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Abstract: The synthesis, electrochemi-
cal, optical, and cation-sensing proper-
ties of [2.2]ferrocenophanes, in which
the two ferrocene subunits are linked
through two aldiminic or iminophos-
phorane moieties, are reported. The

cation-binding sites. In this structural
motif, the aldimine groups act as a
highly selective binding site for Zn>*
cations, whereas the iminophosphorane
bridges display an unusually strong
binding affinity towards Li* cations,

which could be explained by an addi-
tional Li--Fe interaction. The X-ray
structure of the complex 4-Lit as well
as detailed NMR spectroscopic studies,
both in solution and in the solid state,
support this assessment. Experimental

new compounds show remarkably se-
lective cation-sensing properties due to
the presence of redox-active units (fer-
rocene) and aza-unsaturated function-
alities that are able to act as putative

zinc

Introduction

The design and development of small molecules for sensing
applications is currently of great interest in supramolecular
chemistry.l'! Research activities in this area are mainly fo-
cused on the design and synthesis of molecules that can lead
to practical chemosensors. To make a useful chemosensor
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data and conclusions about the cation-
sensing capabilities of this family of
compounds are supported by DFT cal-
culations.

- cyclo-

molecule, the compound must contain a “signaling site”,
such as a chromophore, fluorophore, or redox-active center,
along with a “binding site” that meets several electronic and
structural requirements that are rather strict for the selective
recognition of some elusive metal ions, for example, the Li*
and Zn** cations. In this context, substituted ferrocene has
largely proved to be a simple and remarkably robust build-
ing block for the preparation of these derivatives, which
have been considered as prototype chemosensor molecules
owing to their interesting electrochemical and optical sens-
ing properties.” In this context, multinuclear [m.n]ferroce-
nophanes linked by all-carbon t bridges with a well-defined
topology have received considerable attention.”! The ferro-
cenophanic architectures that additionally incorporate sites
in the bridges that would allow the binding of metal ions
would provide potential applications for this structural
motif. Especially attractive from this point of view are the
almost unexplored [m.n]ferrocenophanes bearing nitrogen-
containing bridges, with only the preparation and sensing
properties of two multinuclear nitrogen-rich [4.4]- and
[3.3]ferrocenophanes having recently been reported.”!

On the other hand, there are a few precedents for iron—
metal-ion interactions in several complexes of transition-
metal ions in which a ferrocenyl group acts as a donor in the
coordination sphere of the metal ion.”! In this context, it has
been reported that ferrocene behaves as a moderately
strong base towards the Li* cation to form complexes.”! The
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interaction of ferrocene with Li™ has previously been stud-
ied theoretically by Ugalde and co-workers,®™ who located
two minima on the energy surface. The most stable isomer
of this complex has Li* above one of the cyclopentadienyl
rings, whereas in the less stable isomer, the Li* binds direct-
ly to the central iron metal. This latter isomer has been char-
acterized as a planetary system in the sense that Li* has one
thermally accessible planar orbit around the central ferro-
cene moiety. Later, Scheibitz et al.”! provided experimental
evidence for the existence of the latter structure. However,
the presence of charged bridges in the ferrocenophane
would strongly favor lithium coordination and the binding
effect of ferrocene would be blurred. Owing to the fact that
Lit placement in this type of structure is directed by the
charged moieties, a planetary system in a ferrocene-Li*
complex without an anionic bridge would be of special inter-
est.

Another interesting metal ion to investigate is Zn?* be-
cause this metal is the second most abundant transition
metal following iron and a fundamental element in biologi-
cal systems.®! Zinc is an essential nutrient required for
normal growth and development!® and for key cellular pro-
cesses such as DNA repairl™ and apoptosis.'!! Currently
there is a high demand for systems able to sense the Zn>*
cation, which is spectroscopically silent because of its 3d'%4s’
electronic configuration. Moreover, the development of
simple chemosensors that can discriminate Zn** from Cd**
is still a challenge because cadmium and zinc are in the
same group of the periodic table and have similar proper-
ties, usually causing similar spectral changes after interac-
tions with chemosensors.?

In this paper we describe the preparation of multinuclear
[2.2]ferrocenophanes linked by aza-unsaturated chains,
namely aldiminic or iminophosphorane functionalities. In
addition to the well-known ability of the aldiminic group to
act as a binding site for metal cations, the iminophosphorane
R,PNR (nitrogen analogues of phosphorus ylides) function-
ality has been proven to coordinate transition metals
through the approximately sp>hybridized nitrogen atom to
give stable complexes.'”! The combined effects of the bind-
ing capability of the bridges and the close proximity be-
tween the redox units makes this new rigid structural motif
a likely candidate for displaying selective cation-sensing
properties. Moreover, the close proximity between the
redox centers and the binding sites could allow these ferro-
cene derivatives to be used to monitor the binding of metal
cations and also to behave as actuators through the progres-
sive electrochemical release of the metal cation with the
consequent decrease in the binding constant upon electro-
chemical oxidation. Furthermore, we also report on the first
isolation of a ferrocene-lithium complex, based on a multi-
nuclear [2.2]ferrocenophane linked by iminophosphorane
functionalities, that provides experimental evidence of the
planar orbit around the central ferrocene moiety. Addition-
ally, we also describe a bis-imino[2.2]ferrocenophane that
selectively binds Zn’" in the presence of Cd** cations.
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Results and Discussion

Synthesis and conformational analysis: Preparation of the
target [2.2]metallocenophanes was achieved starting from
either 1,1’-diazidoferrocene (1) or the bis(iminophosphor-
ane) 1,1"-bis(N-triphenylphosphoranylideneamino)ferrocene
(2), readily available by Staudinger reaction of 1 with triphe-
nylphosphine.'¥! Bis(iminophosphorane) 2 displays the typi-
cal reactivity shown by monoiminophosphoranes in aza-
Wittig type reactions towards carbonyl compounds.™ Thus,
aza-Wittig reaction with equimolecular amounts of 1,1'-di-
formylferrocene provided the bis(aldimine)ferrocene 3 in a
yield of 72% (Scheme 1). Compound 4 bearing two aza-
phospha bridges was prepared in a yield of 73% by Stau-
dinger reaction of 1,1’-diazidoferrocene (1) and 1,1"-bis(di-
phenylphosphino)ferrocene at room temperature in CH,Cl,
under high dilution conditions.
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1 2
& —Pph, & —cHo
Fe Fe
= PPh; = CHO

Ph
N | P
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Scheme 1. Preparation of the new ferrocene receptors 3 and 4.

