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The synthesis of structurally new types of ferrocene-based ureas, in which the ferrocene moiety is
simultaneously attached to two urea groups, have been prepared directly frdnis{isbcyanato)ferrocene

1. Homoditopic receptor@a—e show spectral and electrochemical anion-sensing action: they display a
selective downfield shift of the urea protons and a cathodic shift of the ferrocene/ferrocinium redox
couple with hydrogen phosphate and fluoride anions. In addition, rec2gtoased on an unprecedent
tetraaza[9]ferrocenophane architecture, shows spectral, electrochemical, and selective fluorescent responses

to fluoride anion.

Introduction

chromogenic, or fluorogenic groups that are covalently or
noncovalently linked to the receptor moiety, thus enabling the

Since anions are ubiquitous and play important roles in many gjectrochemical, colorimetric, and fluorimetric sensing of anions

biological and chemical systems, the field of synthetic anion
receptors chemistry is one of the fastest growing disciplines
within the general context of supramolecular chemi$t@ne

with both temporal and spatial resolution.
The nature of the anierreceptor interaction is a matter of
choice for the designer; aniemeceptor based solely on

successful approach for preparing anion hosts involves thehydrogen bonding seems to be particularly challenging by the

formation of molecular architectures which contain redox,

T Dedicated to our friend Prof. M. Moreno Mas, in memoriam.

(1) For reviews of work in the anion-binding field, see the following,
along with references therein: (a) Canary, J. W.; Gibb, BPfg. Inorg.
Chem.1997 45, 1. (b) F. P.; Schmidtchen, F. P.; Berger, ®hem. Re.
1997 97, 1609. (c) Antonisse, M. M.G.; Reinhoudt, D. 8hem. Commun
1998 443. (d) Snowden, T. S.; Anslyn E. Zurr. Opin. Chem. Biol1999
3, 740. (e) Gale, P. ACoord. Chem. Re 200Q 199, 181. (f) Sessler, J.
L.; Davis, J. M.Acc. Chem. Re001, 34, 989. (g) Gale, P. ACoord.
Chem. Re. 2001, 213 79. (h) Beer, P. D.; Gale, P. Angew. Chem., Int.
Ed. 2001, 40, 486. (i) Wiskur, S. L.; Ait-Haddou, H.; Anslyn, E. V.; Levigne,
J. J.Acc. Chem. Re2001, 34, 963. (j) Best, M. D.; Tobey, S. L.; Anslyn,
E. V. Coord. Chem. Re 2003 240, 3. (k) Sessler, J. L.; Camiolo, S.; Gale,
P. A. Coord. Chem. Re 2003 240, 17. (I) McKee, V.; Nelson, J.; Town,
R. M. Chem. Soc. Re2003 32, 309. (m) Bondy, C. R.; Loeb, S. Coord.
Chem. Re. 2003 240, 77. (n) Martinez-Maaz, R.; Sancenon, EChem.
Rev. 2003 103 4419. (0) Suksai, C.; Tuntulani, Them. Soc. Re 2003
32, 192. (p) Choi, K.; Hamilton, A. DCoord. Chem. Re 2003 240, 101.
(q) Lambert, T. N.; Smith, B. DCoord. Chem. Re 2003 240, 129. (r)
Davis, A. P.; Joos, J.-BCoord. Chem. Re 2003 240, 143. (s) Beer, P.
D.; Hayes, E. JCoord. Chem. Re 2003 240, 167. (t) Gale, P. ACoord.
Chem. Re. 2003 240, 191.
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perspective of achieving a good selectivity using interactions
that strongly depend on the direction and distance.

Urea is an attractive building block for anion receptors
because it contributes two relatively strong hydrogen-bonding
sites? The two N-H groups can bind with a single acceptor
atom to yield a six-membered chelate ring or with two adjacent
oxygen atoms in an oxianion to yield an eight-membered chelate
ring. For strong and selective binding, this group should be
preorganized to complement the target anion and minimize
intramolecular hydrogen bonding. A variety of urea-based hosts
containing one or more urea subunits have been designed and
tested for anion recognition and sensing over the past years,
and new insights into the nature of ureanion interactions
providing structural criteria for the deliberate design of anion

(2) (a) Fan, E.; Van Arman, S. A,; Kincaid, S.; Hamilton, A. D.Am.
Chem. Soc1993 115 369. (b); Hamann, B. C.; Branda, N. R.; Rebek, J.,
Jr. Tetrahedron Lett1993 34, 7837. (c) Nishizawa, S.; Bumann, P.; lwao,
M.; Umezawa, Y.Tetrahedron Lett1995 36, 6483.
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SCHEME 1. Synthesis of Receptors®
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aReagents: (a) benzylamine; (b) 1-aminonaphthaleneyeylylenediamine; (d) 1,8-diaminonaphthalene.

selective receptors containing two or more urea binding groups acyl azidef is used as common building block. Despite its rich

have also been recently reportedhere are, however, few
examples of urea/ferrocene redox-active anionophores.

functionality, the chemistry of this difunctionalized ferrocene
derivative remains almost unexplored because only its conver-

Generally, anion recognition motifs are often structurally sion into 1,1-bis(isocyano)ferrocerieand nitrogen-rich ferro-
complicated and require an elaborate and sophisticated syntheticenophanes have been reporigd.
process. Therefore, the development of simple and easy-to-make Here, we present the synthesis and anion coordination
chemosensors for anions is strongly desired. From this perspecproperties of a new kind of simple ferrocene-based urea
tive, we decided to study a series of new type of anionophoresreceptors bearing in its molecule one or two signaling units

by combining the redox activity of the ferrocene moiety with

linked through two urea groups either linearly or joined through

the strong hydrogen-bonding ability of the urea group. An a ferrocenophane framework.

interesting feature of our synthetic approach for the preparation

of these receptors is that J-dis(isocyanato)ferrocene, prepared
from the corresponding I'/ferrocene dicarboxylic acid, via its

(3) (&) Werner, F.; Schneider, H.Helv. Chim. Acta200Q 83, 465. (b)
Lee, C.; Lee, D. H.; Hong, J.-Tetrahedron Lett2001, 42, 8665. (c) Ayling,
A.J.; Perez-Payan, M. N.; Davis, A. P.Am. Chem. So2001, 123 12716.
(d) Budka, J.; Lhotak, P.; Michlova, V.; Stibor, Tetrahedron Lett2001,
42, 1583. (e) Hoffman, R. W.; Hettche, F.; Harms, &hem. Commun
2002 782. (f) Hettche, F.; Reiss, P.; Hoffman, R. @hem—Eur. J 2002

8, 4946. (g) Sisson, A. L.; Clare, J. P.; Taylor, L. H.; Charmant, J. P. H.;

Davis, A. P.Chem. Commur2003 2246. (h) Dudic, M.; Lhotak, P.; Stibor,
I.; Lang, K.; Proskova, POrg. Lett 2003 5, 149. (i) Bondy, C. R.; Gale,
P. A;; Loeb, S. JJ. Am. Chem. So@004 126, 5030. (j) Lee, L. Y.; Cho,
E. J.; Mukamel, S.; Nam, K. Gl. Org. Chem2004 69, 943. (k) Kwon, J.
Y.;Jang, Y. J.; Kim, S. K; Lee, K.-H.; Kim, J. S.; Yoon,J.Org. Chem
2004 69, 5155. (I) Turner, D. R.; Spencer, E. C.; Howard, J. A. K.; Tocher,
D. A,; Steed, J. WChem. Commur2004 1352. (m) Jose, D. A.; Kumar,
D. K.; Ganguly, B.; Das, ATetrahedron Lett2005 46, 5343. (n) Esteban-
Gomez, D.; Fabbrizzi, L.; Licchelli, MJ. Org. Chem2005 70, 5717. (p)
Boiocchi, M.; Del Boca, L.; Esteban-Gomez, D.; Fabbrizzi, L.; Licchelli,
M.; Monzani, E.Chem—Eur. J. 2005 11, 3097.

