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The coordination chemistry of the mixed donor 12-membered macrocyclic ligand 1-aza-4,10-dithia-7-oxacyclo-
dodecane ([12]aneNS,0) with Cu", Zn"™, Cd"™, Hg", and Pb™ has been investigated both in water solution and in

the solid state. The protonation constant for [12]JaneNS,O and stability constants with the aforementioned metal
ions have been determined potentiometrically and compared with those reported for other mixed N/S/O-donor
tetradentate 12-membered macrocycles. The measured values are consistent with trends observed previously for aza
macrocycles as secondary N-donors are replaced by O- and S-donors. In particular our results show that Hg™ in
water has the highest affinity for [12]aneNS,O followed by Cu®, Cd"™, Pb"™, and Zn"™. For each considered metal ion,
1 : 1 complexes of [12]aneNS,O have been isolated in the solid state; those of Cu™, Hg", and Cd™ have also been
characterised by X-ray crystallography. In the cases of copper(i1) and cadmium(ir) complexes the ligand adopts a
folded [2424] conformation, whereas a more planar [3333] conformation is observed in the case of the mercury(ir)
complex. The macrocycle [12]aneNS,0 and its structural analogue [12]JaneNS; have then been used as receptor units
in the design and synthesis of the new ferrocene-containing redox-active ionophores N-ferrocenylmethyl 1-aza-4,10-
dithia-7-oxacyclododecane (L') and N-ferrocenylmethyl 1-aza-4,10,7-trithiacyclododecane (L?). Electrochemical
studies carried out in MeCN in the presence of increasing amounts of Cu®, Zn"™, Cd", Hg", and Pb"™ showed that the
wave corresponding to the Fc/Fc* couple of the uncomplexed ionophores L' and L? is gradually replaced by a new
reversible wave at more positive potentials and corresponding to the Fc/Fc* couple of the complexed ionophores.
The maximum shift of the ferrocene oxidation wave was found for L' in the presence of Zn™ (230 mV) and Pb"

(220 mV), whereas for L?* a selective sensing response for Cu™ over the other guest metal cations was observed with

an oxidation peak shift of 230 mV.

Introduction

The design and development of ion-selective sensors represents
an important area of research in supramolecular chemistry.
These functionalised molecules generally comprise a receptor
unit or guest-binding site which is covalently attached to a sig-
nalling unit. The selective host—guest interaction between the
target species and the receptor unit causes an easily detectable
change in the physical properties of the signalling moiety. In
particular, redox-responsive sensors for charged and neutral
guests have attracted great attention in the past decade."® Using
the electrochemical technique of cyclic voltammetry, a shift of
the redox potential of the active moiety can be easily observed
on interaction of the target substrate with the receptor unit of
the supramolecular device. The ferrocenyl group is still the
most widely used redox probe in electrochemically responsive
sensors,'* whereas macrocyclic receptors represent the first
choice as guest-binding sites for metal cations due to the great
possibility of modulation of host coordination environments
that they can offer. Most of the reported ferrocene-based

1 Electronic supplementary information (ESI) available: synthetic
details including analytical and spectroscopic data for the isolated
complexes. Ortep views of the coordination sphere around the metal
centres in 1, 2 and 5. See http://www.rsc.org/suppdata/dt/b2/b210806m/
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redox-responsive ionophores feature crown ethers'*!""'7 or

polyaza-macrocycles "%1#2° ag receptor units, whereas very few
data are available on the electrochemical response of ferrocene-
functionalised macrocycles containing S-donor atoms.*!

We describe here the coordination properties of 1-aza-4,10-
dithia-7-oxacyclododecane ([12]aneNS,0) with Cu™, Zn™, Cd™,
Hg", and Pb™. The N-ferrocenylmethyl derivatives of [12]ane-
NS,O (L") and 1-aza-4,7,10-trithiacyclododecane ([12]aneNS;)
(L?» have also been synthesised and their electrochemical
responses to the above mentioned metal ions investigated by
cyclic voltammetry in MeCN solution.