The structures of both [2.2]metallocenophanes were deter-
mined by standard spectroscopic techniques (IR, 'H NMR,
and “CNMR spectroscopy), mass spectrometry, and ele-
mental analyses. All data were in agreement with the pro-
posed structures.

The presence of two different ferrocene moieties in the
[2.2]ferrocenophane 3 is clearly revealed by analysis of its
'H NMR spectrum. Thus, whereas a singlet at 6 =9.39 ppm
is observed for the iminic protons within the asymmetric
imine bridges, four different signals arising from the ferro-
cenyl units (H,=4.07, H,=4.24, Hz=5.12, and Hp=
5.44 ppm) are observed, which are associated with the two
different monosubstituted cyclopentadienyl (Cp) rings be-
longing to the two ferrocene subunits. Additionally, a tem-
perature-dependent '"H NMR experiment was carried out to
study the conformational behavior of ligand 3 in solution
(Figure 1). At 268 K, a peak broadening is clearly observed
and at 211 K a new pattern of peaks is noticed: All the sig-
nals appearing at room temperature are now split into two,
the coalescence temperature being 248 K. This demonstrates
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Figure 1. Evolution of the '"H NMR spectrum of the receptor 3 (c=5x
107°m, CDCl,) with temperature, revealing the conformational inter-
change in solution.

the presence in solution of two different conformers that are
very similar in energy.

DFT quantum chemical calculations were performed to
provide the required structural and thermodynamic informa-
tion to understand these conformational equilibria. Indeed,
two minima close in energy were located on the potential
energy surface of compound 3. The absolute minimum has
C, symmetry (3%) with both imine nitrogen atoms pointing
to the same side of the molecule (Figure 2). By rotation
around the outer linkages of one of the imine bridges, the
structure of the other C,-symmetric diastereomer (3¢%) can
be reached through a rather low energy barrier, correspond-
ing to the transition estate 3™, which accounts for the rela-
tively high coalescence temperature (7'=248 K) found for 3.
In addition, the low difference in energy calculated between
the two species would explain why they are present in com-
parable amounts in equilibrium (e.g., 59.4:40.6 in the gas-
phase).

(0.00) (1.00)
[0.00] [0.22]

37s
(12.20)
[11.83]
Figure 2. Calculated structures of the two conformational minima of com-
pound 3 and the transition state (TS) for interconversion between the
two minima. The calculated relative Gibbs free energies (kcalmol ') are
given in brackets in CHCl; solution (black) and in the gas-phase (grey).
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Receptor 4 exhibits in CDCI; solution a broad and poorly
defined '"H NMR spectrum, probably due to a slow intercon-
version of the conformers. The ferrocene protons appear as
six multiplets at 6 =3.62, 3.68, 3.82, 4.15, 4.21, and 4.43 ppm
in a ratio of 4:6:2:1:2:1 and the aromatic protons as two
broad multiplets at 6=7.49 and 7.54 ppm. A temperature-
dependent 'H NMR study was also carried out. However,
significant changes in the "H NMR spectrum were not ob-
served, which suggests a more rigid conformational space
than for the [2.2]ferrocenophane 3.

DFT calculations were also performed on compound 4. A
thorough inspection of the potential energy surface of this
compound reveals that the absolute C,-symmetric minimum
4% (Figure 3) is located in a flat well surrounded by at least

4C2b

[ 42

Figure 3. Calculated structures of the C,-symmetric minima 4<* (left) and
4% (right).

two other easily interchangeable local minima with broken
symmetries (4™) that are only 0.27 kcalmol ' less stable. Fer-
rocenophane 4% features two axial and two equatorial
phenyl groups (almost linear and orthogonal ¢p..p_p, angles,
respectively; Table 1) that can interchange via another C,-
symmetric local minimum 4% with P-phenyl substituents
that are half-axial/half-equatorial in character and destabi-
lized by only 1.92 kcalmol . The absolute minimum 4 dis-
plays a rather elongated geometry with a relatively large
Fe-Fe distance (dg..r.=6.360 A) and a short distance be-
tween the bridges (dy.n=3.278 A) with almost parallel fer-
rocenes (small Ocy# gep..pe-cpof dihedral; Cp/" represents the
centroid of ring Cp;; Table 1). Two hydrogen bonds between

Table 1. Important geometric parameters for the structure calculated for
ligand 4 and its calculated and experimental Li* complexes.

42 4 4Lt 4Lt 4Lit(CeHs),B-
dper..rer [A] 6360 5.628 5.737 6.206 6.277
dy..n [A] 3278 4391 3.786 3.430 2.853
dp.» [A] 4734 5465 5553 5.156 4705
Pr.p-pn [°] 1641 1321 1321 167.2,143.9  152.3,150.7

927 1197 1203  87.7,110.6 98.0, 99.0
Ocpi perrr-cpot [°] 102 464 564 174,179 23,14
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each nitrogen atom and a Cp—H atom and an ortho-hydro-
gen atom of the equatorial phenyl group (dy.y=2.828 and
2.348 A, respectively) partially fixes the most stable confor-
mation. This would explain the relatively slow interconver-
sion between two identical 4°* conformers on the NMR
timescale and accounts for the observed signal-broadening
(see above). Very significantly (see below), the second local
minimum 4% is less stretched with a shorter intermetallic
distance (dr..;=5.628 A) and a larger distance between the
ferrocenyl connecting bridges (dy.n=4.391 A) caused by a
rotation in the relative orientation of the two ferrocenes
(Table 1).