(4) (a) Hay, B. P.; Firman, T. K.; Moyer, B. Al. Am. Chem. So2005
127, 1810. (b) Bryantsev, V. S.; Hay, B. FHEOCHEMZ2005 725, 177.

(5) (a) Pratt, M. D.; Beer, P. CRolyhedron2003 22, 649. (b) Alonso,
B.; Casado, C. M.; Cuadrado, |.; Moran, M.; Kaifer, A.Ghem. Commun
2002 1778. (c) Miyaji, H.; Collinson, S. R.; Prokes, I.; Tucker, J. H. R.
Chem. Commur2003 64. (d) Ofm, F.; Taraga, A.; Espinosa, A.; Velasco,
M. D.; Bautista, D.; Molina, PJ. Org. Chem2005 70, 6603.

Results and Discussion

Synthesis.Reaction of 1,tbis(isocyanato)ferrocenkewith
the appropriate primary amine (1:2 molar ratio) allowed isolation
of the 1,1-bis(ureido)ferrocenea and 2b in 80% and 75%
yields, respectively (Scheme 1), whodd and 1°C NMR,
elemental analysis, and mass spectra were consistent with the
proposed structures.

The easy access to the above-mentioneddiftnctionalized
ferrocene derivatives frorh prompted us to check the reaction
with diamines in order to evaluate the suitability of this reaction
in achieving homoditopicrfilferrocenophanes bearing two urea
groups. In agreement with our expectations, we have found that
this reaction afforded the tetraamdferrocenophane®c and2d,
although their formation is strongly dependent both on the
l/diamine molar ratio and on the reaction conditions. So, by
using m-xylylenediamine or 1,8-diaminonaphthalene in a 1:1

(6) Petrovitch, P. MDouble Liaisonl966 133 1096;Chem. Abstr1968
68, 29843s.

(7) van Leusen, D.; Hessen, Brganometallics2001, 20, 224.

(8) Taraga, A.; Ofm, F.; Espinosa, A.; Velasco, M. D.; Molina, P.;
Evans, D. JChem. Commur2004 458.
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TABLE 1. Voltammetric and Complexation Data of Ligands 2, Obtained in DMSO at 278 K

receptor R Ei2 (V) free Ei/2 (V) complex AEi; (MV) min equiv max equi¥ R/Ad Kas
2aF —0.320 —0.480 —160 0.1 3 1:2 7.2x 1PM2
2arHPOy~ —0.320 —0.462 —142 0.25 3 1:9 56x 1M1
2b-F —0.330 —0.540 —208 0.1 2.25 12 4.0x 10°6M—2
2b-HPOy™ —0.330 —0.420 —90 0.1 1 1:® 21x 10°M~2
2cF —0.398 —0.510 -112 0.25 2 2:h 3.3x 10PM 2
1:1 4.9x 10°M1
2CHPO~ —0.398 —0.471 —76 0.25 15 2:h 3.0x 10*M~2
2d-F —0.350 —0.540 —190 0.1 2 1:2 8.5x 10°M 2
2d-H:POy~ —0.350 —0.475 —125 0.1 2 1:% 405 M1
2eF~ —0.342 —0.402 —60 0.25 2 1:¢ 3.7x 1Mt
0.034 —0.340 —374
2eH,POs~ —0.342 —0.450 —108 0.25 2 14 44x10°M 1
0.034 —0.298 -332

a Anions added as their their tetrabutylammonium s&lidinimum equivalents of salt required to give a detectable electrochemical respdiarimum
equivalents required to saturate the voltammetric respérmichiometries (receptor/anion) of the complexes forniébtained by EQNMR analysis of
the 'H NMR titration data.” Obtained by using isothermal titration calorimetry (IT@J, of the irreversible wave! AE,.

molar ratio and under high dilution conditions the main products ing to the free receptor and which is due to the anion complexed
obtained were the corresponding tetraegfgrrocenophane&c species, or a “shifting behavior”, in which a second redox wave,
and2d in 70 and 68% yield, respectively. Interestingly, by using negatively shifted compared to the free receptor, appéars.
an excess of 1,8-diaminonaphthalene (1:4 molar ratio) and underMoreover, for the recepteranion combinations studied showing

normal dilution conditions, the corresponding'ibis(ureido)- a “two wave behavior”, only 0.1 equiv of anion was needed to
ferrocene2e, having two naphthalene fluorophore subunits, was give a clearly observable separated redox wave, from the
mainly obtained in 73% yield. Remarkably, thé and*C NMR complexed species, while for the systems showing a “shifting

spectra of compound8c and 2d reveal high symmetry, only  behavior” a minimum of 0.25 equiv of the anion is required to

showing one set of signals for the two ureido substituents placedgive an observable electrochemical response.

at the 1 and Ipositions of the ferrocene moiety. In general, for recepteranion systems exhibiting “two wave
Anion-Sensing Properties. At first, the electrochemical  behavior”, both half-wave potentials can be obtained from the

properties of receptor2 as its own as well as in the presence voltammetric data as both redox couples are simultaneously

of variable concentrations of F Cl~, Br, AcO~, NOs, detected and then the binding enhancement factors (BEF)
HSO,~, and HPO,~ as guest anionic species were investigated could be calculated. This factor indicates the times that the
using cyclic (CV) and differential pulse (DP¥yoltammetries. complexation in the reduced form of the receptors is more

Each free receptor exhibited a reversible one-electron redoxdifficult than that in the oxidized one. From the results showed
wavell typical of a ferrocene derivative, at the halfwave in Table 1, is notable that while the addition off0;~ anion
potential values shown in Table 1, calculated versus the to the receptor2a, 2c and of F anion to 2c, shows a
ferrocenium/ferrocene (Fé¢Fc) redox couple and which are voltammetric response typical of a “shifting behavior”, clean
identical to those obtained from the corresponding DPV peaks. “two wave behavior” responses were seen in the other homodi-

Titration studies with addition of those anions, as their topic receptor-anion combinations studied.
tetrabutylammonium salts (TB#, to an electrochemical solu- The responses of receptdsipon addition of F, CI~, Br-,
tion of receptors?2 (c = 103 M) in the appropriate solvent, AcO~, NOs~, HSQ;~, and PO~ anions have also been
containing 0.1 M f-BusN]CIO4 as supporting electrolyte,  investigated by*H NMR titration, providing further evidence
demonstrate that while addition of Fand HPO,~ anions to for the anion-binding event. Thus, titration isotherms obtained
receptor2a—d promotes remarkable responses, indicating the by using the computer program EQNNfRand generated from
interaction of the urea binding sites with these anions, addition the change in chemical shift of the host urea protons upon
of CI~, Br—, AcO~, NOs;~, and HSQ™ anionic species had no  addition of the appropriate anions were used to fit the binding
effect on the CV and DPV of these receptors, even when presentmodel receptoranion and the derived association constants
in a large excess. (Table 1).