Experimental

All melting points are uncorrected. Microanalytical data were
obtained using a Fisons EA CHNS-O instrument operating at
1000 °C. FAB mass spectra were recorded at the Institut fir
Organische Chemie der Technischen Universitdt, Braunsch-
weig. '"H and C NMR spectra were recorded on a Varian
VXR300 spectrometer. UV-visible measurements were carried
out at 25 °C using a Varian Model Cary 5 UV-Vis-NIR
spectrophotometer. Cyclic voltammetry experiments were
recorded at a scan rate of 100 mV s™', using a conventional
three-electrode cell, consisting of a combined working and
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counter platinum electrode and a standard Ag/AgCl (in KCl
3.5 mol dm™3 0.2223 V at 25 °C) reference electrode. The
experiments were performed at 25 °C in anhydrous MeCN. The
solutions were about 1 x 107* mol dm™* in the electroactive
species (L' and L?) with nBu,NBF, (0.1 mol dm~®) as sup-
porting electrolyte. A stream of argon was passed through the
solution prior to the scan. For each redox-responsive ionophore
(L' and L?), different solutions were prepared containing
an increasing amount of the metal guest cation as hydrated
perchlorate or tetrafluoroborate salt (molar ratio ranging
from 0 to 1 : 1), and the cyclic voltammogram was recorded
for each solution. The titration of L! and L? with HCIO,
instead was performed by cautiously adding uLL amounts of
the concentrated acid (1 mol dm™) to the MeCN solution
of the electroactive species. Data were recorded on a com-
puter controlled EG&G (Princeton Applied Research)
potentiostat-galvanostat Model 273 EG&G, using model 270
electrochemical analysis software. Bis(2-mercaptoethyl)ether
and di-tert-butyl dicarbonate were obtained from Aldrich. The
following compounds were prepared according to the reported
procedures: N-‘butoxycarbonyl-bis(2-chloroethyl)amine,” 1-
aza-4,7,10-trithiacyclododecane ([12]aneNS;),? (ferrocenyl-
methyl)trimethylammonium iodide.?*

Caution! The Zn", Hg", and Pb" complexes of [12]aneNS,0
were isolated in the solid state as Cl1O,~ salts. We worked with
these complexes on a small scale without any incident. Despite
these observations, the unpredictable behaviour of ClO," salts
necessitate extreme care in handling.

Synthesis of N-'butoxycarbonyl 1-aza-4,10-dithia-7-oxacyclo-
dodecane (N-Boc-[12]aneNS,0)

A solution of bis(2-mercaptoethyl)ether (4.58 g, 0.0331 mol) in
anhydrous dmf (250 mL) was added very slowly to a vigorously
stirred solution of N-‘butoxycarbonyl-bis(2-chloroethyl)amine
(8 g,0.0331 mol) and Cs,CO; (16.18 g, 0.050 mol) in anhydrous
dmf (800 mL) heated to 60 °C under N,. After addition was
completed, the solution was stirred at 80 °C overnight, Cs,CO,
was filtered off and the solvent removed in vacuo to yield a
yellow oil. The crude product was purified by flash chromato-
graphy (silica) using a CH,Cl, : MeOH (97.5 : 2.5 V/V) mix-
ture as eluant to give the desired compound as pale yellow
oil (5.35 g, 52.5% yield)."H-NMR (400 MHz, CDCl,): 5y 1.45
(s, 9 H), 2.73-2.78 (m, 12 H), 3.42-3.45 (m, 4 H). ®C-NMR
(300 MHz, CDCl,): o 28.41, 31.98, 32.08, 32.58, 32.73, 46.87,
47.95,73.11, 73.67, 79.50, 155.38.

Synthesis of 1-aza-4,10-dithia-7-oxacyclododecane
([12]aneNS,0)

Trifluoroacetic acid (25 mL) was added to a solution of N-Boc-
[12]aneNS,0 (5.35 g, 0.0174 mol) in CH,Cl, (25 mL) and the
resulting mixture stirred vigorously at room temperature under
N, for 2 hours. The solvent was removed under reduced pres-
sure and the residue (a pale yellow oil) taken up in water. The
pH value was adjusted to 14 by adding 5 M NaOH and the
product extracted into CH,Cl,. The organic extracts were dried
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over MgSQO,, filtered, and the solvent removed under reduced
pressure to give the desired compound as a colourless solid
(3.09 g, 86% yield). Mp: 64-65 °C. Elem. Anal. calc. (found for
CgH,,NOS,): C, 46.34 (46.28); H, 8.26 (8.56); N, 6.75 (6.60);
S, 30.93 (30.31). '"H-NMR (400 MHz, 298 K, CDCl,): 4 3.54
(t, J=5Hz, 4H), 2.68-2.79 (m, 13H). *C-NMR (400 MHz, 298
K, CDCly): 6. 31.57 (SCH,CH,NH), 33.48 (SCH,CH,0),
47.21 (HNCH,), 70.13 (OCH,). Mass Spectrum EI*: m/z 207
(ICsH;NS,01).