The structures calculated for the [2.2]ferrocenophanes 3
and 4, in which the two nitrogen-based donor groups are
close and point to the same side of the molecule, suggest
that these compounds could be useful for the molecular rec-
ognition of metal-cation species.

Metal-ion-sensing properties: Receptors 3 and 4 present, as
special features, a particularly rigid backbone and two nitro-
gen donor atoms appropriately arranged with respect to the
ferrocenyl units, conferring on them very interesting com-
plexation properties. Another interesting attribute of the
new ferrocenophanes reported herein is the presence of two
metal-ion binding sites on the bridges which are in proximi-
ty to a ferrocene redox-active moiety. Consequently, the be-
havior of receptors 3 and 4 towards complexation with sev-
eral metal cations has been studied by electrochemical
methods, UV/Vis spectroscopy, and NMR spectroscopy. To
gain an insight into the binding properties of the two li-
gands, a set of alkali-metal ions (Li*, Na*, and K*), alka-
line-earth-metal ions (Mg** and Ca’*), and transition-metal
ions (Ni**, Cu’*, Zn®*, Cd**, and Hg*"), as their triflate or
perchlorate salts, were tested.

Receptor 3: To explore the electrochemical sensing behavior
of receptor 3 cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were carried out at room temperature.
The CV response in CH,Cl,/CH;CN (4:1) containing 0.1M
[nBu,N]PF; as the supporting electrolyte shows two electro-
chemically reversible one-electron waves at Ei, =—0.06 and
0.46 V versus the ferrocenium/ferrocene (Fct/Fc) redox
couple corresponding to the redox processes of the two fer-
rocene moieties (see the Supporting Information). Similarly,
DPYV also exhibits two oxidation peaks at the same poten-
tials versus Fc*/Fc. The electrochemical changes upon addi-
tion of the above-mentioned set of metal cations to the re-
ceptor 3 was also investigated by using DPV to explore the
metal recognition process more accurately.'” Indeed, the
study indicates that this receptor behaves as a selective elec-
trochemical sensor for Zn?* in CH,CL/CH;CN (4:1). The
addition of increasing amounts of Zn®" to the electrochemi-
cal solution (up to 2.25 equiv) of receptor 3 caused the par-
tial disappearance of the wave at —0.06 V and the simultane-
ous appearance of a new wave at 0.02 V. However, the
second wave of the free receptor, at Fi,=0.46 V, does not
suffer any perceptible change during the titration. This sug-
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gests that the initially formed complex is disrupted after the
first monoelectronic oxidation and, as a consequence, the
second oxidation takes place on the uncomplexed mono-oxi-
dized species 3*. In other words, these results show that the
3-Zn** adduct undergoes a reversible electrochemically in-
duced decomplexation/complexation process on a timescale
faster than that of the electrochemical experiments,[”] which
were carried out at 100 mVs™' (see the Supporting Informa-
tion). Receptor 3 underwent oxidation in the presence of
Cu?* and Hg** cations, whereas the addition of Li*, Na*,
K*, Mg?t, Ca**, Cd**, and Ni** did not promote any signif-
icant change in the corresponding electrochemical responses
of receptor 3.

The metal recognition properties of the aza-bridged met-
allocene dyad 3 were also evaluated by UV/Vis spectrosco-
py. Previous studies on ferrocene-based ligands have shown
that bands in the absorption spectra ascribed to the lowest-
energy metal-ligand transitions are perturbed upon metal-
ion complexation.™® Titration experiments in CH,Cl,/
CH,;CN (4:1) solutions of receptor 3 (c=1x10"*m) with the
corresponding ions were performed and analyzed quantita-
tively.'! No changes were observed in the UV/Vis spectra
upon addition of Li*, Na*, K*, Mg**, Ca**, Cd**, and Ni**,
even in a large excess. However, significant modifications
were observed upon addition of Cu*", Hg*", and Zn’".
Thus, the addition of increasing amounts of Zn?* to a solu-
tion of 3 caused the disappearance of the low-energy (LE)
metal-to-ligand transition band (MLCT) at 1=491 nm (e=
660m'cm™") and the progressive appearance of a new band
located at =600 nm (¢=1200M'cm™'). The consequent
appearance of a well-defined isosbestic point at 505 nm indi-
cates that a neat interconversion between the uncomplexed
and complexed species occurs. The shift of the LE band by
139 nm indicates that the complexation of zinc is responsible
for the change in color from red to deep-green, which can
be detected by the “naked eye” (Figure 4). Binding assays
using the method of continuous variation (Job plot) are con-
sistent with the formation of a complex with a 2:1 receptor/
Zn?>* stoichiometry (see the Supporting Information). The
calculated association constant and detection limit obtained
from such a titration experiment.”! are 7.9x10°m? (error
<15%) and 5.7 x 10 %M, respectively. On the other hand, ad-
dition of either Cu’* or Hg?* cations led to chemical oxida-
tion of the ligand and the resulting absorption spectra were
the same and identical to those obtained under electrochem-
ical oxidation conditions.

To gain first-hand information about the mechanism of
the complexation of 3 with Zn’*, 'HNMR experiments
were also performed. Thus, addition of 1 equiv of Zn" tri-
flate in CD;CN to a solution of receptor 3 in CD,Cl,/
CD;CN (4:1) gives rise to significant downfield shifts of the
aldiminic protons of the bridge (from 6=9.32 to 10.04 ppm,
A6=0.72 ppm), which confirms the direct participation of
the nitrogen atoms of the imine functions in the coordina-
tion event, as initially expected. Similarly, the a and [ pro-
tons of the ferrocene moieties are also shifted downfield, al-
though to a lesser degree (from 6=5.21, 4.89, 4.03, and

1535
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Figure 4. Variation of the visible spectrum of 3 (c=1x10"*m) in CH,Cl,/
CH,CN (4:1) upon addition of increasing amounts of Zn**. Inset: Color
change upon addition of different cations to receptor 3.

