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The new ligands 13-anthrylmethyl-7-ferrocenylmethyl-
1,4,10-trioxa-7,13-diaza-cyclopentadecane (L') and 1-anthryl-
methyl-4,8,11-ferrocenylmethyl-1,4,8,11-tetraaza-cyclo-
tetradecane (L?) have been synthesised, characterised, and
their potential activity as chemosensors towards the metal
cations Ni%*, Cu?*, Zn?*, Cd?*, Hg?* and Pb?* studied in 1,4-
dioxane/water (70:30, v/v). Both ligands L' and L? are difunc-
tionalised receptors containing redox-active (ferrocene) and
fluorescent (anthracene) signalling subunits. The crystal
structures of [H,L'|[PFg], and [CuL?|[PFg], were determined
by single-crystal X-ray procedures. Potentiometric experi-
ments in dioxane/water (70:30, v/v; 0.1 M KNOg; 25.0 = 0.1
°C) for L' and L? allowed the determination of protonation
constants and complex stability constants with the Cu?* and
Pb2* metal ions. They form stable complexes with both li-
gands and show stability constants with values close to those
reported for similar complexes. The electrochemical and
fluorescence behaviour of L' and L? was studied as a function

of the pH and in the presence of the Ni?*, Cu?*, Zn?*, Cd?",
Hg?*, and Pb?* metal cations. The fluorescence and electro-
chemical response of L! and L? is pH-dependent. Ligand L*
was able to electrochemically and selectively sense Pb?*
whereas L? sensed Cu?*, Zn?*, and Cd?* using electrochem-
ical techniques. The maximum electrochemical shift (ca. 57
mV) was found for L? in the presence of Cu?* at pH = 8.
Fluorescence studies showed that the emission intensities of
L' and L? were selectively enhanced in the presence of Cu?*.
Additionally, the [Cu(L?)]?**complex acted as anion-sensing
receptor in acetonitrile. The oxidation potential of the ferro-
cenyl group of the [Cu(L?)]**complex was cathodically
shifted upon addition of anions. The largest electrochemical
shift was observed in the presence of fluoride (210 mV). The
fluorescence emission of the anthracene groups in [Cu(L?)]**
was enhanced in the presence of fluoride, nitrate, and dihy-
drogenophosphate.

Introduction

The design of functionalised receptors for the develop-
ment of potential chemosensors is a field of active research.
Of especial interest is the synthesis of molecules capable of
amplifying microscopic events (for instance the presence of
a target guest in a certain solution) to macroscopic levels.[!]
This sensing function is generally achieved by the coupling
of two well-defined parts, (i) selective binding sites and (ii)
signalling subunits. This second component can be classi-
fied by the type of signal output; colour changes,?! redox
shifts,[® and fluorescence quenching or enhancement are
among some commonly observed signals. Sensing molec-
ules showing those changes can be built by attaching chro-
mogenic units,’! redox-active groups,® or fluorescent sig-
nalling subunits,””! respectively, near the binding sites.
Whereas the ligand—guest interaction is controlled by well-
known binding rules (this is particularly true for
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ligand —cation interactions) the communication with the
signalling subunit is more subtle. In some cases this is even
unpredictable due to the competition of several processes,
namely changes in photoelectron transfer or energy transfer
paths, changes in redox properties of the receptor, etc.
These new molecules are important because they will surely
be the chemical active part of new sensing devices. For in-
stance, receptors able to change spectroscopic properties
(colour or fluorescence) in the presence of target substrates
are of application in optical fibre devices,® whereas
changes in redox potential upon addition of certain guests
could be of application in the development of amperometric
sensing devices.!

Despite the development of these individual areas, there
are very few examples of molecules containing more than
one type of signalling unit.['% These systems can be import-
ant in the development of a new family of ion chemosensors
that can either be able to sense different guests or display
two or more macroscopic observable events upon addition
of a certain analyte. Towards this goal, we have synthesised
macrocyclic polyaza or oxaaza components and have func-
tionalised them with both ferrocenyl and anthryl groups.
Ferrocene is a well-known electro-active signalling subunit.
Anthracene can act as either an electro- or photo-active
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group. Moreover, we have used the anthracene group be-
cause of its photophysical properties, and therefore we will
refer to it as a fluorescent signalling subunit.

Results and Discussion

The new ligands L! and L? (Scheme 1) were synthesised
according to a two-step reaction. Thus, reaction of 9-
(chloromethyl)anthracene and the corresponding macrocy-
cle (1:1 molar ratio) allowed isolation of the anthrylmethyl-
functionalised derivatives that were further treated with an
excess of (ferrocenylmethyl)trimethylammonium iodide in
acetonitrile to give L! and L? in rather good yield. 'H and
13C NMR and mass spectra of L' and L? were consistent
with the proposed formulation. Additionally, the crystal
structures of the protonated form of L! and the Cu?>* com-
plex of L? were determined using single-crystal X-ray pro-
cedures (see below).
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Scheme 1

L! and L? are rare examples of molecules containing
redox-active and fluorescence signalling subunits. The fol-
lowing work has been devoted to characterise the ligands,
their solution behaviour and their electrochemical and
emission properties in the presence of transition metal ions
and anions.

Crystal Structure of [H,L!|[PFg],

Addition of aqueous [NH4][PF¢] to acetonitrile solutions
of L! allowed us to isolate the [H,L!][PF¢], salt as a yellow
solid. Suitable crystals of this compound for single-crystal
X-ray diffraction techniques were obtained by slow dif-
fusion of ether into dichloromethane solutions of
[H,L!'][PF¢],. The molecular structure consists of [H,L']>*
cations and PF4~ anions linked ionically. The anthryl and
cyclopentadienyl groups are planar within the experimental
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error and the ferrocenyl moiety adopts a nearly eclipsed
conformation. The Fc—Cp(centroid) distances are 1.631
and 1.639 A. A view of the [HoL']** cation and selected
bond lengths and angles have been included as Supporting
Information (see footnote on the first page of this article).

