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ABSTRACT

A novel linear triferrocene derivative has been prepared and proven to be of special interest in the study of intramolecular electron transfer

and as a specific optical and electrosensor for Mg~ 2* cation.

Recently, oligomeric ferrocene-based species have attracte (i NG

attention with respect to their electrochemical, electronic, and  scheme 1. Preparation of Triferrocene Derivativdsand 2

magnetic propertiesAlthough there are numerous studies
on bridged biferrocene systems, reports on trinuclear fer-
rocene derivatives are considerably less frequent and only
very few electrochemical studies have been published on
linear bridged triferrocenesWe report here the synthesis,
characterization, and properties of a new type of homotri-
metallic zz-conjugated complexe$ and 2 (Scheme 1) in
which the ferrocenyl subunits are both linearly linked by two
oxidizable 2-aza-diene bridges, which additionally comprise
putative cation-binding sites, and in close enough proximity
to permit redox coupling.
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recently described method for the synthesis of 1,4-disubsti- ||| lGTGcTcTcTN

tuted 2-aza-1,3-butadiengs.

Electrochemical studies and CV and DPV experiments
revealed that compoundsand 2 show electroactivity due a)
both to the presence of the ferrocenyl moieties and to the
oxidation of the 2-aza-1,3-butadiene bridges. They show
three oxidation waves in the range-0.5 V vs decameth-
ylferrocene (DMFc): the first two waves correspond to two
reversible oxidation processes and are assigned to the
oxidation of the ferrocene subunits, while the third wakig (
= 1.120 and 1.020 V, vs DMFc, respectively) is clearly
irreversible and may be assigned to the oxidation of the
bridge. The oxidation potentials of the ferrocenyl units are
dependent on the position of the 2-aza-diene bridge to which
they are attachedE;;, = 0.470 V (one-electron oxidation)
and 0.690 V (two-electron oxidation), vs DMFc, for the
central and termln_al f_errocenyl units InandEy, = 0.51Q of 1 (€= 1 x 103 M in CH,Cl, with BUNPFs (0.15 M) as
\_/ (two-electron oxidation) a_nd 0.840 V (one-electron OX|d_a- supporting electrolyte) whet) 0 (black), 0.2 (blue), 0.5 (red),
tion), vs DMFc, for the terminal and central ferrocenyl units and 1 (pink) electron is removed afio) 1 (pink), 1.5 (yellow), 2
in 2, respectively (see the Supporting Information). (green), 2.5 (deep green), and 3 (purple) electrons are removed.

Spectrophotometric studies of these compounds were alse
carried out on both their neutral and chemically or electro-
chemically generated oxidized forms. The electronic absorp- transitions have also been observed in other aza-substituted
tion spectra of the neutral compounds show two prominent ferrocenes which by electrochemical oxidation of the Fe(ll)
high energy (HE) absorption bands at 25%8 nm and show the intramolecular electron-transfer between the N atom
333—-336 nm assigned to the—x* transitions mainly within of the ligand and the Fe(lll) centets.
the 2-aza-1,3-diene bridge. In addition to these bands, another During the oxidation of2 by continuous removal of a
weaker low energy (LE) absorption in the region 483—485 number of electrons between 0 and 2, the band in the visible
nm is assigned to a ferrocenyl-based metal-to-ligand (MLCT) region @ = 485 nm) present in the neutral ligand progres-
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Figure 1. Evolution of vis-near-IR spectra during the oxidation

band (see the Supporting Information).
Generation of the oxidized species derived frbrand 2
was performed either by chemical oxidation with the

sively dissappears, and at the same time, a new baherat
577 nm € = 6600 Mt cm™1), which is assigned to a ligand-
to-metal (LMCT) charge transfer, continuously increase in

appropriate amount of silver trifluoromethanesulfonate or by intensity, reaching a maximum when two electrons have been

constant potential electrolysis, 0.12 V abdg of the first
ferrocenyl redox couple (0.59 V fat and 0.63 V for2),

removed. Furthermore, defined isosbestic points at450
nm andl = 511 nm are maintained during the course of the

and monitored by absorption spectroscopy (see the Support-oxidation process (see the Supporting Information). On the

ing Information). During the oxidation of the central ferro-
cenyl subunit inl (0—1 range of removed electrons), a new

other hand, the three bands at the near-IR,=at750 nm ¢
=500 Mtcm?), 2 =950 nm ¢ = 390 Mt cm™), andA

LMCT (Cp-Fe(lll)) band atl = 557 nm ¢ = 5722 M
cm1) appears with concomitant decreasing of the banid at

