction, we
have recently reported the successful preparation of
metallamacrocycles of Cu(II), Cd(II), Zn(II), and Ag(I)
by reacting transition-metal salts with the ferrocenyl
ligand 1.5c The investigation of their electrochemical
properties is under way. In addition, all species display
stability to heat and light, and this could open the door
to developing applications in the area of molecular
devices.

In addition, once more we have demonstrated the
concept that electrochemical potentials are additive with
respect to ligand substitution and a very effective
modulation of electronic properties can be obtained by
a suitable choice of heterocycle.
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Figure 5. Electronic absorption spectra recorded at 295 K in THF (a) of Fc (orange line) and [Fc]+ (blue line) and (b)
during oxidation of 2 to [2]+.
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