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The First X-ray Characterized Monosubstituted Ferrocenyl Azacrown
Chalcone: Focus on Its Calcium Interaction/Electrochemical Detection Studies
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The first X-ray characterization of an azacrown ferrocenyl
chalcone [(CsHs)Fe(CsH,COCH=CHCgH,-p-aza-15-crown-
5)] (2) is reported. Its cation electrochemical detection capa-
bilities have been evaluated and its behaviour towards pro-
tonation and calcium addition has been thoroughly exam-
ined. The uncommon ligand-Ca?* interaction process in-
volves three species of different stoichiometry in equilibrium
in solution. Their association constants have been calculated.
These species are formed by interaction of calcium with both
the azacrown and CO functions of compound 2, as evidenced

by NMR and IR spectroscopy. The theoretical MESP analysis
also suggests that, contrary to its N-ethyl-substituted homol-
ogue [(CsH;5)Fe(CsH,COCH=CHCzH,NEt,)] (1a), both coor-
dination sites of 2 are involved in this interaction process.
The study highlights that the CO group of 2 improves the
selectivity of the cation electrochemical detection when
compared to the known compound [(CsHs)Fe(CsHy-
CH=CHC¢H,-p-aza-15-crown-5)].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Although a plethora of redox-active or fluorescent mole-
cules have proved their usefulness as ion sensors,!! ferro-
cenyl receptors that contain two types of signaling units, i.e.
electroactive and fluorescent, are rare.”! They could be the
keystone of new families of ion chemo-sensors that can
either sense different guests or display two or more macro-
scopic observable events upon addition of a certain analy-
te.[>>33] The fabrication of these systems and their integra-
tion into different supports (e.g. electronically conducting
polymeric supports and optical fiber) would lead to novel
prototype molecular sensory devices for commercial
use [1b-2a]

Recently, we have investigated the synthesis of electroac-
tive receptors that combine a ferrocenyl unit and a purely
organic fluorescent ion sensor subunit containing an R-
amino complexing moiety (-COCH=CHC¢H,-p-R):*®! In
particular, the disubstituted compound [Fe(CsHy-
COCH=CHC4H4NEt,),] behaves as a new type of multire-
sponsive calcium-sensing device in CH;CN.™ Its monosub-
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stituted counterpart [(CsHs)Fe(CsH4COCH=CHC¢H,-
NEt,)] (1a) is not fluorescent. However, interposition of the
conjugated -COCH=CHC¢H,- spacer between the ferro-
cene unit and the NEt, ionophore in this compound allows
an electronic communication through the link.[**! This im-
portant property suggests that molecules containing this
fluorescent organic fragment could be electrochemical sen-
sors. Other research teams have also shown a great deal of
interest in the studies of related compounds (analogs of 1a)
incorporating a CO function directly linked to a ferrocenyl
moiety,P! and tested these compounds in applications such
antimalarial activityl® or as potential anticancer drugs.[”)
However, none of these compounds was evaluated for elec-
trochemical sensing.

In an earlier study,® we focused on the effect of the in-
sertion of a -CH=CH- unit into the conjugated link of com-
pound 1a, and evaluated three N-alkyl ferrocenyl deriva-
tives with a variable spacer length towards cation electro-
chemical detection (Scheme 1).

Redox-active ionophores based on covalently linked
crown ether-metallocene systems have received much atten-
tion in recent years because they provide a good selective
electrochemical response to the presence of a guest cation.!
In the present study, we have investigated the influence of
the substituent of the nitrogen atom on the cation electro-
chemical detection and have replaced the diethylamino
group of la by the aza-15-crown-5 residue to synthesize
compound 2 (Scheme 2). Furthermore, we have pursued
our interest in understanding and quantifying the nature
of the complex process leading to the calcium electrochemi-
cal detection. To the best of our knowledge, this is not a
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Scheme 1. Compounds la—c.

common approach in this research field of ferrocenyl chem-
istry.

In this paper we report the X-ray and electrochemical
characterization of the azacrown compound 2, together
with its cation electrochemical detection abilities. We de-
scribe the preparation and characterization of its proton-
ated derivative [2H][BF,4] (3) and the investigation of thor-
ough 'H and '*C NMR measurements concerning the inter-
action of compound 2 with calcium. In addition, we have
recorded mass and IR spectral data that provide interesting
information about the complex equilibrium that occurs dur-
ing this interaction. Finally, we compare these results with
those obtained in the previous study concerning the N-sub-
stituted methyl and ethyl compounds.[®! Furthermore, in
agreement with experimental data, the theoretical MESP
analysis of compounds 1a and 2 indicates that both coordi-
nation sites of 2 are involved in this interaction process.

<E>-COMe (\O/W
Fe + CHO~—CS—N (0
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Results and Discussion

Synthesis and Characterization of Compound 2

We synthesized compound 2 by treatment of acetylferro-
cene with the appropriate crown aldehyde according to the
improved procedure reported for la—¢® (Scheme 2). This
new procedure allows a significant improvement on the iso-
lated yield of 2 when compared to our original pro-
cedure.”®! The product was isolated in good yield (65%)
as a red powder. The IR spectrum of molecule 2 exhibits
a v(CO) stretching vibration at 1647 cm™' in CH;CN
or in KBr. This low value is due to the conjugation of
the CO bond with the double bonds of the m-system
(-CH=CHC4H,- moiety) in the molecule.?>102-10d1 e
could observe clearly both the characteristic strong stretch-
ing vibrations associated with the methylene groups of the
crown in the 2873-2941 cm ! range in CH;CNI!''2l and the
asymmetrical stretching C—O-C vibrations as a broad band
near 1125 cm !.[11®]

2D NMR experiments were undertaken in CD3;CN in
order to provide a complete assignment of each signal (see
Experimental Section). In comparison to compound 1la,
which has nearly the same signals in this solvent, the three
CH, crown signals observed at 6 = 3.57 (br. s), 3.62 (m),
and 3.74 (t) ppm, respectively, appear as the '"H NMR sig-
nature of the compound 2 (see Figure S1 in the Supporting
Information). Interestingly, a low-field HMQC experiment
allowed the verification of a clean correlation between the
C,pso-N carbon atom of the phenyl ring and the protons of
the CH, crown groups a to the nitrogen atom (H,). This
feature is also observed for 1a and lc between the C,,,,-N
carbon atom and the protons of the CH, ethyl groups. Vari-
able temperature NMR experiments in CD3;CN gave no fur-
ther information.

Crystals of 2 suitable for X-ray structural analysis were
obtained by slow recrystallization from CH3CN. A perspec-
tive view of the molecule is shown in Figure 1, crystallo-
graphic data for compound 2 are provided in Table 1, and
selected bond lengths and angles are listed in Table 2.

Scheme 2. Synthetic route to compounds 2 and 3. Reagents and conditions: i) NaOH (5 equiv.), EtOH, 20 °C; ii)) HBF, (1 equiv.), Et,0,

CH;CN, 20 °C.
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Figure 1.Molecular view of the structure of compound 2 (ORTEP
3) with 50% thermal ellipsoids.

Table 1. Crystallographic data for Compound 2.

