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" Cation Sensing

The synthesis, electrochemical, and optical properties of hoB@&; 9, and12) and heterometallic6(

7, 10, and 11) ferrocene-ruthenocene triads, are presented. Triferrocenyl deriv&tiaad 9 form the
mixed-valence speciest and 9t by partial oxidation, which show intramolecular electro-transfer
phenomena. Interestingly, spectroelectrochemical studies of compi@upelaring two peripheral ferrocene

units and one central ruthenocene moiety, revealed the presence of low-energy bands in the near-infrared
(NIR) region, which indicate a rather unusual intramolecular charge-transfer between the ferrocene and
ruthenocene units. The value of the electronic coupling paraméter= 150 cni! calculated by
deconvolution of the observed Fe(Hre(lll) IVCT transition in the mixed-valence compourdd-*,
(dreq-reqny = 18.617 A), indicates the ability of the ruthenocene system to promote a long distance
intervalence electron-transfer. Moreover, the reported triads show selective cation sensing properties.
Triads 5, 9, and 11 behave as dual redox and optical chemosensors fét, Zig?", and PB*. Their
oxidation redox peaks are anodically shifted (up to 130 mV), and their low-energy (LE) bands of the
absorption spectra are red-shifted (up to 115 nm) upon complexation with these metal cations. These
changes in the absorption spectra are accompanied by dramatic color changes which allow the potential
for “naked eye” detection.

Introduction of metal are generally less straightforward to prepare than
. ) . symmetrical species. This appears to be the reason why they
Oligomeric metallocene-based species assembledcm- have been studied only in a few cages)d even fewer studies

jugated frameworks displaying multielectron redox chemistry o systems incorporating a conjugated ferrocene-ruthenocene
have attracted much attention with respect to their electrochemi-

cal, electronic, and magnetic propertieAlthough there are -
(1) (a) Astruc, D.Acc. Chem. Re 1997 30, 383. (b) Joachim, C.;

many St_Udies on bfidge@_' bi(ferrocenyl) systems, in which the Gimzewski, J. K.; Aviram, ANature 200Q 408 541. (c) Segal, D.; Nitzan,
well-defined redox chemistry of ferrocene serves as a powerful A.; Davis, W. B.; Wasielewski, M. R.; Ratner, M. Al. Phys. Chem. B

electrochemical probe to investigate ground-state electronic 200Q 104 3817. (d) Paddow-Row, M. N. IBlectron Transfer in Chemistry

; ; Balzani, V., Ed.; Wiley-VCH: Weinheim, 2001; Vol 2, p 179. (e) De Cola,
coupling through space or through boridsi(ruthenocenyl) L.; Belser, P. InElectron Transfer in ChemistnBalzani, V., Ed.; Wiley-

compounds have been much less studied, presumably partly dug/cH: weinheim, 2001; Vol 5, p 97. (f) Kilsa, K.; Kajanus, J.; Macpherson,
to the irreversible redox chemistry of ruthenocene itéelf. A. N.; Martensson, J.; Albinsson, B. Am. Chem. SoQ001, 123 3069.

i ini i (g) Launay, J.-PChem. Soc. Re 2001, 30, 386. (h) Newton, M. DChem.
Biheterometallocene complexes containing two different types Re. 100191, 767. () Nelsen. S. F.. Ismagilov. R F.- Powell, D.JEAM.
Chem. Soc1998 120, 1924. (j) Davis, D. F.; Svec, W. A.; Ratner, M. A,;

T Dedicated to Prof. Miguel Yus (Univ. Alicante) on the occasion of his 60th ~ Wasielewski, M. RNature 1998 396, 60.
birthday. (2) Barlow, S.; O'Hare, DChem. Re. 1997, 97, 637.
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framework have been describe&xperimental and theoretical

studies on higher nuclearity polymetallocene assemblies are
relatively scarce, despite the potential of these studies to provide
one of the most powerful and sensitive probes to elucidate
aspects of intercomponent intramolecular electron-transfer. Only
very few electrochemical studies have been published on linear
bridged ferrocene triadswhereas the chemistry of trimetal-

locene triads bearing at least a ruthenocene moiety remains ve

unexplored. The elucidation of multisite effects on electron-
transfer phenomena in trimetallocene complexes provides the
link between the understanding of such processes in bimetal-

locene species and in extended arrays and metallosupramolecular

systems.
In this context, we have designed triads containing both

ferrocene and ruthenocene units as redox centers, linked through

aza-conjugated bridges which additionally comprise putative
cation-binding sites. These molecular systems would exhibit
richer electronic interactions and multiple redox properties

because electronic communication would occur between iron
and ruthenium redox centers respectively. Furthermore, the
electronic effect mediated by the asymmetric bridging ligand

is likely tunable not only by altering the relative position of the

metallocenes in the bridge, but also by the nature of the central
and peripheral metallocene units. In these systems, additionally,
the central metallocene could operate as an electron relay
providing a much more efficient electron transfer between the
two peripheral metallocenes. Eventually, the nitrogen atoms
present in the azabridges of this kind of molecules add another
interesting and useful function such as its ability to act as metal-
ion ligand’ Consequently, the preparation of ferrocene, ru-

thenocene omixed ferrocene-ruthenocene triads, with aza-

unsaturated bridges, could be of interest for the construction of
homo- or heterotrimetallic systems which can behave not only

(3) (a) Sato, V.; Kudo, A.; Kawata, Y.; Saitoh, Bhem. Commuri996
25. (b) Sato, M.; Kawata, Y.; Kudo, A.; lwai, A.; Daitoh, H.; Ochiai, B.
Chem. Soc., Dalton Transl998 2215. (c) Watanabe, M.; Sato, M.;
Takayama, TOrganometallics1999 18, 5201. (d) Sato, M.; Maruyama,
G.; Tanemura, AJ. Organomet. Chem2002 655 23. (e) Sato, M,;
Watanabe, M.Chem. Commun2002 1574. (f) Sato, M.; Suzuki, M.;
Okoshi, M.; Kurasina, M.; Watanabe, M. Organomet. Chen2002 648
72. (g) Sato, M.; Nagata, T.; Tanemura, A.; Fujihara, T.; Kamakura, S.;
Unoura, K.Chem=—Eur. J 2004 10, 2166. (h) Sato, M.; Kubota, Y.;
Kawata, Y.; Fujihara, T.; Unoura, Kei.; Oyama, 8hem-—Eur. J. 2006
12, 2282. (i) Sato, M.; Kubota, Y.; Tanemura, A.; Maruyama, G.; Fujihara,
T.; Nakayama, J.; Takayanagi, T.; Takahashi, K.; Unour&u. J. Inorg.
Chem.2006 4577.

(4) (a) Watanabe, M.; Motoyama, |.; TakayamaJTOrganomet. Chem.
1996 524, 9. (b) Neuse, E. W.; Loonat, M. Sransition Met. Chem.
(Dordrecht, Neth.)1981, 260, 6. (c) Watanabe, M.; Sano, ihem. Lett.
1989 1345. (d) Watanabe, M.; Sano, Bull. Chem. Soc. Jprl99Q 63,
777. (e) Watanabe, M.; Masuda, Y.; Motoyama, |.; SanoBHIl. Chem.
Soc. Jpn1988 61, 827. (f) Watanabe, M.; Motoyama, |.; Takayama, T.
Bull. Soc. Chim. Jpn1996 69, 2877.

(5) (a) Obendorf, D.; Schottenberger, H.; Wurst, K.; Schuler, N.; Laus,
G. J. Organomet. ChenR005 690, 811. (b) Caballero, A.; Garcia, R.;
Espinosa, A.; Taaga, A.; Molina, PJ. Org Chem2007, 72, 1161.

(6) (@) Pannell, K. H.; Dementiev, V. V.; Li, H.; Cervantes-Lee, F.;
Nguyen, M. T.; Diaz, A. FOrganometallics1994 13, 3644. (b) Barlow,

S.; Murphy, V. J.; Evans, J. S. O.; O’'Hare, Drganometallics1995 14,
3461. (c) Rulkens, R.; Lough, A. J.; Manners, |.; Lovelace, S. R.; Grant,
C.; Geiger, W. EJ. Am. Chem. Socl996 118 12683. (d) Hirao, T.;
Kurashima, M.; Aramaki, K.; Nishihara, H.. Chem. Soc., Dalton Trans
1996 2929. (e) Dong, T-Y.; Lee, W-Y.; Su, P-T.; Chang, L-S.; Lin, K-J.
Organometallics1998 17, 3323. (f) Taraga, A.; Molina, P.; Curiel, D.;
Velasco, M. D.Organometallics2001, 20, 2145. (g) Preliminary com-
munication: Caballero, A.; Teaga, A.; Velasco, M. D.; Espinosa, A,;
Molina, P.Org. Lett 2005 7, 3171. (h) Dong, T-Y.; Chang, S-W.; Lin,
S-F.; Lin, M-C.; Wen, Y-S.; Lee, LOrganometallic2006 25, 2018. (i)
Wagner, MAAngew. Chem., Int. E@00G 45, 5916. (j) Lim, Y-K.; Wallace,
S.; Bollinger, J. C.; Chen, X.; Lee, Dnorg. Chem.2007, 46, 1694.
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SCHEME 1. Synthesis of Compounds 5, 6, 7, anc?8
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a8 Reagents.d) (i) n-BuLi/-78 °C (ii) 1,1'-diformylferrocene; i) (i)
n-BuLi/-78 °C (ii) 1,1'-diformylruthenocene.

as suitable models to study the intramolecular charge-transfer
across aza-conjugated linkers but also as redox-switching
receptors, with the capability of selectively sensing metal-ion
guests.

Results and Discussion

Synthesis.The preparation of both homo5,(8, 9, 12) and
heterotrimetallic§, 7, 10, 11) derivatives is outlined in Schemes
1 and 2. Specifically, isomers bearing the central metallocene
unit linked to the 4 position of the azadiene bridge§, 7, 8)
were prepared starting from the approprisitsubstituted diethyl
aminomethylphosphonat or 2.° Generation of their corre-
sponding metalloylides, by reaction withBuLi at —78 °C,
and subsequent reaction with the appropriatedifbrmylmet-
allocend? provided the 1,%bis(2-aza-1-metallocenyl-1,3-buta-
dien-4-yl)metallocene triads—8 in excellent yields (82 92%)

(7) (a) Caballero, A.; Tormos, R.; Espinosa, A.; Velasco, M. Drrdga,

A.; Miranda, M. A.; Molina, P.Org. Lett.2004 6, 4599. (b) Caballero, A.;
Lloveras, V.; Taraga, A.; Espinosa, A.; Velasco, M. D.; Vidal-Gancedo,
J.; Rovira, C.; Wurst, K.; Molina, P.; Veciana, Angew. Chem., Int. Ed
2005 44, 1977. (c) Caballero, A.; Teaga, A.; Velasco, M. D.; Molina, P.
Dalton Trans.2006 1390. (d) Martinez, R.; Zapata, F.; Caballero, A,;
Espinosa, A.; Taaga, A.; Molina, POrg. Lett 2006 8, 3235.