Synthesis of N-ferrocenylmethyl 1-aza-4,10-dithia-7-oxacyclo-
dodecane (L)

A solution of (ferrocenylmethyl)trimethylammonium iodide
(1.02 g, 0.0027 mol) in anhydrous MeCN (40 mL) was added
dropwise to a refluxing solution of [12]aneNS,0 (0.4 g, 0.0019
mol) and K,CO; (2 g, 0.0145 mol) in anhydrous MeCN
(40 mL). The resulting orange mixture was stirred overnight at
80 °C. K,CO, was then filtered off and washed with 20 cm® of
hot MeCN. The solvent was removed under reduced pressure
and the residue (an orange oil) was dissolved in CH,Cl, and
washed with water. The organic extracts were dried over
M¢gSO,, filtered, and the solvent removed in vacuo to yield an
orange solid (54% yield) corresponding to L'HI (8), which was
purified by flash chromatography (silica) using CH,Cl, : MeOH
(70 : 30 V/V) as eluant. Elem. Anal. found (calc. for C,oH,gFel-
NOS,): C, 42.77 (42.79); H, 5.28 (5.29); N, 2.58 (2.63); S, 12.09
(12.02)%. 8 (0.40 g) was then washed with 5 M KOH, extracted
in CH,Cl,, and dried over MgSO,. The solvent was removed in
vacuo to yield 0.23 g (75% yield) of pure product L!. Mp: 98 °C.
Elem. Anal. found (calc. for C;,H,,FeNOS,): C, 56.15 (56.29);
H, 6.76 (6.71); N, 3.60 (3.45); S, 16.26 (15.82)%. 'H-NMR (300
MHz, CDCl,): § 2.68 (t, J = 3.6, 4 H), 2.76-2.81 (m, 8 H), 3.50
(s,2H),3.73 (t,J=3.6,4 H),4.07 (s, 5 H), 4.138-4.139 (m, 4 H).
BC-NMR (300 MHz, CDCl,): éc 27.96 (SCH,CH,N), 30.35
(SCH,CH,0), 50.79 (NCH,CH,S), 55.13 (NCH,Fc), 67.93,
68.38, 69.85, 74.37 (OCH,), 83.69. UV-vis spectrum (MeCN):
Jmax = 325 (Emax = 75), 438 nm (113 dm®* mol ' ecm ™).

Synthesis of N-ferrocenylmethyl 1-aza-4,10,7-trithiacyclo-
dodecane (L?)

A solution of (ferrocenylmethyl)trimethylammonium iodide
(1.2 g, 0.0031 mol) in anhydrous MeCN (50 mL) was added
dropwise to a refluxing solution of [12]aneNS; (0.5 g, 0.0022
mol) and K,CO; (1.73 g, 0.0125 mol) in anhydrous MeCN
(50 mL). The resulting orange solution was stirred overnight.
K,CO,; was filtered off and the solvent was removed under
reduced pressure. The residue (an orange solid) was taken up in
CH,Cl, and washed with water. The organic extracts were dried
over MgSQO,, filtered, and the solvent removed under reduced
pressure to yield an orange solid. The product was purified by
flash chromatography (silica) using CH,Cl, : MeOH (70 : 30
V/V) as eluant (0.723 g, 78% yield). Mp: 111 °C. Elem. Anal.
found (calc. for C;,H,,FeNS;): C, 53.96 (54.15); H, 6.26 (6.46);
N, 3.41 (3.32); S, 22.82 (22.82)%. '"H-NMR (400 MHz, CDCl;):
Oy 2.54-2.57 (m, 4 H), 2.65-2.67 (m, 4 H), 2.77-2.79 (m, 8 H),
3.52 (s, 2H), 4.07 (s, 5 H), 4.09-4.11 (m, 4 H). ®C-NMR (400
MHz, CDCly): 6. 26.84 (SCH,CH,N), 28.40 and 29.51
(SCH,CH,S), 52.40 (SCH,CH,N), 54.01 (NCH,Fc), 67.99,
68.37, 69.80, 82.15. UV-vis spectrum (MeCN): A, = 324
(Emax = 90), 435 nm (110 dm* mol ' ecm ™).