Empirical formula C,oH35NOsFe
Molecular mass 532.42
Crystal system orthorhombic
Space group Pbca

a[A] 15.03434(9)
b[A] 12.9933(8)

¢ [A] 26.589(2)
VA3 5193.6(6)
Pcalcd. [mg m73] 1.362

zZ 8

u [mm] 0.620

T [K] 160(2)

Ry [I > 26(D)] 0.0381

WRy [I > 20(1)] 0.0850

R, (all data)® 0.0636

WwR; (all data)®! 0.0933

[a] Ry = ZI|Fe| — [FIEIF [b] wRy = [Z{w(F,* — F2)Xw(F) 1.

Table 2. Selected bond lengths [A] and angles [°] for compound 2
with esd’s in parentheses.

Bond lengths [A]

Bond angles [°]

Cla-C(1) 1.477(4) O(1)-C(1)-C(2)  122.6(3)
o(1)-C(1)  1.231(4) O(1)-C(1)-C(la) 120.3(3)
C(1)-C(2)  1.464(4) C(2)-C(3)-C{@)  127.2(3)
C2)C(3)  1.339(4) C(4)-C(5-C(6)  122.1(3)
C3)-C(d)  1.449(4) C(6)-C(7)-C(8)  116.6(3)
C4)C(5)  1.403(5) C(7)-C(8)-C(9)  121.3(2)
C(5)-C(6)  1.370(4) C(6)-C(7)-N 121.5(3)
C8)CO)  1.369(4) C(8)-C(7)-N 121.8.(2)
C(7)-N 1.375(4) N-C(10)-C(11)  114.0(2)
N-C(19) 1.462(4) N-C(19)-C(18)  115.1(2)

The Cp rings of the compound are nearly eclipsed, with
a tilt angle of 7°. The bond lengths within the ferrocenyl
moieties!'? as well as the C=0, CsH,~C;, and C=C dis-
tances compare well with values reported in the litera-
turel!>131 and values obtained for the N-alkyl compounds
1b and 1¢.® In compound 2, the ethylenic bond is cis to
the CO function, as for the two structurally characterized
compounds 1b and 1¢, and the conjugated organic chain is
also almost planar. The crown moiety is essentially perpen-
dicular to this link, with a torsion angle of 103° and 76°
for C7-N-C10-C11 and C7-N-C19-C18, respectively. The
observed disorder of the oxygen ring atoms illustrates the
degree of flexibility of the crown moiety.'*! Its C—C and C—
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O distances are in the expected range of values.!'”] To the
best of our knowledge, this molecule is the fourth structur-
ally characterized example of a monosubstituted compound
presenting a CsH,COCH=CHC¢H, linkage.!®!?a] The C-N
distance in 2 [1.375(4) A] is close to the values observed for
1b, 1c, and [(CsHs)Fe(CsH,COCH,NH,)OY [1.385(4),
1.384(5), and 1.368(9) A, respectively]. As expected, these
distances are longer than that in [(CsHs)Fe(CsHy-
COCH=CHC¢H,NO,)]"'21 [1.224(11) A], which bears an
electron-withdrawing NO, function.

It is noteworthy that the Cla—N distance of around 9.0 A
is significantly shorter than in 1b and 1c (11.5 and 11.4 A,
respectively). The distance between the iron atom and the
crown carbons (C11, C12) is approximately 9.5 A. The
shortest distance between the Cp unit and the crown ring
is the C2B-C12 distance of 7.8 A.

Electrochemical Studies: Characterization of Compound 2

The electrochemical properties of compound 2 were in-
vestigated in CH3CN (Table 3) and a typical voltammo-
gram of this species is shown in Figure 2. The shape of the
cyclic voltammogram is not altered either by multiple suc-
cessive scans or by change of the scan rate. As shown in
Figure 2 and Table 3, compounds 1a and 2 exhibit similar
electrochemical characteristics. For these compounds the
first wave observed in the cyclic voltammograms (CV), at
E,, = 0.70 V, is due to the oxidation of the ferrocene moiety
and corresponds to a quasi-reversible process whose Ej),
value was determined by linear voltammetry. The first
irreversible oxidation process of compound 2, whose Ej/,
value is 0.92 V, may be attributed to the oxidation potential
of the organic amine moiety (E;,, Org).[®l Moreover, it lies
in the range of values reported for the oxidation of some
azaferrocenyl compounds.['! Interesting studies on the oxi-
dation of organic and ferrocenyl aromatic and aliphatic
amines!!'” 2% and our previous results!'®8l suggest that dif-
ferent and/or competitive mechanisms (e.g. amine proton-
ation or radical coupling) may be responsible for the second
and third well-defined irreversible organic oxidation waves
situated at £y, = 1.20 V and 1.65 V. In reduction, the single
wave observed (E,, = —1.76 V) is attributed to a reduction
process mainly located on the CO function.

As illustrated by the first organic oxidation potential, the
organic moiety of compound 2 is slightly more difficult to
oxidize than that of 1a. This is probably due to the presence
of the electron-withdrawing oxygen atom, which decreases
the donor strength of the nitrogen atom. Under similar con-
ditions, the same phenomenon is also observed in the case
of the organic compounds [CHOC¢H4NEt,] and
[CHOC4H4-p-aza-15-crown-5]. An anodic shift (60 mV) of
the oxidation potential of the organic moiety is observed
for the second compound when compared to the first one.
It is noticeable that the E,, value of the “CO” reduction
process of 2 may vary but its Ej,, is always very close to
that of the N-alkyl compound 1a.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2495
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Table 3. Selected electrochemical characteristics of compounds 1a and 2 in CH;CN.[2

Fe Org CO
Epa EI/Z (P) AE‘p Rlp Epa El/Z (P) Epa El/2 (P)
1a 0.70 0.64 (52) 63 1.0 0.92; 1.60 0.84 (47); 1.50 (106)  -1.78 ~1.69 (46)
2 0.70 0.63 (54) 84 1.0 0.99; 1.20%; 1.65  0.92 (37); #; 1.50 (47) -1.76 -1.67 (47)

[a] P, AEp [mV]; Ep, Ep, [V]. AE, = Ej(backward) — E (forward) =

Ey. — Ep,. RI, = |I(backward)/I(forward)| = |I,, /I,

b Ipol- P = slope

of the linear regression of E = f{logli/iy — i]). Org = oxidation processes of the organic part of the molecule. Conditions: [complexes] =
1073 M; Pt electrode (I mm diameter); scan rate in cyclic voltammetry: 100 mVs™!, in linear voltammetry: 5mVs™'; solution of 0.1 m
nBuyNBF, in CH;CN; reference electrode SCE. * = residual wave; # = E}, not determined.

T

-0.5

0.0

T T T 1

05 1.0 1.5 2.0

E (V) vs SCE

Figure 2. Cyclic voltammograms of compounds 1a (dashed line) and 2 (solid line). Experimental conditions: Pt electrode (1 mm diameter)
in 0.1 M solution of nBuyNBF, in CH;CN; scan rate 100 mVs™!; ligand concentration 103 m; reference electrode SCE.