(8) Lloveras, V.; Caballero, A.; Teaga, A.; Velasco, M. D.; Espinosa,
A.; Wurst, K.; Evans, D. J.; Vidal-Gancedo, J.; Rovira, C.; Molina, P.;
Veciana, JEur. J. Inorg. Chem2005 2436.

(9) Caballero, A.; Gara, R.; Espinosa, A.; Teaga, A.; Molina, PJ.
Org. Chem.2007, 72, 1161.

(10) 1-Formylruthenocene and %diformylruthenocene were prepared
by mono- and dilithiation of ruthenocene and subsequent reaction with DMF,
following a modification of the previously described procedure: Sanders,
R.; Mueller-Westerhoff, U. TJ. Organomet. Chenl996 512 21.
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SCHEME 2. Synthesis of Compounds 9, 10, 11, and 42
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aReagents.d) (i) n-BuLi/-78 °C (ii) formylferrocene; £) (i) n-BuLi/-
78 °C (ii) formylruthenocene.

(Scheme 1). Following the same methodology but only by
changing the reaction sequence, the isomeric ti@adk2 were
prepared. Thus, starting from appropriate -yiktallocenediyl-
bis(methylidenaminomethylphosphon&®&) or 4° and 1-formyl-

Caballero et al.

TABLE 1. Electrochemical Data of Triads 5-12

comp. 1ER 2B AES e Ke
5 0.6% 0.4F 0.22 1.12 5.20« 10°
6 0.78 0.56 0.22 1.18
7 0.79 0.50 0.29 0.90
8 0.69 0.69f 0.000 1.30
9 0.5 0.8# 0.33 1.02 3.7% 10°
10 0.54f 0.73f 0.19 0.95
11 0.5¢ 0.92 0.42 1.40 1.26< 10
12 0.61f 0.61f 0.000 1.13

a Oxidation potentials corresponding to the terminal metallocene units,
in V, vs decamethylferrocene (DMF& Oxidation potentials corresponding
to the central metallocene unit, in V, vs DMFGE, — 2| in V.
d Oxidation potential corresponding to the 2-aza-1,3-butadiene bridge, in
V, vs DMFc. € Reversible oxidation procesdrreversible oxidation process.

v/v) solution and usingr{-BusN]PFs (0.15 M) as the supporting
electrolyte. The electrochemical data, which are summarized
in Table 1, revealed characteristic general features. All the triads
described show electroactivity due both to the presence of the
three metallocenyl units and to the oxidation of the 2-aza-1,3-
butadiene bridge. Thus, in the range@9 V, they show two
oxidation waves corresponding to the oxidation of the metal-
locene subunits. Upon scanning to higher potential (1.5 V), a
clearly irreversible wave appeared in the range 688 V vs
decamethylferrocene (DMFc), which was attributed to the aza-
bridges oxidation. As regards as the redox behavior of the
ferrocene moieties is concerned, the oxidation potentials of the
peripheral ferrocenyl units are strongly dependent on the position
of the 2-aza-diene bridge to which they are attached, the
oxidation being easier than when the ferrocene is linked to the
4 position of the bridge than when it is linked to the 1 position,
e.g., for compoun@® (4-ferrocenyl substituted, = 0.51 V vs
DMFc and for compoun8 (1-ferrocenyl substitutedj, = 0.69

V vs DMFc. The influence of the central metallocene unit on
the oxidation potentials of the peripheral ferrocene moieties also

ferrocene or 1-formylruthenocene as carbonyl components, thedepends on the position at which the organometallic fragments

trimetallic derivative®—12, with the common structural feature

are linked to the unsymmetrical azabridge: for 1-ferrocenyl

of having the central metallocene subunit linked to the 1 position substituted triad$ and6, the central ferrocene unit imakes

of the azadiene bridge, were obtained in good yields-@226)
(Scheme 2).
All these new structural motifs were fully characterized using

the oxidation of the peripheral ferrocerig, & 0.69 V vs DMFc)
easier than the ruthenocene makes it in compdufig) = 0.78
V vs DMFc), whereas for 4-ferrocenyl substituted tri&dand

1H and3C NMR and EIl or FAB mass spectrometry. In general, 11, both central metallocenes have the same effect (Table 1).
the 'H NMR spectra showed the appearance of four pseudot- By comparison of the oxidation potentials of the peripheral
riplets, integrating four protons each, assigned to the 16 protonsferrocenyl units in the homotrimetalic triasand9 with those
within the four monosubstituted cyclopentadienenyl (Cp) rings, found for the ferrocenyl units in the same position of the bridge
and the signals corresponding to those ruthenocene protons arén the 1,4-bis(ferrocenyl)-2-aza-1,3-butadigrfAE;, = 0.56
deshielded with respect to those located within the ferrocene and 0.77 V vs DMFc), it is easy to conclude that the presence
moiety. The protons present in the 2-aza-1,3-butadiene bridgesof a central ferrocene moiety mand9 results in a decrease of
appeared as one singletCH=N—) and two doublets{ CH= the oxidation potential both of the 1-ferrocenyl unitbif0.69
CH-). vs 0.77 V) and 4-ferrocenyl units i& (0.51 vs 0.56 V).
Assignment of the configuration of the double bonds present Quantum chemical calculations at the DFT level (see the
in the 2-aza-1,3-butadiene bridges was achieved by inspectionSupporting Information) has allowed satisfactory explanation
of the correspondingH NMR spectroscopic dataThe E- about the different behavior of the studied systems upon
configuration of the carboncarbon double bond, as is expected oxidation. The greater ease of oxidation of ferrocene moieties
in a Horner-Wadsworth-Emmons olefination process, was in relation to the ruthenocene analogous, as well as of a
confirmed by the value of the vicinal coupling constants. In metallocene unit at the 4-position in the azadiene bridge in
addition, NOE and two-dimensional NOESY experiments relation to the same type of metallocene linked at the 1-position,

carried out on CDGlsolutions confirmed theH E)-configura-
tion of the double bonds present in the bridge.
Electrochemical Properties.The redox chemistry of com-
pounds5—12 was investigated by cyclic (CV) and differential
pulse (DPV) techniques, carried out in a §HN/CH,Cl, (3/2,

6926 J. Org. Chem.Vol. 72, No. 18, 2007

has been previously argued elseWeneder the theoretical point

of view. We have found of high diagnostic interest the study
of electric charge variation and Mulliken spin density variation
along the oxidative sequence at relevant parts of the molecule
(Figure 1). For that purpose, every molecular system in
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FIGURE 1. Calculated distribution of (a) natural charge and (b) Mulliken spin density in all studied compounds in their neutral form (black),

mono-oxidized forms before (orange) and after (red) structural relaxation, and di-oxidized species before (cyan) and after (blue) strxatioral rela
Several conclusions can be extracted from the inspection of

compoundsb, 6, 9, and11 has been divided in three different
subunits: two metallocenyl moieties, the central metallocene Figure 1. In the neutral form all azadiene bridges display an
Mc; and the two peripheral ferrocenesFand the two identical small charge (range-0.033 to—0.021), with the metallocene
bridges connecting them, e.g., sketched ag(Ndcidge-Fg)a. at the 1-position of the bridge having more positive charge
Electric charges have been obtained from the NBO (Natural (range 0.033 to 0.056 au) than the other at the 4-position (range
Bond Order) analysis and computed for every single metallocene —0.020 to 0.004 au), thus indicating the tendency of the azadiene
or bridge subunit. We have made the assumption that the twobridge to push electron density in the C{2)C(4) sense (Figure
first one-electron oxidative processes can be divided into five 1a). As outlined before, compounél&ind11, having the central
steps which can be taken as happening successively. They havenetallocene unit Mclinked to the 1-position of the azadiene
been named agijm where the first index between brackets bridges, are expected to display roughly the same oxidative
denotes the employed geometry optimized for the system havingbehavior, taking place both one and two-electrons removal from
a net charger{’, and the second one refers to the actual charge the peripheral Fc units in the same extent with minimal
“m’ of the system under consideration. Thus, starting from the structural reorganization ([0]+ [1]1 and [1]2— [2]2) and
neutral optimized structures ([0]0), removal of one electron from maintaining the rest of the molecule virtually unoxidized (only
the HOMO leads to an unstable radical-cation state ([0]1) with residual spin density over M@nd the bridges, as observed in
instantaneously redistributed electron density and which there-Figure 1b). On the contrary, important differences can be
after reorganizes its geometry ([1]1) to better accommodate thepredicted from theoretical data when the central metallocene
generated electronic deficiency. Analogously, subsequent re-Mc; is linked to the 4-position of the bridges, as in compounds
moval of a second electron would lead consecutively to dications 5 and 6. In the triferrocenyl derivativés, removal of the first
electron should take place from the central more electron rich

[1]2 and [2]2.
J. Org. ChemVol. 72, No. 18, 2007 6927
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(a) % while the triferrocene derivatives and9 show two reversible
waves assigned to the oxidation of the two different ferrocene
subunits present in their structures, oxidation of the ruthenocene