3.81 ppm to 5.90, 5.57, 4.63, and 4.22 ppm, respectively;
Figure 5).
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Figure 5. Evolution of the "H NMR spectra of 3 (c=5x10">m) in CD,Cl,/
CD;CN (4:1) solution upon addition of a) 0, b) 0.4, ¢) 1, and d) 2 equiv of
Zn** (as the triflate salt).

Receptor 4: The coordination capability of receptor 4 was
also studied by UV/Vis spectroscopy, electrochemical meth-
ods, and NMR spectroscopy. First, we investigated the
cation coordination ability by UV/Vis spectroscopy. The
spectrum of this ligand exhibits two low-energy charge
transfer bands at A=480 (¢=1240m 'cm™) and 669 nm (e =
170M 'cm™") and upon stepwise addition of Li* (from 0 to
1.1 equiv) the band at =480 nm suffers an important de-
crease in the molar absorptivity coefficient (e=
925m'cm™!), whereas the band at A =669 nm shows an in-
crease in intensity (e=235m"'cm™). The presence of a well-
defined isosbestic point at A=614 nm demonstrates the par-
ticipation of only two species in the complexation process
(Figure 6). In contrast, the addition of an excess of Na*t, K™,
Ca®*, or Mg?* did not cause any variation in the UV/Vis
spectrum of 4, which is indicative of the lack of affinity of
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Figure 6. Variation of the UV/Vis spectrum of 4 (c=2x10"*m) in THF
solution upon addition of increasing amounts of Li* (as the perchlorate
salt). Inset: Binding profile of the titration process following the band at
A=480 nm.

this receptor for larger mono- and dicationic cations. The
small cavity formed by the receptor 4 probably promotes
the exceptional selective binding of the small Lit cation
over the other cations tested. From the titration data the
stoichiometry of the complex was found to fit a 1:1 binding
model, with K,>10°" and a detection limit of 2.3x10°m
(error <15%).

The electrochemical studies confirmed the results derived
from the spectroscopic study. Indeed, the cyclic voltammo-
gram (CV) of receptor 4 exhibits two electrochemically re-
versible waves at Ei,=-0.80 and 045V versus Fc*/Fc
(CH,Cl,, c=1x10"*m, [(nBu),N]PF, as the supporting elec-
trolyte). The first oxidation wave was assigned (Figure 7) to
the oxidation of the ferrocene unit directly linked to the ni-
trogen atoms, whereas the second wave to the oxidation of
the ferrocene linked to the phosphorus atoms.

Stepwise addition of Li*, Na*, K*, Ca**, or Mg** metal
cations to an electrochemical solution of receptor 4 showed
that only the Li* metal cation (1 equiv) induces a remark-
able perturbation in the electrochemical responses of the re-
ceptor, the other metal ions tested not causing any change
in the electrochemical response. Thus, when Lit was added,
the first oxidation wave dramatically shifted from Ei =
—0.80 V to Ei,=0.03 V (AE:, =830 mV), whereas the poten-
tial of the second wave remained unchanged (see the Sup-
porting Information). Such electrochemical changes can be
interpreted in the same way as for compound 3 (Figure 7).
Thus, upon complexation, the oxidation peak of the free
ligand (red line, peak a) disappears and a wave is observed
anodically shifted (blue line, peak c). However, the reduc-
tion peak of the complex 4-Li* (blue line, peak d) appears
at the same potential as that observed for the free receptor
(red line, peak b), which indicates the absence of the Li™*
cation. A plausible explanation for this behavior is that
upon oxidation of the first ferrocene unit the complex 4-Li*

Chem. Eur. J. 2010, 16, 15321542
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Figure 7. Cyclic voltammograms of compound 4 (c=1x10"m; solid line)
in anhydrous THF solution using 0.1m [(nBu),N]PF, as the supporting
electrolyte at a scan rate=0.1 Vs™' and the complex 4-Li* (dashed line).

Letters a and b correspond to peaks of the free receptor 4 and ¢ and d to
the complex 4-Li*.

is disrupted and the complexed Li* ion is expelled from the
ferrocenophane and the second oxidation process takes
place on the cation radical 4. In line with such electro-
chemical observations, the natural orbital analysis of 4* re-
veals that the uppermost occupied atomic orbital (AO) is lo-
cated on the Fel atom closest to the nitrogen substituents
(—0.117 hartree) and is therefore much more readily accessi-
ble on oxidation than the highest energy 3d AO on Fe2
(—0.176 hartree), which explains the observed sequence in
voltammetry for both anodic waves (see Figure 7). On the
other hand, lithium complexation is expected to considera-
bly increase the first oxidation potential (the computed
energy for the uppermost 3d AOs on Fel and Fe2 drop
to —0.224 and —0.284 hartree, respectively) in agreement
with electrochemical studies
(Figure 7).

The redox decomplexation
process of 4-Lit was confirmed
by a spectroelectrochemical
study. Thus, 1 equiv of Li* ion
was added to a solution of re-
ceptor 4 to obtain the com-
plexed ferrocenophane 4-Li*
species. The resulting complex
was then electrochemically oxi- L
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during the electrochemical oxidation (see the Supporting In-
formation).

