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A new ferrocene functionalized macrocyclic receptor 1,8-bis(ferrocenylmethyl)-5,5,7,12,12,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane (R) has been designed and synthesized to study its
potential application as chemosensor. The receptor has been characterized by spectral techniques
and X-ray diffraction. The compound crystallizes in the orthorhombic space group Pcab with four
molecules in a unit cell (half-a-molecule in the asymmetric unit). The electrochemical studies of
the receptor in dioxane-water (7:3 v/v, 25°C) indicate that the receptor is pH-dependent with
a displacement of Ei/; to more anodic potentials with a decrease in the pH from 12 to 5. The
electrochemical behaviour of R was also studied in the presence of Mn?*, Co?**, Ni**, Cu?*
and Zn?** in dioxane-water (7:3 v/v, 25°C, [Bu"4N][ClO4]), showing that upon complexation the
ferrocene—ferrocenium half-wave potential shifts anodically in relation to that of the free receptor.

The maximum electrochemical shift (AEy;;) of 46 mV was found in the presence of Cu?t, followed
by Co?** (20 mV), Mn?* (15 mV), Ni** (13 mV) and Zn** (9 mV). Moreover, the receptor R is able
to electrochemically and selectively sense Cu?* in the presence of the other transition metal cations

studied. Copyright © 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

The design of molecular receptors having the ability to
selectively bind and sense cationic, anionic, or even neu-
tral guests via a macroscopic physical response is an area
of intense activity.!™* The receptor incorporates a redox
centre near binding sites, which gives the ability to rec-
ognize substrates electrochemically. Owing to the nature
of the binding domains, cation/anion recognition stud-
ies have been carried out and emphasis has been placed
on the potential selective redox recognition. The com-
monly employed redox-active centres in electrochemical
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chemosensors are ferrocenes, nitrobenzenes and quinines.’

Electrochemical sensors containing the ferrocene entity have
been reported and those studies indicate that the cation
selectivity could be achieved by tailoring the cavity size
(Scheme 1).5-12 Although ferrocene appended to cyclam
and other polyaza and polyoxaaza macrocycle have been
reported, the ferrocene-functionalized tet’a” macrocycle has
not yet been reported.

The main interest in the present work is the incorporation
of the redox centre, ferrocene, near the macrocyclic binding
sites, namely tet'a’ (meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-
tetraazacyclotetradecane) to obtain the receptor (R) for the
determination of biologically important guest molecules.
The binding properties of the macrocycle may differ with
different cations and anions, and these differences can affect
the redox properties of the ferrocene moiety, which is in close
proximity to the macrocycle via electrostatic interactions. In
this paper, the synthesis and characterization of receptor R
and its electrochemical behaviour towards first-row transition
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Scheme 1. Examples of ferrocene containing chemosensors.

metal ions such as Mn?**, Co?*, Ni**, Cu>" and Zn?* has been
reported. The crystal structure of the free receptor R is also
reported.

EXPERIMENTAL

Materials

Acetonitrile (CH3CN) was pre-dried over molecular sieves
(4-8 mesh) and then distilled under nitrogen from calcium
hydride. 1,4-Dioxane and water were of HPLC grade. meso-
5,5,7,12,12,14-Hexamethyl-1,4,8,11-tetraaza cyclotetradecane
and N,N’-dimethylaminomethyl ferrocene methiodide were
prepared by the literature methods.'>!* Tetra(n-butyl) ammo-
nium perchlorate (TBAP), used as the supporting electrolyte
in the electrochemical measurements, was purchased from
Fluka and recrystallized from hot methanol. (Caution! TBAP
is potentially explosive; hence, care should be taken in the
handling of the compound.) Metal (II) ions such as Mn?t,
Co**, Ni**, Cu®" and Zn*" were used as their perchlorate
salts. All other chemicals and solvents were of analytical
grade and used as received.

Copyright © 2007 John Wiley & Sons, Ltd.