Electrochemical Calcium Recognition Ability of Compound 2

Electrochemical tests were first performed with 2 (1073 m)
in acetonitrile in the presence of various cations (Li*, Na™,
K*, Ba?*, Mg?*, Ca?*, Cu*, Cu®**, and Zn?>*"). Complex
changes occurred in the presence of copper cations and give
rise to unclear detections that have not been studied further.
As for compound 1a, compound 2 is poorly sensitive to the
presence of cations other than Mg?* and Ca?*. The design
of chemosensors that are specific to these biologically rel-
evant cations is a challenging task for many groups.?!l
However, for the Mg>* cation, the detection was rather inef-
ficient and peculiar: with one equivalent of salt the iron
potential very slowly shifted anodically (AE,,, = 50 mV af-
ter 2 h), whereas an incomplete decrease of the intensity of
the organic wave was observed, even in salt excess.

As the Ca®* electrochemical sensing was very clear for
compound 2 we were especially interested in it. Addition of
one equiv. of Ca(OSO,CF3), to compound 2 induced a
clear shift of the Fe'"™! couple to anodic potential (AE,),
= 70 mV; Figure 3). This shifted wave still corresponds to a
quasi-reversible process (£, = 0.70 V, AE, = 81 mV, Ry, =
1.0). Simultaneously, the waves corresponding to the oxi-
dation processes of the organic part of the molecule disap-
peared. The reduction process is also strongly perturbed

2496 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(see Figure S2 in the Supporting Information): a very
broad, ill-defined reduction wave could be observed
around —0.8 V while a new reduction process appeared at
—-0.19 V (vide infra). Furthermore, when an equimolar mix-
ture of Li*, Na*, K*, Ba?*, Zn?* (4 equiv.) in the presence
of 1equiv. of Ca?* was added to an acetonitrile electro-
chemical solution of 2, the same electrochemical character-
istics as those induced by Ca>* alone were obtained.

The results obtained here are similar to those obtained
for 1a upon calcium addition. Consequently, in this family
of compounds, the cation detection is more sensitive to the
nature of the Fe-N spacer than to the nature of the aza
group.

Upon comparing the reported data concerning the
electrochemical detection of lithium by [(CsHs)Fe-
(C5H4CH:CHC6H4NM62)][16] and by [Fe(C5H4CONR2)2][22]
with the changes observed by cyclic voltammetry for com-
pound 2 upon calcium addition, it appears that the Ca’*
complexation process could involve the whole organic part
of molecule 2 since both its oxidation and reduction pro-
cesses are entirely perturbed. Therefore, to determine in
particular whether the azacrown moiety and/or the CO
function were involved in this complexation (or interaction)
process, a thorough NMR study was undertaken.

www.eurjic.org Eur. J. Inorg. Chem. 2005, 2493-2505
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Figure 3. Segmented cyclic voltammograms of compound 2 (dashed line), and 2 + 1 equiv. of Ca(OSO,CFj3), (solid line). Experimental
conditions: Pt electrode (I mm diameter) in 0.1 M solution of nBuyNBF, in CH;CN; scan rate 100 mVs'!; ligand concentration 103 m;

reference electrode SCE.

NMR Spectroscopic Study: Treatment of Compound 2 with
H* and Ca**

To investigate the complexation at the nitrogen atom,
compound 2 was protonated. In CH;CN, treatment of com-
pound 2 with HBF4-Et,O in a 1:1 stoichiometry turned the
solution from red to pink and afforded the protonated spe-
cies [2H][BF,4] (3; Scheme 2). This new compound was iso-
lated in good yield (80%). As described in the Experimental
Section, elemental analyses and mass spectra are also in
agreement with the proposed formula for 3. In the solid
state (IR spectrum, KBr), its elongation vibration v(NH™")
could be located in the expected range 3030-
3100 cm 1'[1d,2b,23a]

The characterization of this compound was fully
achieved by 'H and '3C 2D NMR measurements. In the 'H
NMR spectrum (CDsCN, 293 K, 400 MHz) the proton-
ation reaction was confirmed by the presence of a new sig-
nal at 6 = 8.48 ppm attributed to the proton of the NH*
group.['$-23] The NCH, crown protons a to the nitrogen
atom H,, appear as a downfield-shifted multiplet (6 =
3.90 ppm) compared to 2, as shown in Figure 4. The
HMQC measurements indicated that the Hy and H, pro-
tons of the crown groups are diastereotopic (see Experimen-
tal Section).

Tables 4 and 5 clearly highlight that compounds 2 and
1a have a similar NMR behaviour towards protonation.
However, the A(6CH,,) value of 2 is smaller than that of 1,
which is probably due to the flexibility of the crown moiety.
Stronger perturbations of the phenyl ring of 2 are observed
upon protonation: the A(0H4) values are 1.16 ppm and
0.82 ppm for 2 and 1a, respectively. For both compounds,
the CHy4 and C,,,,-C carbon shifts are also sensitive to the
important structural variations that occur.’! Finally, the
CH,, CH,, CHg, and CO groups present the smallest varia-
tions.

Eur. J. Inorg. Chem. 2005, 2493-2505 www.eurjic.org
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Figure 4. '"H NMR (400 MHz, CD5CN) spectra in the § = 3.0—
4.0 ppm range: crown region of (a) 2, (b) 2 + 1 equiv. Ca>*(c) 2 +
1 equiv. H*.

Table 4. 'H NMR (400.13 MHz, CDsCN, 293 K) shift variations
[Ad, in ppm] of selected groups of compounds 1a and 2 upon a)
protonation and b) calcium addition (1 equiv.). [L] = 5% 103 M. See
group labeling in Scheme 2.

H, H, H, Hy HH H, H;

a) Protonation

la 031 0.11 040 0.82 023 0.05 0.10

2 031 012 040 1.16 028 0.06 0.11
b) Calcium addition

la -0.01 0.17 0.01 -0.02 0 0.11  0.09

2 0.11 -0.02 0.15 0.59 -0.15 0.06 0.11

[a] Hy: protons a to the N atom.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2497
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Table 5. 3C NMR (100.62 MHz, CDsCN, 293 K) shift variations [Ad, in ppm] of selected groups of compounds 1a and 2 upon a)
protonation and b) calcium addition (1 equiv.). [L] = 5% 1073 M. See group labeling in Scheme 2.

Compound CH, CH, CH, CHy CH, CH., CH; CO CipsoC Cipso-N
a) Protonation
la 8.46 -3.50 -0.07 11.62 9.96 0.35 1.01 -0.07 16.08 -11.84
2 7.92 -3.31 -0.15 12.21 5.94 0.33 0.92 -0.12 15.72 -13.92
b) Calcium addition
la -1.07 2.67 0.71 0.03 0.07 0.68 1.16 2.77 -0.36 0.55
2 4.05 -0.44 -0.46 9.04 0.23 0.56 09 1.48 7.34 1.80

To get an insight into the ligand—Ca®" interaction pro-
cess responsible for the electrochemical detection of cal-
cium, the '"H NMR spectra of this compound were re-
corded in CD5;CN both with and without one equivalent of
calcium salt. To properly ascertain the variations of the
shift observed, 2D NMR measurements were also per-
formed (see Experimental Section).