(b) % moieties in the case of the triruthenocene derivat®esnd12

Im pA give only rise to one irreversible wave B = 0.69 V andE,

= 0.61 V vs DMFc, respectively, which is in agreement with

(c) % the results previously reported for related ruthenocene dyads
linked by a single 2-aza-diene bridge.
Moreover, it is important to underline the large potential shift
r T T T T . . ! (AE, = 0.42 V) observed between the two oxidation processes
00 02 04 06 08 10 12 14 involved in the heterotrimetallic derivativEl, which reflects,
EN in principle, some sort of electronic delocalization along this
FIGURE 2. CV of compounds (ap, (b) 9, and (c)11 (1 mM) in sy;tem. Th_e stability of the mixe_d_-valence spedj&_can be
CHsCN/CH,Cl; (3/2, vIv) using [0-Bu)sN]PFs (0.1 M) as supporting initially estlmat_ed _from the equﬂnbnum constal, = exp-
electrolyte scanned at 100 mVls [AE12F/RT] which is evaluated from this electrochemical data
asK; = 1.26 x 10’ (Table 1). Nevertheless, it is very well-
(less positively charged) Eenit, which becomes fully oxidized ~ established that thAE,/, values alone represents only a poor
upon reorganization with only residual oxidation on the bridges quantitative parameter for the assessment of the extent of the
and periheral Fcunits. The next one-electron oxidation (and metal-metal interaction, because this magnitude has been shown
the next oxidative step, not shown) takes place on the externalto be extremely medium-depend¥hand, as a consequence
Fc, moieties. Nevertheless, compouficdoehaves differently, investigations in the near-IR region at which mixed-valence
showing an oxidative behavior very much resembling that of SPecies typically absorb, have also been carried out.
the regioisomel 1 the first two electrons are removed mainly Optical and Spectroelectrochemical PropertiesThe UV—
from the Fe-centered HOMOs but with additional small but vis data of triad5—12 were recorded as 1® M solutions in
significative oxidation of both the central Rainit and the CHoCl.. In general, the electronic absorption spectra of these
azadiene bridges (Figure 1). The above electronic changes uporcompounds are characterized by the presence of two prominent
oxidation can also be characterized by the variation of proper high energy (HE) absorption bands with a maximum between
geometrical distortion parameters at the metallocene units mainly256 and 288 nm and between 293 and 337 nm, respectively,
the M:--Cp distances (see the Supporting Information) and the which are assigned to a localized 7* excitation mainly within
degree of bond-length alternation within Cp units. the 2-aza-1,3-butadiene bridge. In addition to this band, another
Additionally, this structural feature concerning the position Weaker absorption bands are visible, which can be explained
of the 2-aza-diene bridge to which the external ferrocene units ©n the basis of the individual ferrocene and ruthenocene
are attached seems to also have influence in the reversibility ofcOmponents that are present in each trimetallocene. Thus, the
the oxidation processes involved. The ruthenocene oxidation Presence of a low-energy (LE) band between 363 and 367 nm,
significantly reduced the reversibility of the Fe(ll)/Fe(lll) redox ©observed in the ruthenocene tria@sand 12 and in the
Coup|e_ ThUS, in Compourﬂ the partia| oxidation of both the heterotrimetallic derivatide, could be ascribed to a Ruo-

central ruthenocene unit and the azadiene bridggs<(0.56  ligand (MLCT) transition:> On the other hand, the other
V), as shown before, seems to make the oxidation process oftfimetallic derivatives bearing ferrocene moieties-¢ and
the peripheral ferrocene unit€{ = 0.78 V) irreversible. ~ 9—11) also showed another weaker low-energy absorption

However, in compound, the wave associated to the oxidation between 456 and 485 nm that is assigned to another localized
of the peripheral ferrocene moietid, (= 0.50 V) is completely ~ eXxcitation, with a lower energy, produced either by two nearly
reversible AE, = 0.60 V) because it takes place before the degenerate transitions, an'Fé—d transition;* or a Fé-to-
central ruthenocene center is oxidiz&j € 0.92 V) in arather ~ ligand (MLCT) process (¢-z*) (LE band). This assignment
unusual quasi-reversible wapE, = 0.11 V) (Figure 2). This is in accordance with the latest theoretical treatment (model II1)
electrochemical behavior of the ruthenocene unit in compound reported by Barlow et & (Table 2).

11 is unexpected, because it is well-known that ruthenocene The generation of the oxidized species derived from the triads
and its derivatives usually undergo an irreversible one-step two- 5—12 was performed either chemically or elctrochemically and
electron oxidation proced3and only a few examples of a quasi- monitored by absorption spectroscopy. Stepwise coulometric
reversible one-electron oxidation of ruthenocene derivatives havetitrations were performed ore. 103 M solutions of the ligands
been reporte&!2On the other hand, it is worth mentioning that  studied in CHCI,, with [(nBu)sN]PFs (0.15 M) as supporting

(11) The criteria applied for reversibility was (i) separation of 60 mV (14) (a) Barriere, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff,
between cathodic and anodic peaks, (ii) close-to-unity ratio of the intensities U. T.; Sanders, RJ. Am. Chem. So@002 124, 7262. (b) Jones, S. C.;
of the cathodic and anodic curreritgl, and (iii) constancy of the half- Hascall, T.; Barlow, S.; O’'Hare, DI. Am. Chem. So2002 124, 11610.
wave potential on changing sweep rate in CVs. The same half-wave potential(c) Yeung, L. K.; Kim, J. E.; Chung, Y. K.; Rieger, P. H.; Sweigart, D. A.
values have been obtained from the DPV peaks and from an average of theOrganometallics1996 15, 3891.
cathodic and anodic cyclic voltammetry peak. (15) (a) Sohn, Y. S.; Hendrickson, D. N.; Gray, M. 8. Am. Chem.

(12) (a) Kuwana, T.; Bublitz, D. E.; Hoh, G. Am. Chem. Sod96Q Soc 1971, 93, 3603. (b) Sanderson, C. T.; Quinian, J. A.; Conover, R. C.;
82, 5811. (b) Gubin, S. P.; Smirnova, L. I.; Denisovich, L. I.; Lubovich, A.  Johnson, M. K.; Murphy, M.; Dluhy, R. A.; Kuntal, @norg. Chem2005
A. J. Organomet. Chenmi971, 30, 243. (c) Denisovich, L. I.; Zakurin, N. 44, 3283. (c) Gao, L.-B.; Zhang, L.-Y.; Shi, L.-X.; Cheng, Z.-8@rgano-

V.; Bazrukova, A. A.; Gubin, S. PJ. Organomet. Chen1974 81, 207. metallics 2005 24, 1678.

(13) (a) Gale, R. J.; Job, Raorg. Chem1981, 20, 42.(b) Hill, M. G.; (16) (a) Barlow, S.; Bunting, H. E.; Ringham, C.; Green, J. C.; Bublitz,
Lamanna, W. M.; Mann, K. Rlnorg. Chem 1991, 30, 4687. (c) Koelle, G. U.; Boxer, S. G.; Perry, J. W.; Marder, S. R.Am. Chem. Sod 999
U.; Salzer, AJ. Organomet. Chenl983 243 C27. (c) Koelle, U.; Grub, 121, 3715. (b) Yamaguchi, Y.; Ding, W.; Sanderson, C. T.; Borden, M. L.;
J.J. Organomet. Cheni.985 289 133. Morgan, M. J.; Kutal, CCoord. Chem. Re 2007, 251, 515.
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TABLE 2. UV-—Visible—Near-IR Data in CHCl,

JOC Article

IVCT). Along with these changes, well-defined isosbestic points
atA =424 nm andl = 509 nm are maintained during the course

comp. Amax[nM] (1078 ¢ [M~1ecm™1]) nm- . !

5 256 (20.80), 333 (15.10), 483 (5.30) of the oxidation process. Interestingly, on removing more
5ta 358 (16.32), 558 (5.70), 12960.14) electrons (from 1 to 3 at a constant potential of 0.81 V), the
53t+a 364 (14.02), 565 (5.40), 7504.40), 1059 (4.60) intensity of the IVCT band at = 1296 nm decreases until it
23+a ggg (i‘ll-gg), gg; (215-(5)0), 456 (4.35) disappears when the compound is fully oxidized but, at the same
7 578 §Sh)'7 3)1'6 (23_(0)" 4236 (2.90) time, two new bands appear/at 7_?0 nnJle =440 M lem™)

73+a 349 (12.1), 414 (sh), 927(0.28) anq/‘{ = 1059 nm é : 460 M cm )-, which could -be

8 306 (24.82), 364 (sh) attributed to LMCT transitions from the bridge to Fe(lll) (Figure

g¥*a 286 (13.00), 329 (13.40), 432 (11.50)

9 258 (23.45), 336 (31.20), 485 (6.08)

9+a  374(19.10), 577 (6.60), 7800.50), 950 (0.12), 1228 (0.30)
9%+ta 259 (13.77), 287 (sh), 546 (4.40), 750.60), 950 (0.40)

3b). Similar low-energy transitions have also been observed in
other aza-substituted ferrocenes which after electrochemical
oxidation of the Fe(ll) show intramolecular electron-transfer

10 288 (14.15), 328 (15.25), 363 (sh), 477 (1.70) transitions between the nitrogen atom of the aza-substituent and
103t2 341 (5.04), 367 (sh), 469 (sh), 527 (sh) the Fe(lll) centerd?
1 268 (20.55), 325 (31.90), 455 (4.20) During the oxidation o at a constant potential of 0.63 V

11ta 252 (20.50), 324 (26.85), 438 (sh), 1026.60)
112+ 348 (15.98), 422 (sh), 541 (4.70), 1249.45)
113ta 352 (9.35), 427 (sh), 870 (0.63)

12 293 (7.90), 367 (sh)

123+a 363 (4.95), 455 (3.40)

a Oxidized species obtained electrochemically in,CH (10-3 M) using
[n-BusN]PFs (0.15 M) as the supporting electrolyfeValues obtained by
deconvolution of the experimental spectra.

(a) T(b) 0.10
0.6 - l 2 0.08

(0 < n < 2), the band located &t = 485 nm progressively
dissapears and, at the same time, a new band=ab77 nm ¢

= 6600 M1 cm™), assigned to LMCT transitions, continuously
increases in intensity reaching a maximum when two electrons
have been removed. Along with the changes of these bands,
two well-defined isosbestic points at= 450 and 511 nm are
maintained during the course of the oxidation process (see the
Supporting Information). Nevertheless, the most interesting
feature detected is that during the formation of the dica@n
three new bands appear at the near-IR, &t 750 nm ¢ = 500

M~tcm™), 2 =950 nm ¢ = 120 M cm™1), andl = 1228
05 - < 0.06 T nm (e = 300 M~1 cm™1). On removing more electrons @ n
) 0.04 < 3) at a constant potential of 0.96 V, the intensity of the first
04 | two bands continues increasing whereas the band at 1228 nm
0.02 _ decreases until it disappears when the fully oxidized system is
@ 0.3 0.00 completely formed (see the Supporting Information). These
< 800 1000 1200 1400 1600 experimental facts suggest that the absorption bantls=at50
0.2 1 2Inm and 950 nm could be due to LMCT transitions from the bridge
to Fe(lll), whereas the band At= 1228 nm could be attributed
0.1 T to a bridge-mediated superexchange process between the two
peripheral Fe(lll) and the central Fe(ll) (IVCT band). Table 2
0.0 i — collects all the spectra data for oxidized compleS&sand93*.