Physical measurements

Elemental analysis was carried out on a Carlo Erba model
1106 elemental analyzer. 'H NMR and *C NMR spectra
were recorded using a model FX-80-Q Fourier transform
nuclear magnetic resonance spectrometer. FT-IR spectra were
recorded on a Perkin-Elmer RX1 model spectrophotometer
on KBr discs in the wavenumber range 4000-250 cm™'.
Electronic spectral studies were conducted on a Perkin-Elmer
Lambda 35 Model spectrophotometer in the wavelength
range 200-800 nm. Electrochemical studies were carried out
using CHI600A electrochemical analyser. The measurements
were carried out under oxygen-free conditions using a
three-electrode cell, in which a glassy carbon electrode
was the working electrode, a saturated Ag—AgCl electrode
was the reference electrode and a platinum wire was
used as the auxiliary electrode. Tetra(n-butyl) ammonium
perchlorate was used as the supporting electrolyte. The pH
of the solutions was adjusted with millimolar solutions of
HCIO,; and KOH and monitored using a pH meter. The
electrochemical response was recorded after progressively
adding aliquots of stock solutions in suitable solvent mixture
dioxane : water (7:3 v/v) containing sub-stoichiometric or
stoichiometric equivalents of metal ions.
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Synthesis of 1,8-bis(ferrocenylmethyl)-5,5,7,12,
12,14-hexamethyl-1,4,8,11-tetraazacyclote-
tradecane R

Compound meso-5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraaza
cyclotetradecane (1.6 g, 0.005mol) was dissolved in dry
acetonitrile (100 cm®) with anhydrous potassium car-
bonate (6.9g, 0.05mol). To this was added N,N'-
dimethylaminomethyl ferrocene methiodide (3.85 g,0.01 mol)
and the solution was refluxed under nitrogen atmosphere for
36 h. During this time trimethylamine evolved, which was
detected by pink litmus paper. After cooling, the precipi-
tate was filtered off, the solvent evaporated and the residue
dissolved in dichloromethane (100 cm®). This solution was
washed with several portions of water (3 x 100 cm®). The
organic phase was dried with MgSO,, filtered and evap-
orated to dryness. The brown oil obtained was purified
by silica column chromatography using dichloromethane,
then dichloromethane—methanol with increasing amounts of
methanol (5-20%). The dark brown compound eluted in the
final fractions, after evaporation of the solvent, was recrystal-
lized from chloroform. Yield: 2.55 g (75%) m.p. 178 °C. FT-IR
(ecm™1) (KBr): 3250 (N-H Str.), 3090 (C-H str. of ferrocene),
2950, 2800 (alkyl C-H str.), 2250 (CN Str.). 'H NMR (CDCls):
8 4.1 (18H, s, H of ferrocene), 3.50 (4H, s, CsH,CH,N), 2.77
(2H, s, NH), 2.70 [2H, t, ] = 3 Hz, NCH(CH3)], 2.50-2.67 (8H,
m, NCH,CH,N) and 1.35 [4H, m, C(CH3)2-CH2-CH(CH3)],
0.92-1.08 (18H, m, all CH3 protons). EI mass spectrum: m/z
680 (M%) (caled for CssHseFeaNy: C, 67.1, H, 82, N, 8.2;
found: C, 66.8, H, 8.1, N, 8.1). UV -vis (CH3CN) [Anax, nm (g,
M~ cm™1)]: 433 (305).

RESULTS AND DISCUSSION

Synthesis and characterization of R

The receptor 1,8-bis(ferrocenylmethyl)-5,5,7,12,12,14-hexa-
methyl-1,4,8,11-tetraazacyclotetradecane was synthesized
using a simple route in good yields (Scheme 2) when com-
pared with cyclam and other polyaza and polyoxaaza macro-
cyclic receptors. The R was characterized by IR, NMR and
electronic spectral techniques. The elemental analysis gener-
ally showed good agreement between the values expected and
those obtained. The suitable crystals of R for the single X-ray
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Behaviour of a new ferrocene functionalized tet ‘a’ macrocyclic receptor