= 1228 nm (= 270 M~ cm™%), not observed in the neutral
ligand, present different behavior whereas the oxidation of
= 483 nm (e= 5263 Mt cm™?) (Figure 1a). Moreover, in  the central ferrocenyl subunit is taking place (removal from
the NIR region a new band at= 1296 nm (e= 140 M! 2 to 3 electrons, at a constant potential of 0.96 V). Thus,
cm1) appears, increasing continuously its intensity until one while the latter completely disappears during this process,
electron is removed, and which is assigned to a bridge- the former, atL = 750 nm andA = 950 nm, increase
mediated superexchange process between the two differentontinuously until the total oxidation is achieved (see the
coupled iron sites Fe(lll) and Fe(ll) (intervalence charge- Supporting Information). These experimental facts suggest
transfer band: IVCT). Along with the changes of these that the absorption bands at= 750 nm andl = 950 nm
bands, defined isosbestic pointsiat 424 nm andl = 509 could be due to a 2-aza-diene to Fe(lll) LMCT transition
nm are maintained during the course of the oxidation process.while the band afl. = 1228 nm could be attributed to a
Interestingly, on removing more electrons (from 1 to 3 at a bridge-mediated superexchange process between the two
constant potential of 0.81 V) the intensity of the band.at external Fe(lll) and the central Fe(ll) (IVCT band). It is

= 1296 nm decreases until it disappears when the compoundworth noting that superexchange and hopping mechanisms
is fully oxidized, but at the same time, two new bands appear can both contribute when an electron or hole is transferred
atA = 750 nm (e= 440 Mt cm™) and1 = 1059 nm (e= from a donor to an acceptor with the assistance of an
460 M~ cm™t) which could be attributed to a 2-aza-diene intermediate or “midway” group. Moreover, in the super-

to Fe(lll) LMCT transitions (Figure 1b). Similar low energy
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exchange process, direct long-distance electron transfer i GGG

enhanced by indirect mixing of the donor and acceptor wave

functions while in the hopping mechanism the charge is 0.0 1
temporarily localized on the midway group and a chemical
intermediate is produced. B

The spectral parameters of the bands present in the NIR,
obtained by deconvolution of the experimental spectra

performed on spectral intensity times wavenumber vs wave- 3'0-3 T
number assuming Gaussian shapes (see the Supporting
Information), have been used to determine the effective 1.2

electronic parameterg,y andVuw', corresponding to the
intramolecular electron-transfer phenomena (LMCT and
IVCT) observed in the oxidized forms of these compounds
by using the Hush’s equatidiAn inspection of the resulting
Vap Values shows that the electronic couplings between the
ferrocenyl and 2-aza-1,3-butadiene bridge are moderate, scrigure 2. Evolution of the DPV ofl (1mM) in CH,Cl»/[(n-Bu)
that these complexes belong to class Il cate§dtye relative ~ 4N]CIOs scanned at 0.1 Vdfrom —0.7 V to 1.4 V when O (green),
values ofVuy (LMCT) (131-663 cn®) and Vi (ICVT) 0.6 (red), and 1 (blue) equiv of Mg is added.
(99—150 cm?) (see the Supporting Information) indicate
that the intramolecular electron transfer (IET) may proceed Occurs at the same potential as that observed for the oxidation
through the two above-mentioned pathw&ys of the monooxidized Iigandﬁ (E1/2 = 0670V) Remarkably,
One of the most interesting attributes of ligaridand 2 the shift in redox potential of the complexet+1g**) and
is the presence of differenciated redox-active ferrocene neutral ligand AE;, = 200 mV) is the signature of a large
moieties close to the cation-binding nitrogen atom. The metal Value for the equilibrium constant for Mg cation binding
recognition properties of ligandsand?2 were evaluated by by the neutral receptdt,!° the binding enhancement factor
optical, electrochemical antH NMR techniques. (BEF) being 4.2x 10~* and the reaction coupling efficiency
Due to the absorption phenomena observed on the (RCE) being 2402 (see the Supporting Information). In
electrode’s surface, upon addition of metal cations, dif- contrast, the lower value of the equilibrium constant foPMg
ferential pulse voltammetry (DPV) was used to evaluate the €ation binding by the monooxidized ligand could explain
binding ability of 1 and2. Then, whereas no perturbation of the absence of the second oxidation waveat= 0.820 V
the DPV voltammogram of was observed upon addition (1*7*Mg?"/17-Mg*") when less than 0.8 equiv of Mgwas
of Ca2* ion, significant modifications could be observed upon added. o
addition of M@*, although the evolution of the DPV was On the p.ther hand, the most significant fea’Fures obs_erved
strongly dependent on the number of equivalents of the metalUPon addition of Mg(CIQ). to an electrochemical solution
cation added. So, upon addition 0£0.6 equiv of Mg+ a qf 2 can bg summarized as follows: at the expense of the
clear evolution of the first oxidation peak, frofa, = 0.470  firstoxidation peak aE;; = 0.510 V, vs DMFc, a new peak
V to Ey» = 0.670 V, vs DMFC, was observed, while the appears aE;, = 0.630 V, vs DMFc, associated with the
second oxidation wave of the free ligand was apparently not oxidation of the terminal ferrocenyl units in the complexed
perturbed during these additions. However, when larger form 2:Mg?". Moreover, an analogous decrease in the
amounts of M&" (0.6—1 equiv) were added, a new wave at intensity of the wave aE;, = 0.840 V was f’;\Iso observed.
Ei» = 0.820 V vs DMFc appeared, which increases in The r_nagnltude of the electrochem|cgl shifiH;, = 120 _
intensity and reaches the maximun upon addition of 1 equiv mV) is also related to the complexation constant for this
of Mg?* (Figure 2). These observations suggest that the first Process, and the BEF and RCE were 9.4.0°° and 107,