1000 1200 1400 1600
Alnm

400 600 800 By contrast to the above-described behavior shown by the
triferrocenes5 and 9, the structurally related linear triru-
thenocene derivative8 and 12, which only display one
irreversible oxidation wave in their CVs, do not display any
band in the near-IR (NIR) region, when they were oxidized at
a constant potential of 0.81 and 0.74 V, respectively. These
results indicate, as it was expected, that the three ruthenium
centers were oxidized at the same potential and, therefore, a
electrolyte, and the absorption spectra were regularly recordedmixed-valence complex is not formed.
for different average numbers of removed electrons. Because of the nonreversible features of the CVs of ferrocene-
Thus, the formation of the oxidized species derived f®m  tenocene triads, 7, and 10, all attempts to promote a
and 9 was performed either by chemical oxidation with the controlled oxidation process failed. Then, the full oxidized
appropriate amount of silver trifluoromethanesulfonate or by compounds were only obtained in these cases which, in turn,
constant potential electrolysis, 0.12 V abovg,®Bf the first did not display any NIR absorption band.
ferrocenyl redox couple (0.59 V fds and 0.63 V for9), and Interestingly, the generation of the monooxidized species
monitored by absorption spectroscopy (see the Supporting yerived from the heterotrimetallic derivativ, bearing two
Information). During the oxidation of the central ferrocenyl erinheral 4-ferrocenyl units and one central ruthenocene moiety,
subunit in5 (0—1 range of remov_ed electrolns) a hew LMCT  \yas performed by constant potential electrolysis at 0.63 V and
(Cp—Fe(ll)) band at = 558 nm ¢ = 5700 M™* cm ) appears  gnitored by absorption spectroscopy. During the oxidation (0
with con(l:omlialnt decreasing of the bandiat: 483 nm ¢ = < n < 1), the band observed in compouhti at A = 455 nm
5300 M cm™) (Figure 3). Moreover, in the NIR region, a 5 q5ressively disappears and, at the same time, a new and weak

new and weak band at = 1296 nm ¢ = 140 M cm™) absorption band appears in the NIR region} at 1026 nm ¢
appears, increasing continuously its intensity until one electron

is removed, and which is assigned to a brldge-med|at_ed (17) (@) Horie, M.: Suzaki, v.; Osakada, K. Am. Chem. So@004
superexchange process between the two different coupled iron; 2¢ 3684. (b) Horie, M.; Sakano, T.; Osakada, K.; NakaoQganome-
sites Fe(lll) and Fe(ll) (intervalence charge-transfer band, tallics 2004 23, 18.

FIGURE 3. Evolution of UV—vis—NIR spectra during the course of
the oxidation of compoun8 (1 mM) in CH,Cl, with [(n-Bu) sN]PFs

(0.15 M) as supporting electrolyte when: (agOn < 1; (b) 1< n=<

3 electrons are removed. Arrows indicate absorptions that increase or
decrease during the experiment.
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FIGURE 4. Evolution of UV—vis—NIR spectra during the course of the oxidation of compolih@dl mM) in CH,Cl, with [(n-Bu) sN]PFs (0.15
M) as supporting electrolyte when: (a)<0n < 1, (b) 1< n < 2; (c) 2=< n < 3 electrons are removed. Arrows indicate absorptions that increase
or decrease during the experiment.

= 587 M1 cm™), its intensity continuously increasing until  determining the degree of electronic delocalizafibprevious

one electron is removed and which is assigned principally to reports have emphasized that spectral measurements of the IVCT
IVCT from the Fe(ll) to Fe(lll) sites although a metahetal transitions often serve as a more subtle and accurate probe for
charge transfer (MMCT) from Ru(ll) to one peripheral Fe(lll) the degree of electronic couplifg.The spectral parameters
center cannot be discarded. Along with the changes of theseof the bands present in the NIR, energy4y, intensity €max),
bands, a defined isosbestic pointlat= 397 nm is maintained  and half-bandwidth 4v1,;), obtained by deconvolution of
during the course of the oxidation process. On removing two the experimental spectra performed on spectral intensity times
electrons (1= n < 2) at the same constant potential of 0.63 V, wavenumber vs wavenumber assuming Gaussian shapes,
the intensity of this band decreases until it disappears whenhave been used to determine the effective electronic coupling
the dioxidized11?* species is completely formed. Simulta- (V) and the activation energy of the thermal electron
neously, a new band &t = 1242 nm € = 450 M1 cm™?) transfer AG") through the two-state classical Maretdush
appears, which is also assigned to a MMCT transition from the theory?24

Ru(ll) tp the two peripheral Fe(lll) center_s. Similar evolution_ According to Robin and Day classificati@hmixed-valence

of the vis-NIR spectra has been found during the electrochemi- compounds are classified in three categories: class I, where the
cal oxidation of the close related 1-ruthenocenyl-4-ferrocenyl- reqox centers are completely localized and behave as separate
2-aza-1,3-butadierfe Finally, on removing three electrons  gpgities; class II, where an intermediate coupling between the
(2 = n = 3) by a constant potential electrolysis at 1.05 V, the mixed-valence centers exists; and class Ill, where the system is
band atl = 1242 nm decreases until complete disappearance completely delocalized and the redox centers show intermediate
when the compound is fully trioxidizet1*" system is formed;  \lence states. Recently, Me$&fefined borderline class

at the same time, a new band appears &t870 nm ¢ = 630 li/class Il systems, which exhibit both delocalised and localized

M~ cm™%), which could be attributed to a ligandRu(lll)  pehavior. Hush theo® indicates that, for a class Il mixed-
charge transfer (LMCT) transitioh}.Five well-defined |sost_>est_|c valence system with two identical redox centers, the energy of
points atl = 369, 450, 504, 794, and 1177 nm are maintained the |vCT transition, vmay is equal to the sum of the inner

during the course of this (_)xidation process (Figure 4). The Sameangd outer-sphere reorganization energiesWhere the two
results were also obtained when the chemical oxidations ooy centers are inequivalent, the relationship is given by
were carried out by using one, two, or three equivalents of vmax = 4 + AG®, where AG® is the free-energy difference
silver trifluoromethanesulfonate as an oxidizing agent, respec- peqyeen the initial and the final state after the electron transi-

tively. _ tion, and is usually approximated as the separatiéip of the
The presence of several NIR bands in the hSpectrum of @ redox potentials of the processes centered on the isolated units
mixed-valence complex is not uncommon, and their 0CCUITeNCe i q\yed in the electron transféf.Thus, the magnitude of the

is genlegrally explained by means of a strong sqrbit couﬁp‘)?ling AG® can be obtained by converting the electrochemical value
effect,” the presence of a double-exchange mecharison, ¢ AF "values into energy units. However, to estimate the

the presence of a bridge with accessible electronic state IevelsmoSt accurately possibleG® values, the appropriate corrections

or with redox-active bridge%. on the values of the redox potentials of the metallocene centers

AIthougfh the compr(_)port_ionago? COHSang and the frefe present in these triads have to be made (Table 3). In the case
energy of comproportionationAG®, provide measures for ¢ o ohimetallic complexes, th&E;,, which is indicative

(18) Gao, L-B.; Zhang, L.-Y.; Shi, L.-X.; Chen, Z.-NDrganometallics

2005 24, 1678. (23) (a) Hush, N. SProg. Inorg. Chem1967, 8, 391. (b) Hush, N. S.
(19) (a) Kober, E. M.; Goldsby, K. A.; Narayane, D. N. S.; Meyer, T. J.  Electrochim. Actal968 13, 1005.

J. Am. Chem. So0@983 105, 4303. (b) Lay, P. A.; Magnuson, R. H.; Taube, (24) Allen, C. C.; Hush, N. SProg. Inorg. Chem1967, 8, 357.

H. Inorg. Chem.1988 27, 2364. (c) Laidlaw, W. M.; Denning, R. G. (25) Robin, M.; Day, PAdv. Inorg. Chem1967, 10, 247.

Chem. Soc., Dalton Tran§994 1987. (26) Chen, P.; Meyer, T. Lhem. Re. 1998 98, 1439.
(20) (a) Richardson, D. E.; Taube, Bl.Am. Chem. Sod983 105, 40. (27) Hush, N. SCoord. Chem. Re 1985 64, 135.

(b) Halpern, J.; Orgel, L. EDiscuss. Faraday Sod.96Q 29, 32. (28) (a) Barlow, SInorg. Chem2001, 40, 7047. (b) Albinati, A.; Fabrizi
(21) Nelsen, S. F.; Ismagilov, R. F.; Powell, D. F.Am. Chem. Soc de Biani, F.; Leoni, P.; Marchetti, L.; Pasquali, M.; Rizzato, S.; Zanello, P.

1998 120, 1924. Angew. Chem., Int. ER005 44, 5701 (c) Santi, S.; Orian, Durante, L.,
(22) (a) Creutz, CProg. Inorg. Chem1983 30, 1. (b) Richardson, D. C.; Bisello, A.; Benetollo, F.; Crociani, L.; Ganis, P.; CecconGhem-—

E.; Taube, HCoord. Chem. Re 1984 60, 107. Eur. J.2007, 13, 1955.
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TABLE 3. Parameters Related to the IVCT Bands of Mixed-Valence 5, 9, and 11 Systems

Vmax €max AG® A Avip exp AV1/2 theo Vab
comp. (cm™) (M~tcmh) (cm™) (cm™) (cm™) (cm™) (cm™) o AG*HardReturem—1) T
5+ 7716 140 1669 6046 2785 3737 122 0.016 2346 0.25
92t 8143 270 1693 6449 3886 3860 201 0.025 2381 0.006
11F 9746 587 - 9746 3356 4744 152 0.016 - 0.30
112+ 8050 450 2968 5082 2040 3426 182 0.023 - 0.40

2 AG° in cm! has been calculated from the values obtained\ig in volts (AG® = 8065.54x AEy), taking into account thg, values for the reference
mononuclear complexes; thus, 1" AE, = Ey(13) — Ey(15) = 0.70— 0.49= 0.207 V; for9?": AE, = Ey(16) — Ey(14) = 0.74— 0.53= 0.21 V; for

112+ AE, = Ex(17) — Ex(14) = 0.90— 0.53= 0.37 V.

of the metat-metal interactions, is no longer the difference between class Il and class Ill; afd> 0.5 for class Il mixed-
between the two subsequent reversible redox waves, but itvalence system¥.

is the difference between the redox potential of the reversible
second wave and the redox potential of the reversible wave of

the corresponding monometallic specigdn this sense, the
oxidation potential of the previously reportechononuclear
complexesl3—17 have been obtained.

\N

WY
= Fe
Fe o
©—\\ \ Ny
N\ 15 \—<i>—oc+43
< > OCH, E,=049V
HaCO
13 N\n
E,=0.70V \\—F©
e
S
N
@_\_ E,=0.74V
3 N
@'00H3 >
14 Ru
E,=053V S

N
17 WOCHa
E,=0.90V

For the class Il regime, thévi;, meo @and the electronic
couplingVyp are derived from the Hush equatioA®1/2 theo=
(231/ma? and Vi = (0.0205/dp)(emavmaxAvi2)?,
where dqp is the diabatic metatmetal distance (i.e., the

A2t 4 B0 AG) Vay

~Vypt
4 2 40—-2Vy P (A+AG)

)

Parameters that have been used to clasify the different mixed-
valence species obtained are collected in Table 3. In partially
oxidized5't, 92*, and11°* species, the absorption bands in the
range 7706-9800 cnt! and the deduced values of the reorga-
nization energy, calculated by combining the experimentally
determinedvmax With the electrochemical estimate &G° (4
= vmax— AG®) in the range of 60069800 cnT1?, are consistent
with the assignment of the low-energy features of the present
compounds as Fe(ll)-to-Fe(lll) IVCT bands.