diffraction analysis were obtained by slow evaporation of
the solvent mixture dichloromethane—methanol (v/v, 90:10)
containing the desired compound. The compound crystallizes
in the orthorhombic space group Pcab with four molecules
in the unit cell (half-a-molecule in the asymmetric unit).
The molecular structure was solved by direct methods and
refined by full-matrix least-squares procedures. SHELXS97
and SHELXL97" programs were used for structure solution
and structure refinement, respectively. Full crystal data and
structure refinement details, atomic coordinates, equivalent
isotropic displacement parameters, full interatomic distances
and angles, and anisotropic displacement parameters for
the receptor (R) are available from the Cambridge Crystallo-
graphic Data Centre CCDC, no. 283261. During the course
of the present investigation, the synthesis and X-ray crystal

structure of the receptor R were also reported by Tian et al.!¢

Redox properties of R

The cyclic voltammograms of R were obtained in diox-
ane-water (7:3 v/v) using 0.1 M TBAP as supporting
electrolyte vs Ag—AgCl over a wide pH range from 12 to
4 (Fig. 1). Cyclic voltammograms of the receptor exhibits one
well-defined reversible two-electron wave over a large pH
range, suggesting that the two ferrocene moieties become
oxidized in one step.l” For example, the receptor shows one
oxidation peak at 445 mV and the corresponding reduction
peak at 340 mV when the sweep is reversed at pH 7.5. The
oxidation—reduction couple appears to be reversible because:
(i) there is a separation peak of ca. 105 mV (100 mV found for
ferrocene under similar conditions); (ii) there are no shifts of
the half-wave potentials with varying scan rates; and (iii) the
anodic and cathodic intensities ratios are close to unity. The
plots of i, vs v'/? (i, = anodic peak intensity and v = scan
rate) also indicate that the oxidation is controlled by diffusion
(data not shown). The controlled potential electrolysis carried
out for the receptor at 100 mV more positive to the oxidation
potential consumed two electrons per molecule (1 = 1.92),
which is typical of a bis(ferrocenyl) derivative with non-
interacting ferrocene units. Therefore, the oxidation process
is assigned as follows:

2Fell = 2Fe™™

- 08

LS R

Scheme 2. Synthesis of the receptor (R).
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Figure 1. Cyclic voltammograms of the free receptor (R) at pH
8,7, 8and 9 {[R] = 108 M in dioxane : water mixture (7 : 3 v/v);
measured by CV at 100 mV s~'; E vs Ag/AgCl; GC working and
Ag/AgCl reference electrodes; supporting electrolyte, TBAP}.

Influence of pH on electrochemical behaviour
of R

The electrochemical studies carried out for the receptor R in
dioxane : water mixture (7:3 v/v) indicate that the reversible
nature and the half-wave potential E;;, of the receptor is
pH-dependent. It is observed that the AE value for the redox
couple of the receptor R at pH 11 is 102mV and at pH
6 it is 184 mV. These values indicate that the reversibility
of the redox couple decreases while decreasing the pH of
the medium from 11 to 6. It is also observed that there
is a displacement of E;,; to more anodic potentials with a
decrease in the pH from 12 to 5 (Figs 1 and 2). The decrease in
pH induces the neutral receptor molecule to charged species,
resulting in an electrostatic interaction between the charged
species and the ferrocenyl moieties, thereby altering its redox
potential. The difference between the oxidation potential
under basic (pH ~ 12) and acidic (pH ~ 5) conditions was
found to be 132mV. This observation is as expected due
to the presence of the charged ammonium groups which
make receptor oxidation more difficult; the amine protonation
builds up positive charge close to the ferrocene nucleus and
this electrochemically repels the ferrocenium cations through
space, thermodynamically hindering its oxidation.

It is observed that the change in electrochemical shifts over
the pH range 12-5 is not gradual for R. Two deflections
in the redox potentials of receptor are observed, the first
one between pH 10 and 9 and the second one between
pH 7 and 6. These two deflections may be attributed to
the difference in protonation behaviour of the strong base-
secondary amines and weaker base-tertiary amines present
in the receptor respectively.!® It is also observed that there is
no appreciable change in the redox potential of the receptor
on further decrease in the pH from 5 to 4. This may be due

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. The plot of E1,, vs pH for free receptor (R) over the
pH range from 4 to 12 {[R] = 102 m in dioxane : water mixture
(7:3 Vv/v)}.

to the fact that there is no further protonation taking place
in the receptor.”? Thus these changes in redox potential of
the ferrocene moiety in the receptor with respect to pH of the
medium indicate that the receptor R can be used as a good
pH responsive electrochemical sensor.