oxidation process ol-Mg?* (Ey, = 0.690 V) practically ~ 'espectively.
UV—vis spectroscopy was also used for the study of the
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Therefore, upon addition of a solution of anhydrous nm (¢ = 6080 Mt cm™1) completely disappeared and a new
Mg(ClO,), in acetonitrile ¢ = 2.5 x 1072M) into a CH.Cl, band red-shifted af = 585 nm ¢ = 4770 Mt cm™)
solution (1x 10*M) of 1, the MLCT band af = 483 nm progressively appeared, although only an isosbestic point at
(e =5190 Mt cm™) entirely disappeared and was replaced A = 447 nm was detected in this case (see the Supporting
by a new band afl = 564 nm ¢ = 9750 Mt cm™?) Information).
accompanied by an increase in absorbance (Figure 3a). Two Moreover,'H NMR studies based on the titration of a
CDCl; solution of 1 or 2 (c = 1 x 103 M) with Mg?*
showed that the spectra recorded after addition of increasing
amounts of Mg" do not exhibit significant changes, as in
the case of using ligand. In contrast, addition of 1 equiv
of Mg?" to the ligandl gives rise to significant downfield
shifts for the signals corresponding to the iminic proton
(CH=N) ato = 8.07 ppm AJ = +0.28 ppm) as well as
for the signals of the Cp protons appearingdat= 4.69
(A6 = +0.12 ppm) and atd0 = 4.44 A6 = +0.30
ppm) together with a slight upfield shifs for the signals
at o = 6.99 (H=CH-N) (A6 = —0.19 ppm) and =
6.58 (CH=CH-N) (A6 = —0.11 ppm) (see the Sup-
porting Information). These results are in agreement with
] - - e above-mentioned calculated (B3LYP/3-21G*) structure for
400 500 600 700 800 1-Mg(CIQy), in which the nitrogen atoms within the aza-
butadiene bridges participate in the complexation process.
Figure 3. (a) Evolution of the UV~vis of 1, upon addition of It is remarkable that upon addition of other mgtal ions
Mg?2*. (b) Evolution of the color in the CkCl, solutions ofL upon such as N&, K*, and C&", under the same conditions, no
addition of Mg*: free ligand (left) and after addition of 0.33, 0.66, modification of either UV—vis or'H NMR spectra or
and 1 equiv of M§", respectively. voltammperograms of ligands and 2 was observed with
reference to those of the neutral ligands.

The triferrocene derivatives presented here comprise a
isosbestic points af = 428 and 500 nm were found, remarkable multifunctional molecular system. The presence
indicating the presence of a unique complex in equilibrium of [ow energy bands in the partially oxidized forms indicates
with the neutral ligand. The resulting titration isotherm the existence of optical induced IETs between the iron centers
fitted'* nicely a 1:1 binding model (see the Supporting and the organic bridges. The system has also shown to be

Information) and the association constant was 1020° an efficient dual-mode optical/electrochemical sensor for
M~ (error < 10%). Preliminary theoretical calculations show Mg2* cations.

that the 1-Mg(ClO,), complex should be formed upon
rotation of one-half of the otherwise centrosymmetric most ~ Acknowledgment. We gratefully acknowledge grants
stable conformation of and of one azadiene bridge, so as from DGI-Spain CTQ 2004-02201 and FundaciSseca
both nitrogen electron pairs point in a convergent fashion to (CARM-Spain) PB/72/FS/02.
the inner triferrocenic hinge cavity, to give a roughly lineal
(152.0) N—Mg—N array. Interestingly, upon addition of
Mg?* the color of the resulting solution changes from orange
to purple which can be used for “naked eye” detection of
Mg?*t (Figure 3b).

On the other hand, on titration of compoudinder the
same experimental conditions, the MLCT band.at 485
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