Crystal Structure of [CuL?|[PFg],:CH,Cl,

The [CuL?][PFg], complex was obtained by reaction of
L? with copper(II) nitrate in acetonitrile and further addi-
tion of aqueous [NHy][PFg4]. Suitable crystals for X-ray dif-
fraction were obtained by diffusion of ether into dichloro-
methane solutions of the complex. Table 1 gives selected
bond lengths and angles. Figure 1 shows a view of the com-
pound. The molecular structure consists of cationic
[CuL?)** and PF4~ anions as counterions. Molecules of
dichloromethane complete the packing. The Cu?* atom is
coordinated by the four nitrogen atoms of the macrocycle,
giving a distorted square-planar geometry. Three nitrogen
atoms are also covalently bonded to three ferrocenylmethyl
centres, whereas one nitrogen atom is attached to an
anthrylmethyl group. The Cu—N distances range from
2.116(7) to 2.152(7), averaging 2.127 A. Some bond angles
around Cu?* are far from the ideal square-planar geometry,
for instance N(3)—Cu(1)—N(2), N(3)—Cu(1)—N(1), and
N(4)—Cu(1)—N(1) are 86.8(3), 151.2(3), and 85.7(3), re-
spectively. The four nitrogen atoms define a plane within =

Table 1. Selected distances and angles for compound [CuL?|[PFg],

Distances [A]

Cu(1)—N(1) 2.152(7)  Cu(1)—N(2) 2.123(7)
Cu(1)-N(3) 2.116(7)  Cu(1)—N(4) 2.116(7)
N(1)—C(10) 1.465(11) N(1)—C(1) 1.511(10)
N(1)—C(44) 1.510(11)  N(2)—C(3) 1.492(11)
N(2)—C4) 1.498(12) N(2)—C(11) 1.499(11)
N(3)—C(6) 1.454(11)  N(3)—C(5) 1.47(11)
N(3)—C(22) 1.532(11) N(4)—C(9) 1.472(12)
N(4)—C(8) 1.483(11) N(4)—C(33) 1.534(8)
Angles (°)
N(3)—Cu(1)—N(4) 93.4(3) N(3)—Cu(1)-N(2) 86.8(3)
N(@4)—Cu(1)-N(2) 176.0(3 N(@3)—Cu(l)=N(1) 151.2(3)
N(4)—Cu(1)—N(1) 85.7(3)  N(2)—Cu(1)—N(1) 92.2(3)
C(10)—N(1)—C@44) 112.7(6) C(0)—N(1)—C(1)  107.2(7)
C(44)—N()—C(1)  112.6(7)  C(10)—N(1)—Cu(l) 101.5(5)
C(44)—N(1)—Cu(l) 11L.7(5) C(1)—N(1)—Cu(l) 110.5(5)
C(3)—N(2)—C4) 107.7(6) C(3)—N(2)—C(11)  112.4(7)
C(4)—-N2)—C(11)  107.1(7)  C(3)—N(@2)—Cu(l) 110.4(5)
C(4)—N(@2)—Cu(l) 103.6(5) C(DH—=N(1)—Cu(l) 114.9(5)
C(6)—N(3)—C(5) 109.0(6) C(6)—N(3)—C(22)  111.3(7)
C(5)—N(3)—-C(22) 109.1(7)  C(6)—N@3)—Cu(l)  113.6(6)
C(5)—N(@3)—Cu(l) 103.9(6) C(22)—N(3)—Cu(l) 109.5(5)
C(9)—N#)—-C(8) 108.7(7)  C(9)—N#4)—C(33) 107.7(6)
C(8)—N(4)—C(33) 110.6(6) C(9)—N@#)—Cu(l) 104.6(5)
C@®8)—N@#4)—Cu(l) I11.3(5) C(33)—N(#)—Cu(l) 113.54)
C(2)—C(1)—N(1) 117.18)  C(1)—C(2)—C(3) 114.6(8)
N(2)—-C(3)—C(2) 1149(7) N(@2)—C#)—C(5) 110.6(7)
N(@3)—C(5)—-C4) 111.3(7)  N(@3)—C(6)—C(7) 116.4(7)
C(6)—C(7)—C(8) 114.6(8) N@#)—C(®)—C(7) 115.2(7)
N@)—C(9)—-C(10)  110.8(7) N(1)—C(10)—C(©9) 112.4(7)
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Figure 1. Molecular structure of the [CuL?>* cation

0.23 A and the copper atom is out-of-plane by *+ 0.30 A.
The deviation from the ideal geometry is mainly induced by
the cyclam unit that adopts a configuration with the four
nitrogen atoms pointing above the N4 plane. This has been
reported to be the thermodynamically less favourable iso-
mer.[''l However, the conformation of tetrafunctionalised
cyclam derivatives containing the four groups above the N4
plane is not unusual and has also been found in complexes
such as [Ni(Meycyclam)]**, Meycyclam = 1,4,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane, and in the
nickel(II) complex of L*.

It is remarkable that the molecular assembly of Cu?>* and
the ligand L2 leads to the formation of a host molecule
containing a cavity built with three ferrocenylmethyl groups
and one anthrylmethyl group. In the crystal structure this
cavity is filled by one PF¢~ counterion. In fact, there is a
very close contact between the Cu’* and the F(15) atom
[Cu?t+F(15) 2.47 A]. Figure 2 also shows as an alternative
view, with the space-filling representation emphasising the
electro-photo-active cavity and the host—guest associ-
ation.['?! No significant distortions were found in the ferro-
cenylmethyl and anthrylmethyl groups. The ferrocenyl units
adopt the usual sandwich conformation with the cyclo-
pentadienyl rings parallel within the experimental error. Fe-

Figure 2. the space-filling representationof the [CuL?]** cation
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Cp(centroid) distances range from 1.621 to 1.659, averaging
1.637 A.