Nevertheless, the results obtained on the stepwise addition Quantum chemical calculations at the DFTevel of theory
of substoichiometric amounts of the appropriate guest anionic (see the Supporting Information) on the simplest open ferro-
species revealed two different electrochemical behaviors, de-cenyl-bisurea3 as model compound were performed to help
pending on the receptor and anion used, which reflects either aexplaining the preferred binding modes upon interaction with
typical “two wave behavior”, with the appearance of a second both F and PO, anions, as well as the magnitude of the
wave at more negative potentials, together with the correspond-host-guest complexation. Recept®itself shows a preferential

(9) DPV technique has been employed to obtain well-resolved potential ~ (11) Miller, S. R.; Gustowski, D. A.; Chen, Z. H.; Gokel, G. W.;
information, while the individual redox process are poorly resolved in the Echegoyen, L.; Kaifer, A. EAnal. Chem1988 60, 2021.
CV experiments in which individuak;,, potentials cannot be easily or (12) The quantityKox/Kreq defined as binding enhancement factor (BEF)
accurately extracted from these data. (a) Serr, B. R.; Andersen K. A.; Elliot, deduced from equationAE1, = (RTNF) In(KedKox) represents a quantita-
C. M.; Anderson, O. Plnorg. Chem.1988 27, 4499. (b) Richardson D. tive measure of the perturbation of the redox center induced by coordination

E.; Taube, HIlnorg. Chem.1981, 20, 1278. to the receptor unit. Beer, P. D.; Gale, P. A.; ChenAdv. Phys. Org.
(10) The criteria applied for reversibility was a separatiore®0 mV Chem.1998 31, 1.

between cathodic and anodic peaks, a ratio off1@.1 for the intensities (13) Haynes, M. J. XChem. Soc., Dalton Tran4993 311.

of the cathodic and anodic currentgl,, and no shift of the half-wave (14) (a) Baerends, E. J.; Ellis, D. E.; Ros,Ghem. Phys1973 2, 41.

potentials with varying scan rates. (b) Kohn, W.; Becke, A. D.; Parr, R. G. Phys. Cheml996 100, 12974.
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O, CHs association constants using the EQNMR program werex7.2
@_ >\‘_NH 105 M2 for F~ and 5.6x 10° M~1 for H,PO, .
NH The binding and recognition abilities of the homoditopic
ferrocenophane recept@c, bearing an-xylylene unit connect-
NH ing the two urea groups at the 1 arigpbsitions of the ferrocene
O)/'_ N\';H moiety, were also evaluated by electrochemical and isothermal
s titration calorimetry (ITC) analysis. The CV response2afin
) ) ] DMSO showed an electrochemically reversible one-electron
g(_eometry for the_free ligand (see the Supportlng Information) oxidation process @, = —0.398 V vs F¢/Fc. Electrochemi-
with both urea sidearms arranged to form an intramolecular .4 anion-sensing experiments demonstrate that only the stepwise
complex by means of two unequal hydrogen bridge bonds gqgition of F and PO~ promotes a cathodic shift of the
between a carbonyl O atom and both NH grougs. (i = ferrocenium/ferrocene redox couple. The maximum shift was
2.028 and 2.302 A, WBI 0.020 and 0.005) in the complementary obtained when 2 equiv of F(AEy» = —112 mV) or 1.5 equiv
urea moiety in a six-membered chelate fashion. With respect ¢ H,PO,~ (AEy, = —76 mV) were added (Table 1) (see the
to the noninteracting conformer &f symmetry, this represents  gynnorting Information). Notably, the presence of the other
a stabilization electronic energy ef5.07 kcal/mol that must  4nions had no effect on the voltammetric response, even when
be enough compensated by the interaction with a guest for thepresent in a large excess.
complex formation. For this model compouBgthe complex- The limited solubility of receptoBcin DMSO-ds prevented

ation Of.F_ anion oceurs ir] &, symmetrical mode (se_e the IH NMR spectroscopy-based titrations. To overcome such

?\l\jfeﬁgrtg:% I;iz:jri?]agjtl?vcz) Vgg?rsal(l)ff%;rd:ggegngs;%g;S( dlre:cted probl.ems, efforts were made to determine the qqion affinities
691 and 1.729 A WBI 0.079 and 0.064) that FAHN ¢ of this receptor by means of other, more sensitive methods.

ﬁ.‘ h an | sy ' anT bi 1)_ ahglvg MS€ 10 & |5othermal titration calorimetry (ITC) provides useful insight
igh complexation energy (see Table 1 in the Supporting iny, the nature of the binding interactions, and the advantages

Lnforlr_nfl;\tior;f). The inr:eractionl With. a second qui\l/(alent of F of this method for studying anion recognition properties have
as little effect on the complexation energy and keepshe been recently reportéd.ITC experiments were carried out by

symmetry in the most stable conformation (see the Supporting adding aliquots of the appropriate anian< 1.4 x 102 M) to
Information), but with every F atom strongly interacting mainly a solution of2c (¢ = 1 x 10-3M) at 298 K in DMSQ In the
with only one urea groupd.... = 1.508 and 1.666 A, WBI case of adding F, the titration curve showed two inflection

0'145 f"md 0'09{)' Qn the contra_ry, .complexation. of the less points around 0.5 and 1.0 equiv of anion added, which confirms
polanzmg HPQ," anion occurs with l't,ﬂe deformation of the ¢ formation of complexes with 2:1 and 1:1 (receptor/anion)
ligand that weakens the convergent intramolecular hydrogen ¢ i hiometries (see the Supporting Information). WheR®i~

bonds do"";]N : 2.183 _and 2.690 A, total WBI 0.024) in order anion was added, the titration curve showed an inflection point
to approach the rema|nder.d|vergent NH and CO, uréa groups5royund 0.5 equiv of anion added which evidenced the formation
that form a six contact points array with the anionic guest, o 5 5.1 complex. The titration data were fitted to a 1:1 or a 2:1

mainly consisting in weak hydrogen bonds with two RfpA bindin ; ; -
- g model using a nonlinear least-squares fitting procedure.
~un = 1.763 and 1.812 A, WBI 0.071 and 0.059) and one POH ¢ corresponding association constants are listed in Table 1.

group Geor-oc = 1.905 A, WBI 0.037), yielding a moderate Anion-binding properties of recepto, 2d, and2ebearing