As indicated in Table 4, the H,, H,, and Hy protons of
compound 2 present similar downfield shift variations upon
addition of Ca?* as those induced by protonation of 2, but
with smaller magnitudes. In addition, calcium addition in-
duces drastic downfield shifts of the Hy aromatic protons
and of the azacrown protons Hg , and an upfield shift for
the H,, crown protons adjacent to the nitrogen atom (see
Figure 4). This phenomenon has been previously ascribed
to conformational changes resulting from Ca?* crown com-
plexation.?!! This is also reminiscent of the NMR behav-
iour of organic aza-15-crown-5 compounds®! and of the
ferrocenylazacrown compound [(CsH4CH,>N(C;,H5405)-
Fe(CsHy)LP towards alkali or alkaline-earth metal cat-
ions.

Tables 4 and 5 also illustrate how alkyl compound 1a and
crown compound 2 behave differently upon addition of one
equivalent of calcium. In particular, the noticeable differ-
ences for compound 2 are that (i) the H, shift occurs, (ii)
the Hy proton is not affected, and (iii) the CH4 carbon
atoms are strongly perturbed whereas the CO group is only
moderately perturbed. The observed shifts with a 1:1 stoi-
chiometry suggest that a preferred azacrown interaction oc-
curs but that a competitive CO interaction may also exist.
The studies of the effect of salt concentration presented in
the two following sections reinforce this interpretation.

Mass Spectrometry, IR Spectroscopy, and a Theoretical
Approach

First, to confirm that strong enough interactions may ex-
ist between ligand 2 and the Ca(OSO,CF5)* unit, mass
spectra were recorded with samples of 2 (102 M) containing
0.5, 1, 2, and 4 equivalents of salt, respectively. These mass
measurements revealed peaks for the three following species
2M, (2),M, and 2M,, where M is the calcium salt (see Ex-
perimental Section). This also indicates that different ad-
ducts may be present in these mixtures.

In order to confirm further the above NMR hypothesis,
complementary investigations were performed. For the IR
studies, stepwise addition of Ca®* to a solution of 1a at the

2498 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NMR concentration led to a decrease in the intensity of the
v(CO) vibration at 1647 cm ' and to the appearance of a
new band located at 1630 cm™'. An excess of salt (up to
10 equiv.) increased the intensity of this new vibration at
the expense of the original v(CO) vibration of the free li-
gand, which still remained. This is consistent with the pro-
posed equilibrium between the two main species: the free
form 1a, and its 1:1 complexed form [1aCa(OSO,CFj5),].l¥!
In this case, interaction of Ca2* with the CO function classi-
cally induces the lowering of the wavenumber.

In contrast, addition of one equivalent of Ca* to a solu-
tion of the crown compound 2 first led to a decrease of its
main v(CO) vibration at 1647 cm™! while a new band ap-
peared at higher wavenumber (1655 cm™!, see Figure 5, part
a). This is consistent with a preferred N-crown complex-
ation,?”) which decreases the force constant of the C,,,,-N
bond and the resonance with the conjugated system, thus
strengthening the v(CO) vibration mode. Furthermore, pro-
tonation of 1 and 2 at the nitrogen site also induces a sig-
nificant shift of the v(CO) vibration mode to higher wave-
number (from 1647 cm™' to 1659 cm™"). These latter results
strengthen our interpretation.

When more calcium salt was added, the main feature ob-
served was the increase of a new broad band centered at
1640 cm™!; the intensity of the band situated at 1655 cm™!
also increased slightly (see part b of Figure 5). This latter
phenomenon may be interpreted as the result of the forma-
tion of one species where Ca* is now interacting with CO.
It is also consistent with the formation of a 2M, adduct
which could potentially interact at high salt concentration
through both its CO and azacrown groups. In conclusion,
the CO group acts here as a Ca>* IR sensitive probe.

Thus, the IR studies show that Ca* interacts with both
possible coordination sites of 2. As shown below, this is
supported by a comparative theoretical investigation of the
molecular electrostatic potential (MESP) of compounds 2
and 1la.

The gas-phase molecular electrostatic potential (MESP)
was computed for the experimental geometries of 1a and 2
at the B3PW91/6-31G** level. The MESP has been shown
to be weakly sensitive to the level of calculation.”81 A
MESP minimum value of —0.101 a.u. is obtained for 1a.
Part a of Figure 6 displays the MESP isosurface for a value
of —0.080 a.u. There is a continuous negative MESP region
formed by the joining of the two lone-pair regions of the
oxygen atom of the carbonyl moiety. This suggests that the
minima of the MESP are located near the lone pairs of the

www.eurjic.org Eur. J. Inorg. Chem. 2005, 2493-2505
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Figure 5. Segmented IR spectra of: (a) 2 (dashed line), 2 + 1 equiv. of Ca(OSO,CF3), (solid line); (b) 2 + 1 equiv. of Ca(OSO,CFs),
(solid line), 2 + 4 equiv. of Ca(OSO,CF3), (dashed line) in CH3CN at NMR concentration.

oxygen atom of the carbonyl group. The carbonyl group is
therefore expected to be the preferential binding site of the
calcium cation. The picture is different for 2. A similar
MESP minimum value of —0.104 a.u. was computed at the
same level. Again, the minima of the MESP are located
near the lone pairs of the oxygen atom of the carbonyl
group. However, as shown in part b of Figure 6, the lone
pairs of the oxygen atoms of the crown moiety display a
slightly less negative value of MESP than that of the car-
bonyl group. This suggests that these sites will now compete
with CO for the calcium cation binding.
a b

Figure 6. a) compound 1a, MESP isosurface (-0.080 a.u.) and b)
compound 2, MESP isosurface (-0.055 a.u.), computed at the
B3PWO91/6-31G**level. Iron atom in sky-blue, nitrogen atom in
deep blue, oxygen atom in red, and carbon atoms in green.

Analysis of the 13C NMR Data and Proposition of a Ca2*
Interaction Model

To determine the number, the stoichiometry, and the val-
ues of the association constants of the calcium adducts in-
volved, this interaction process was further studied by
NMR spectroscopy. The variation of the 'H and '*C NMR
chemical shifts was studied when changing the Ca(O-
SO,CFj3), concentration in CD;CN. At 293 K, contrary to
compound 1a, the width of the '"H NMR peaks observed
for compound 2 was sometimes too great to allow an accu-
rate assignment. Fortunately, the chemical shift variations
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of seven protons of 2 at 323 K could be successfully plotted
against the calcium concentration. Figure 7 clearly illus-
trates a decreasing effect following the order AdHy > AJH,,
> AoH. > AoH, > AJH, = AJH., AdHy, thereby corrobo-
rating a preferred crown complexation. It is noteworthy that
the H,, protons are also the only protons of the crown ring
whose shift variation can be clearly followed vs. the salt
concentration at 323 K.
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Figure 7. '"H NMR chemical shift variations of the mentioned pro-
tons of 2 (6.2x103 M) vs. the Ca(OSO,CF3), concentration in
CD;CN at 323 K. See atom labeling in Scheme 2.