For the unsymmetrical mixed-valence i1, the comparison
betweenAvy, expand Avis heoOf the IVCT appearing at =
1296 nm, which is usually diagnostic for the classification of a
mixed-valence species, indicates that the experimental value
(2785 cnl) is less than that predicted (3737 thfor a Class
Il mixed-valence species. Becaugg < A, this mixed-valence
system belongs to Class Il of Robin and Day nomenclature,
because localizatiomersusdelocalization is determined by the
relative magnitudes o¥,, and 4, which are characteristic of
the mixed-valence ground state. P&t 2V,y/A = 0.04, this
system is localized in the ground state, although the IVCT band
is unusually narrow. The origin of this discrepancy is not
immediately clear, although differences between theoretical and

intermetal distance in the hypothetical absence of electronic XPerimental values of\vy, are not uncommon. They often

coupling). Additionally, the delocalisation coefficient,

arise from system nonidealities with respect to the mé#.

which is a parameter that quantifies the degree of valence aqlditio'n, the value of th€ paramgter (0.25) also indicates that
delocalisation in the ground state, (i.e., the fraction of valence this m|>2<ed_-valence compound is a weakly coupled class I
electronic charge transferred from the donor to the acceptor Systen¥” (Figure 5).

metal centers), can be calculated by using the equation

o = Vafvmax2° Provided thaV,, < (4 + AG®) and| AG®| <

A similar study carried out on the mixed-valence speéfes
indicates that the experimental half-bandwidth (3886 Hrfor

231 for an unsymmetrical Class Il mixed-valence species, the IVCT band, appearing at= 1228 nm in the NIR, and that

the thermal barrierAG* is given by eq 2% Finally, the
magnitude of thd” parameterl[ = 1 — (Avi2 exd Avis2 thed]

calculated (3860 cr¥), are quite similar as expected for a class
[l mixed-valence species. This result is also in agreement with

has been used to distinguish the class of mixed-valence the value calculated for thE parameter (0.006), typical for
system: 0< T < 0.1 indicate the presence of a weakly coupled Weakly coupled class Il systems.

class Il systems; 0.k I' < 0.5 are tipycal for moderately

coupled class Il systemE;= 0.5 for the systems at the transition

(29) Ceccon, A.; Santi, S.; Orian, L.; Bissello, &oord. Chem. Re
2004 248, 683.
(30) (a) Barlow, SInorg. Chem.2001 40, 7047. (b) Santi, S.; Orian,

L.; Durante, C.; Bisello,; Benetollo, F.; Crociani, L.; Ganis, P.; Ceccon, A.

Chem=Eur. J.2007, 13, 1955.

(31) Brunschwig, B. S.; Creuts, C.; Sutin, &hem. Soc. Re2002 31,
168.

(32) Brunschwig, B. S.; Sutin, NCoord. Chem. Re 1999 187,
233.

Thus, in both cases, the electronic coupliMg, can be
calculated by the above-mentioned Hush equation, in wihigh
the adiabatic electron-transfer distances (9.175 ASforand
9.198 A for92*), were assumed to be equal to the geometrical
metal-metal-distances obtained from DFT calculations. As a
consequence, the values \8f, of 122 cnt?! for 5 and 201
cm~1 for 92*, and the delocalisation coefficient (0.016 for

(33) (a) Elliot, C. M.; Derr, D. L.; Matyushov, D. V.; Newton, M. 1.
Am. Chem. Socl998 120, 11714. (b) Curtis, J. C.; Meyer, T. horg.
Chem 1982 21, 1562.
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FIGURE 5. Potential energy curves and characteristic parameters for EIV

H _ +
the MMCT band of mixed-valence™. FIGURE 6. Evolution of the DPV of5 (1 mM) in CH.Cl, with [(n-

. _ Bu) 4N]PFs as supporting electrolyte scanned at 0.1V fsom —0.7
5 and 0.25 for9*), are estimates only of the actual electronic 1o 1.4 \/ when 0 (red), and 1 equiv (blue) of Znare added.

coupling. Interestingly, for the mixed-valence compo@3d,
the values ofx andVy, are of comparable magnitude to those
found in 1,4-bis(ferrocenyl)-2-aza-1,3-butadi&fe= 0.03;Vap
= 260 cntl).

Spectral deconvolution, assuming a Gaussian profile, and the
application of the two-state Hush model to the band corre-
sponding to the Fe-Fé"" IVCT transition in the mixed-valence

perturbation of the two oxidation peaks, during the addition of
0—1 equiv of these metal cations. Therefore, a progressive
decrease in the current intensity of both oxidation peaks were
observed and simultaneously two new peaks appeared at more
positive potentials, which were ascribed to the metal complexed
species (Figure 6). It is worth mentioning that the height of the
- X | new peaks increases, reaching their maximun when 1 equiv of
compound 11", and to the asymmetric RuFe! IVCT the metal cations was added; at this point, the two oxidation

trgnsition in the dicatiorl1?*, reveals that the observed half- peaks of the free ligand disappear completely. In contrast, the
width (Av1/z exp= 3356 and 2040 crt) are markedly narrower addition of other metal ions (t: Na*, K*, and C&") had no

than the half-width predicted\y1/> theor= 4744 and 3426 crii). effect on their DPVs.
The MMCT study (X/a/A : 0.03 for11°" and 0.07 for112"),

- ° This cation selectivity changes markedly in §&HN solution.
the large value of the comproportionation constagy),(the

X f h - First of all, because of the very limited solubility of the trinuclear
observation of a narrower bandwidth than predicted theoretically, ligands?7, 8, 10, and12in acetonitrile and the poor reversibility

i — ot 2+ . . . . . . .
and the resulting values 6f= 0.30 for11"" and 0.40 forl 1 of their oxidation processes, the corresponding titration experi-
could suggest that these systems lie close to transition betweenyants could not be performed.

Class Il and Class Il classification for a mixed-valence Thus, titration studies with addition of the above-mentioned
compound. Interestingly, the value of the electronic coupling get of metal cations to an electrochemical solution of receptor

parameteN,,= 150 cnt?! calculated by deconvolution of the 5 (c = 103 M) in CHsCN demonstrate that whereas addition
observed Pe—Fe! (18.617 A) IVCT transition in the mixed- of Zn?+, Hg?+, and PB* ions promotes remarkable responses,

valence compountil** indicates the ability of the ruthenocene  qqition of Li*, Nat, K+, C&*, Mg2*, Cc*, and N+ metal

system to promote a long distance intervalence electron-transfer
Metal-lon Sensing Properties.Metal recognition properties

of the triads5—12 were evaluated by electrochemical, optical,

and™™ NMR technigues. At first, the electrochemical behavior

of these trimetallocene compounds was investigated in the

presence of several metal cations such ds Na", K+, Ca&",

ions had no effect on the DPV of this receptor, even when
present in a large excess. In general, the results obtained on the
stepwise addition of substoichiometric amounts ot'ZmHg?",

and PB™ revealed the appearance of two new peaks at more
positive potential together with the two peaks corresponding to

) ) the free receptor (Table 4). The current intensity of these two
Mg?*, Zr?*, CP*, Hg?*, Ni**, and PB* as their perchlorate peaks increases until 1 equiv of the guest cations is added.
salts. At this point, the peaks corresponding to the uncomplexed

One of the most interesting attributes of these ligands is the yoceptors disappear. The first oxidation peak of the free ligand,
presence of differenciated redox-active metallocene mo'et'escorresponding to the central ferrocene unit linked at the

close to the cation-binding nitrogen atoms. Due to the absorption 4-position of the two bridges, shows a significant modification
phenomena observed on the electrode’s surface upon additior]Jloon addition of these metal cationsE, = 200 mV). This

of metal cations, the electrochemical cation sensing experimentsy ticyjar behavior is characteristic of a large equilibrium
were carried out by using differential pulse voltammetry cqnsiant for the binding of these cations by the neutral rec&ptor.
(DPV),* both in CHCI, and CHCN solutions, containing f¢ Surprisingly, the second oxidation process of the compex [
Bu) sN]PFs (0.1 M) as the supporting electrolyte. Remarkably, g2+ associated to the peripheral ferrocene units linked at the
ligands5—12 exhibited the same response upon the stepwise 1_pqsition of the aza-bridges, was less perturbed on the addition
addition of Mg, Zr?", CP", Hg?", Ni®", and PB" metalions ¢ he guest cationsAE, = 130 mV). This fact suggests that

in CH,Cl, solutions. Thus, the titration studies with the addition e complex starts to be disrupted after the first monoelectronic
of such set of metal perchlorate salts revealed a significant oyigation of that complex and then the second oxidation is taking
place at a potential very close to that found for the uncomplexed
mono-oxidized species’.