comple_xatlon energy (see the Supporting Informatlor?). two photoactive naphthalene groups connected to the ferrocene
In this context, the behavior of the urea/ferrocene ligdad it by two urea moieties were evaluated by both electrochemi-
as a versatile redox active receptor has been studied byca| and fluorescence analysis. It is worth mentioning that the
electrochemical measurements. Compouel exhibited a fluorescence response of the acyclic receptmin the presence
reversible one-electron redox waveRat, = —0.320 V vs F¢/ of F-, CI, Br, AcO~, NOs~, HSQy~, and HPQ,~ anions was
Fc, and while it was unresponsive to"CBr~, AcO™, NG5, very close to that found for the free receptor, indicating that
and HSQ™ anions in DMSO solution, addition of 'Fand  he presence of those anions has little effect on the fluorescence
H:PO,™ anions as their tetrabutylammonium salts revealed its pehavior despite the formation of stable complexes. Neverthe-
capability for acting as electrochemical sensor for those anions. less, its electrochemical anion-sensing behavior was determined
In fact, upon addition of F a two-wave response, with the by CV experiments in DMSO containing 0.1 M TBACI@s
appearance of a new wave at a more negative potefiial< supporting electrolyte. The results obtained by the stepwise
—0.480 V), ascribed to the complexed species, was observed.aqgition of F anion (as its TBA salt) revealed the appearance
For the case of POy, it is notable that the response observed o g second reversible wavE&(, = —0.540 V vs F¢/Fc),
during the stepwise addition of the anion changes markedly andcorresponding to the ferrocene redox couple of the complexed
a typical shifting behavior, with the appearance of a new receptor, together with the corresponding to the free receptor
negatively shifted wave, was observedt,, = —142 mV being (Ey2 = —0.330 V vs F¢/Fc). Its position with respect to the
the maximum shift obtained when 3 equiv 011?04‘_ was added wave corresponding to the uncomplexed recepi@p = —210
(Evz = —0.462 V) (see the Supporting Informatio NMR  1\/)16 reflects a more favorable oxidation process for the
titration experiments were also used to monitor the anion fgrrocene moiety in the complexed species due to the presence
recognition process. Thus, upon addition of aliquots oBRd
H.PO,~ anions the urea protons were clearly downfield shifted, (15) (a) Schmidtchen, F. rg. Lett 2002 4, 431. (b) Tobey, S. L.;
demonstrating that these protons are involved in the ligand Anslyn, E. V. J. Am. Chem. So®@003 125 14807. (c) Lee, C.-H.; Na,
anion binding event (see the Supporting Information). The H.-K; Yoon, D.-W.; Won, D.-H.; Cho, W.-S.; Lynch, V. M.; Shevchuk,

binding profiles associated with the observed chemical shifts S V- Sessler, J. L. Am. Chem. So@003 125 7301. (d) Sambrook, M. -
. [P . R.; Beer, P. D.; Wisner, J. A,; Paul, R. L.; Cowley, A. R.; Szemes, F,
of the NH urea protons suggest a 1:2 and a 1:1 (ligand/anion) prew, M. G. B.J. Am. Chem. So@005 127, 2292.(¢) Sessler, J. L.; An,

binding fashion for F and HPO,~, respectively. The calculated  D.; Cho, W.-S.; Lynch, V.; Marquez, MChem. Eur. J2005 11, 2001.

Fe 3
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FIGURE 1. CV response of recept@b (10~ M) in DMSO before

—_—

(red) and after addition of 1 (green) or 2.2 (blue) equiv of fupporting
electrolyte, 0.1 M -BusN)ClOy; scan rate, 100 mV-3. JJ l m

A
in close proximity of a negatively charged anion center. The - 10 9 8 7 6 5 a4

current of the new redox couple increases until 2.2 equiv of the FIGURE 2. H NMR ral ch b dtor th .
uest fluoride anion is added. At this point, the reversible wave \E 2 Spectral changes observed Tor the urea protons
gorresponding to uncomplexed recegtdn'disappears (Figure gf82b' n DN]ESFOdG’ after the addition of () 0, (b) 0.8, (¢) 1.6, and (d)
1). This “two-wave behavior” is diagnostic of a large value for equiv ot
the equilibrium constant for Fbinding by the neutral receptor
2b with a BEF of 3312, which means that the complexation in
the reduced form of the ligarigb with F~ anions is 3312 times
more difficult than that in the oxidized one. Likewise, upon
addition of increasing amounts obPIO;~ to the electrochemical

solution of 2b a similar effect was observed with &E;, = E1p= —0.540 V vs Fe/F& (AE., = —0.190 V) was observed

—90.mV (BEF.: 25) thg CV data showing that 1 equiv is the maximum perturbation of the CV being obtained when 2
required to achieve the disappearance of the redox wave due tg

: - equiv of F~ anion was added. This “two-wave behavior” is
Fhe uncomplexed receptor (see the Suppprtmg Inl‘ormatlon). It diagnostic of a large value for the equilibrium constant for
IS notgworthy thaft t_he presence of other anions (B, AcO™, . fluoride binding by the neutral receptad. Similar “two-wave
H.SO4 , and NQ. ) in solution had no effect on the CV even in behavior” was also found when 2 equiv offD,~ was added:
high concentrations. . Ey» = —0.475 V vs FelFé (AEy, = —0.125 V) (see the
Tltrat|(_)n experiments usm’_g-l NMR spectroscopy in DMSO- Supporting Information). The BEF are 1628 for E&nd 130
ds following the chemical shift change of the urea protons were for H-PQ,~, respectively. As was mentioned above, the presence
used to determine the binding constants2bfwith both F of CI- Br‘, HSQs NO:,:_ and AcO" anions had n,o effect on
(Figure 2) and |2P04_‘ anions. Dur_ing the titra_tion experiment, the C{/, e\’/en whén pre:sent in large excess. These findings
all of the NH urea signals are shifted downfielld = +2.22 underscore the selectivity of receptd for F~ and HPO,
ﬁngéggiﬁ&?a;ﬁg F”?;tdzﬁlé tf?es—tzlﬁr:(;)tgrr:gzlé?tilciggtrg :;)r an anions in a relatively polar solvent (DMSO), where hydrogen-
5 S : )
authentic hydrogen-bonded compléxTitration isotherms bonding interactions between the urea functional groups and

. . . . he anions ar lly weaken mpetin Ivent mol-
obtained from these changes in the chemical shifts of the hostt e anions are usually weakened by competing solvent mo

. ; . . ecules.
NH signals were fitted nicely to a 1:2 and 1:1 (receptor/anion) - . .
binding model for F and FPO,~ anions, respectively, the The binding constants dfd with several guest anions were

: g . _ determined by the titration methods usithjNMR spectroscopy
2
Egr:;}sdpgnf;nglgs&cicil?gﬁ):':;&sitants being>4.00° M~ for in DMSO-ds following the chemical shift change of the NH

. o N . protons. Namely, addition of aliquots of the Fanion to a
Compound2d is the most rigid of the homoditopic anion solution of the recepto2d caused a chemical shift change of
receptors considered in this study, in which the redox activity P 9

of the ferrocene group, the photoactive behavior of the the NH protons of the receptor until 2 equiv of the anion was

8 . . . added Ao = +1.57 and+2.03 ppm), indicating that all four
naphthalene ring, and the anion-binding ability of the urea grou - . .
ar(iJ combined. 9I'he presence of this gtructl?;al motif in v%hicr? protons participate in the formation of the hydrogen-bonded

two signaling subunits are directly attached by two putative S(OTOBIEAX,’ZVE/;?;'? <°j‘§;/";‘ E:Sea;iseogL?tlogrticr?nfrtl?c?rtrnawt;oE ns;'\?vith
anion-binding sites could yield a combined fluorescence- and . I 0 . upp 9 . L
the resulting binding curve nicely fitting to a 1:2 stoichiometry

(16) Note thatAE;, reflects the balance of interactions with the guest of the complex. Further additions of the anion did not promote

between the oxidized and neutral receptor rather than the strength of the@ny significant change in those chemical shifts.
interaction between the receptor and the guest: lon, I.; Moutet, J.-C.;  Addition of 1 equiv of HPO,~ as a guest anion resulted in

redox-based sensor in a single molecule. The electrochemical
anion-binding properties o2d were determined by CV in
DMSO. Thus, on stepwise addition of Kas its TBA' salt), a
clear evolution of the reversible one-electron wave, correspond-
ing to the free receptor, frork;, = —0.350 V vs Fe/Feé to

Popescu, A.; Saint-Aman, E.; Tomazeswski, L.; Gautier-Luneau, . i ; —

Electroanal. Chem1997 440, 145. a lower downfield sh|ft L_(xé +1.08_ and+1._42 ppm) of the
(17) Amendola, A.; Boiocchi, M.; Fabrizzi, L.; Palchetti, &hem— NH resonances, which is also consistent W|_th t_he formation of

Eur. J.2005 11, 120. a hydrogen-bonded complex. The resulting binding curve clearly
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use of multichannel signaling fluoride selective chemoseriSors.