Electrochemical behaviour of receptor in the
presence of transition metal ions

We have electrochemically studied the shift of E;, vs pH for
the L-H"—M?" systems (Mn?", Co*", Ni*", Cu** and Zn*";
M?": L, molar ratio = 1:1) in dioxane:water mixture (7:3
v/v). The cyclic voltammograms of the free receptor (R) and
in the presence of metal (II) ions (R/ M2t) at pH 8 is shown
in Fig. 3. In order to rationalize all these data, the difference
found between E;, for the receptor—metal system and that
for the free receptor (AEi);), [AEi» = Ei» (receptor—metal
complex)—E;,, (free receptor)] has been monitored at nine
different pH values from 4 to 12. The plots of E;, vs pH and
AE;); vs pH for free receptor and in presence of metal (II)
ions are shown in Figs 4 and 5, respectively.

The redox response of this receptor towards these metal
cations in the pH range from 12 to 5 at various molar ratios
of M**: R also showed a displacement of half-wave potential,
Ei)», to more anodic potential (Figs 4 and 5) and it increases
with increase in molar ratio (M*" : R) and reaches a maximum
at 1 (data not shown). Additions of sub-stoichiometric
amounts of metal ions induce a sequential shift of the
Eij» values.”® The complexation of the metal ions with the
receptor induces positive charge on the receptor (Scheme 3),
making it more difficult to oxidize than free receptor, and
shifts the potential of the Fc/Fc* redox couple towards the
anodic side.?! This result indicates that the complexed metal
(IT) cation in the macrocyclic cavity is communicating to
the respective covalently appended ferrocene redox centres
through space electronic interactions.?

Appl. Organometal. Chem. 2007; 21: 311-317
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Figure 3. Cyclic voltammograms of the free receptor (R) and in
presence of Mn?*, Co?*, Cu®*, Ni#* and Zn?* metal ions (M?*:
R molar ratio = 1) at pH 8 (measured by CV at 100 mV s~ '; £

vs Ag—AgCl; GC working and Ag—AgCl reference electrodes;
supporting electrolyte, TBAP).
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Figure 4. The plot of E£4,» vs pH for free receptor (R) and in
presence of Mn?*, Co®*, Cu*, Ni*t and Zn®* metal ions {{M?*]
and [R] is 1073 M in dioxane : water mixture (7:3 vA), M?*: R
molar ratio = 1}.

From the above data, some regions of selectivity of the
receptor towards the metal ions can also be detected. For
instance, the receptor shows higher selectivity for Cu** over
the pH range from 6 to 11 with the largest electrochemical
shift for Cu*" ion at pH ca. 8 (Fig. 5). Further, the receptor
shows a lesser shift of AE;,, (AE;, <20 mV) for all the metal
ions except for Cu** ion (AE; ), = 46 mV). This may be due to
the fact that the copper (II) ion has higher stability constant
value than the other metal ions with a tet’a’” macrocycle,®
which makes more binding towards Cu* jon and, hence,
higher anodic shift of the redox potential of the receptor with
this metal ion.

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 5. The plot of AE;,, vs pH for free receptor (R) and in
presence of Mn?*, Co?*, Cu®*, Ni* and Zn?* metal ions {[M?*]
and [R] is 1072 M in dioxane : water mixture (7:3 vA), M?*: R
molar ratio = 1}.

It has been already reported that a selective electrochemical
response along with large AE;;, values can be related with
the presence of predominant receptor—metal complexes in a
wide pH range and the existence of pH ranges of selective
complexation.?®* The present study indicated that the R
was able to electrochemically recognize Cu*" ion over other
common metal ions such as Mn?", Co*", Ni** and Zn?*
over the pH range 6—11. Further, the shift of the anodic peak
potential (Ep,) is noticeably different from shift of the cathodic
peak potential (Epc) when comparing the Cu(Il) complex with
the receptor R. This is due to the fact that, in the presence of
Cu’" ion, the receptor becomes a dipositive charged species
[Cu—R]**; consequently an increase in the ferrocene oxidation
potentials (E,,) is observed when compared with the free
receptor. Qualitatively, we can understand this behaviour
by taking into account that highly charged species are more
difficult to oxidize due to electrostatic repulsion between
the positively charged electrodes and the positively charged
species when compared with neutral species. However, the
cathodic peak potential (Ej.) is not much altered with respect
to the free receptor, which may be due to the fact that,
after the oxidation process, both the free receptor and metal-
complexed systems exist as positively charged species.