(34) DPV technique has been employed to obtain well-resolved potential
information, while the individual redox process are poorly resolved in the
CV experiments in individual E1/2 potential can not be accurately extracted
easily from this data. See: Serr, B. R.; Andersen, K. A.; Elliot, C. M.; (35) Miller, S. R.; Gustowski, D. A.; Chen, Z. H.; Gokel, G. W.;
Anderson, O. Plnorg. Chem 1988 27, 4499. Echegoyen, L.; Kaifer, A. EAnal. Chem1988 60, 21021.
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TABLE 4. Voltammetric and Complexation Data of Ligands 5, 9, (b) _12

and 11 in CHsCN at 278 K (a) ‘g R
comp. ER 2P % 0.8 s
5 0.69 0.47 12 Zoal
5Zn2* 0.82 0.67 2 .
5Hg?" 0.82 0.67 .
5P?t 0.82 0.67 0.0+
9 0.51 0.84 00 05 10 15 20
9Zn%+ 0.56 0.84 0.8 Mg2+)/15]
9Hg?" 0.61 0.84 ™
PRt 0.61 0.84 Q
11 0.51 0.93 <
11:Zn*? 0.56 0.93
11-Hg?* 0.60 0.93 0.4 -
11:Pb?+ 0.60 0.93

aOxidation potentials in V vs decamethylferrocene (DMFc) correspond-
ing to the peripheral metallocene unitxidation potentials in V vs DMFc
corresponding to the central metallocene unit. 0.0 1
4 7
The structural differences of ligan@sand 11 with respect 00 500 j::l 00 800

to 5 are clearly demonstrated in their DPV responses. Although

titration experiments, based on addition of the tested metal ionsg|GURE 7. (a) Evolution of the UV-vis of 5, upon addition of M&",

to a 102 M solution of ligands9 and 11 in CHzCN with [(n-
Bu) 4N]PFs,(0.1 M), showed binding affinities only for 2n,
Hg?t, and PB' metal ions, the electrochemical responses

arrows indicating the absorptions that increase or decrease during the
titration experiment; (b) Changes of absorbance at 564 nm, upon
addition of Mg(ClQ), to a CHCI, solution of5.

observed were completely different to those showed for receptor

5. Stepwise addition of substoichiometric concentrations of theseing LE band; (2) appearance of well defined isosbestic points,
metal ions results in the appearance of a new two-electron indicative of the presence of only two absorbing species in the
oxidation peak shifted at a more positive potential corresponding Solution the free ligandL() and the complexl(.Me?*); and (3)

to the simultaneous oxidation of the two peripheral ferrocene @ neat change of the color during the complexation event, which
units. The current intensity of this new peak increases with the is strongly affected by the position at which the metallocenes

concentration of metal cations until 1 equiv is added; at this

are linked to the aza-bridge, from orange to purple go#),

point, the original peak disappears and the new redox peaksor to deep green (foB—12) and which can be used for the
reach full development, whereas the second one oxidation peak, naked eye” detection of these divalent cations. Analysis of the

corresponding to the oxidation of the central metallocene, is
not perturbed during the addition of 1 equiv ofZnHg?", or
P, This fact suggests that a full decomplexation of these
divalent cations occurs during the electrochemical oxidation of
the [L-Me]*" complex L = 9 or 11 and Me= Zn?*, Hg?", or
PB?™), and then the third oxidation really takes place on the
uncomplexed di-oxidized speciés’™. Similar features were

spectral titration data, using a computer progfdmllowed us
to determine the stoichiometry of the complexes as well as the
binding constantK,) for the evaluated metal cations (see the
Supporting Information).

As a representative case, the titration of the homotrimetallic
ligand 5 with Mg?* deserves some comments. The addition of
increasing amounts of a solution of anhydrous Mg(£40n

observed when the electrochemical solution was treated with CH;CN (c = 2.5 x 1072M) to a solution of5 in CH,Cl, (c =

larger amounts of these metal cations.

1 x 10*M) caused a progressive appearance of a new more

Previous studies on ferrocene-based ligands have shown thaintense band located at= 564 nm ¢ = 9750 M1 cm™) as

their characteristic low-energy (LE) bands in the absorption
spectra are perturbed upon complexafidhherefore, the metal

well as the complete disappearance of the initial LE band at
=483 nm € = 5190 Mt cm™Y) (Figure 7). Two well-defined

recognition properties of the aza-bridged metallocene triads isosbestic points &t = 428 and 500 nm were found, indicating

5-12 toward metal ions were also evaluated by YWs
spectroscopy. Titration experiments for &, and CHCN
solutions of ligand¢ = 1 x 10~* M) and the corresponding
ions were performed and analyzed quantitativélMo changes
were observed in the UVWvis spectra upon addition of tj
Na", KT, and C&", even in a large excess, to the &b
solutions of any of these ligands. However, significant spec-

that a neat interconversion between the uncomplexed and
complexed species occurs. The new band is red-shited by 81
nm and is responsible for the change of color from orange
(neutral triad5) to deep purple (complexed tri&dMg?™). The
resulting titration data suggest a 1:1 binding model (Figure 7b),
the association constant being 1.0210° M~ (error < 10%).

Theoretical calculations show that theMg(ClO,), complex

trophotometric changes in the LE absorption bands were should be formed upon rotation of one-half of the otherwise

observed upon addition of increasing amounts ofM@n?T,
Cd?t, Hg?™, Ni2t, and PB" metal ions. In all cases, the most

centrosymmetric most stable conformation ®fand of one
azadiene bridge, so as both nitrogen electron pairs point in a

prominent features observed during the complexation processes

are the following: (1) a progressive red-shift of the correspond-

(36) (a) Marder, S. R.; Perry, J. W.; Tiemann, B. Grganometallics
1991 10, 1896-1901. (b) Coe, B. J.; Jones, C. J.; McCleverty, J. A.; Bloor,
D.; Cross, G. JJ. Organomet. Chen1994 464, 225-232. (c) Miler, T.

J.; Netz, A.; Ansorge, MOrganometallics1999 18, 5066-5074. (c) Carr,
J. D.; Coles, S. J.; Asan, M. B.; Hurthouse4, M. B.; Malik, K. M. A.; Tucker,
J. H. R.J. Chem. Soc., Dalton Tran$999 57.

(37) Specfit/32 Global Analysis System, 1992004 Spectrum Software
Associates (SpecSoft@compuserve.com). The Specfit program was adquired
from Bio-logic, SA (www.bio-logic.info) in January 2005. The equation to
be adjusted by non-linear regression, using the above mentioned software
was: AAb = {Ki1Aena[H]wdGl} {1 + K11[G]}, where H= host, G=
guest, HG= complex,AA = variation in the absorptiorh = cell width,

K11 = association constant for a 1:1 model, axhc = variation of molar
absorptivity.
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FIGURE 10. (Top) Changes in the color of the ligafd upon addition

of several metal cations tested. (Bottom) Changes in the absorption
spectra of compountil (c = 10~ M in CH3CN) (yellow) upon addition

of 1 equiv of Zi#** (orange), Hg" (green), and Pb (deep green).

FIGURE 8. Calculated (B3LYP/6-31G*/Lanl2DZ-ecp) structure for
the 5-Mg(ClO,), complex (perchlorate ligands displayed in wireframe
for clarity).
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FIGURE 9. H NMR spectrum of (a) free liganfl(c = 1 x 1073 M)
in CDCl; and upon addition of (b) 0.33, (c) 0.66, and (d) 1 equiv of
Mg?".

convergent pincer-like fashion to the inner triferrocenic hinge
cavity, to supply the two axial square-bipyramidal coordination
positions around Mg ion (dy-mg = 2.238 A; angl@-mgn—n
= 138.9), the other equatorial positions being occupied by two FIGURE 11. Calculated (B3LYP/6-31G*/Lanl2DZ-ecp) structure for
different O atoms (6-mg = 2.129 and 2.267 A) of every the 11-Hg(CIO,). complex (perchlorate ligands displayed in wireframe
perchlorate anion (Figure 8). For this complex, a high negative fF ¢larity).
formation Gibbs free energy of30.6 Kcatmol~! has been features were observed for the calculated structur&-gh-
calculated in acetonitrile solution (see the Supporting Informa- (ClO4), (complexatiorAG°yecn = —42.6 Kcatmol™2), as well
tion). as for the related complexes of the heterotrimetallic ligénd
To support the results obtained by BVis experiments, we  with Mg(ClO,), and Zn(CIQ), displaying similar complexation
also performedH NMR titrations with the same set of metal free energies AG°vecn= —30.7 and—41.9 Kcatmol™1, re-
cations. Thus, addition of 1 equiv of Mgto a solution of the spectively) (see the Supporting Information).
ligand5 in CDCl; gives rise to significant downfield shifts for In contrast to the above-mentioned results obtained ia-CH
the signals corresponding to the iminic protorH€EN) ato = Cl, solutions, the complexation process of these ligands toward
8.07 ppm QS = +0.28 ppm) as well as for the signals of the the same set of metal cations {|.Na", K, Ca&*", Mg?+, Zn?*,
Cp protons appearing at= 4.69 A6 = +0.12 ppm) and ad Cc?t, Hg?t, Ni2t, and PB") in CH3CN solutions revealed
= 4.44 (A6 = +0.30 ppm) together with a slight upfield shifs different selectivities to these specific analytes. Thus, whereas
for the signals at = 6.99 ((H=CH—N) (Ad = —0.19 ppm) Li*t, Naf, K, Ca&*, Mg?", C*, and N#™ metal cations did
ando = 6.58 (CH=CH—N) (A6 = —0.11 ppm) (Figure 9). not produce any detectable changes in the-W\$ spectra of
These results are in agreement with above-mentioned calculatedsuch ligands, zZ#, Hg?", and PB" induced the progressive
(B3LYP/6-31G*/Lanl2DZ-ecp) structure fos-Mg(ClOy), in appearance of a new LE band, red-shifted with respect to that
which the nitrogen atoms within the azabutadiene bridges observed in the free ligand, which in turn decreases continuously
participate in the complexation process. Similar geometrical until disappearance when the total complexation is achieved.
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TABLE 5. Relevant Physicochemical Data of the Free Ligand and Ligand/Metal Complexes Formed in GE&N

comp. free ZA" Hg?" PR+

5 22 330 (26.26), 345 (sh), 480 (5.22) 351 (19.68), 556 (5.95) 351 (15.77), 556 (6.67) 351 (14.85), 556 (5.34)
ALP - 76 76 76
log Kaé - 5.1+0.12 5.0£0.11 5.3+ 0.15
L/md 1/1 1/1 1/1 1/1

6 22 332 (30.1), 460 (3.86) 366 (23.20), 551 (7.93) 366 (23.34), 551 (7.90) 366 (22.95), 551 (7.87)
AP - 91 91 91
log Kaé 4.8+ 0.17 4.5+ 0.12 4.8+ 0.21
L/md 1/1 1/1 1/1 1/1

9 ja 330 (30.20), 351 (sh), 462 (5.21) 335 (22.72), 367 (sh), 547 (3.6) 383 (22.49), 577 (7.50) 383 (22.56), 577 (7.41)
ALP - 85 115 115
log Ka€ 4.6+ 0.10 5.3+ 0.21 5.3+ 0.18
L/md 1/1 1/1 1/1 1/1

11 ja 321 (32.65), 454 (3.88) 337 (23.50), 417 (sh), 519 (5.51) 366 (23.94), 568 (7.58) 366 (22.98), 568 (6.98)

ALP - 65 114 114
log Ka€ 4.4+ 0.17 5.2+ 0.21 4.7+ 0.15
L/md 1/1 1/1 1/1 1/1

2 Amax IN NM; €, in dm® mol~tcm™2. ® Red-shift of the LE band upon metal complexatidil (= Acompiexed— Afred). ¢ Association constant determined by
Specfit/32 Global Analysis SysterfiStoichiometry of the complex formed (Ligand/Metal).