The complexation process of receptor 4 with Li* cations
was also assessed by using 'H, "*C, ¥'P, and "Li NMR spec-
troscopy, both in solution and in the solid state. Important
changes were found upon complexation by all techniques,
which is clear experimental proof for the existence of a
planetary system for ferrocene-Li* complexes without nega-
tive charges on the bridge. Receptor 4 exhibits in CDCI; so-
lution (c=5x10"*m) at 25°C a broad and poorly defined
"H NMR spectrum (Figure 8a), which probably is a result of
a slow interconversion of conformers, as was seen before.
However, after the addition of the Li* cation (1 equiv), a
well-defined spectrum is obtained that exhibits four multip-
lets in a 4:4:4:4 ratio that correspond to the ferrocene pro-
tons. Similarly, the CNMR spectrum shows important
changes upon complexation: The four doublets correspond-
ing to the methine carbon atoms of the ferrocene moiety
connected to the phosphorus atoms [6=74.4 (d, *Jcp=
10.5 Hz), 73.9 (d, /. p=10.5Hz), 73.4 (d, ¥ p=12.0 Hz),
73.3 ppm (d, Jc_p=12.0 Hz)] are converted into two-shifted
doublets [0=75.0 (d, Y- p=13.4Hz), 74.8 ppm (d, *Jop=
10.9 Hz)] upon complexation. Likewise, the two singlets cor-
responding to the methine carbon atoms of the ferrocene
group connected to the aldiminic carbon atoms of the
bridge are shifted downfield from 6 =64.2 and 63.3 ppm to
0=1069.02 and 66.99 ppm, respectively. Remarkably, the qua-
ternary ipso-carbon atoms of the aromatic rings are shifted
by Ad=-7.3ppm from 133.8 ppm (d, 'Jop=106.4 Hz) to
126.5 ppm (d, 'Jo p=103.4 Hz); the methine ortho-, meta-,
and para-carbon atoms are also shifted although to a lesser
extent. A similar variation was found in the "Li NMR spec-
trum upon addition of receptor 4 to a solution of Lit salt,
with a shift of A0=0.15 ppm (from 6=3.13 to 3.28 ppm;
Figure 8b). The P NMR spectrum of receptor 4 at 25°C
displays one signal at 0 =27.1 ppm, which is shifted down-
field to 6=30.2 ppm (Ad=3.1 ppm) after complex forma-

4-Li

4 40

T T T T T
30 28 26 24 22 20

§/ppm

T T T T
38 36 34 32

dized at 0.8V, versus Fc*t/Fc,
until complete oxidation oc-
curred. The optical spectrum
of the resulting solution was
the same as that obtained by

c)

the dielectronic oxidation of PPN
the free receptor 4 to 4°F,

which suggests that decomplex-
ation of the Li* ion occurs

60
8/ppm

7.0
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Figure 8. Changes upon complexation of receptor 4 by Li* cations registered in a) 'H, b) "Li (0, 0.5, and
1 equiv of 4), and c) *'P NMR spectroscopy.
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tion (Figure 8c). When the *'P NMR spectrum of the pre-
formed complex 4-Li was recorded at —62°C, two peaks at
0=22.9 and 31.7 ppm were observed. The *'P NMR signal
for aminophosphonium salts is generally 30-45 ppm, where-
as the signal for the corresponding iminophosphoranes is
generally shifted upfield and lies in the range 0-20 ppm. The
appearance of two different peaks in the spectrum is clear
evidence of the presence of two chemically nonequivalent
phosphorus atoms, one of them with an aminophosphonium-
like character and the other with a configuration resembling
more a iminophosphorane group. In addition, the shift expe-
rienced by the ipso-carbon atom of the aromatic rings is in
excellent agreement with those found in the conversion of
an iminophosphorane unit into the corresponding amino-
phosphonium salt.?!! These spectroscopic results confirm
that the complexation of the Li* cations by the receptor 4
gives rise to an increase in the rate of the conformational
equilibrium, as is shown by the simultaneous increase in the
resolution of the spectra upon addition of Li*. A shifting of
the peaks was observed in all the NMR experiments, which
indicates a fast equilibrium between complexed and uncom-
plexed species compared with the acquisition times of these
techniques. The strong interaction between the ligand and
the Li* cation, which is shown by the high value of the asso-
ciation constant, is also demonstrated by the fact that the
addition of a LiT scavenger, like 12-crown-4, to a solution
containing the complex does not promote decomplexation
of the cation even after stirring for 24 h. This was proven by
"H NMR experiments that showed that after this time the
signals of the complex remain unaltered (see the Supporting
Information).

The coordination mode of the lithium in the complex was
studied in the solid state by Li, 'H, and “C MAS NMR
spectroscopy. In all cases important differences were found
between the lithium salt (C,Hs),B"Li" in the presence and
absence of the receptor 4. Thus, the 'Li NMR spectrum of
the (C¢Hs),BLi" salt exhibits a signal composed of three
partially superimposed peaks at d=-1.24, —1.67, and
—2.54 ppm that changes to a single broad peak centered at
0=0.59 ppm upon complexation (Figure 9b). The solid-state
3P NMR spectrum of the complex also shows two peaks at
0=36.2 and 17.7 ppm (Figure 9a). These results are in
agreement with those found when the spectrum was record-
ed in solution at a low temperature. In general, all the spec-
tral changes observed upon complexation suggest a nonsym-
metrical environment of the cation inside the ligand with
two different N—P bridges that interconvert rapidly when
the complex is in solution, but at a lower rate in the solid
state, a result that is supported by *'P MAS NMR experi-
ments. To corroborate this hypothesis, a temperature-varia-
ble *'P MAS NMR experiment was performed (see the Sup-
porting Information). A progressive approach of the two
peaks is observed in the spectra with increasing temperature
accompanied by a decrease in the intensity, which suggests a
slight coalescence. Unfortunately, above 140°C, the complex
irreversibly decomposes without coalescence to a single
peak.
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Figure 9. a) "P MASNMR  spectrum  of the complex 4Lit.

b) 'Li MAS NMR spectra of the complex 4-Li* (top), lithium tetraphe-
nylborate (middle), and the external reference (LiCl) (bottom).