Synthesis of the complexes [Cu([12]aneNS,0)CL,] (1),
[Cu([12]aneNS,0)Br,] (2), [Cu([12]aneNS,0)(NO;),] (3),
[Zn([12]aneNS,0)1(C10,), (4), [Cd([12]aneNS,0)(NO,),] (5),
[Hg([12]aneNS,0)MeCN](ClO,), (6), [Pb([12]aneNS,0)]-
(C10,), (7), and [CA(L")(NO,),]-Et,0 (9)

All complexes have been synthesised by following a standard
procedure which includes the mixing of the appropriate metal
salt and the ligand ([12]aneNS,O or L") in 1 : 1 molar ratio in



MeCN or MeOH and the isolation of the product as crystals or
powder from the reaction mixture stirred for a few hours at
room temperature by diffusion of vapours of Et,O. Synthetic
details including analytical and spectroscopic data for the
isolated complexes have been deposited as Electronic Supple-
mentary Information (ESI){ and they are consistent with the
formulation given for the complexes. As a representative
example the full synthetic procedure for the preparation of 9 is
here reported: Cd(NO;),-4H,O0 (10.2 mg, 0.0493 mmol) was
added to a solution of N-ferrocenylmethyl-[12]aneNS,O (L")
(20 mg, 0.0493 mmol) in MeCN (5 mL). The mixture was
stirred at room temperature for four hours. The solvent was
partially removed under reduced pressure and the product crys-
tallised by diffusion of Et,0O vapour into the remaining solu-
tion. Yellow crystals were obtained (18.82 mg, 61% yield). Mp:
248-250 °C. Elem. Anal. found (calc. for C,;H;,CdFeN,O4S,):
C, 38.62 (38.58); H, 5.08 (5.21); N, 5.58 (5.87); S, 8.51 (8.96)%.
UV-vis spectrum (MeCN): Ap. = 438 (gmax 105 dm® mol™!
cm ™).

Potentiometric measurements

All pH metric measurements were carried out in degassed
0.1 mol dm > NMe,NO, water solutions, at 298.1 K, using the
equipment and procedure described elsewhere.”® The com-
bined Ingold 405 S7/120 electrode was calibrated as a
hydrogen concentration probe by titrating amounts of HCI
with CO,-free NMe,OH solutions and determining the equiv-
alent point by Gran’s method? which allows one to deter-
mine the standard potential E°, and the ionic product of
water (pK,, = 13.83(1) at 298.1 K in 0.1 mol dm* NMe,NO,).
0.5 x 1071 x 107 mol dm™ ligands and metal ion con-
centrations were employed in the potentiometric measure-
ments, performing three titration experiments (about 100
data points each) in the pH range 2.5-11. The relevant e.m.f.
data were treated by means of the computer program
HYPERQUAD.”

Crystallography

Crystal data and refinement details of all structure determin-
ations appear in Table 1. Only special features of the analyses
are pointed out here. Single crystal data collections for
[Cu([12]aneNS,0)CL,](1),[Cu([12]aneNS,0)Br,](2),[Cd([12]ane-
NS,0)(NOs),] (5) and [Hg([12]aneNS,0)MeCN](ClO,), (6)
were performed on a CAD-4 diffractometer using w scans. For
[Cu([12]aneNS,0)(NO;),] (3), L'HI (8) and [Cd(L')(NO,),]:
Et,0 (9) data were acquired on a SMART CCD diffractometer
using o scans. All datasets were corrected for Lorentz-polariz-
ation effects and for absorption as specified in Table 1. The struc-
tures were solved by direct methods using the SHELXS
program? followed by difference Fourier synthesis. All non-H
atoms were refined anisotropically and H atoms were intro-
duced at calculated positions and thereafter incorporated into a
riding model with Ug,(H) = 1.2U,(C). The structures were
developed by alternating cycles of least-squares refinements on
F? and AF synthesis.*® In 3 one of the NO,;™ ion in the asym-
metric unit was found to be disordered. The disorder in the
NO;™ ion was modelled by two equally occupied sites for each
O atom. The two components of the disordered NO;  ion
coincident at the nitrogen atom were refined isotropically with
restraints to impose trigonal planar geometry on each. In 4,
some atoms of the macrocycle ring (see Fig. 4) display slightly
high displacement parameters which may be indicative of par-
tial disorder due to the presence of similar but different con-
formations. Any attempt to split each of these atoms into two
components offered no advantage. In 8, the carbon atoms in
one of the cyclopentadienyl rings in the ferrocene unit were
found to be disordered and the disorder was modelled over two
sites with occupancy factor 0.60 for the major components.
ORTEP views of the coordination sphere around the metal