Potentiometric Studies

Protonation constants determined potentiometrically in
1,4-dioxane/water (70:30 v/v; 25 °C; 0.1 M potassium ni-
trate) are shown in Table 2. As expected, L' and L? show
two and four protonation processes, respectively. Ligand L!
displays stepwise protonation constants close to those re-
ported!’! for L. Ligand L* is a cyclam derivative, and it
shows the two first protonations being much more basic
than the last two. A similar behaviour was found for cyclam
itself and other cyclam derivatives.' Figure 3 shows the
distribution diagram of the L'/H" and L¥H™" systems.

Table 2. Stepwise protonation constants for L' and L? in dioxane/
water (70:30 v/v; 25 °C; 0.1 M potassium nitrate)

Reaction L! L2

L + H" = [HL]" 8.14(2) 8.91(2)
[HL]" + H" = [H,L]** 5.80(2) 6.56(1)
[H,LP* + H* = [H,LP* 2.71(3)
[H,LP+ + H* = [H,L]** 2.36(1)
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Figure 3. Distribution diagrams of the species for a) L'/H* and b)
L?/H™ (full line) and the fluorescence emission titration curves (*)
for those systems
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Stability constants for the formation of complexes of L'
and L? with Cu®", Pb?>" in dioxane/water (70:30, v/v) mix-
tures are shown in Table 3. Both metal ions form with the
receptors here considered stable [ML]>" complexes. Fig-
ures 4 and 5 show the distribution diagram of the L/Cu?*/
H™* and L/Pb?>*/H* systems (L = L! or L?). In general, the
formation stability constants obtained are in line with those
reported for related complexes.'*! Receptor L? is a tetraaza
macrocycle, and displays larger stability constants with
Cu?" than with Pb?>*. In fact, the stability constant of the

Table 3. Stability constants (log K) for the formation of Cu?* and
Pb** complexes of L! and L? in dioxane/water (70:30, v/v; 25 °C;
0.1 M potassium nitrate)

Reaction L! L2

Cu?" 4+ L + H" = [Cu(HL)]** 12.85(4) 14.05(4)
Cu?* + L = [Cu(L)P* 5232)  9.67(1)
Cu?* + L + H,0 = [CuL)OH)]* + H*  —1.842)  0.56(4)

Cu’* + L + 2H,0 = [Cu(L)(OH) 5] + 2H" —13.13(3) —9.34(3)

Pb*" + L + H* = [Pb(HL)P* 11.15(3)  13.45(4)
Pb2* + L = [Pb(L)]** 5.12(1)  6.31(3)
Pb>* + L + H,O = [Pb(L)(OH)]* + H*  —=2.72(1) —0.70(3)

Pb2* + L + 2H,0 = [Pb(L)(OH),] + 2H* —12.81(3) —10.12(4)
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Figure 4. Distribution diagrams of the species for a) L'/Cu?*/H™"
and b) L!/Pb>*/H™" (full line) and the fluorescence emission titra-
tion curves (¢) for those systems
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Figure 5. Distribution diagrams of the species for a) L*Cu?*/H™*
and b) L»Pb>*/H™(full line) and the fluorescence emission titra-
tion curves (¢) for those systems

L? + M2" = [M(L?)]*" process is 10° times larger for Cu®*
than for Pb>". In contrast, when the N-donor atoms are
partially replaced with O-donor atoms the affinity for Cu?*
is considerably reduced and the stability constants for the
formation of the [M(L)]*" complexes are similar for Cu?"
and Pb>" (logk = 5.23 for copper and logk = 5.12 for
lead). These stability constants are not very different to
those found for L3 with the same metal ions {logK = 6.27
and logK = 6.43, for the formation of the [M(L*)]** com-
plexes with Cu?" and Pb>", respectively}.['3]

Cation Sensing

Electrochemical Behaviour

The redox potentials of both L! and L? are pH-depend-
ent. When basic solutions of L' and L? are acidified a
steady displacement of E;), (E;» = half-wave potential) to
more anodic potentials was observed. This is a known be-
haviour, attributed to the protonation of the amino groups
and therefore to the formation of positively charged species
that are more difficult to be oxidised.['”] The difference
found between the oxidation potential under basic (pH =
12) and acidic (pH = 2) conditions was 140 and 110 mV
for L' and L2, respectively. We have also electrochemically
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studied the variation of E;;, versus pH for the L/H"/M>*
systems (L = L' or L>; M = Ni?*, Cu?*, Zn?>*, Cd>",
Hg?>* or Pb?>*; M?"/L molar ratio = 1). In order to ra-
tionalise those data the difference between E,, for the re-
ceptor/metal system and that for the free receptor [AE, =
E;x(receptor/metal) — Ej(receptor)] was monitored at dif-
ferent pH values from 2 to 12. Figure 6 (top) shows AE;,,
versus pH for L! in the presence of Pb>". For other metal
ions (Ni>*, Cu?*, Zn?>", Cd**, and Hg?>") AE,» is less than
5 mV (not shown). Ligand L' was able to electrochemically
recognise Pb>* over other common, typically present (in
water samples) metal ions in the pH range of 5 to 7.5, al-
though the maximum shift found of 25 mV at pH = 6.5 is
rather small. Figure 6 (bottom) displays the electrochemical
response found for L? as a function of the pH in the pres-
ence of Cu?*, Zn?*, and Cd?*. No electrochemical shift
was induced for Ni**, Hg?>", and Pb>". The Cu?*, Cd>",
and Zn?" ions change the oxidation potential of the L? li-
gand in a wide pH range, the maximum shift being ob-
served for Cu?>* at pH = 8 (ca. 57 mV).