700. The receptor2d, however, based on an azaferrocenophane
600-' structure bearing two urea groups as linkers between the redox-
500+ active (ferrocene) and fluorescent (naphthalene) signaling
4001 subunits, shows both fluorescent and electrochemical anion-

] sensing action: it displays a selective fluorescent enhancement
300+ factor of 13 and a remarkable cathodic shift of the ferrocene
oxidation wave (190 mV) with fluoride anions.

I (a.u)

200+

] The calculated global minimum for th2d-2F- complex
1004 exhibits all four acidic urea protons involved in the binding
0. process, but following an asymmetric pattern in contrast to the
1 behaviour shown for th&-2F- model complexX* The most
-100 350 400 450 500 550 acidic urea protorrat one of the naphthal_ene-linke_d NH groups
A (nm) (as evaluated by simple comparison of either Mulliken or natural
charges on such hydrogen atoms in the free ligadp—is
FIGURE 3. Fluorescent emission &d (c =5 x 10°°> M in DMF) attached to one F atond{_y = 1.018 A, wBlI 0.509), the
upon addition of tetrabutylammonium fluoride (red) and dihydrogeno- corresponding naked N atom forming hydrogen bridge bonds
phosphate (blue)lgx. = 310 nm). with both the latter H atomdg....r = 1.527 A, WBI 0.195)

o and the related naphthalene-linked NH grodg..(un = 2.015
demonstrated the 1:1 stoichiometry of the complex, and the & '\ 0.028) in the other urea moiety. Both urea subunits
association constant was 405 M(error < 10%). With CI", are also connected by the other two NH groups that are hydrogen
Br-, HSQ;", NO;™, and AcO" anions, there were no chemical bridge bonding the second Rnion @...;n = 1.367 and 1.640
shifts changes for the NH peaks, even when up to 10 equiv of & '\yg| 0.205 and 0.095) in an almost linear fashion (angle

these anions were added. _ F-H—N = 168.0 and 1592 respectively) (Figure 4). Even
Assessments of the anion affinities also came from observing gier the required remarkable ligand reorganization from the
the extent to which the fluorescence intensitpdfwas affected uncomplexed C,-symmetric geometry (see the Supporting
in the presence of anions. The study of the fluorescence behaViorInformation), the highly negative calculated change in energy
of compound2d was carried out in DMFq = 5 x 107> M)
and shows a weak well-resolved naphthalene-like emission 50y (a) pesemund, C.: Sanyadanake, K. R. A. S.; Shjrgal. Chem.
bands with a maximum at 362 and 380 nm, respectively, when Soc., Chem. Commufi995 333. (b) Yamamoto, H.; Ori, A.; Ueda, K.;
excited at 310 nm, and with a quantum yiedsh = 0.016, Desemund, C.; Sinkai, SChem. Communl99§ 407. (c) Jinieez, D.;
measured with respect to naphthalene as standard .23+ Martinez-Mdrez, R.; Sanceng F.; Soto, JTetrahedron Lett2002 43,
002)18 The absorpt|on SpeCtI’um betWeen 250 a.nd 350 nm |S (21) (a) Cooper’ C. R, Spencer’ N’ ‘]ames, TCbem. Comunnlgga
dominated by the broad naphthalene band with a maximum at1365. (b) Nicolas, M.; Fabre, B.; Simonet,Ghem. Comunril999 1881.

it i i Aalts i (c) Yamaguchi, S.; Akiyama, S.; Tamao, K.Am. Chem. So200Q 122
31Of r;(rjn Upon addltl%n of Va.rIOllf]S amo_ns_ as TBaalts in ald b 6793. (d) Anzenbacher, P., Jr.; Jursikp#a; Sessler, J. LJ. Am. Chem.
20-fold excess, no change in the emission spectra could beggc 2000 122, 9350. (e) Anzenbacher, P., Jr.; Try, A. C.; Miyaji, H.;

observed for ClI, Br~, and HSQ. However, a strong fluores-  Jursikova K.; Lynch, V. M.; Marquez, M.; Sessler, J. .. Am. Chem.

cence enhancement factor of 13 was obtained in the presencé;?g-Z(O?(I)(_lﬂy T105|68-S(f) Kim,TS-MIX: YoonbﬂCheml- ?Oénélgggogzz
— i : _ o e . (9) Kima, T.-H.; Swager, T. MAngew. Chem., Int. )
of F~ with a quantum yield of> = 0.21. S_"_mlar emIS_SIOn 4803. (h) Lee, D. H.; Im, J. H.; Lee, J. H.; Hong, JTktrahedron Lett
enhancement was observed upon the addition £C4~ ion 2002 43, 9637. (i) Chen, G.-F.; Chen, Q.-Wetrahedron Lett2004 45,
(® = 0.05), although the magnitude of such enhancement (3- 3957. (j) Xu, G.; Tarr, M. A.Chem. Commur2004 1050. (k) Wu, J.-S.;

; ; Zhou, J.-H.; Wang, P.-F.; Zhang, X.-H.; Wu, S.-®rganic Lett.2005 7,
fold) was much smaller than for"Fion (Figure 3). Upon 55 oo s iai, F. R, Am. Chem. So@005 127, 9680.

recognition, no remarkable anion-binding-induced changes in (m) kim, S. K.; Bok, J. H.: Bartsch, R. A.; Lee, J. Y.; Kim, J. Srganic
the absorption spectrum could be detected. Unlike many Lett.2005 7, 4839. (n) Zhao, Y.-P.; Zhao, C.-C.; Wu, L.-Z.; Zhang, L.-P.;

fluorescent chemosensors for,Fhe fluorescence is “switched Tu?zk?izv)%)“glapcﬁl‘(”'CY-'DJJ_-A(\?‘fgr-iéf;ie”éz_Ogg7A1\v %1_4%uiperez C. Sessler
on” rather than “switched off” upon recognition. This fact could 5 "3’ A chem. S04999 121, 10438. (b) Gale, P. A.; Twymann, L. J.;

be of interest because in sensing processes, fluorescenceandiin, C. I.; Sessler, J. lChem. CommurL999 1851. (c) Miyaji, H.;

enhancement, rather than quenching, is usually preferred in ordeﬁatcg \{V \?Vesgler, |J IA?ng.L Chehm.'brlntt. Iidigoo 3L9, tgggd(g)l Ml%/gg

H H ., Dato, ., oessler, J. L.; Lynch, Metranedron Le , .

to observe a high signal output. _ () Miyaji, H.; Sesslerd. L. Angew. Chem., Int. E®001, 40, 154. (f)