Table1 Crystallographic data for [Cu([12]aneNS,0)CL] (1), [Cu([12]aneNS,0)Br;] (2), [Cu([12]aneNS,0)(NO;),] (3), [Cd([12]aneNS,0)(NO,),] (5), [He([12]aneNS,0)MeCN](CIO,), (6), L'HI (8), [Cd(L')(NO5),]-Et,0 (9)

C,;H3,CdFeN;0,S,
Orthorhombic
P2,2,2, (no. 19)

715.93

C,oH,3FeINOS,
Orthorhombic
Pna2, (no. 33)

533.29

C,oH,Cl,HgN,0,S,
Orthorhombic
Pbca (no. 61)

647.89

CyH,,CdN,0,S,
Orthorhombic
P2,2.2, (no. 19)

443.77

CzH,,CuN;0,S,
Monoclinic
P2,/c (no. 14)

39491

Cg¢H,,Br,CuNOS,
Monoclinic
P2,/n (no. 14)

430.71

C4H,,Cl,CuNOS,
Monoclinic
P2,/n (no. 14)

341.79
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Table 2 Protonation constant of [12]JaneNS,O (L) and stability constants (logK) of its metal complexes (NMe,NO; 0.1 mol dm, 298.1 K)

Reaction logK Reaction logK

L+ H"—HL" 8.73(4) Cd" + L =[CdL}** 7.90(5)

Cu" + L =[CuL]** 8.13(4) Hg" + L = [HgL]** 8.65(4)

[CuL]*" + OH = [CuL(OH)]" 6.29(9)

[CuL(OH)]" + OH™ — [CuL(OH),] 3.30(1) Pb" + L = [PbL]** 4.2009)
[PbL]** + OH™ = [PbL(OH)]" 5.94(2)

centres in 1, 2 and 5 have been deposited as Electronic
Supplementary Information (ESI). {

CCDC reference numbers 196822-196828.

See http://www.rsc.org/suppdata/dt/b2/b210806m/ for crys-
tallographic data in CIF or other electronic format.

Results and discussion

Synthesis of [12]aneNS,O and its coordination properties
towards Cu", Zn", Cd", Hg", and Pb"

The coordination properties of 12-membered macrocyclic
ligands featuring four donor atoms, such as 1,4,7,10-tetraaza-
cyclododecane ([12]aneN,), 1,4,7,10-tetraoxacyclododecane
([12]aneQ,), 1.4,7,10-tetrathiacyclododecane ([12]aneS,), and
mixed N/O- and N/S-donor analogues have been extensively
studied both in solution and in the solid state.**”*” Some of
these macrocyclic ligands (in particular [12]JaneNO; and
[12]aneN,0O,) have also been successfully used as receptor units
in redox-responsive sensors.''S Instead, due to synthetic dif-
ficulties encountered in their preparation, far less work has been
done on 12-membered macrocyclic ligands containing three
different donors.®*' The choice of [12]aneNS,O for the con-
struction of a ferrocene-based redox-responsive ionophore for
transition metal ions was mainly determined by the presence in
its donor set of both soft (S) and hard (N, O) donors which
should ensure strong complexation to a great variety of metal
ions.

[12]aneNS,0 has been synthesised by performing the cycliz-
ation reaction between Boc-N(CH,CH,Cl), and O(CH,CH,-
SH), in dmf under high dilution conditions according to the
procedure reported by Reedijk et al. for the preparation of
mixed N/S/O macrocycles.”* The Boc-protected [12]aneNS,O
macrocycle can be deprotected with 50% trifluoroacetic acid-
solution in CH,Cl, at room temperature to give the desired
compound with an overall and reproducible yield of 45%. With
respect to other procedures reported in the literature for the
same macrocycle,*™* this one offers the advantage of an easier
deprotection step of the nitrogen atom after the cyclization
reaction and a consequent higher overall yield.