At 293 K, as shown in Figure 8, the '3C NMR study pro-
vides more information about the azacrown compound. As
expected, the largest carbon shift variations occur for the
CHg4 and C,,,-C carbons. The main feature is that the CO
and the CH,, carbon shifts vs. Ca®>* concentration yield val-
ues larger than those observed for the CH,, groups involved
in the crown complexation. This feature clearly indicates
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that a Ca®>*—CO interaction also occurs.[*#! Thus, Figures 7
and 8 illustrate clearly the resulting effect of a double-site
interaction process that involves not only the crown ring
but also the CO conjugated moiety. To the best of our
knowledge, this is the first time that a thorough '*C NMR
investigation has shown the possibility of such a competi-
tive process with a ferrocenyl ligand.

CHg

A(%C) ! ppm

0 1.0 2.0 3.0 40 5.0

1.2
-~ 1.0 2(M);
=
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[~
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0.0 Bl
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Ca(CF;S03); concentration (x 102 m)

Figure 8. Top: '3C NMR chemical shift variations of the mentioned
protons of 2 (1 X102 M) vs. the Ca(OSO,CFj3), concentration in
CD;CN at 293 K. Experimental values (dots) and calculated (lines)
curves obtained by fitting the data. See atom labeling in Scheme 2.
Bottom: Concentration of the formed species vs. calcium concen-
tration. [2] = (1 X 1072 m).

The continuous shifts of the sharp peaks observed during
the calcium titration experiments are indicative of the pres-
ence of fast equilibria on the NMR timescale. So, for each
calcium concentration, only a time-averaged spectrum of
the ligand and/or the ligand-calcium complexes is ob-
served. For example, in the '*C NMR spectra, any observed
chemical shift dC; (where i corresponds to a specific site) is,
in fact, a mole fraction weighted average of the shifts ob-
served in the free and complexed molecules, see Equation

(D).

dC; = X(0CyXjoy) = oCMXL + oCMMXy + 20CHMXHm +
0C"™M> X\ (1)

where L is the ferrocenyl ligand 2, M is the calcium cation,
and X the mole fraction of the considered species, and a; its
stoichiometric coefficient.The clear advantage of the global
curve-fitting method, i.e. the simultaneous fitting of the
data related to all signals, is that it can discriminate between
several L,M,, complex binding models.”?”) We have pre-
viously reported the method used to determine the associa-
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tion constants for the different L,M,,, complexes present in
solution.3%31 In the present work, the fitted data were the
oC; for the seven curves shown in Figure 8. The following
equilibria were considered and are described in the expres-
sions below.

L+M — 1M K
IM+L . LzM K2
LM+M — IM; K3

In Figure 8, we display the '3C NMR experimental data
points together with the corresponding theoretical fit
curves. A complete agreement between theory and experi-
ment could only be obtained by taking into account the
existence of three species [2M, (2),M, 2M,] of different stoi-
chiometries and their corresponding association constants
(K; =1.99%10%, K, = 8.09x10%, K5 = 1.07x10? Mm!; values
given with £15% error). The other unknowns are the seven
calculated JC; values for each of the three species [2M, (2),-
M, 2M,] as indicated in Equation (1). Their adjusted AJC;
values are given in the Supporting Information (Table S6).
The set of association constant values also gave a good
curve fit in the case of the '"H NMR spectroscopic data (see
Figure S3). However, since the experimental temperature is
different, the equilibrium can be modified. Therefore, this
latter result must be considered with caution. As shown in
Figure 8 (bottom), the calculated concentrations of the
formed species vs. calcium concentration indicate that while
(2)>M is the main stoichiometry at low concentration, 2M,
is the major compound at high calcium concentration as
for the alkyl compound 1¢.¥] Contrary to the alkyl com-
pounds la—c, (2)»M may exist in significant amounts.

The model used to calculate the association constants
does not make any distinction between the two sites of in-
teraction — azacrown ring and unsaturated ligand CO sys-
tem. However, association constants two to four orders of
magnitude larger than for the alkyl compounds 1a—c were
found under the same experimental conditions.!®! The main
difference is that these latter compounds do not interact
through their nitrogen site. This suggests that the preferen-
tial complexation of the azacrown moiety stabilizes the
formed adducts of 2. It should be noted that for the 2M
compound, the calcium ion diameter of 1.98 A closely fits
the crown-ether cavity, which is 1.7-2.2 A% and the
double charge of this cation promotes a good electrostatic
interaction. This may explain the stability of such a com-
plex. Considering a L,M species, high values of the associa-
tion constants have also been found for related organic li-
gands after treatment of their UV/Vis data.’® In conclu-
sion, in the range of ligand concentrations considered (from
6.2x 1073 to 1 x 1072 M), several species compete. In a future
paper, we will show that this NMR analysis is in full agree-
ment with the results of a UV/Vis spectroscopic study real-
ized with compound 2 and Ca?*.

From a coordination point of view, as previously demon-
strated, the Ca®"—ligand interaction may occur with the
crown moiety and/or with the unsaturated CO moiety. Con-
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sidering first the CO—Ca?" interaction, a screening of the
CCDC database shows that the Ca* cation may interact
with six to nine donor atoms of an organic ligand exhibiting
a —C=C-C=0 linkage.’3 Considering now the crown
group, although numerous calcium-containing structures
are known, the X-ray structures of only a few azacrown
calcium complexes have been reported.['>2434 In these lat-
ter references, concerning purely organic ligands, the cal-
cium is complexed to the crown moiety and the coordina-
tion shell of the calcium is completed (or not) with oxygen
provided by another part of the organic ligand, or by a
solvent molecule (methanol or water). Otherwise, a sand-
wich complex of Ca?* with two 18-crown-5 ligands has
been recently structurally characterized by Akutagawa et
al.,?> which suggests that a similar arrangement may exist
for the (2),M azacrown compound. Moreover, under our
experimental conditions, the triflate ion may also interact
with the Ca?* cation, for example through its O or F atoms,
thereby increasing the number and nature of possible donor
atoms and interacting modes.[36]

Unfortunately, it was not possible to obtain any X-ray
structure of 2Ca*, but in the light of the above cited refer-
ences!!>243436] we may infer that several interacting formu-
lations can be considered for one definite stoichiometry. For
example, the (2),M species could be formed by interaction
of two carbonyl groups of two different ligands with the
same calcium, by interaction of one CO group of one ligand
and one crown group of another ligand with calcium, or by
sandwich complexation of calcium by two crown groups of
different ligands.

As far as the 2M, species is concerned, the possibility of
having two coordination sites of the same ligand simulta-
neously involved in the Ca?* interaction, one located close
to the negative site (CO) and the other to the positive (aza-
crown) site of 2, is supported by the recent description of a
dimeric X-ray structure of an interesting [LPb>*], chemo-
sensor.[*7]

In conclusion, to satisfy a required stoichiometry and to
complete the calcium coordination sphere, one or both in-
teracting sites, different anion binding modes, solvent mole-
cules, or, if necessary, several ligands can be involved. How-
ever, in the reported equilibria, electrostatic interactions or
weak intermolecular interactions (for example with adja-
cent phenyl groups), rather than classical complexation re-
actions, may also be considered. Finally, let us remark that
the IR data corroborate the NMR analysis when increasing
the Ca?* concentration.