This solvent-dependent change of selectivity seems to be mainlyin the evolution of their UV-vis spectra clearly indicates that
originated by the important thermodynamic contribution of clean complexation equilibria take place. The association
cations desolvation to the total complexation energy. At the constants of the correspondifgv?+ and11-M2+ (M = Zn?™,
working level of theory, we have found that in GHCN the Hg?", and PB") complexes formed could be evaluated by means
cavitation energy for the divalent metal ions increases in the of UV —vis spectrophotometric titratiot¥,which also revealed
following order HF™ < Zn?t < Ni2" < C®* < Mg?" (2.82, a 1:1 stoichiometry for them. Although neith@rnor 11 is
2.90, 3.00, 3.08, and 3.29 Kcal mélrespectively), whereas in  particularly selective for the binding of one of these cations
CH,CI, the corresponding values are much lower (ranging from over the others, the difference in the change of colors promoted
2.46 to 2.86 Kcal molY). in the binding process is significant and, as a consequence, these
Addition of Zr?*, Hg?*, and PB" metal cations to solution  ligands can be used for the selective colorimetric detection of
of the ligandss and6, in which the central metallocene is placed Zn?* or Hg#"and PB* (Figure 10).
at 4-position of the aza-bridge, gives rise to the same red-shift For the reported constants to be taken with confidence, we
of the corresponding LE band\{ = 76 and 91 nm, respec- have proved the reversibility of the complexation process by
tively), with simultaneous change in the color of the solution carrying out the following experiment: a stepwise addition of
from orange to deep purple. However, the red-shift promoted a solution of the receptatl in CH3;CN to a solution of the
for Hg?+ and PB™ metal cations upon addition to the ligar@ls ~ complex [L1-Hg?"] in the same solvent induced an increase of
andll, bearing the central metallocene linked to the 1-position the absorption bands in the optical spectrum of the receptor,
of the aza-diene bridge, are of the same magnitude but differentwhich is proportional to the amount of receptor added. This
than that promoted by Zn. Thus Hg+ and PB* metal cations fact can be taken as clear evidence for reversibility. Moreover,
promote a substancial change in the color of the solution from extraction experiments also confirmed the high degree of
yellow to green, whereas Zh metal cation induces a change reversibility of the complexation/decomplexation process: an
from yellow to orange. In all cases, 1:1 binding models were equimolecular amount of Hg(Cl» was added to a solution of
also observed and the corresponding binding constants can alsd 1in CH,ClI, to obtain the complexed [-Hg?"] species, whose
be determined by the analysis of the spectral titration data, by DPV voltammogram and U¥vis spectrum were recorded. This
using the above-mentioned software (Table 5). Because of thesolution was washed several times with water until the color of

very limited solubility of ligand¥, 8, 10, and11in acetonitrile, the solution changed from deep green to orange. The organic

titration experiments with them could not be performed. layer was dried, and the optical spectrum, DPV voltammogram,
The homo- and heterotrimetallic ligan@sand 11, respec- and™™H NMR spectrum were recorded, and they were to be the

tively, are representative cases of this behavior. Thus, additionsame as that of the free receptdr Afterward, an equimolecular

of increasing amounts of Hg and PB™ to a solution of9 and amount of Hg(ClQ), was added to this solution and the initial

11in CH3CN induced a red-shift of the LE bands from 4&2 ( UV —vis spectrum, DPV voltammogram, aftd NMR spectrum
=5.21 M1cm) and 454 nm¢{ = 3.88 M1 cm1) to 577 € of the complex 11-Hg?"] were fully recovered together with

= 7.45 M cm1) and 568 nm { = 7.53 M1 cm), the deep green color. This experiment was carried out over
respectively AL = 115 and 114 nm, respectively). Simulta- several cycles, recording the optical spectrum after each step,
neously, the CBCN solutions change color from yellow to  and was fully recovered on complexation of the step.

green, which can be used for “naked-eye” detection of'Hg Calculated structures for complexe®M(ClO,4), have been
and PB' metal ions. In contrast, upon addition of Zn the obtained for the divalent metal cations kgZzZn?*, and Hg"

LE bands present in the free liganfisand 11 also entirely as representative cases for different colorimetric behavior. They
disappeared and were replaced by a new baigat= 547 all show very similar geometrical features (Table 6) with mainly

=3.6 Mtcm?) and 519 nmd = 5.51 M1 cm™1), respectively the expected small differences arising from the cation siz&"(Zn
(A4 = 85 and 65 nm, respectively). Furthermore, a simultaneous < Mg?" < Hg?"). The most significative difference is the rather
change of color in the solution, from yellow to orange, was short obtained Ru-Hg distance (3.825 A), when compared to
also observed (Figure 9). In all these cases where an opticalthat of Mg or Zn, which is indicative of a not negligible Ru

response could be detected, the observation of isosbestic pointsHg interaction (WBky-+g 0.019) (Figure 11). Time dependent
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TABLE 6. Selected Geometrical (Distances in A, Angles in
Degrees), Interaction, and TD-DFT Parameters for 11:M(CIO 4)»
Complexes

free Mg+ Zn2t Hg?+

dn-m 2.280 2.201 2.427
(wBI)2 (0.069) (0.127) (0.173)
do-m 2.184 2.268 2.542
(WBI)2 (0.047) (0.063) (0.066)

2.218 2.303 2.561

(0.045) (0.061) (0.063)
Oru-m 4.148 4.066 3.825
(WBI)2 (0.003) (0.005) (0.019)
N—M—N 137.1 140.6 148.1
Amax 540.8 564.2 577.5 606.9
(fe 0.035 (0.030) (0.029) (0.041)

Assignment F§d) —xz* Fe''(d)—xa* Fe'(d)—xa* Fe'(d) — Hg"(s)
Fe'(d) — *

JT

aWiberg bond index? Unscaled (nm)¢ Oscillator strength (au).

DFT (TD—DFT) calculations revealed the occurrence of LE
transitions (Table 6, only intense i.e. with high oscillator
strength— lowest-energy bands are collected) in agreement wit

the expected wavelength order as observed experimentally. Th

LE band responsible for the deep purple colotinHg(CIOy),
can be adscribed to a f¢0-Hg' MMCT process. In sharp

€

Caballero et al.

complexation with these metal cations. These changes in the
absorption spectra are accompanied by dramatic color changes
that allow the potential for “naked eye” detection. Compound

5 also exhibited a selective Rgredox-induced complexation/
decomplexation type of signaling pattern that can be used for
the construction of more elaborate supramolecular switching
systems.

Experimental Section

General Procedure for the Preparation of Homo- and
Heterotrimetallocenes 5, 6, 7, and 8.To a solution of the
appropriate  diethyl [(metallocenylmethylidene)aminomethyl]-
phosphonatd or 2 (3.3 mmol) in dry THF (15 mL), at-78 °C
and under nitrogen atmospheneBuLi 1.6 M in hexane (1.10 mL)
was added. Then, a solution of the appropriate'-difbrmyl
metallocene (1.65 mmol) in dry THF (10 mL) was slowly added,
and the mixture was stirred for 1.5 h. The reaction mixture was
allowed to reach the room temperature (30 min), and then it was
heated under reflux temperature overnight. After the solution was

h cooled at 0°C for 30 min, a precipitate was formed, which was

filtered and washed with diethyl ether (2 10 mL) to give the

corresponding trimetallocene, which was recrystallized from THF.
1,1-Bis(2-aza-1-ferrocenyl-1,3-butadien-4-yl)ferrocene $2%;

mp > 350°C. H NMR (300 MHz, CDC}): 6 4.20 (s, 10H), 4.33

contrast, the corresponding LE bands in the analogous com-(st, 4H), 4.40 (st, 4H), 4.44 (st, 4H), 4.69 (st, 4H), 6.58 (d, 2H,

plexes of Mg@" and Zr#*, as well as in the free ligandl,
correspond to MLCT processes, mainly frondia-2-type AO

= 14.0 Hz), 6.99 (d, 2H) = 14.0 Hz), 8.07 (s, 2H):3C NMR (75
MHz, CDCL): 6 68.2 (4CH), 68.9 (4CH), 69.3 (4CH), 69.7

centered at both terminal Fe atoms, to an antibonding combina-(10CH), 70.3 (4CH), 71.0 (4CH), 80.9 (q), 82.9 (), 125.7, 140.8,

tion of the azadienes* MO with a dy; or dy-type AO at the

158.9. MS (70 eV, El):m/z (relative intensity): 660 (M, 100),

central Ru atom. The calculated complexation Gibbs free 423 (50), 358 (98), 330 (34), 121 (46). Anal. Calcd foftds>-

energies in solutionAG°yecny = —22.1,—31.8, and—18.8 Kcal
mol~1 for Mg2*, Zr?*, and Hg™, respectively) are lower than
those obtained for the correspondingMgnd Zr#™ complexes
of 5 and6, their similarities accounting for the observed lack
of selectivity.

Conclusion

FeNo: C, 65.49; H, 4.89; N, 4.24. Found: C, 65.33; H, 5.04; N,

1,1'-Bis(2-aza-1-ferrocenyl-1,3-butadien-4-yl)ruthenocene 6:
90%; mp= 250-254°C (d).H NMR (300 MHz, CDC}): ¢ 4.20
(s, 10H), 4.42 (st, 4H), 4.61 (st, 4H), 4.66 (st, 4H), 4.77 (st, 4H),
6.44 (d, 2H,J = 13.0 Hz), 6.94 (d, 2H) = 13.0 Hz), 8.02 (s, 2H).
13C NMR (75 MHz, CDC}): 6 68.7 (4CH), 69.2 (4CH), 69.3
(4CH), 71.1 (10CH), 71.2 (4CH), 81.3 (q), 86.3 (q), 125.4, 140.5,
160.2. FAB MSm/z (relative intensity): 706 (M + 1, 100). Anal.