Protonation for [12]aneNS,0 and complex formation with
Cu", Zn", Cd™, Hg", and Pb" have been investigated by means
of potentiometric measurements in aqueous solutions (NMe,-
NO; 0.1 mol dm™?, 298.1 K) in the pH range 2.5-11 [Cu" and
Pb"] or 2.5-7 [Cd™ and Hg"]. In the case of Cd™ and Hg",
precipitation at slightly alkaline pHs of hydroxo-complexes
does not allow the study of these systems in the alkaline pH
region. The stability constant of the Zn" complex is too low to
be determined, and precipitation of Zn™ hydroxide takes place
at slightly acidic pH values.

Protonation constant, formed complexes, and corresponding
stability constants are reported in Table 2, while Fig. 1 reports
the distribution diagram for the Cu/[12]aneNS,0, Hg"V
[12]aneNS,0 and Pb"™/[12]aneNS,O systems. For the Cd/
[12]aneNS,O system the distribution diagram resembles that
obtained for the Hg"/[12]aneNS,O system. The protonation
constant value falls in the range usually found for secondary
amines.

As shown in Fig. la, Cu™ complexation occurs at slightly
acidic pH values, with the formation of the [Cu([12]ane-
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Fig.1 Distribution diagrams for the systems Cu'/L (a), Hg"/L (b) and
Pb"/L (c) (L = [12]aneNS,O; [M"] =[L] =1 x 10~* mol dm?, 298.1 K;
I=0.1 mol dm™).

NS,0)** species; deprotonation of water molecules at alkaline
pH values gives the mono- and dihydroxo-complexes [Cu([12]-
aneNS,0)(OH)]" and [Cu([12]aneNS,0)(OH),]. Interestingly,
the stability constant of the [Cu([12]aneNS,0)]*" complex is
lower than that found for the macrocycle trans-[12]aneN,S,
(logK = 12.02),** due to the replacement of a nitrogen donor
with a hard oxygen atom in [12]JaneNS,O. At the same time, the
present [Cu([12]aneNS,0)]*" complex shows a higher tend-
ency to form a monohydroxo-complex than trans-[12]aneN,S,
(logK = 6.29 vs. 4.76 for the equilibrium [CuL]*" + OH™ =
[CuL(OH)]", L = [12]aneNS,O and [12]aneN,S,, respectively),
once more due to the reduced o-donating ability of the oxygen
donor in [12]aneNS,0, which leads to a decrease in electron
density at the metal centre and an increase in the acidity of the
coordinated water molecules with respect to the Cu(ir) complex
with [12]aneN,S,.*

Similarly to Cu™, Hg™ and Cd™ complexation takes place
above pH 3, as shown in Fig. 1b for Hg". In the case of Pb", the



Table 3 Formation constants (logK) for 1 : 1 complexes between Cu", Zn", Cd", Hg" and Pb" and mixed N/S/O-donor tetradentate 12-membered

macrocycles
C uII ZnII C dII H gII PbII
cis-[12]aneN,S, 14.21(2)**
13.954¢
trans-[12]aneN,S, 12.02(2)*#**
[12]aneN;S 17.98(5) % 9.58(7)% 9.91(4)% 24.32(5)%4 10.96(11)3¢
17.853%
[12]aneN, 24.8044 16.2(2) % 14.3(2)%¢ 25.5047¢ 15.9(2) %
23.29(6)%¢
[12]aneN;O 15.63(1)% 10.43(7)% 10.69(1)% 14.83(7)% 11.54(1) %3
15.85(2)% 10.53(1)* 10.78(1)*
cis-[12]aneN,0, 8.7(1)% 6.3(1)%
trans-[12JaneN,0, 7.92(2)% 6.51(6)% 6.55(8)* 6.37(2)%
[12]aneNO, 3.7(1)%/ <4.5%/ >1150/ 4.1%
trans-[12]aneN,SO 10.5% 6.6%
trans-[12]aneNO,S 4.2%
trans-[12JaneNS,0 8.13(4) 7.90(5) 8.65(4) 4.2009)