NMR tests were also performed with 2 in the presence of
lithium, sodium, and potassium triflate, and showed weak
proton-shift variations when compared to those due to the
interaction with calcium (see Figures S4 and S5). Therefore,
in these cases, a thorough NMR study was not appropriate.
However, for example, the 2Na* adduct could be detected
by mass spectrometry by a peak situated at m/z = 556 (FAB,
and ES positive mode). For the Ba(OSO,CF3), salt, a good
ligand—Ba’* interaction exists (see Figure S4) and the 2M,
(2),M, and 2M, species were detected by mass spectroscopy
(ES). Because the Ba* electrochemical detection was not
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efficient, the 2-Ba?* interaction was not studied. As far as
the Mg?" cation is concerned, a thorough NMR study was
not appropriate.

Pathway Between Calcium Interaction and Its
Electrochemical Detection

In the above sections, we have shown that the proton-
ation of ligand 2 affords the well-defined product 3, whereas
interaction of ligand 2 with calcium triflate affords different
products (see also Figure 4). It must be pointed out that, in
contrast, under our standard electrochemical conditions the
protonated compound 3 leads to similar electrochemical
characteristics as 2 in the presence of one equivalent of cal-
cium triflate. In particular, for compound 3, a new re-
duction wave at E;, = -0.19V (AE, = 224 mV) was also
clearly detected (vide supra), and is attributed to the
NH* reduction process. How could these two different reac-
tions — calcium interaction with ligand 2 and its proton-
ation — lead to the same electrochemical characteristics (de-
tection)?

In light of the outcome of the electrochemical detection
of calcium by alkyl compounds 1a—c,®! we suspected a pe-
culiar role of the nBuyNBF, electrolyte in the Ca(O-
SO,CF;), electrochemical detection. Therefore, for com-
pound 2, the calcium interaction process with Ca(O-
SO,CF3), was re-examined in the presence of the
nBuysNBF, supporting electrolyte, following the same pro-
cedure as that detailed previously.l®! The main conclusion is
that, as for the alkyl compounds la—c, the three compo-
nents in the mixture (Ca>*, BF,~, H,O) are responsible for
the formation of the protonated species 3 (as a selected rep-
resentative illustration see Figure 9). The small amount of
water can be provided by the electrochemical or the NMR
medium. There is no interaction between ligand 2 and the
nBuyNBF, electrolyte salt. In fact, the protonation reaction
follows the Ca(OSO,CF3), interaction process with ligand
2 only when the BF, anion is present in the medium. Thus,
in this case, the protonation reaction is the ultimate reaction
step. Consequently, in the presence of the nBuy;NBF, elec-
trolyte, the observed electrochemical calcium detection does
not directly correspond to the Ca(OSO,CF3), interaction
process but is induced by it. The positive potential shift
(AE,),) of iron observed for ligand 2 upon Ca®* addition
corresponds, in fact, to that induced by ligand protonation.
Thus, the AE,; of the Fe!'/Fe!'! couple represents the differ-
ence of the oxidation potential between the protonated
form [Fe'"NH™] and the neutral form of the compound. For
compounds la—c, increasing the distance between the redox
center and the amino site decreases the |AE|,,| value of the
Fe oxidation process. We have shown here with compound
2 that modifying the nature of the amine has no effect on
the electrochemical detection. In fact, the C1-N distance in
the new compound 2 is close to that of 1a. According to the
rule devised by Plenio et al.*®], the through-bond electronic
communication along the conjugated chain responsible for
the detection must be the same for 1a and 2, and is effec-
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Figure 9. '"H NMR (250 MHz, CD5CN) spectra in the 6 = 0-8.7 ppm range of (a) 2, (b) 2 + 1 equiv. of nBuyNBF,, (c) mixture (b) +

1 equiv. of Ca(OSO,CF3), after 4 h, (d) compound 3. * H,O, - NH*.

tively better than that for 1b,c, which have a longer Cl-
N distance. Our findings are also in agreement with those
obtained for the Mg>* electrochemical detection by com-
pounds [(CsHs)Fe(CsH,CH=CHCsH,4R)] (R = NMe, and
N-azacrown-5), leading to the same AE), value, and for
which a through-bond electronic communication has been
proposed.3”!

Concluding Remarks

We have evaluated the first structurally characterized
ferrocenyl azacrown chalcone compound 2 for its electro-
chemical cation detection ability. A remarkable sensing of
the Ca?* cation is possible. This sensing relies on a complex
interaction that involves not only the CO moiety of this
receptor, as for its simple alkyl homologues la—c, but also
the azacrown ring, as evidenced by IR spectroscopy and
MESP calculations. This interaction gives rise to the forma-
tion of three species of different stoichiometry in equilib-
rium in solution. This kind of phenomenon is not usual
for ferrocenyl compounds. This was especially evidenced by
experiments varying the ligand/cation concentration ratio
and using different techniques such as mass spectrometry
and IR and 2D NMR spectroscopy.

In our compounds the CO function plays a role as a
coordination site for the interaction and does not interrupt
the electronic communication between the terminal N do-
nor and the ferrocenyl center, which can sense the variation
of the electronic density. In contrast, the CO group can
change the selectivity for the cation electrochemical detec-
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tion. In fact, under our experimental conditions, the CO-
free compound [(CsHs)Fe(CsH,CH=CHC4Hy-p-aza-15-
crown-5)] detects the Li*I'®) Na* and K** cations through
crown-—cation interactions with a magnitude of the cathodic
shifts of 110, 60, and 20 mV, respectively, for the Fe!'/Fe'!
couple. One reason for this difference may be that for com-
pound 2 these N—cation interactions are weakened by the
charge transfer due to the presence of the electron-with-
drawing CO group. For compound 2, in these cases, the
CO-cation interactions are also probably too weak to be
electrochemically detected or to promote the final proton-
ation responsible their detection.

In comparison to the 2-Ca?* interactions, 2-Ba?* inter-
actions are probably different because the Ba’* cation is
larger, has a lower charge density, and a preference for
intermolecular associations. These kinds of interactions do
not allow the final Ba®* electrochemical detection by com-
pound 2. The stability of these 2-Ba?* interactions is dem-
onstrated by the addition of the nBuyNBF, supporting elec-
trolyte, which does not induce any change of the NMR
spectra.