The synthesis, electrochemical, and optical properties of caicd for GgHaFeN,Ru: C, 61.30: H, 4.57; N, 3.97. Found: C,

homo- 6, 8, 9, and12) and heterometallicg, 7, 10, and11)

61.53; H, 4.65; N, 3.71.

ferrocene-ruthenocene triads, are presented. These metallocenyl 1 1-Bis(2-aza-1-ruthenocenyl-1,3-butadien-4-yl)ferrocene 7:
triads comprise remarkable multifunctional molecular systems, 82%; mp= 248-253°C (d).'H NMR (300 MHz, CDC}): ¢ 4.25
since they could serve as important models for the investigation (st, 4H), 4.30 (st, 4H), 4.60 (s, 10H), 4.75 (st, 4H), 5.06 (st, 4H),
of intramolecular electron transfer and for metal recognition 6.52 (d, 2HJ = 13.0 Hz), 6.92 (d, 2H) = 13.0 Hz), 7.93 (s, 2H).

processes. Triferrocenyl derivativésand 9 form the mixed-
valence species™ and9?" by partial oxidation, which shows

intramolecular electro-transfer phenomena. Spectroelectrochemi

cal studies of compounil, bearing two peripheral ferrocene

units and one central ruthenocene moiety, revealed the presence 17
of low-energy bands in the near-infrared (NIR) region, which ’

13C NMR (75 MHz, CDC}): 6 68.2 (4CH), 70.2 (4CH), 70.5
(4CH), 71.4 (10CH), 72.3 (4H), 82.6 (q), 85.3 (q), 125.7, 140.4,

158.2. FAB MSm/z (relative intensity): 751 (M + 1, 100). Anal.

Calcd for GgHa.FeNoRW: C, 57.60; H, 4.30; N, 3.73. Found: C,
57.89; H, 4.55; N, 3.90.
-Bis(2-az-1-ruthenocenyl-1,3-butadien - 4-yl)rutheno-
cene 8:87%; mp = 252-255 °C (d). '"H NMR (200 MHz,

indicate a rather unusual intramolecular charge-transfer betweencpcly,): ¢ 4.58 (s, 10H), 4.60 (st, 4H), 4.701.73 (m, 8H), 5.01
the ferrocene and ruthenocene units. Interestingly, the value of(st, 4H), 6.35 (d, 2H,J = 13.0 Hz), 6.83 (d, 2H,] = 13.0 Hz),

the electronic coupling paramet®¥g,= 150 cnt?! calculated
by deconvolution of the observed Feftire(lll) IVCT transition
in the mixed-valence compourtl**, (deegn-reqny = 18.617

7.87 (s, 2H).13C NMR (50 MHz, CDC}): 6 70.4 (4CH), 70.6
(10CH), 72.3 (4CH), 73.0 (4CH), 73.1 (4CH), 85.3 (q), 85.7 (q),
126.0, 140.3, 158.1. FAB M8vz (relative intensity): 796 (M +

R), indicates the ability of the ruthenocene system to promote 1. 100). Anal. Calcd for gsHa;N2Rus: C, 54.33; H, 4.05; N, 3.52.

a long-distance intervalence electron-transfer.

On the other hand, the compounds studied exhibit interesting H
cation-sensing properties that show high selectivity for divalent

metal cations giving response through two channels. Titads

Found: C, 54.59; H, 3.88; N, 4.27.

General Procedure for the Preparation of Homo- and
eterotrimetallocenes 9, 10, 11 and 12To a solution of the
appropriate 1,tmetallocenediyl-bis(methylidenaminomethylphos-
phonate)3 or 4 (1.65 mmol) in dry THF (15 mL), at-78 °C and

9, and11 behave as dual redox and optical chemosensors for nger nitrogen atmosphereBuLi 1.6 M in hexane (1.10 mL) was

Zn?t, Hg?t, and PB*. Their oxidation redox peaks are anodi-

added. Then, a solution of the appropriate 1-formyl metallocene

cally shifted (up to 130 mV), and their low-energy (LE) bands (3.3 mmol) in dry THF (10 mL) was slowly added, and the mixture
of the absorption spectra are red-shifted (up to 115 nm) uponwas stirred for 1.5 h. The reaction mixture was allowed to reach
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the room temperature (30 min), and then it was heated under reflux
temperature overnight. After the solution was cooled 4C0for

30 min, a precipitate was formed, which was filtered and washed
with diethyl ether (2 x 10 mL) to give the corresponding
trimetallocene, which was recrystallized from THF.

1,1-Bis(2-aza-4-ferrocenyl-1,3-butadien-1-yl)ferrocene 90%;
mp > 350°C. *H NMR (200 MHz, CDC}): 6 4.14 (s, 10H), 4.27
(st, 4H), 4.37 (st, 4H), 4.45 (st, 4H), 4.79 (st, 4H), 6.65 (d, 2H,
= 14.0 Hz), 7.00 (d, 2H) = 14.0 Hz), 7.97 (s, 2H)3° NMR (50
MH,, CDCk): 6 67.1 (4CH), 69.2 (10CH), 69.4 (4CH), 69.7 (4CH),
72.1 (4CH), 73.3 (4CH), 81.9 (q), 82.2 (), 127.4, 140.3, 159.2.
MS (70 eV, El): m/z (relative intensity): 660 (M, 100), 595 (30),
476 (30), 358 (70), 330 (43), 130 (46). Anal. Calcd foyetds,-
FesN,: C, 65.49; H, 4.89; N, 4.24. Found: C, 65.28; H, 5.16; N,
4.21.

1,1'-Bis(2-aza-4-ruthenocenyl-1,3-butadien-1-yl)rutheno-
cene 10:81%; mp = 250-253 °C (d). *H NMR (200 MHz,
CDCly): 6 4.43 (st, 4H), 4.54 (s, 10H), 4.61 (st, 4H), 4.78 (st,
4H), 4.82 (st, 4H), 6.52 (d, 2H] = 13.0 Hz), 6.95 (d, 2HJ =
13.0 Hz), 7.91 (s, 2H):3C NMR (50 MHz, CDC}): ¢ 68.0 (4CH),
70.1 (4CH), 71.3 (10CH), 71.4 (4CH), 72.5 (4CH), 82.3 (q), 85.1
(9), 125.8, 140.2, 158.3. FAB M&/z (relative intensity): 751 (M
+ 1, 100). Anal. Calcd for gHsFeNRw,: C, 57.60; H, 4.30; N,
3.73. Found: C, 57.35; H, 4.41; N, 4.02.

1,1-Bis(2-aza-4-ferrocenyl-1,3-butadien-1-yl)ruthenocene 11:
92%; mp= 251-255°C (d).'H NMR (400 MHz, CDC}): 6 4.13
(s, 10H), 4.24 (st, 4H), 4.33 (st, 4H), 4.77 (st, 4H), 5.13 (st, 4H),
6.57 (d, 2HJ = 13.0 Hz), 6.90 (d, 2H) = 13.0 Hz), 7.80 (s, 2H).
13C NMR (100 MHz, CDC}): 6 67.0 (4CH), 69.0 (4CH), 69.2
(10CH), 71,6 (4CH), 73.5 (4CH), 81,7 (q), 86.5 (q), 127.3, 139.8,
157.2. FAB MSnv/z (relative intensity): 706 (M + 1, 100). Anal.
Calcd for GegHs FesNsRu: C, 61.30; H, 4.57; N, 3.97. Found: C,
61.08; H, 4.45; N, 4.26.

1,1 -Bis(2-aza-4-ruthenocenyl-1,3-butadien- 1-yl)rutheno-
cene 12:72%; mp = 249-251 °C (d). *H NMR (200 MHz,
CDCly): 6 4.49 (s, 10H), 4.59 (st, 4H), 4.74 (st, 4H), 4.78 (st,
4H), 5.05 (st, 4H), 6.45 (d, 2H] = 13.0 Hz), 6.84 (d, 2HJ =
13.0 Hz), 7.73 (s, 2H)3C NMR (50 MHz, CDC}): ¢ 70.4 (4CH),
70.5 (4CH), 71,0 (10CH), 72.4 (4CH), 72.6 (4CH), 85.3 (q), 85.8
(q), 125.3 141.0, 158.3. MS (70 eV, Elji/z (relative intensity):
795 (Mt, 10), 526 (30), 245 (50), 167 (100). Anal. Calcd for
CaeHaN2Rws: C, 54.33; H, 4.05; N, 3.52. Found: C, 54.57; H,
3.31; N, 3.24.

Preparation of 1,1-Bis(2-aza-1p-methoxyphenyl-1,3-buta-
dien-4-yl)ferrocene 15.This compound was prepared following
the general procedure previously described for the preparation of
trimetallocenes5—6, but using p-methoxybenzaldehyde in the
second step of the synthetic sequence. 60%;=mp48—149 °C.
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IH NMR (300 MHz, CDC}): ¢ 3.86 (s, 6H), 4.29 (st, 4H), 4.37
(st, 4H), 6.62 (d, 2HJ = 13.2 Hz), 6.86 (d, 4HJ) = 8.7 Hz), 7.06
(d, 2H,J = 13.2 Hz), 7.60 (d, 4HJ) = 8.7 Hz), 8.05 (s, 2H)!C
NMR (75 MHz, CDCE): ¢ 55.3, 68.3, 70.2, 82.6 (q), 114, 127,
129.3 (q), 129.8, 140.4, 158.2, 161.5 (q). FAB M# (relative
intensity): 505 (M + 1, 100). Anal. Calcd for gHogFeNO,: C,
71.44; H, 5.60; N, 5.55. Found: C, 71.20; H, 5.88; N, 5.79.

Preparation of 1,1-Bis(2-aza-4p-methoxyphenyl-1,3-buta-
dien-1-yl)ferrocene 16.This compound was prepared following
the general procedure previously described for the preparation of
trimetallocenes9—10, but usingp-methoxybenzaldehyde in the
second step of the synthetic sequence. 85%;=m}39—-140 °C.

IH NMR (300 MHz, CDC}): 6 3.80 (s, 6H), 4.45 (st, 4H), 4.84
(st, 4H), 6.73 (d, 4HJ = 8.0 Hz), 6.80 (d, 2HJ = 14.0 Hz),
7.26-7.20 (m, 6H), 8.00 (s, 2HY:3C NMR (75 MHz, CDC}): ¢
69.7,71.7,71.9,82.0 (q), 114, 127.6, 129.3 (q), 129.8, 149.9, 159.0,
160.7 (q). FAB MSmvz (relative intensity): 505 (M + 1, 100).
Anal. Calcd for GgH,gFeNO,: C, 71.44; H, 5.60; N, 5.55.
Found: C, 71.19; H, 5.35; N, 5.69.

Preparation of 1,1-Bis(2-aza-4p-methoxyphenyl-1,3-buta-
dien-1-yl)ruthenocene 17This compound was prepared following
the general procedure previously described for the preparation of
trimetallocenesl1—-12, but usingp-methoxybenzaldehyde in the
second step of the synthetic sequence. 87%;=mj65-166 °C.

IH NMR (300 MHz, CDC}): 6 3.77 (s, 6H), 4.75 (st, 4H), 5.14
(st, 4H), 6.68 (d, 4HJ = 8.0 Hz), 6.71 (d, 2HJ = 13.0 Hz), 7.10
(d, 2H,J = 13.0 Hz), 7.17 (d, 4H) = 8.0 Hz), 7.80 (s, 1H)}3C
NMR (75 MHz, CDC}): 6 55.1, 71.7, 73.4, 86.3 (q), 113.9, 127.5,
128.3, 128.8 (q), 140.6, 158.5, 158.9 (q). ElI M%z (relative
intensity): 550 (M, 40), 402 (100), 160 (70). Anal. Calcd for
CsoHogN-O,RU: C, 65.56; H, 5.13; N, 5.10. Found: C, 65.30; H,
4.98; N, 5.32.
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