The nature of the complex [4-Li*](C4H;s),B~ was also con-
firmed by X-ray diffraction analysis. X-ray quality crystals
of [4Li*](C¢Hs),B~ were grown by slow diffusion of diiso-
propyl ether into a solution of [4-Li*](C¢H;s),B™ in dichloro-
methane. The structure of the complex in the solid state
(Figure 10) belongs to the monoclinic crystal system and the
Cc (no. 9) space group with four molecules in the unit cell.

The structure contains a [2.2]ferrocenophane ring in a
highly symmetric blocked geometry, which accounts for the
very well-defined NMR spectra observed for the complexed
compound. Ligand 4 presents two axial and two equatorial
phenyl groups with almost linear and orthogonal angles of
152 and 98°, respectively (Table 1). The two equatorial P-
phenyl substituents present a trans conformation, each one
pointing to a different side of the ring. The molecule pres-
ents two orientations that can be overlayed by the formal
rotation of 180° of the molecule leading to complete over-
laying of the ferrocene units and phenyl rings but not of the
nitrogen and phosphorus bridge atoms. The ligand presents
a relatively large Fe--Fe distance (dg..p.=0.277 A) and a
short distance between the bridges (dy.n=2.853 A, dp.p=
4705 A) with almost parallel ferrocenes with small dihedral
angles of 1.4 and 2.3°. Each nitrogen atom forms two hydro-
gen bonds with a Cp—H atom and an ortho-hydrogen atom
of the equatorial phenyl group (dy..co,u=2.675 and 2.754 A
and dy.pyy=2.505 and 2.760 A). In the crystal structure, a
small electron density is found on the nitrogen atom of one
of the bridges. The value of this density is not large enough
to be assigned to a lithium cation. This fact, together with
the disorder found for the bridge over several positions and
the analyses carried out confirming the presence of the lithi-
um cation help us to postulate the presence of the Lit in
the inner cavity of the ferrocenophane. Moreover, taking
into account the disorder of the structure, the spectroscopic
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Figure 10. a) X-Ray diffraction structure of complex [4-Li]*(C,H;),B~.
The cation Lit is delocalized inside the cage between different positions.
b) Crystal packing along the b axis.

analyses, and the positions of the atoms with binding affinity
towards Li*t, the two nitrogen atoms and the iron, we can
confirm that the Li™ cation must move between different
positions in the cavity. In fact, it has been found that the
N--N distance (dy.n=2.853 A) is very short, which is indica-
tive of a tweezer-like action of the two nitrogen atoms,
which locates the Li* cation at a very short distance from
the Fel atom, thus fixing the conformation of the complex
(Figure 10a) and confirming the postulated planetary orbit
around the ferrocene.
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The two pairs of phenyl units of the tetraphenylborate
counterion each sandwich a ferrocene unit of two different
ferorocenophane molecules with shoEt drepn-cupn distances (<
3 A) and also short distances (<3 A) to the equatorial and
axial phenyl rings of two different ferrocenophanes, respec-
tively, these interactions being the driving force for molecu-
lar packing leading to efficient space filling (Figure 10b).

To further elucidate the exact position of Li* in the
bridge cavity, DFT calculations were performed on the free
ligand 4 as well as on the complex [4-Li*](C¢Hs),B~ and the
results are summarized in Table 1.

Despite the large unfavorable contribution of desolvation
of a naked lithium cation, according to our calculations the
formation of the 4-Li* complex is an exergonic process
(AEcy,c,=—1.96 keal mol™!) that anchors the ligand in a C,-
symmetric topology (Figure 11) very much resembling that

4.

Figure 11. Calculated 4*Li* and 4 ™-Li* complexes. Small dark spheres
represent BCPs, the corresponding bond paths being sketched by dashed
lines.

of the second minimum of the free ligand 4** (Table 1 and
Figure 3) from which complexation would require little reor-
ganization (calculated L,,=10.24 kcalmol™). The highly
symmetric blocked geometry displayed by the complex
4°.Li* accounts for the very well-defined NMR spectra ob-
served. In the complex, the Li™ cation lies symmetrically in
the inner cavity of the host at typical bonding distances to
both the iminophosphorane nitrogen atoms (dy_;=1.895 A;
WBI_;=0.040). We also used Bader’s AIM (atoms-in-mol-
ecules) methodology®® to perform a topological analysis of
the electronic charge density p(r) to search for significant
bond critical points (BCPs) around the spatial region in
which cation-binding or any other type of interaction takes
place. According to this theory, when two neighboring
atoms are chemically bonded, a BCP appears between
them. The sign of the Laplacian of the electron density at a
bond critical point (*0(r.)) reveals whether the charge is
concentrated, as in covalent bonds (v%o(r.) <0), or deplet-
ed, as in closed-shell (electrostatic) interactions (5/°o(r.) >
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0).%%1 For this complex, both parameters indicate a relatively
strong N—Li bond (o(r.)) =3.78x10 % ea, *; /2p(r.) =24.84 x
102 ea, ). However, more interesting is the fact that the
tweezer-like action of the two nitrogen atoms locates the
Lit cation within contact distance of Fel (dg.,_;=2.610 A;
WBIg,,1;=0.013), the significant binding interaction being
demonstrated by the location of the corresponding BCP
connecting the two atoms (o(r,)=1.61x 10 ea,>; /’o(r.) =
5.62x102eay ).

It is important to highlight the fact that the Li* cation re-
mains essentially N,N,Fel-tricoordinated in as much as we
have not found any BCP that corresponds to a hypothetical
interaction with the Fe2 atom despite their still relatively
close proximity (dpe.;;=3.126 A). Additional hydrogen-
bonding between the nitrogen atoms and the cyclopenta-
dienyl hydrogen atoms (dy.;;=2.867 A; WBIy.;;=0.003;
o(r)=080x10"ea,>; V’o(r)=2.01x10"2ea, ) contrib-
ute to the fixing of the geometry (Figure 11).