Of particular importance for evaluating receptor as a
chemical sensor are the results of competition experiments in
solutions followed by electrochemical techniques; this means
the behaviour of the receptor in the presence of several
substrates. When an equimolar mixture of metal ions Mn?,
Co?*, Ni?*, Cu®* and Zn?* is added to a solution of R, the
extent of the anodic shift of ferrocene—ferrocenium couple is
approximately equal to that induced by Cu** alone. Further,
competition experiments when carried out in the presence
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Scheme 3. Complexation of receptor (R) with various metal (ll) ions.

of excess competing cations ([Cu®"]:[M*"]=1:2, where,
M?** = Mn?", Co**, Ni** and Zn?") with respect to the Cu*"
ion does not alter the redox potentials of the receptor. Thus,
the receptor R can be used as a good chemosensor for the
selective recognition of Cu®" ion in the presence of other first
row transition metal ions. Although similar behaviour was
observed for few other ferrocene incorporated macrocyclic
receptors,”>?* the shift in E;, values for the tet’a’ macrocycle
receptor is less than that for the unsubstituted macrocycle
receptor, which may be due to the hexamethyl substitution
in the periphery of the tet’a” receptors, which affects its
flexibility. Thus, the flexibility of the macrocyclic framework
plays an important role in the complexing ability of tet’a’
ligand and consequently in its behaviour as a redox sensor.

The electrochemical recognition ability of the receptor
against transition metal ions was also studied in aprotic
solvents such as acetonitrile. The maximum AE;,, value in
the presence of Cu®" ion is 110 mV in acetonitrile and 46 mV
in dioxane : water mixture. It is also observed that the shifts
in electrochemical values were higher in acetonitrile, when
compared with that found in dioxane : water for other metal
ions studied. This observation is in line with the fact that
the dielectric constant of acetonitrile (¢ = 37.5) is lower than
that of dioxane:water 70:30 v/v mixtures (¢ = 53.3). [The
dielectric constant of the dioxane: water 70:30 v/v mixture
has been calculated as ¢ = ), Xi¢;, where X; and ¢; are the
molar fractions and permittivities of water and dioxane.]
The interaction between the positively charged ammonium
groups and the ferrocenyl moieties has been reported to be
mainly electrostatic and therefore larger electrochemical shifts
are expected in solvents with lower dielectric constants.”

CONCLUSION

The receptor R reported in the present work has the ability to
recognize first row transition metal (II) ions electrochemically
due to the existence of receptor—metal complexes over a wide
pH range. The electrochemical studies further indicate that
the receptor shows higher selectivity towards Cu®" ion than

Copyright © 2007 John Wiley & Sons, Ltd.

the other transition metal ions studied. The shift in redox
potentials (E,, for the ferrocene—ferrocenium couple) found
for the tet’a’ receptor R is less than the cyclam receptor in
the presence of metal ions. From the studies, we infer that
flexibility and the binding nature of the receptor play an
important role in its complexing ability and consequently in
its behaviour as a redox sensor.

Acknowledgement

K.RK. acknowledges the Department of Science and Technology
(DST), New Delhi, India, for financial assistance received through
DST-SERC Project SR/S1/1C-27/2004 sanctioned to M.K.

REFERENCES

1. Maynadié ], Delavaux-NicotD, Lavabre D, Fery-ForguesS.
J. Organometal. Chem. 2006; 691: 1101. DOI: 10.1016/jor-
ganchem.2005.11.021.