“Where no indications have been given, the reported formation constants have been determined potentiometrically in water solution at 25 °C, fixing
the ionic strength (/) at 0.1 mol dm ™. * 7= 0.5 mol dm™. ¢ T = 20 °C, I = 0.2 mol dm*. “ The formation constant was determined by the anodic
polarographic technique, 7 = 0.2 mol dm™. “7 = 0.5 mol dm*. /Since the formation constant was determined in 95% vol/vol MeOH/H,0,
the comparison with the formation constants for the other macrocycles can only be qualitative.

formation of the [Pb([12]aneNS,0)*" complex, above pH 6
(Fig. 1c¢), is followed by deprotonation at almost neutral pH of
a metal-coordinated water molecule to give the [Pb([12]ane-
NS,0)(OH)]* complex. Table 3 collects the 1 : 1 complex form-
ation constants reported in the literature of N,S,0-mixed
donor 12-membered tetradentate macrocycles with Cu®, Zn™,
Cd", Hg", and Pb™. An N>O>S donor affinity trend can be
easily recognised for Zn", Pb"™, and Cd", although in some
cases the discrimination of oxygen over sulfur is small [com-
pare the formation constants for the 1 : 1 complexes of
Pb" with the couples of ligands [12]aneNO,S/[12]aneNS,0,
[12]aneN,SO/[12]aneN,0, and [12]aneN,;0/[12]aneN;S; and of
Cd™ and Zn"™ with the couple [12]aneN;O/[12]aneN;S]. For
Cu"™ and Hg" the donor affinity trend appears to be N>S>0
with a pronounced differentiation between sulfur and oxygen,
especially for Hg". The presence of two soft sulfur atoms as
donors in [12]aneNS,0 can therefore explain the observed
increasing binding ability starting from Zn", which is not
complexed in our experimental conditions, as far as Pb"
(logk = 4.20), Cd" (logk = 7.90), Cu™ (logk = 8.13) and
Hg" (logk = 8.65), which actually forms the most stable
complex.

It is well known that 12-membered tetradentate macro-
cycles such as [12]aneN, cannot usually host divalent tran-
sition metal ions within their cavity to give coplanarity between
the four donor atoms and the guest metal. Due to the short
ethano bridges between the donor atoms, these macrocycles
are generally too small to act as planar tetradentate ligands
without being very strained, and therefore conformational
changes are normally required for the ring cavity upon com-
plexation. In order to better understand the chelating ability of
[12]aneNS,0, the 1 : 1 complexes [Cu([12]aneNS,0)Cl,] (1),
[Cu([12]aneNS,0)Br,] (2), [Cu([12]aneNS,0)(NO,),] (3),
[Zn([12]aneNS,0)(ClO,), (4), [Cd([12]aneNS,0)(NOy),] (5),
[Hg([12]aneNS,0)MeCN](ClO,), (6), and [Pb([12]aneNS,0)-
](ClO,), (7) have been prepared directly by treating [12]ane-
NS,O with the appropriate metal salt in MeCN (see Experi-
mental), of which complexes 1, 2, 3, 5, and 6 have also been
characterised by X-ray crystal structure determination. Figs. 2
and 3 show the coordination sphere around the metal centres
in 3 and 6, and Table 4 summarizes selected bond distances
and angles for all structurally characterised complexes. In 1, 2,
and 3 the macrocyclic ligand adopts a folded conformation
resembling an open book with the “fold” along the S(4)-Cu—
S(10) direction and an N(1)-Cu-O(7) angle very close to 90°
[85.05(7)-91.49(10)°]. The two cis-positions of a pseudo-
octahedral coordination sphere around the metal centre left free

0(31A)

Fig. 2 ORTEP view of the two independent molecules in the
asymmetric unit of [Cu([12]aneNS,0)(NO;),] (3) with the adopted
numbering scheme. Displacement ellipsoids are drawn at 30%
probability and hydrogen atoms have been omitted for clarity. Only one
component of the disordered N(3)O, ion is shown.