Comparison between the electrochemical response in
Figure 6 and the distribution diagrams in Figures 4 and 5
allows a determination of the species responsible for the
electrochemical shift. Thus, the [Pb(L")]** complex exists in
the pH range 6—8, at which the redox potential of the ferro-
cenyl groups suffer an anodic shift of ca. 25 mV with re-
spect to that of the L! ligand. Comparison between Fig-
ure 5 (top) and Figure 6 (bottom) also suggests that it is the
existence in solution of the [Cu(L?)]** complex that induces

30
—— 1
25 L

—pp*

20

AEﬂz(mV)
>

Figure 6. Oxidation potential shift AE [defined as Ejj,(receptor +
metal ion) — E|,(receptor)] of a) L' and b) L? as a function of the
pH in the presence of certain metal ions

870

anodic shifts of up to 60 mV. It seems that there is a correla-
tion between the presence, in solution, of the [M(L)]*" spe-
cies and the electrochemical response. In this sense the ab-
sence of an electrochemical signal for the L'/Cu?* and L%/
Pb>" systems might be related to the appearance of the
[Cu(LH** and [Pb(L?)]** complexes as minor species [see
Figure 4 (top) and Figure 5 (bottom)].

At this point, it might be interesting to compare the elec-
trochemical response of L! and L? with that previously re-
ported for the L? and L* ferrocene-functionalised ligands.
L3 displays a large electrochemical recognition for Pb** (ca.
—60 mV), although other heavy metal ions such as Cd>*
and Hg?" also produce significant shifts (ca. —35 mV).[!3
Additionally, the electrochemical shift in the presence of
Pb>" for L! is anodic but was reported to be cathodic for
L3. We have recently pointed out that in these systems,
where there is no electronic communication through the
bond between the metal centre and the signalling subunits,
the electrochemical shift is mainly controlled by the nature
of the complex formed at a certain pH and the distance
between the positively charged metal centre and the ferro-
cenyl unit. The significant difference between the electro-
chemical response of L' and L3 shows how subtle differ-
ences in the receptor (one or two ferrocenyl units) have sig-
nificant influence in the electrochemical response. The re-
ceptor L* is able to electrochemically detect Cu?*, Zn>",
and Cd>" in a wide pH range over Ni>* and Pb?*. This is
a similar response to that observed for L2 However, the
maximum shift for L? in the presence of Cu?* is ca. 60 mV
at pH = 8, whereas for L* the maximum electrochemical
shift was ca. 100 mV for Cu?" at the same pH.['¥ In conclu-
sion, L! and L? are redox-active functionalised molecules
that can electrochemically sense Pb?>* (L') and Cu?*, Zn?",
and Cd?>" (L?) using electrochemical methods.

Fluorescence Behaviour

The study of the fluorescence behaviour of the L' and L?
ligands was also carried out in dioxane/water (70:30) mix-
tures and with modulation of the pH. The ligands L! and
L? show typical structured anthracene-like absorption and
emission spectra with a maximum in the absorption band
at 366 nm for L! and 367 nm for L?, and with maximum
emission wavelengths at 412 and 414 nm, respectively (see
photophysical data in Table 4). The fluorescence intensity
of L! and L? shows the typical behaviour of anthrylmethyl-
substituted polyamines with maximum fluorescence at
acidic pH and decrease of fluorescence at basic pH (see
Figure 3 for the fluorescence emission titration curves of
L' and L?). This pH-dependent emission behaviour is well

Table 4. Photophysical parameters

7"cxc 7"cmi ¢[a]
L! 366 412 0.0030
L3 366 410 0.0080
LS 366 411 0.0055

(2l Quantum yield relative to anthracene in acetonitrile (¢ = 0.36).

Eur. J. Inorg. Chem. 2002, 866—875
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known and attributed to the existence of electron-transfer
paths from the lone pair of the amine to the photo-excited
state of the anthracene at basic pH that is not operative
upon amine protonation.l'! From Figure 3 it can be ob-
served that the fully protonated species of H,L! are fluores-
cent, whereas deprotonation of at least one nitrogen atom
gave species showing a much weaker emission intensity. In
line with this behaviour, the species L? and L?H™" display
low fluorescence; L*H,>" and L>H;>" induce some fluores-
cence enhancement, but the emission enhancement is at a
maximum with the fully protonated L?H,*" species.

Figures 4 and 5 show the fluorescent emission titration
curves for L! and L? in the presence of Cu?" and Pb?* (1:1
metal/ligand ratio). In both cases, Cu?" is the only metal
ion able to produce a considerable modification of the emis-
sion intensity versus pH profile of the free ligand. In con-
trast, Pb?>* [shown in Figure 4 (bottom) and Figure 5 (bot-
tom)] and the cations Ni>*, Zn?>*, Cd*>*, and Hg?>" (not
shown) do not change significantly the fluorescence emis-
sion versus pH curves of the free receptors. Figure 4 (top)
shows that all four complexes [Cu(HLH]?*, [Cu(LYH)*™,
[Cu(L")(OH)]*, and [Cu(L")(OH),] induce enhancement of
the emission fluorescence intensity. The quantum yield of
L! at pH = 7 is 0.050, whereas in the presence of Cu®* the
quantum yield at the same pH is 0.10. Figure 5 (top) also
shows that all the Cu®>* complexes induce fluorescence
emission enhancement.