Overall, regarding the field of ferrocenyl chemistry, we
have reported solid evidence for a novel and rare example
of a ligand-cation complex equilibrium. Furthermore, we
have also shown that this new X-ray characterized ferro-
cenyl azacrown ligand leads to a peculiar and rather selec-
tive electrochemical calcium detection in which the CO
function plays a key role. These results also clearly highlight
that the Ca*detection or sensing by ligand 2 is not a simple
Ca?* molecular interaction or recognition process.

www.eurjic.org Eur. J. Inorg. Chem. 2005, 2493-2505



A Monosubstituted Ferrocenyl Azacrown Chalcone

FULL PAPER

Experimental Section

Materials: Toluene and THF were distilled from over sodium/
benzophenone, whereas pentane, dichloromethane, and CH;CN
(pure SDS) were distilled from over CaH, and stored under argon.
EtOH (analytical grade, purex SDS) was simply degassed. [(CsHs)
Fe(CsH4COMe)] (95%; Aldrich), [C¢Hs-p-aza-15-crown-5] (98 %;
Acros), and HBF, (54% in Et,O; Aldrich) were obtained from the
indicated suppliers. Ca(OSO,CF3), (96%; Strem) was used without
purification. LiOSO,CF; (99%; Strem), NaOSO,CF; (97%;
Fluka), Ba(OSO,CF3), (97%; Fluka) KOSO,CF; (99%; Acros),
Zn(0SO,CF3), (98 %; Aldrich), and Mg(OSO,CFj3), (98 %; Fluka)
were obtained as indicated. All these salts were dried under vac-
uum, weighed, and added to solution under an argon atmosphere.
[CHOCH=CHC4H4-p-aza-15-crown-5] was prepared according to
the published procedure.[*"]

General Instrumentation and Procedures: All syntheses were per-
formed under a nitrogen atmosphere using standard Schlenk tube
techniques. IR spectra were recorded on a Perkin—Elmer GX FT-
IR spectrophotometer. Samples were run as KBr pellets or in
CH;CN. Elemental analyses were carried out on a Perkin—Elmer
2400 B analyzer at the L. C. C. Microanalytical Laboratory in Tou-
louse. Mass spectra were obtained at the Service Commun de Spec-
trométrie de Masse de 1’Université Paul Sabatier et du CNRS de
Toulouse (fast atom bombardment, FAB>0; or desorption chemi-
cal ionization, DCI) were performed on a Nermag R 10-10H spec-
trometer. A 9 kV xenon atom beam was used to desorb samples
from the 3-nitrobenzyl alcohol matrix. Other spectra were per-
formed on a triple quadrupole mass spectrometer (Perkin—Elmer
Sciex API 365) using electrospray as the ionization mode. The in-
fusion rate was 5 pLmin'. "H and '3C NMR spectra were recorded
on Bruker AC 200, AM 250, DPX 300, and AMX 400 spectrome-
ters and are referenced to external tetramethylsilane. For 2D NMR
experiments, the observation frequencies were in the range
400.13 MHz for 'H and 100.62 MHz for '3C.

Electrochemical Studies: Voltammetric measurements were carried
out with a home-made potentiostat™*!! using the interrupt method
to minimize the uncompensated resistance (iR drop). Experiments
were performed at room temperature in an airtight three-electrode
cell connected to a vacuum/argon line. The reference electrode con-
sisted of a saturated calomel electrode (SCE) separated from the
solution by a bridge compartment filled with the same solvent and
supporting electrolyte solution. The counter electrode was a plati-
num wire of about 1 cm? apparent surface. The working electrode
was a Pt electrode (1 mm diameter). The supporting electrolyte
[nBuyNBF, (99 %; Fluka electrochemical grade) or Et;NBF, (99 %;
Aldrich)] was melted and dried under vacuum for one hour. All
solutions measured were 1.0 X 103 M in the organometallic complex
and 0.1 M in supporting electrolyte. The solutions were degassed by
bubbling argon before experiments. With the above reference, a
value of Ej;, = 0.45V vs. SCE was obtained for 1 mm ferrocene
(estimated experimental uncertainty of =10 mV). Cyclic voltamme-
try was performed in the potential range -2 to 2 V vs. SCE scan-
ning from 0 toward 2 V/SCE for oxidation studies (and from 0
towards —2 V/SCE for reduction studies) at 0.1 Vs!, at room tem-
perature. Before each measurement, the electrode was polished with
Emery paper (Norton A621). To calculate the half-wave potential
(E1p), the method is as follows: a quasi-steady-state behavior (at
Pt working electrode: 1 mm of diameter) was obtained by the use
of linear voltammetry at 5mVs~'.

Proton NMR Titration Studies: Proton and carbon NMR titrations
were typically performed as followed. A solution (500 uL) of the
receptor in a deuterated solvent (102 M) was added with a microsy-
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ringe to NMR tubes containing the appropriate quantities of solid
Ca(OSO,CF3), under inert atmosphere, and the NMR spectrum of
the receptor was monitored. The samples of calcium salt were pre-
pared by evaporating the corresponding calculated volumes of a
standard solution (102 M) in acetonitrile. Stability constants were
evaluated from titration data using the method indicated in the
text.

[(CsHs)Fe(CsH4COCH=CHC¢H4-p-aza-15-crown-5)] (2): A mix-
ture of [(CsHs)Fe(CsH4COMe)] and CHOCH,-p-(aza-15-crown-
5) (1:1; 0.66x 1073 M), and five equiv. of NaOH was dissolved in
ethanol (15 mL) and stirred for 24 h at room temperature. The mix-
ture was evaporated to dryness and the residue was dissolved in
dichloromethane (10 mL). The solution was filtered off and the sol-
vent evaporated to dryness (twice). The product was purified by
column chromatography on alumina (eluent: pentane/CH,Cl,) and
the obtained red phase was extracted with THF as eluent. After
evaporation of the solvent, the product was washed with pentane
(30 mL) and dried to afford the desired product as a deep orange
powder in 65% yield. '"H NMR (CD;CN, 293 K): 6 = 3.57 (m, 4
H, Hy), 3.62 (m, 8 H, H,, Hy), 3.63 (m, 4 H, H,), 3.74 (t, *Jupnq
= 6.3Hz, 4 H, H), 422 (s, 5 H, CsHs), 4.59 (t, *Jyenr = 1.9 Hz,
2 H, Hyp), 493 (t, 3Jpenr = 1.9 Hz, 2 H, H,), 6.77 (d, *Jycpa =
9.0 Hz, 2 H, Hy), 7.11 (d, 3Jyam = 15.5Hz, 1 H, H,), 7.62 (d,
3Juena = 9-0Hz, 2 H, Hy), 7.63 (d, *Jyam = 15.5Hz, 1 H, Hy)
ppm. PC{'H} NMR (CD;CN, 293 K): § = 52.86 (CH,), 68.48
(CHy), 69.76 (CH,), 69.78 (CH,), 70.21 (CsHs), 70.30 (CH,), 70.96
(CH,), 72.63 (CHy), 83.35 (C,,-CsHy), 112.05 (CHgy), 118.59
(CH,), 122.84 (C,,,,-C), 130.64 (CH,), 141.06 (CHy,), 150.00 (Cjg,-
N), 192.50 (CO) ppm. IR (KBr): ¥ = 1522, 1553, 1577, 1610, 1647
(Veo), 2855-2946 cm™ (vep); (CHSCN): 1521, 1579, 1609, 1647
(Veo), 2873-2941 cm™ (vey). MS (DCI): m/z = 534 [M + HJ".
C,9H;35FeNOs: caled. C 65.30, H 6.61, N 2.63; found C 65.42, H
6.54, N 2.70.