The sensing of a fluoride anion, the smallest anion, has yamaguchi, S.; Akiyama, S.; Tamao, K. Am. Chem. So@001, 123
attracted growing attention because of its important role in 11372. (g) Vazquez, M.; Fabbrizzi, L.; Taglietti A.; Pedrido, R. M,;

i i i Gonzalez-Noya, A. M.; Bermejo, M. RAngew. Chem., Int. EQ004 43,
Pumﬁrokl)‘l.s;lo'oqﬁ?l pr_gcessﬁ’sﬂ;}e Conver:jtlonﬁl apﬁroaChef? 1962. (h) Saravanakumar, D.; Sengottuvelan, N.; Kandaswamy, M.;
or the binding of fluoride anion have used either the Specific arayindan, P. G.; Velmurugan, Dietrahedron Lett2005 46, 7255. (i)

strong affinity of a boron atom toward the fluoride anion or Watanabe, S.; Seguchi, H.; Yoshida, K.; Kifune, K.; Tadaki, T.; Shiozaki,
designed hydrogen bonding with the fluoride anion. These H-(Tzfét)f?h)ec(i:fﬁ“ '—EEttJZOOI\? 46, 8J82\/7\i Ko S W Lee. 3. V- Kim. S. K

: : : : a 0, £. J.; Moon, J. ., KO, S. ., Lee, J. Y., KIm, S. K.}
binding events have been conv_erted into an _electroche%?ncal Yoon, J. NamK. C. J. Am. Chem. So@002 125 12376, (b) Guunlaugs-
or fluorescent changéor, more directly, a colorimetric change  son, T.; Kruger, P. E.; Lee, T. C.: Parkesh, R.; Pfeffer, F. M.; Hussey, G.
detectable by the naked ef&Despite the development of these M. Tetrahedron Lett2003 44, 6575. (c) Kubo, Y.; Yamamoto, M.; Ikeda,

; ; _ai ; ; ; ; ; M.; Takeuchi, M.; Shinkai, S.; Yamaguchi, S.; Tomao,Ahgew. Chem.,
classical single-signaling approximations, there is a paucity of Int. Ed 2003 42 2036. (d) Tong, H.. Wang, L.: Jing, X wang, F.

Macromolecules2003 36, 2584. (e) Zhang, Bg.; Xu, J.; Zhao, Y.-g.;
(18) Berlman, I. B.Handbook of Fluorescence Spectra of Aromatic Duan, C.-Y.; Cao, X.; Meng, Q.-Palton Trans 2006 1271.

Molecules Academic Press: London, 1965. (24) Indeed &Cy-symmetric isomer o2d-2F-, analogous to the model
(19) Kirk, K. L. Biochemistry of the Halogens and Inorganic Halides  complex4a:2F-, has been found to be 5.76 kcal/mol less stable due to the
Plenum Press: New York, 1991; p 58. cyclic strain imposed by the rigid phane structure.
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FIGURE 4. Calculated structure (B3LYP/6-31G*) structure for the -2.0 1
2d-2F complex. Fluorine atoms are represented as green-yellow balls.
upon complexation (see Table 1 in the Supporting Information) 0.6 -0.4 -0.2 0.0 02
is consistent with the above-mentioned high association constant E (V vs FctiFc)

for this complex. As a consequence, this rigid geometry of o

2d-2F, in which the HOMOs are involved in fluoride binding, F'%’RE d5 lthPV(fbelSp())nSSdQI_Comgogﬁé(l_(f '\f/l)FPI&E)MSO beftqre
T H re ana arter ue) adaiion o equiv orl , supporting

I%ag_? to the efficiency Qf tEe photomcliuce(;i electrog t_ransfer electrolyte, 0.1 M 1§-BusN)CIO4; scan rate, 0.004 V-3; pulse width,

( ) process, present in the uncomplexe receqdpbeing 50 ms; amplitude, 50 mV.

reduced, thus explaining the observed strong fluorescence

enhancgmgnt. ) i o depending on the acidic characteristics of the anion used. Thus,
The binding and electrochemical recognition of anionic guests ¢, nonacidic guests, such as,fhe binding mode is based on
by the difunctional “urea-amine” recept@e has also been e receptor-donating hydrogen bonds from the urea (and

studied. This novel receptoze presents the characteristic probably to a lesser extent amino) group to the guest. For the
structural features of incorporating a redox center proximate to moderately strong acidic ##0,~ guests, the binding mode

a neutral hydrogen bond urea donor together with a fluorophore ¢ gists of a previous protonation of the primary amino group
unit bearing a neutral amino group, which can act as both y16\ved by hydrogen bonding and electrostatic interaction with
hydrogen-bond donor and acceptor. These structural motifs arey, guest anionproton transfer is followed by hydrogen-bond
of special importance in Nature where a variety of hydrogen- ¢, mation and subsequent anion coordination

b_ond_lng groups, both _do_nors and acceptors, are l.Jsed 0 The recognition of F and PO, anions by recepto2e in
discriminate between anionic gue$tg.he recognition of anions DMSO-ds solution was also investigated Byl NMR titrations
'”hSO'FJ“?” bg]/?le was |nvest|gr?tgd by r_rFEangvof fbcr)]t.h electro- - g ptoichiometric additions of those anions promote a large
chemical and fluorescent techniques. The CV of this receptor, o, rhation of the primary amino group present in the difunc-

in DI}ASOI,Eebeits a 4r§\</ersit2:e ferrocene/ f:e_”oce“ium_ rledox tional receptor, causing total disappearance when 0.5 equiv of
coupie ?t 12 = _Q'S and at more positive F’Otef?“a an  anions was added. Further additions, up to 2 equiv, causes a
irreversible oxidation waveH, = 0.034 V) corresponding t0  jaar downfield shift of the urea protonad = +1.11 and

the amine oxidation process (see the Supporting Informgation +1.69 ppm for F—and A = +0.80 and+0.38 ppm for

The ialectro_chemlcal fe_spof‘sewr‘:por? add_moln of Ct, Br”, H,PQO,~) proving the recognition event between the receptor
AcO™, NO;, and HSQ anions show identical CV compared 54 apjon (see Supporting Information). EQNMR analysis based
to that of the free receptor, indicating that the presence of those ,, e resylts obtained by analyzing the changes in chemical
anions has little effect on its electrochemical response. In gpigs of the urea protons during the recognition process indicate

contrast, the addition of variable concentrations of &nhd a 1:1 binding model and associations constants 0f3.1C?
H,PQ;~ caused a notable electrochemical response. Remarkablyy =1 'tor E- and 4.4x 10° M- for H.PO,. '

the amine oxidation peak exhibited a “two wave behavior”, with
the appearance of a second wave at more negative potentials
together with the corresponding free receptdEf{ = —374 mV

The presence of a naphthalene unit within the structure of
receptor2e prompted us to study its recognition capability by
- i 7 . fluorimetric analysis. Thus, the fluorescence spectra2ef
for F~ and AE, = —332 mV for FPQ,", vs Fc'/Fc) which excited atA = 330 nm in DMF show a weak emission bands

complfetely qlsappgars upon add!tlon of 2 equiv of _the_ Corre'sprofile typical of the naphthalene moiety. Nevertheless, upon
sponding anion. This electrochemical response to anionic guest addition of the set of the above-mentioned anions (-, Br-

provides tentative evidence for the involvement of this group AcO-, NOs~, HSQ,~, and HPQ,™) no significant changes in

in the j:foordlnatllon of dthese arlwlon;. Slrgulf‘r:\ragf? us'{)' ;[]he.fe’r’- the spectra were observed. This observation can be justified by
rocenefterrocenium redox couple showed a shitting behavior , ¢ presence of the electron-donating Nifloup which avoids

aﬂ.?t a dnfew O,Z(r:d?t'??hpiak emerg:eci at a_pcitggtlalvc?thlcijlcallythe receptor enhancement fluorescence upon coordination with
shifted from that of the free receptokky, = mv-tor the corresponding anions.