The fluorescence curve in the presence of Pb>* is very
close to that found for the free receptors. At this point it
has to be noted that a similar effect has been observed for
instance in zinc(IT) complexes of N,N-dibenzylated- or N-
(anthrylmethyl)polyazaalkanes; that is, despite the forma-
tion of stable complexes the fluorescence behaviour versus
pH of the free ligand and in the presence of Zn" is very
similar.'”? From Figure 4 (bottom) and Figure 5 (bottom)
it can be deduced that, except for the [Pb(HL)]** complex
(L = L' or L?), that slightly enhances the fluorescence, the
remaining  species, [Pb(L)]*", [Pb(L)(OH)]", and
[Pb(L)(OH),], do not increase the emission intensity of the
free L' receptor. This indicates that the coordination of
Pb2" to the nitrogen atoms is less effective than protonation
in preventing photo-induced electron-transfer processes,
and that the Pb>* cation has little effect on the fluorescence
behaviour despite the formation of stable complexes. One
possible explanation of this observed behaviour could be
related to the strength of the coordination between the ni-
trogen atoms and the Pb?" cation, a poor coordination with
at least one nitrogen atom will not hinder the photo-elec-
tron transfer from the lone pair of the nitrogen atom to the
excited fluorophore. In this sense the effect is similar to that
observed with protons; only when the L' or L? molecules
are fully protonated there is an emission enhancement,
whereas partial protonations have a lesser effect or no effect
at all.

The fluorescent response of L' and L? in the presence of
Cu?" is remarkably different to the response observed for
Cu?* for similar receptors. The usual behaviour observed
with anthrylaza macrocycles in the presence of Cu?* is a
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fluorescence quenching upon complexation.l'® The chela-
tion-enhanced quenching (CHEQ) has been reported to oc-
cur with copper and also with other open-shell paramag-
netic or easily reducible metal cations. In fact, for the recep-
tor 1,4,8,11-tetrakis(naphthylmethyl)-1,4,8,11-tetraazacy-
clotetradecane (containing four naphthylmethyl groups
attached to the four N-donor atoms of the cyclam unit) the
presence of Cu?>" (and also Hg?") produces a noticeable
quenching of the emission fluorescent intensity at acidic
pH.I'T A similar effect, the quenching of the emission fluor-
escence, is observed for cyclam functionalised with
Ru(tpy),>* groups in the presence of Cu>*.2% All these re-
ported data contrast with the fluorescence enhancement ob-
served for L' and L? upon complexation of Cu?*. This re-
sult could be of interest because in sensing processes fluor-
escence enhancement rather than quenching is usually pre-
ferred in order to observe a high signal output. However, it
has to be pointed out that there are a few papers reporting
enhancement of the fluorescence upon copper(Il) com-
plexation.?!l This has been achieved for instance by con-
trolling either the interaction of the metal ion with the re-
ceptor in order to reduce the metal—fluorophore interac-
tion or acting directly modifying the nature of the fluoro-
phore. Thus, Bharadwaj has reported that the use of
preorganised cryptands can induce unusual geometries that
suppress the redox activity of the coordinated Cu'! cation,
inhibiting the interaction between the copper(Il) and the
photo-excited state of anthryl fluorescent groups.?!al In a
recent paper Samanta reports the development of a recep-
tor that suffers enhancement upon addition of metal ions
by simply using electron-deficient fluorophores.?!®!

In our case we believe that the anomalous behaviour ob-
served for Cu®>* could be ascribed to the presence of the
ferrocenyl groups (see below). It is well known that ferro-
cene is an efficient fluorescence quencher via both energy-
transfer and reductive quenching processes.['° In our case,
the occurrence of an electron-transfer mechanism is ther-
modynamically favourable as it can be demonstrated from
electrochemical and photophysical data. The free energy of
the process (anthracene + Fc¢ = anthracene™ + Fc¢™) in
which the ferrocene is acting as reductive quencher can be
calculated by the equation of Rehm-Weller, where E%p."/pc
and E%;;~ are the redox potentials of the processes Fct +
le” — Fcand fl + le™ — fI~ (fl = fluorophore), respect-
ively, and A can be obtained from the emission fluores-
cence spectrum.??]

heN 0 0
AG= _TA”{EFC*/FC _Eﬂ/ﬂ’}

Redox potentials were measured in dry acetonitrile (0.1
M tetrabutylammonium perchlorate; 25 °C). The ligand L?
shows a reversible oxidation process at 450 mV and a reduc-
tion irreversible wave at —2.2 V versus SCE, which have
been ascribed to the oxidation of the ferrocenyl and to the
reduction of the anthryl groups, respectively. Taking into
account these data, AG is —33.6 kJ/mol indicating that
photo-induced electron transfer from the ferrocene to the
anthryl fluorophore can occur. Additionally, an energy-
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transfer quenching mechanism could also be possible.[!%]

The quenching induced by the ferrocenyl group is sup-
ported by experimental data, thus the quantum yield of the
ferrocene-containing ligand L! in acetonitrile (¢ = 0.0030)
is lower than that of L® (¢ = 0.0055) or L3 (¢ = 0.0080).
This difference in quantum yield is ascribed to the presence
of ferrocenylmethyl groups in L'. In fact, when stoichi-
ometric amounts of H,O, were added to L!, the solution
turned green-blue (due to the oxidation of ferrocene) and
there was a fluorescence enhancement (quantum yield of
ca. 0.0042).