Interaction of One Equivalent of Ca?* with Compound 2: 'H NMR
(CDsCN, 293 K): 0 = 3.47 (s, 4 H, Hp), 3.84-3.92 (m, 16 H, H,,
H, H,, Hy), 4.25 (s, 5 H, CsHs), 4.70 (t, 3Jyennir = 1.9 Hz, 2 H, Hy),
4.99 (t, *Jyeur = 1.9 Hz, 2 H, H,), 7.22 (d, /o = 15.6 Hz, 1 H,
H.), 7.36 (d, 3Jye1a = 8.8 Hz, 2 H, Hy), 7.61 (d, 3Jyga 1 = 15.6 Hz,
1 H, Hy), 7.77 (d, 3Jyea = 8.8 Hz, 2 H, H,) ppm. *C{'H} NMR
(CD;CN, 293K): ¢ = 53.09 (CH,,), 68.38, 68.96, 69.03, and 69.86
(CHgy, CH,, CH,, and CHy), 70.32 (CH,), 70.58 (CsHs), 73.72
(CHp), 81.11 (Cj,,-CsHy), 121.09 (CHy), 122.84 (CH,), 130.18
(Cipso-C, CH,), 140.62 (CHy), 151.80 (Cy0-N), 193.98 (CO) ppm.

[(CsHs)Fe(CsH,COCH=CHC4H -p-aza-15-crown-5)H|[BF,]  (3):
HBF,4-Et,0 (1 equiv.) was slowly syringed into a stirred solution of
2 (0.19x 103 m) in acetonitrile (10 mL). The light-protected mix-
ture was stirred for 4 h. After solvent evaporation, the product was
washed with diethyl ether (30 mL) and pentane (40 mL), and dried
under vacuum. A violet powder was obtained in 80% yield. 'H
NMR (400 MHz, CDsCN, 293 K): 6 = 3.09 (m, 2 H, H,), 3.37 (m,
2 H, H,), 3.64 (m, 4 H, H,), 3.72 (m, 2 H, H,'), 3.74 (m, 4 H, H)),
3.79 (m, 2 H, Hy'), 3.90 (m, 4 H, H,,), 4.26 (s, 5 H, CsHs), 4.70 (t,
3henr = 2.0 Hz, 2 H, Hy), 4.99 (t, 3Jye s = 2.0 Hz, 2 H, H,), 7.42
(d, 3Jgamp = 16.0Hz, 1 H, H,), 7,75 (d, 3Jyamo = 16.0Hz, 1 H,
Hy), 7.93 (d, 3Jyea = 8.4 Hz, 2 H, Hy), 8,02 (d, 3Jyena = 8.4 Hz,
1 H, H,), 8.48 (br. s, 1 H, NH*) ppm. *C{'H} NMR (100.6 MHz,
CD;CN, 293 K): 6 = 58.80 (CH,,), 68.90 (CHj), 69.12 (CH,), 70.09
(CH,), 70.43 (CsHs), 70.43 (CH,), 70.59 (CH,), 73.55 (CHy), 81.40
(Cipso-CsHy), 124.26 (CHy), 126.51 (CH,), 130.49 (CH,), 136.08
(Cipso-N), 137.75 (CHy), 138.56 (C;p0-C), 192.38 (CO) ppm. IR
(CH3CN): ¥ = 1516, 1597, 1608, 1659 (vco), 2880-2942(vep),
3052-3149 cm™! (vyy+). MS-FAB: m/z = 534 [M - BF,]".

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2503



FULL PAPER

B. Delavaux-Nicot, J. Maynadi¢, D. Lavabre, C. Lepetit, B. Donnadieu

CaoH3¢BF,FeNOs: caled. C 56.07, H 5.84, N 2.25; found C 55.96,
H 5.78, N 2.23.

Mass Spectrometry: Interaction of Compound 2 with Ca?*: The sam-
ples used were those of the NMR titrations. MS (ES, CH;CN):
mlz = 287 [2 + Ca?'], 722 [2M — CF3SOs;7], 1060 [2)M, —
CF5S057], 1255 [(2).M — CF;S0O57].

Computational Details: The molecular electrostatic potential
(MESP) has been extensively used by chemists for probing molecu-
lar structure and reactivities.[*”) It is the potential generated by the
molecular charge distribution as experienced by a positive charge.
The topological analysis of the MESP, proposed by Gadre at al.,[*’]
is a very valuable tool for exploring the sites of reactivity of a mole-
cule as well as their relative strengths. The deepest minimum in the
MESP distribution can generally be taken as the most favorable
position for an approaching positive charge. The minima in the
MESP indicate localization of electron density and can be treated
as potent sites of electrophilic attack. The molecular electrostatic
potential (MESP) was computed for the experimental geometries
at the B3PW91/6-31G** level using Gaussian98.1*4 Visualization
of the MESP isosurfaces was performed with molekel.*!

Curve-Fitting Method: In the cited references 4, 8, 30, and 31, D.
Lavabre has performed all the simulations and parametric adjust-
ments by relying on his homemade software, SA version 3.

Crystallographic Study: Data were collected at low-temperature
(160 K) on a four-circle Kappa CCD XCALIBUR diffractometer
from Oxford Diffraction using graphite-monochromated Mo-K,
radiation (1 = 0.71073 A) and equipped with a nitrogen low-tem-
perature device (CRYOSET). Final unit-cell parameters were ob-
tained by means of a least-squares refinement of 5768 reflections.
The structure was solved by direct methods using SIR924%1 and
subsequent Fourier maps. The model was refined by least-squares
procedures on F? using SHELXL974") implemented in WinGX.[48]
Atomic scattering factors were taken from the International Tables
for X-ray Crystallography.*?! All hydrogen atoms attached to car-
bon were introduced at their idealized positions [d(CH) = 0.93 A]
and were refined using a riding model. They were given isotropic
thermal parameters 20% higher than those of the atom to which
they are attached. The oxygen atom O(4) was found to be statistic-
ally distributed over two sites and was refined accordingly. All non-
hydrogen atoms were anisotropically refined, and the weighting
scheme used in the last refinement cycles was w = 1/[cX(F,?) + (aP)?
+ bP], where P = (F,> + 2F.?)/3. For all compounds the criteria
for a satisfactory complete analysis were the ratios of the root-
mean-square shift standard deviation being less than 0.1 and no
significant features in final difference Fourier maps. Drawing of
the molecule was realized with the help of ORTEP3PY with 50%
probability displacement ellipsoids for non-hydrogen atoms.

CCDC-245554 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Figure S1. The '"H NMR spectra of compounds 1a and
2 in the 0 = 1-8 ppm range. Figure S2. The cyclic voltammogram of
2 after Ca®* addition, in reduction. Figure S3. The calculated
curves obtained by fitting the 'H NMR spectroscopic data of com-
pound 2 at 323 K. Figure S4. The compared NMR spectra of com-
pound 2 with 1 equiv. of Li*, Na*, K*, Ba?" and Ca?*, respectively.
Table S5. The 'H NMR shift variations of compound 2 upon ad-
dition of one equiv. of the indicated salts. Table S6 shows the calcu-
lated AOC; values for the three species 2M, (2),M, and 2M,. S7

2504 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

shows the NMR shifts for the interaction of one equiv. of Ca?*with
compound 2, in CD;CN at 323 K.
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