2. LuG, Grossman JE, Lambert JB. ]. Org. Chem. 2006; 71: 1769. DOI:
10.1021/jo0518405.

3. Caballero A, Térraga A, Velasco MD, Espinosa A, Molina P. Org.
Lett. 2005; 7: 3171. DOI: 10.1021/01050823z.

4. Saravanakumar D, Sengottuvelan N, Kandaswamy M. Inorg.
Chem. Commun. 2005; 8: 386. DOI: 10.1016/j.inoche.2005.01.027.

5. Beer PD, Gale PA, Chen GZ. |. Chem. Soc., Dalton Trans. 1999;
1897.

6. Vigato PA, Tamburini S. Coord. Chem. Rev. 2004; 248: 1717.

7. Martinez-Méfiez R, Sancenén F. Chem. Rev. 2003; 103: 4419. DOI:
10.1021/cr010421e.

8. Caltagirone C, Bencini A, Demartin F, Devillanova FA, Garau A,
Isaia F, Lippolis V, Mariani P, Papke U, Tei L, Verani G. ]. Chem.
Soc., Dalton Trans. 2003; 901. DOI: 10.1039/b210806m.

9. Ot6n F, Tarraga A, Velasco MD, Molina P. J. Chem. Soc., Dalton
Trans. 2005; 1159. DOL: 10.1039/b419082c¢.

10. Lloris JM, Martinez-Méfiez R, Soto], Pardo T. ]. Organometal.
Chem. 2001; 637: 151.

11. Beer PD, Cadman J. Coord. Chem. Rev. 2000; 205: 131.

12. Sancenén F, Benito A, Hernandez FJ, Lloris JM, Martinez-Ma
nez R, Pardo T, Soto J. Eur. J. Inorg. Chem. 2002; 2002: 866.

13. Hay RW, Lawrance GA. J. Chem. Soc., Perkin I. 1964; 591.

14. Lednicer D, Hauser CR. Org. Synth. 1960; 40: 31.

15. Shedrick GM. SHELX 97, Programs for Crystal Structure Analysis.
University of Géttingen: Gottingen, 1997.

16. Ma W, Tian YP, Zhang SY, Wu JY. Transition Metal Chem. 2006;
31: 97. DOI: 10.1007 /s11243-005-6336-9.

Appl. Organometal. Chem. 2007; 21: 311-317
DOI: 10.1002/aoc



m Speciation Analysis and Environment

17.

18.

19.

20.

Sutcliffe OB, Bryce MR, Batsanov AS. . Organometal. Chem. 2002;
656: 211.

Tendero MJL, Benito A, Martinez-Mérfiez R, Soto], Garcia-
Espania E, Ramirez JA, Burguete MI, Luis SV. . Chem. Soc., Dalton
Trans. 1996; 2923.

Lloris JM, Martinez-Mafiez R, Padilla-Tosta ME, Pardo T, Soto J,
Garcia-Espafia E, Ramirez JA, Burguete MI, Luis SV, SinnE. .
Chem. Soc., Dalton Trans. 1999; 1779.

Al Shihadeh Y, Benito A, Lloris JM, Martinez-Mafiez R, Pardo T,
Soto J, Marcos MD. ]. Chem. Soc., Dalton Trans. 2000; 1199. DOI:
10.1039/a908762a.

Copyright © 2007 John Wiley & Sons, Ltd.

21

22.

23.

24.

25.

Behaviour of a new ferrocene functionalized tet ‘a’ macrocyclic receptor

. Oton F, Térraga A, Velasco MD, Espinosa A, Molina P. Chem.
Commun. 2004; 1658.

Lloris JM, Martinez-Méfiez R, Pardo T, Soto J, Padilla-Tosta ME.
J. Chem. Soc., Dalton Trans. 1998; 2635.

Martell AE, Smith RM. Critical Stability Constants, Vol. 5. Plenum
Press: New York, 1982; 132-200.

Costa J, Delgado R, Drew MGB, Félix V, Saint-Maurice A.]. Chem.
Soc., Dalton Trans. 2000; 1907. DOI: 10.1039 /b000938p.
Martinez-Mafiez R, Soto J, Lloris JM, Pardo T. Trends Inorg. Chem.
1998; 5: 183.

Appl. Organometal. Chem. 2007; 21: 311-317
DOI: 10.1002/aoc

317