As stated above, Cu?>* is also a well-known quencher.
From a thermodynamic point of view both energy-transfer
or electron-transfer processes are possible when Cu?* ions
are added to L! or L? solutions. Bearing this in mind, one
would expect that the presence of Cu?>* would reduce even
more the emission intensity of the receptors. In contrast, an
enhancement of the fluorescence is observed. However, it
has to be taken into account that, although the presence of
Cu?" gives new quenching routes, it might also inhibit
some. Namely, strong coordination to nitrogen atoms can
inhibit the photo-electron transfer from the lone pair of the
amine to the fluorophore. Additionally, it might also hap-
pen that the presence of Cu?" hinders the energy-transfer
quenching process from the ferrocene to the anthracene due
to the increase of the rigidity of the receptor upon coor-
dination, thereby disfavouring the nonradiative decay pro-
cesses. Furthermore, and especially for L2, the cation Cu?"
induces a significant cathodic electrochemical shift of the
ferrocenyl redox potential of ca. 60 mV in dioxane/water
and of ca. 100 mV in acetonitrile making electron transfer
from the ferrocene to the anthracene thermodynamically
less favourable. In resume, although Cu?* itself might intro-
duce energy- and electron-transfer quenching paths it also
inhibits other quenching mechanisms, the overall effect be-
ing an emission fluorescence enhancement.

Anion Sensing

The free receptors L' and L? are anion-insensitive. Thus,
addition of different anions such as phosphate, sulfate, ni-
trate, fluoride, chloride, bromide, etc. to solutions of these
receptors in acetonitrile or dioxane/water resulted in no
variation of either electrochemical or photochemical prop-
erties. This contrasts with the anion-sensing ability found
for the [Cu(L?)]?"complex (see below). In this sense it is
noticeable that one of the most interesting features in the
crystallographic characterisation of the [Cu(L?)]*" complex
is the formation of a host molecule containing a Cu’" ion
surrounded by a cavity built with three ferrocenylmethyl
and one anthrylmethyl group. This is a peculiar topology.
The interaction (either covalent or electrostatic) of anions
with the Cu?* charged cation might allow a close proximity
between the guest (anion) and the electro-active ferrocenyl
or the photo-active anthryl signalling units. In order to
check this possible co-operative effect, the anion-sensing
properties of the [Cu(L?)]**"complex was investigated elec-
trochemically and by fluorescence studies. Table 5
summarises the electrochemical data in acetonitrile. The
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most remarkable effect is the very large cathodic shift of
210 mV observed upon fluoride addition. Other halide an-
ions such as chloride and bromide gave much lower cath-
odic shifts (ca. 20 mV). Thus, the [Cu(L?)]>* complex is able
to selectively and electrochemically sense fluoride over
other halide anions.?® The H,PO,~ anion also induces an
important electrochemical cathodic shift of 150 mV
whereas the response in the presence of HSO,~, and NO5~
is remarkably lower.*¥ Fluorescence studies on the
[Cu(L?)]** complex upon addition of anions in acetonitrile
were also carried out. Table 5 summarises the anion re-
sponse. The addition of C17, Br~, I~, and HSO,4~ had no
effect, whereas nitrate, fluoride and H,PO,~ induced an en-
hancement of the fluorescence intensity of the [Cu(L*)]**
complex of 26%, 20%, and 17%, respectively. From fluori-
metric/spectroscopic titration well-defined isosbestic points
were observed indicating the formation of 1:1 complexes.
The logarithms of the stability constants obtained by least-
squares analysis of the titration curves were 4.5 = 0.2; 4.2
+ 0.1, and 4.4 = 0.3 for nitrate, fluoride, and dihydro-
genophosphate, respectively.[’]

Table 5. Photophysical and electrochemical anion response of
[Cu(L*]** upon addition of 10 equiv. of the corresponding anion
in acetonitrile

Electrochemical

Receptor H,PO,~ HSO,~ NO;~ F~ ClI© Br~
[Cu(LH)PP* 150 55 <5 210 24 20
Photophysical

Receptor H,PO,~ HSO,~ NO;~ F~ CI™ Br~ I~
[Cu(LHPPF 17%0T < 5%  26%  20% < 5% < 5% < 5%

4] AE,,, calculated as E,,, of the receptor — E,, of the receptor anion
in mV for [Cu(L?)]*" in 0.1 M tetrabutylammonium perchlorate.
Todide has an oxidation potential in acetonitrile similar to that of
ferrocene and was not studied. [®! Enhancement of the fluorescence
intensity of the 412-nm emission band.

Conclusions

We can conclude that L! and L? are rare receptors, con-
taining two signalling subunits whose response against
metal cations can be controlled by the type of output signal
(electrochemical shift or changes in fluorescence emission)
used to trace information from the solution. This is re-
sumed in Table 6 that shows the selective response obtained
by the oxaaza ring 1,4,10-trioxa-7,13-diazacyclopentade-
cane or the polyaza ring 1,4,8,11-tetraazacyclotetradecane
depending on their functionalisation. Difunctionalised sys-
tems could have advantages over monofunctionalised ones
because the former might act as multiple-sensing receptors.
Thus, L' responds to Pb>" using electrochemical methods,
but is a Cu?>" chemosensor if emission intensity is used as
output signal. In a similar way, L? electrochemically re-
sponds to Cu?*, Zn?", and Cd>* but it only gives emission
response against Cu?*. A similar control effect on the sens-
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Table 6. Electrochemical and photophysical response against certain transition metal ions by the functionalised binding domains 1,4,10-
trioxa-7,13-diazacyclopentadecane and 1,4,8,11-tetraazacyclotetradecane functionalised with ferrocene and anthracene

Ferrocene

Anthracene Ferrocene and Anthracene

1,4,10-Trioxa-7,13-diazacyclopentadecane

1,4,8,11-Tetraazacyclotetradecane

Pb2+, Cd2+, Hg2+

Cu2+ Zn2+ Cd2+

Hg?*+ Electrochemical: Pb>*
Photophysical: Cu?*
— Electrochemical: Cu?>*, Zn?", Cd?*

Photophysical: Cu?*

ing process depending on the output signal, is observed for
the [Cu(L?)]**complex in its interaction with anions. Thus,
the maximum electrochemical shift is observed in the pres-
ence of fluoride, whereas the largest emission fluorescence
enhancement was observed upon addition of the poorly co-
ordinating anion nitrate.