Note that the single-crystal X-ray diffraction structure re-
ported herein (Figure 10) exhibits clearly distinguished axial
and equatorial P-phenyl groups and, consequently, it does
not fit with the above-mentioned C,-symmetric calculated
geometry (Table 1). However, we have found a second non-
symmetric local minimum for 4™Li* (Figure 11), only
1.36 kcalmol™ above the former one, that shows the re-
quired axial/equatorial pattern of P-substituents with the
Lit cation laterally displaced from the Fel-Fe2 axis (angle
Fe2---Fel—Li 18.0°) and displays general geometric parame-
ters that roughly agree with the experimentally obtained
structure (Table 1). According to this “solid-state” calculat-
ed structure of 4™Li*, the Li* cation is preferentially
bonded to one nitrogen atom (dy_;=1.888 and 1.934 A;
WBIy ;=0.039 and 0.028; p(r)=3.76x10* and 3.45x
10%eay; Vo(r)=2533%x10"2 and 22.40x10%ea,”),
which causes a slightly different environment at every adja-
cent phosphorus atom, as experimentally found. For the P1
atom connected to the more coordinating N1 atom a higher
positive natural charge variation is computed in relation to
the free ligand (Ag,=+0.020 and +0.005 au for P1 and P2,
respectively). Thus, P1 is predicted to behave like an amino-
phosphonium-like center and the magnetic nonequivalence
entails a calculated upfield shift of its *'P resonance of
around 7.5 ppm in comparison with the other iminophos-
phorane-like P2 atom. These results reflect the same tenden-
cy observed experimentally in the solid-state *'P NMR spec-
trum (Figure 9). The tricoordination sphere around Li* in
the complex 4™Li* is completed by a stronger interaction
with Fel than in the symmetric complex (dge_1;=2.564 A;
WBIg, 1;=0.015; p(r)=171x10"2ea,>; ’o(r.)=6.27x
10%ea,) and again the overall structure is additionally
fixed by complementary N---H hydrogen bonds with Cp or
ortho-Ph hydrogen atoms®"! (not shown).
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Conclusions

The two prepared multinuclear [2.2]ferrocenophanes 3 and
4, with their rather rigid and well-defined architectures, ex-
hibit high selectivities towards metallic cations and are thus
potential molecular chemosensors. In the case of receptor 3
a high selectivity towards Zn** among the cations studied
was found. The recognition process was studied by electro-
chemical, optical, and NMR methods. The cyclic bis-imino-
phosphorane 4 displays an exceptionally strong binding af-
finity towards Lit compared with other alkaline cations.
Only the electrochemical oxidation of the iron centers pro-
mote the decomplexation of the stable 4-Lit. A detailed
study of the complex 4Li* by NMR (‘H, *C, "Li, and *'P)
spectroscopy in both the solid state and in solution, as well
as an X-ray analysis and theoretical calculations, suggests
that an additional Li---Fe interaction could explain the ob-
served stability of the complex formed, confirming the plan-
etary model of the Lit coordinated by the iron atom of the
ferrocene.

Experimental Section

All reactions were carried out using solvents that were dried by routine
procedures. All melting points were determined on a Kofler hot-plate
melting-point apparatus and are uncorrected. IR spectra were recorded
as Nujol emulsions or films on a Nicolet Impact 400 spectrophotometer.
UV/Vis/Near IR spectra were recorded on a Varian Cary 5000 spectro-
photometer. 'H, °C, "Li, and *'P NMR solution spectra were recorded on
a Bruker 200, 300, 400 or 600 MHz spectrometer. 'Li, *'P, and "*C solid-
state MAS NMR spectra were recorded on a Bruker AV400WB spec-
trometer equipped with a CPMAS module. The following abbreviations
for multiplicity of the signals have been used: s (singlet), m (multiplet),
and q (quaternary carbon atom). Chemical shifts refer to signals mea-
sured relative to tetramethylsilane (TMS) in the case of 'H and *C NMR
spectra. The mass spectra were recorded on a Fisons AUTOSPEC 500
VG spectrometer and the FAB* mass spectra were recorded using 3-ni-
trobenzyl alcohol as the matrix. Microanalyses were performed on a
Carlo-Erba 1108 instrument. Crystallographic measurements were made
at 233(2) K on a Nonius KappaCCD4-circle diffractometer equipped
with graphite-monochromatized Moy, radiation and the structure was
solved by direct methods (SHELXS-97) and refinded by full-matrix least-
squares methods on F* (SHELXL-97). The cyclic voltammetric measure-
ments were performed on a QUICELTRON potentiostat/galvanostat
controlled by a personal computer and driven by dedicated software.
Cyclic voltammetry was performed with a conventional three-electrode
configuration consisting of platinum working and auxiliary electrodes
and a SCE reference electrode. The experiments were carried out with a
10~°m solution of sample in the appropriate solvent containing 0.1m
[(nBu),N]PF, as the supporting electrolyte. Deoxygenation of the solu-
tions was achieved by bubbling nitrogen for at least 10 min and the work-
ing electrode was cleaned after each run. The cyclic voltammograms
were recorded with a scan rate increasing from 0.05 to 1.00 Vs~'. The
DPV voltammograms were recorded in a suitable solvent: AE;=4 mV,
AE,=25mV, and f=15 Hz. Ferrocene was used as an internal reference
both for potential calibration and for reversibility criteria in all the sol-
vents used.