andAE;, = —108 mV for bPO,~ vs Fc'/Fc) (Figure 5) (see
also the Supporting Information), indicating that coordination
of an anionic guest to the urea group close to the ferrocene
group facilitates its oxidation. In summary, we describe the first members of a potentially

It has already been reported that difunctional mixed amide |arge class of easy-to-synthesize neutral ferrocene-based urea
amine receptors show two different modes of anion birtfing

Conclusions

(26) (a) Beer, P. D.; Drew, M. G. B.; Hesek, D.; Kingston, J.; Smith, D.
(25) (a) Jacobson, B. L.; Quiocho, F. Mol. Biol. 1989 206, 171. (b) K.; Stokes, S. EOrganometallicsl995 14, 3288. (b) Beer, P. D.; Graydon,
Luecke, H.; Quiocho F. ANature199Q 347, 402. A. R.; Johnson, A. O. M.; Smith, D. Kinorg. Chem.1997, 36, 2112.
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receptors and examined their binding properties toward variousenergy surface. Reported total electronic energies are uncorrected
guest ions using spectral, electrochemical, and fluorescencefor the ZPVE (zero point vibrational energy) and computed in the
techniques. Our synthetic methodology, which allows the 9gas-phase. Ligand strain energiésy§) were computed as the
preparation of a wide variety of ferrocene-based ureas eitherdifference between the uncorrected total electronic energy of the

acyclic or ferrocenophane-based cyclic architectures, with the '€ ligand in its most stable conformation and that of the frozen
L . . ligand conformation in the complex after removing the guest atoms
ferrocene unit directly linked to two urea groups, is based on

. A . ) and restoring the initial distances (as in the free ligand) to the bonds
the reaction of the 1,3vis(isocyanato)ferrocenewith amino of atoms involved in guest binding (typically-NH or C=0 bonds).
or diamino compounds. Selective binding to hydrogenphosphate gqyent (chloroform or DMSO) effects were calculated as SPE
and fluoride anions was observed for all of these ferrocene- calculations on the gas-phase optimized geometries, using the
based ureas. Remarkably, the new receptor 1,3,7,9-tetraaza[9]Tomasi’'s PCM (polarizable continuum model) formalighBond
ferrocenophane2d, obtained from the reaction with 1,8- orders were characterized by the Wiberg’s bond id¢igx/Bl) and
diaminonaphthalene, exhibits not only a high selectivity for calculated at the B3LYP/6-311G** level with the natural bond
fluoride ion over other anions with dramatic fluorescent oOrbital (NBO) method as the sum of squares of the off-diagonal
enhancement but also a special electrochemical recognition withdensity matrix elements between atoms, as formulated in terms of

; ; At the natural atomic orbital (NAO) basis set. Atomic charges were
remarkable cathodic shift of the ferrocene oxidation wave. obtained from SPE calculations at the B3LYP/6-311G** level using

either the Mulliker® population analysis or the NBO method.

Experimental Section General Procedure for the Preparation of 1,1-Bis[(N-sub-
stituted)ureido]ferrocenes.To a solution of 1,tbis(isocyanato)-
General Methods.All reactions were carried out underldnd ferrocenel (0.1 g, 0.37 mmol) in freshly distilled dry THF (15

using solvents which were dried by routine procedures. Column mL) was added dropwise a solution of the appropriate amine (1.11
chromatography was performed with the use of a column of mmol) in the same solvent (5 mL) under nitrogen. The solution
dimensions 60« 4.5 cm and of silica gel (60 A C.C. #200um, was stirred fo 3 h atroom temperature, and the resulting yellow
sds) as the stationary phase. The following abbreviations for statingsolid was filtered, washed with diethyl ether, and recrystallized from
the multiplicity of the signals in the NMR spectra were used: s the adequate solvent to give the appropriate-didubstituted
(singlet), bs (broad singlet), d (doublet), t (triplet), bt (broad triplet), ferrocene derivative.

st (pseudotriplet), dt (double triplet), m (multiplet), g (quaternary 2a: 80%; mp 208-212°C dec from DMSO; IR (Nujol; cm?)
carbon). The FAB mass spectra were recorded using 3-nitrobenzyl 3329, 3290, 1630, 1594, 1255, 1040, 938, 86DNMR (200 MHz,
alcohol as a matrix. CV and DPV voltammetries were performed DMSO-dg): 6 3.76 (st, 4H), 4.19 (d, 4H3J = 5.6 Hz), 4.25 (st,
with a conventional three-electrode configuration consisting of 4H), 6.35 (t, 2H2J = 5.6 Hz), 7.177.28 (m, 10H), 7.50 (s, 2H);
platinum working and auxiliary electrodes and a SCE reference 13C NMR (50 MHz, DMSOe¢l) 6 43.2 (CH), 61.8 (CH), 64.8 (CH),
electrode. The experiments were carried out with 2 M solution 97.9 (g), 127.0 (CH), 127.4 (CH), 128.6 (CH), 141.0 (q), 156.3

of sample in DMSO containing 0.1 M{C4Hg)4ClO, (WARNING. (q); EIMS m/z (relative intensity) 482 (M, 5), 375 (11), 349 (14)
CAUTION: potential formation of highly explosive perchlorate 242 (97). Anal. Calcd for gHosFeNyO,: C, 64.74; H, 5.43; N,
salts or organic compound$ as supporting electrolyte. All of the  11.61. Found: C, 65.01; H, 5.22; N, 11.38.

potential values reported are relative to theé/)c couple at room 2b: 75%; mp 225-228°C dec from DMSO; IR (Nujol; cm?)

temperature. Deoxygenation of the solutions was achieved by 3344, 3269, 1643, 1568, 1466, 1385, 1342, 1261, 1051, 825;
bubbling nitrogen for at least 10 min and the working electrode NMR (300 MHz, DMSQlg) 6 4.10 (st, 4H), 4.71 (st, 4H), 7.34 (t,
was cleaned after each run. The cyclic voltammograms were 1H, 3] = 7.8 Hz), 7.38 (dt, 1H3J = 6.9 Hz,4) = 1.2 Hz), 7.45
recorded with a scan rate increasing from 0.05 to 1.00'Msghile (dt, 1H,3) = 6.9 Hz,J = 1.2 Hz), 7.50 (d, 1H3) = 8.4 Hz), 7.84
the DPV were recorded at a scan rate of 4 mV with a pulse (d, 1H,3)J = 7.8 Hz), 7.98 (d, 1H3J = 8.4 Hz), 8.02 (d, 1H3J =
high of 10 mV and a step time of 50 ms. Typically, receptox(1 7.8 Hz), 8.49 ppm (s, 2H)C NMR (75.3 MHz, DMSOdg) 6
102 mol) was dissolved in solvent (5 mL) and TBAP (base 61.2 (CH), 64.6 (CH), 116.3 (CH), 121.0 (CH), 122.1 (CH), 125.3
electrolyte) (0.170 g) added. The guest under investigation was then
added as a 0.1 M solution in appropriate solvent using a microsy-  (27) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
ringe, while the cyclic voltammetric properties of the solution were M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
monitored. Ferrocene was used as an external reference both folN.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V;
potential calibration and for reversibility criteria. Under similar Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
conditions the ferrocene h& = 0.390 V vs SCE and the anodic ~ 'Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
. o - - PR Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

peak-cath.odlc peak.separgtlon is 67 my. l\/.llcrocalorllmetrlc titrations y - 'wox . E.: Hratchian, H. P.: Cross, J. B.: Bakken. V.: Adamo, C.:
were carried out using an isothermal titration calorimeter, and they jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
were performed as follows: a solution of the receptor in DM8O (  Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
=1 x 103 M) was prepared and it was titrated with the appropriate Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
alkylammonium salt at 25C. The original heat pulses were S. Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
normalized using reference fitrations carried out using the same g Eﬁggf‘d"’agﬁagi oﬁigﬁgﬁﬁsﬂa&éﬁa{,,Oét_'zé_;J'L?fj,' g_u;"l_g;hiﬁﬁg%f"
salt solution but pure solvent, as opposed to the solution containing pisxorz, p.: Komaromi, I.: Martin, R. L.: Fox, D. J.: Keith, T.. Al-Laham,
the receptor. M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;