Experimental Section

General Remarks: All commercially available reagents were used
without further purification. Air/water-sensitive reactions were per-
formed in flame-dried glassware under argon. Dioxane and aceton-
itrile were dried with CaH, and distilled prior to use.

L': The free base 1,4,10-trioxa-7,13-diazacyclopentadecane
(400 mg, 1.832 mmol) was heated under reflux in dry dichlorome-
thane with 9-(chloromethyl)anthracene (410 mg, 1.805 mmol) in
the presence of triethylamine (560 mg, 5.5 mmol). After 6 h, the
mixture was cooled to room temperature, basic water was added
and the organic phase separated, dried with anhydrous magnesium
sulfate, filtered, and concentrated to dryness. The resulting oil was
dissolved in dichloromethane and purified by chromatography on
alumina using dichloromethane/ethanol (100:1, v/v) as eluent. This
allowed us to isolate the compound 7-anthracenylmethyl-1,4,10-
trioxa-7,13-diazacyclopentadecane. Yield 450 mg, 56%. This com-
pound (415 mg, 1.015 mmol) was heated under reflux in dry ace-
tonitrile  with  (ferrocenylmethyl)trimethylammonium  iodide
(508 mg, 1.32 mmol) in the presence of potassium carbonate. After
24 h, the reaction mixture was filtered and the orange solution con-
centrated to dryness. The product L' was obtained after chromato-
graphy on alumina using dichloromethane/ethanol (100:1, v/v) as
eluent. Yield 615 mg, 67%. '"H NMR (CDCl;): & = 2.65 (dt, 4 H,
CH,), 2.81 (t, 2 H, CH,), 2.96 (t, 2 H, NCH>), 3.55 (m, 14 H,
CH,), 4.09 (t, 2 H, CsHy), 4.10 (s, 5 H, CsHs), 4.14 (t, 2 H, CsHy),
4.55 (s, 2 H, CH,), 7.48 (m, 4 H, CH,,p), 8.00 (d, 2 H, CH), 8.40
(s, 1 H, CH), 8.55 (d, 2 H, CH,pu)- *C {'H} NMR (CDCly): § =
52.1, 53.2, 53.5, 53.6, 54.2, 55.5 (CH,), 67.9, 68.4, 69.1 (CH, Cp),
70.1, 70.3, 70.4 (CH,0), 124.7, 125.2, 125.5, 127.3, 128.8, 130.3,
131.3, 131.3 (CHupm). MS (FAB): m/z = 607 [MT'].
C36H42FeN,05:3H,0 (660): caled. C 65.5, H 6.4, N 4.3; found C
65.5,H 6.3, N 4.2.

L% The polyazacycloalkane 1,4,8,11-tetraazacyclotetradecane
(520 mg, 2.6 mmol) was heated under reflux in absolute ethanol
with 9-(chloromethyl)anthracene (560 mg, 2.6 mmol) in the pres-
ence of triethylamine. After 16 h, the mixture was cooled to room
temperature and the solvent was removed. To the residue basic
water and dichloromethane were added and the organic phase was
separated, dried with anhydrous magnesium sulfate, filtered, and
concentrated to dryness. The resulting oil was dissolved in dichloro-
methane and purified by chromatography on alumina using dichlo-
romethane/ethanol (100:3, v/v) as eluent. This allowed us to isolate
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the compound Il-anthrylmethyl-1,4,8,11-tetraazacyclotetradecane.
Yield 280 mg, 28%. This compound (280 mg, 0.717 mmol) was
heated under reflux in dry acetonitrile with (ferrocenylmethyl)tri-
methylammonium iodide (1103 mg, 2.868 mmol) in the presence of
potassium carbonate. After 24 h, the reaction mixture was filtered
and the orange solution concentrated to dryness. The product L?
was obtained after column chromatography on alumina using
dichloromethane/ethanol (100:1, v/v) as eluent. Yield 565 mg, 80%.
'H NMR (CDCls): § = 1.55 (q, 2 H, CH,CH,CH,), 1.75 (q, 2 H,
CH,CH,CH,), 2.00 (t, 4 H, NCH,CH,CH,N), 2.28—2.70 (m, 12
H, NCH,CH,N), 3.36, 3.28, 3.15 (s, 6 H, CH,), 3.84 (t, 2 H, CsHy),
3.90 (t, 2 H, CsHy), 3.93 (s, 5 H, CsHs), 3.99 (t, 2 H, CsH,), 4.01
(s, 5 H, CsHs), 4.02 (t, 4 H, CsHy), 4.05 (s, 5 H, CsHs), 4.07 (t, 2
H, CsH,), 4.31 (s, 2 H, CH,), 7.48 (m, 4 H, CH,,,), 8.00 (d, 2 H,
CH), 8.40 (s, 1 H, CH), 8.55 (d, 2 H, CHyp).*C {'"H} NMR
(CDCl,): 6 = 24.1, 24.8 (CH,CH,CH,), 47.0, 49.0, 49.6, 49.7, 50.3,
50.4, 51.0, 51.3, 51.4, 53.3, 53.4, 54.1 (CH,N), 67.6, 67.7, 63.2,
68.3, 68.4, 70.1, 70.2, 70.3 (CH, Cp), 124.8, 125.1, 126.1, 127.0,
128.7, 131.2, 1314, 131.5 (CH.um). MS (FAB): 985 [M™'].
CsgHgaFe;Ny-3H,0 (1014): caled. C 67.0, H 6.6, N 5.2; found C
67.1, H 6.7, N 5.4.