Calculated geometries were fully optimized in the gas phase with tight
convergence criteria at the DFT level with the Gaussian 03 package®! by
using Truhlar’s hybrid meta functional mPW1B95,?! which has been rec-
ommended for general purpose applications and was developed to pro-
duce a better performance for cases in which weak interactions are in-
volved. The 6-311G** basis set was used for all atoms, adding diffuse
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functions to donor atoms (oxygen, nitrogen, and iron) (denoted as aug6-
311G**). Ultrafine grids (99 radial shells and 590 angular points per
shell) were employed for numerical integrations. From these gas-phase
optimized geometries all reported data were obtained by single-point
(SP) calculations. Energy values were computed at the same level and
considering effects by using the Cossi and Barone’s CPCM (conductor-
like polarizable continuum model) modification® of Tomasi’s PCM for-
malism.”®! Only those energies computed for the study of the atropoiso-
meric equilibrium of 3 and 3% are corrected for the zero-point vibrational
energy. The same level of theory was used to perform the natural bond
orbital (NBO) population analysis from which natural charges and AO
energies were obtained. Bond orders were characterized by Wiberg’s
bond index (WBI)?! and calculated by the NBO method as the sum of
the squares of the off-diagonal density matrix elements between atoms.
TD-DFT calculations were performed at the current level of theory on
gas-phase optimized geometries. The B3LYP functional® was used in
the single-point calculations. Values from the magnetic shielding tensor
were obtained by using the nonrelativistic gauge-including atomic orbital
(GIAO)P" approach. The topological analysis of the electronic charge
density was conducted by Bader’s AIM (atoms-in-molecules)?? method-
ology using the AIM2000 software.*

Preparation of bis(methylideneamino)[2.2](1,1":1',1"")ferrocenophane
(3): A solution of 1,1’-bis(triphenilphosphoranylideneamino)ferrocene (2;
0.40 g, 0.54 mmol) in anhydrous toluene (100 mL) was added to a solu-
tion of 1,1’-diformylferrocene (0.12 g, 0.54 mmol) in anhydrous toluene
(130 mL) at room temperature and under nitrogen. The solution was
heated at reflux and stirred overnight and then the solvent removed
under vacuum to give a residue that was purified by chromatography on
a silica gel column using CH,CL/CH;OH (9:1) as eluent to give 3 (R;=
0.8) in a yield of 72%, which was further recrystallized from CH,Cl,/
Et,0 (2:1). M.p. 237-240°C (decomp.); 'HNMR (200 MHz, CDCl,,
25°C, TMS): 6=4.07 (s, 4H; Fc), 4.24 (s, 4H; Fc), 5.12 (s, 4H; Fc), 5.44
(s, 4H; Fc), 939 ppm (s, 2H; CH=N); *CNMR (100.4 MHz, CDCl,,
25°C, TMS): 6=64.6 (CH; Cp), 67.1 (CH; Cp), 69.7 (CH; Cp), 70.4
(CH; Cp), 80.8 (q; Cp), 1022 (q; Cp), 165.6 ppm (CH=N); IR (Nujol):
#=1612 (C=N), 1035, 937, 822, 732cm™'; MS (70eV): m/z (%): 422
(100) [M]*, 357 (15), 343 (13), 211 (18); elemental analysis calcd (%) for
Cy,HgFe;N,: C 62.56, H 427, N 6.64; found: C 62.70, H 4.31, N 6.65.
Preparation of biS(dip}ivuy‘}llu rL au‘y'. il )[2.2](1,1”:1’,1”’)]-
ferrocenophane (4): A solution of 1,1’-bis(diphenylphosphino)ferrocene
(0.207 g, 0.377 mmol) in anhydrous CH,Cl, (40 mL) was added dropwise
to a solution of 1,1’-diazidoferrocene (0.10 g, 0.37 mmol) in anhydrous
CH,Cl, (40 mL) at room temperature and under nitrogen. The mixture
was stirred for 4 h and then three quarters of the volume was removed
under vacuum. Dimethyl ether/n-hexane (2:1; 40 mL) was added to the
mixture and the precipitate formed was recrystallized in anhydrous
CH,CL/Et,0O (1:1) to give the product in a yield of 73 %. M.p. 181-185°C
(decomp.); "H NMR (400 MHz, CDCl,, 25°C, TMS): 0=3.62 (s, 1 H; Fc),
3.68 (s, 2H; Fc), 3.82 (s, 1 H; Fc), 4.15 (s, 2H; Fc), 4.27-4.16 (m, 6H; Fc),
4.63 (s, 4H; Fc), 7.47-7.56 ppm (m, 20H; Ar); *C NMR (100.4 MHz,
CDCl,;, 25°C, TMS): 0=63.3 (CH; Cp), 64.2 (CH; Cp), 73.3 (d, 2J(C,P) =
12.0 Hz, CH; Cp), 73.4 (d, J(C,P)=12.0 Hz, CH; Cp), 73.9 (d, *J(C,P)=
10.5 Hz, CH; Cp), 74.1 (d, 'J(C,P)=114.1 Hz, q; Cp), 74.4 (d, *J(C,P)=
10.5 Hz, CH; Cp), 1282 (d, J(C,P)=122.2 Hz, CH; Ar), 1283 (d, %J-
(C,P)=12.2 Hz, CH; Ar), 131.2 (d, *J(C,P)=9.6 Hz, CH; Ar), 131.6 (CH;
Ar), 1321 (d, *J(CP)=9.6Hz, CH; Ar), 133.8ppm (d, 'J(CP)=
106.4 Hz, q; Ar); IR (Nujol): 7=1457, 1437, 1289, 1171, 1112, 1080, 829,
751, 723, 701 cm™'; MS (FAB™): m/z (%): 767 (100) [M+1]%; elemental
analysis caled (%) for CyHssFe,N,P,: C 68.95, H 4.73, N 3.66; found: C
68.69, H 4.91, N 3.49.

X-ray data for the complex [4-Li*](CiHs)B : CiHyBFe,N,P,, T=
233(2) K, 4=0.71073 A, monoclinic, space group Cc (no. 9), a=
26.5447(2), b=8.4424(3), c=23.6205(7) A, a=90, $=96.873(2), y=90°,
volume =5255.3(2) A%, peca=1.373 Mgm™, F(000)=2264, crystal size
0.4x0.15x0.06 mm?, 12311 reflections collected, 7383 independent reflec-
tions R(int)=0.0252, goodness-of-fit on F*=1.056, R indices (all data)
R1=0.0460, wR2=0.0862.
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CCDC-731094 (4) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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