Theoretical Calculations. Calculated geometries were initially ~ Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, H&ussian
optimized with the Gaussian &package at the DFT level of theory ~ 03 revision B.03; Gaussian, Inc.: Wallingford, CT, 2004.

. . ; : (28) Bartolottiand, L. J.; Fluchick, K. IrReviews in Computational
by using the B3LYP functioné (Becke's three parameters hybrid o isiy Lipkowitz, K. B.. Boyd, B. D., Eds.: VCH: New York, 1996;

functionaf® with the Lee-Yang—Parr correlation function&) and Vol. 7, pp 187-216.
the 3-21G* basis set. The obtained structures were then refined (29) Becke, A. D.J. Chem. Phys1993 98, 5648.
with tight convergence criteria at the final B3LYP/6-31G* level. (30) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

For 2d, 3-F~, and3-2F", the final refinement was performed by (31) (8) Miertus, S.; Scrocco, E.; TomasiChem. Phys1981, 55, 117.
imposing the resulting, symmetry obtained in the unconstrained EE; gg’s‘"srin'MR"R'\geg”ﬁc_c's'gi;gmag’Jé';?gﬁég\f/‘g?ﬁqﬂggqclhﬁﬁgggé-
low-level calculations. The interaction studies betw@ei or 3 24, 669. - M Rega, N Ul " put.

and the appropriate ions were carried out at the B3LYP/6-31G*  (32) Wiberg, K.Tetrahedronl96§ 24, 1083.

level after global minimum search in the B3LYP/3-21G* potential (33) Mulliken, R. S.J. Chem. Phys1955 23, 1833.
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(CH), 125.6 (CH), 125.7 (CH), 128.2 (CH), 133.6 (q), 134.6 (q),
153.2 (g); MS (FAB) m/z (relative intensity) 555 (35, M+ 1].
Anal. Calcd for GaHysFeNO,: C, 69.32; H, 4.73; N, 10.11.
Found: C, 69.51; H, 4.55; N, 10.38.

General Procedure for the Preparation of Tetraazam]-
ferrocenophanes.To a solution of 1,%tbis(isocyanato)ferrocene
1 (0.1 g, 0.37 mmol) in freshly distilled dry THF (80 mL) was
added dropwise a solution of an equimolar amount of the appropri-
ate diamino compound in the same solvent (80 mL) under nitrogen.
The solution was stirred at room temperatunedd and the solvent
removed under vacuum giving a residue which was chromato-
graphed on a silica gel column, using &H,/CH;OH (9:1) as eluent
to give the corresponding ferrocenophane which was crystallized
from the adequate solvent.

2c: 70%; mp 202-205°C dec from DMSO; IR (Nujol; cm?)
3297, 3208, 1647, 1548, 1247, 1211, 1035, 1014, 8H#2NMR
(200 MHz, DMSO¢g) 6 3.87 (bs, 4H), 4.26 (d, 4H) = 6.2 Hz),
4.40 (bs, 4H), 6.23 (bt, 2H), 6.99.17 (m, 3H), 7.35 (s, 1H), 7.51
(s, 2H);*3C NMR (100 MHz, DMSO¢g) 6 41.8 (CH), 60.5 (CH),
62.2 (CH), 98.7 (g), 122.6 (CH), 123.5 (® CH), 126.9 (CH),
141.0 (), 155.4 (q); MS (FAB) m/z (relative intensity) 405 (70,
M* + 1). Anal. Calcd for GoHoFeNyO2: C, 59.42; H, 4.99; N,
13.86. Found: C, 59.17; H, 4.76; N, 13.59.

2d: 68%; mp 177179°C from DMSO; IR (Nujol; cnr?) 3360,
3263, 1665, 1600, 1493, 1374, 1067, 1035, 852, 804, F50IMR
(200 MHz, DMSO¢dg) 6 3.81 (bs, 4H), 4.08 (bs, 2H), 4.89 (bs,
4H), 7.25 (d, 2H3J = 7.0 Hz), 7.43 (t, 2H3J = 7.0 Hz), 7.6
7.76 (m, 4H), 8.48 (s, 2H):*3C NMR (50 MHz, DMSOsg) 6 57.9
(CH), 60.9 (CH), 62.2 (CH), 63.3 (CH), 97.7 (q), 124.4 (CH), 125.2
(CH), 125.7 (CH), 134.0 (q), 135.7 (g), 153.8 (q); EIMS8z
(relative intensity) 426 (100, K), 399 (3), 268 (100), 158 (54).
Anal. Calcd for GoHigFeN/Oo: C, 61.99; H, 4.26; N, 13.14.
Found: C, 61.74; H, 4.30; N, 13.38.
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Preparation of 1,1-Bis(8-amino-1-naphthylureido)ferrocene
2e.To a solution of 1,kbis(isocyanato)ferrocene 1 (0.1 g, 0.37
mmol) in freshly distilled dry THF (15 mL) was added dropwise a
solution of 1,8-diaminonaphthalene (1.5 mmol) in the same solvent
(15 mL) under nitrogen. After the mixture was stirred at room
temperature for 4 h, the solvent was reduced under reduced pressure
to 10 mL, and then EO (20 mL) was added. The orange solid
formed was filtered and recrystallized from @E,/Et,O (2/10) to
give 2ein 73% yield: mp 216-213°C dec; IR (Nujol; cn1l) 3479,
3375, 3325, 3254, 1652, 1614, 1559, 1446, 1378, 1252, 1170, 1033,
950, 824;'H NMR (300 MHz, DMSO¢) 6 3.93 (bs, 4H), 4.48
(bs, 4H), 5.51 (s, 4H), 6.67 (t, 2H) = 7.2 Hz), 7.04-7.14 (m,
6H), 7.37 (d, 2H3J = 8.2 Hz), 7.54 (d, 2H3]J = 7.2 Hz), 8.51 (s,
2H), 9.16 (s, 2H)C NMR (75.3 MHz, DMSO#dg) 6 61.7 (CH),

64.6 (CH), 97.5 (q), 112.5 (CH), 118.2 (q), 118.8 (CH), 119.5 (CH),
123.8 (CH), 125.1 (CH), 126.0 (CH), 135.7 (), 136.1 (q), 144.5
(q), 153.7 (g); MS (FAB) nmvz (relative intensity) 585 (100, M

+ 1). Anal. Calcd for GoH.gFeNsO,: C, 65.76; H, 4.83; N, 14.38.
Found: C, 65.51; H, 5.02; N, 14.64.
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