Structure  Determination  of  [H,L!|[PF¢],-0.5CH,Cl,-H,O:
C36.sHuCIF ,FeN,O,P,, M = 955.98, triclinic, space group PI,
a = 12.176Q2), b = 12.787(2), ¢ = 15.589(2) A, o = 95.716(11),
B = 110.088(12), y = 106.236(12) °, Z = 2, V = 2136.1(5) A3,
Deniea. = 1486 g cm 3, M(Mo-K,) = 0.71069 A, T = 2932) K,
w(Mo-K,) = 0.583 mm~!. Measurements were carried out using a
Siemens P4 diffractometer with graphite-monochromated Mo-K,
radiation on a yellow crystal of dimensions 0.10 X 0.20 X 0.27 mm.
A total of 5844 reflections was collected of which 5532 were inde-
pendent (R;,, = 0.0143). Lorentz, polarisation and absorption (y-
scan, max. and min. transmission 0.541 and 0.014) corrections were
applied. The structure was solved by direct methods
(SHELXTL)® and refined by full-matrix least-squares analysis on
F? (SHELXTL). The refinement converged at R1 = 0.084 [F >
40(F)] and wR2 = 0.249 (all data). Largest peak and hole in the
final difference map +0.75 and —0.41 e A3

Structure Determination of [CuL?|[PFg],*CH,Cl,: C5oHgsCl,CuF »-
FesN4P,, M = 1423.09, monoclinic, space group P2i/c, a =
14.419(5), b = 35.644(9), ¢ = 13.282(4) A, B = 104.20(3) °, Z = 4,
V = 6618(3) A3, Deyea. = 1428 g cm 3, A(Mo-K,) = 0.71069 A,
T = 293(2) K, n(Mo-K,) = 1.163 mm~'. Measurements were car-
ried out using a Siemens P4 diffractometer with graphite-monoch-
romated Mo-K,, radiation on a yellow crystal of dimensions 0.15
X 0.15 X 0.23 mm. A total of 9086 reflections was collected of
which 8645 were independent (R;, = 0.0985). Lorentz, polarisation
and absorption (y-scan, max. and min. transmission 0.3133 and
0.2912) corrections were applied. The structure was solved by direct
methods (SHELXTL) 2 and refined by full-matrix least-squares
analysis on F?> (SHELXTL). The refinement converged at Rl =
0.1008 [F > 4o(F)] and wR2 = 0.3609 (all data). Largest peak and
hole in the final difference map +0.78 and —0.63 ¢ A 3.
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Crystallographic data for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-158668
([H>L'[PF¢],-0.5CH,Cl,'H,0) and -158669 ([CuL?|[PF4],-CH,-
Cl,). Copies of the data can be obtained free of charge on applica-
tion to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax:
(internat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Physical Measurements: The fluorescence behaviour was studied
with a FS900CDT Steady State T-Geometry Fluorimeter, Edin-
burgh Analytical Instruments. All solutions for photophysical stud-
ies were previously degassed. The concentration of ligands and
metal ions were ca. 1.0 X 107* M in dioxane/water (the metal ions
were perchlorate or nitrate salts of Ni>*, Cu?", Zn?>*, Cd>*, Hg>*,
and Pb?*). The fluorescence quantum yield of anthracene 7 in
acetonitrile was used as standard and taken to be 0.36. In order to
obtain the quantum yield of the new ligands, those were dissolved
in acetonitrile, their absorbance adjusted to ca. 0.15 and then com-
pared to the standard. The '"H NMR spectra were recorded with a
Varian Gemini spectrometer. Chemical shifts are reported in ppm
downfield from the TMS signal. Spectra taken in CDCl; were refer-
enced to residual CHCIl;. Potentiometric titrations were carried out
in 1,4-dioxane/water (70:30, v/v; 0.1 m KNO3) using a reaction ves-
sel that was thermostatically controlled using water at 25.0 = 0.1
°C under nitrogen. The titrant was added by a Crison microburete
2031. The potentiometric measurements were made using a Crison
2002 pH-meter and a combined glass electrode. The titration sys-
tem was automatically controlled using a PC. The electrode was
calibrated as a hydrogen concentration prove by titration of well-
known amounts of HCI with CO,-free KOH solution and deter-
mining the equivalent point by the Gran’s method which gives the
standard potential £’° and the ionic product of water (K', =
[H*J[OH]). The concentration of the metal ions was determined
using standard methods. The computer program SUPERQUAD [2%]
was used to calculate the protonation and stability constants. The
titration curves for each system (ca. 250 experimental points corres-
ponding to at least three titration curves, pH = —log [H] range
investigated 2.2—10.3, concentration of the ligand and metal ion
being ca. 1.2 X 1073 M) were treated either as a single set or as
separated entities without significant variations in the values of the
stability constant. Finally, the data sets were merged and treated
simultaneously to give the stability constant. Electrochemical data
were carried out in 1,4-dioxane/water (70:30, v/v) and in dry ace-
tonitrile, with a programmable function generator Tacussel IMT-1,
connected to a Tacussel PJT 120—1 potentiostat. The concentra-
tion of ligands and metal ions were ca. 1.0 X 1073 ™ in dioxane/
water (the metal ions were perchlorate or nitrate salts of Cu>* and
Pb?*; metal-to-ligand ratio 1:1). The working electrode was plat-
inum with a saturated calomel reference electrode separated from
the test solution by a salt bridge containing the solvent/supporting
electrolyte. The auxiliary electrode was platinum wire. E,,, values
were measured by rotating-disc electrode experiments (scan speed
10 mVs™!, rotating speed 7000 revolutions min™1).
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