Fig. 3 ORTEP view of the complex cation [Hg([12]aneNS,0)-
MeCNJ** in 6 with the adopted numbering scheme. Displacement
ellipsoids are drawn at 30% probability. Hydrogen atoms and ClO,~
counter anions have been omitted for clarity.

by the macrocylic ligand are occupied by two Cl™ (1), Br™ (2)
and monodentate NO,™ (3) ligands (see Fig. 2 for 3). The Cu"
ions are displaced from 0.288 (1) to 0.226 (asymmetric unit A in
3) A out of the equatorial mean planes defined by the atoms
N(1), S(4), S(10) and X(1) {CI(1) (1), Br(1) (2) and O(31A)NO,
[O(41)NO,] (3)} towards the apical X(2) atom {CI(2) (1), Br(2)
(2) and O(21)NO, [O(51)NO,] (3), see Table 4} and away from
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Table 4 Selected bond distances (A) and angles (°) for [Cu([12]aneNS,0)Cl;] (1), [Cu([12]aneNS,0)Br,] (2), [Cu([12]aneNS,0)(NO;),] (3),*
[Cd([12]aneNS,0)(NO;),] (5), [Hg([12]aneNS,0)MeCN](ClO,), (6), and [Cd(L")(NO;),]-Et,0 (9)*

1 2 3 5¢ 6 9
M-N(1) 2.029(2) 2.044(4) 1.995(3) [2.000(3)] 2.326(4) 2.389(13) 2.436(4)
M-S(4) 2.4087(10)  2.369(2) 2.3459(11) [2.4406(11)]  2.6635(12) 2.550(3) 2.639(2)
M-S(10) 24139(11)  2.370(2) 2.4054(11) [2.3620(11)]  2.6697(11) 2.521(4) 2.655(2)
M-O(7) 2.595(2) 2.587(4) 2.455(3) [2.402(2)] 2.561(3) 2.748(10) 2.564(4)
M-X(1) 2.2530(8) 24125(12)  1.922(6)[1.972(3)] 2.381(4) [2.530(3)] 2.187(10) 2.998(10) [2.290(5)]
M-X(2) 24716(10)  2.6607(12)  2.242(3) [2.268(3)] 2.578(4) [2.391(4)] 2.396(4) [2.541(5)]
N(1)-M-S(4) 86.63(7) 86.80(13) 87.86(8) [87.39(9)] 80.59(10) 82.0(4) 81.36(11)
N(1)-M-S(10) 86.69(7) 87.21(13) 87.78(9) [88.02(9)] 79.76(9) 81.2(4) 81.25(11)
N(1)-M-O(7) 85.05(7) 86.28(15) 90.83(11) [91.49(10)] 81.50(12) 111.2(4) 82.93(13)
N(1)-M-X(1) 177.31(7) 176.16(13)  168.9(2) [173.05(12) 98.01(15) [83.76(12)] 125.9(4) 150.7(2) [165.5(2)]
N(1)-M-X(2) 86.56(6) 86.81(12) 91.28(11) [88.70(11)]  153.91(13) [156.33(13)] 91.9(2) [91.00(14)]
S(4)-M-S(10) 154.08(3) 155.14(6) 158.08(4) [158.03(4)] 141.39(4) 133.72(12)  143.03(6)
S(4)-M-O(7) 77.18(5) 78.63(10) 80.13(8) [78.40(7)] 72.29(8) 72.72) 72.81(12)
S(4)-M-X(1) 92.77(3) 90.29(5) 103.0(2) [85.98(10)] 133.54(10) [83.05(9)] 106.7(3) 72.5(2) [112.92)]
S(4)-M-X(2) 103.90(3) 107.79(5) 115.27(8) [84.52(7)] 109.06(11) [82.23(11)] 84.26(13) [134.52(10)]
S(10)-M-O(7) 77.31(4) 76.91(10) 78.46(8) [80.25(7)] 72.17(8) 73.9(3) 72.84(12)
S(10)-M-X(1) 92.74(3) 94.41(5) 81.2(2) [97.37(10)] 82.10(10) [127.02(9)] 118.0(3) 112.2(2) [85.4(2)]
S(10)-M-X(2)  100.66(3) 95.94(5) 86.30(8) [116.84(7)] 78.06(10) [123.45(10)] 128.68(13) [78.09(10)]
O(7-M-X(1) 92.26(4) 90.70(9) 88.5(3) [85.14(11)] 153.97(12) [152.97(11)] 122.4(4) 77.1(3) [98.5(2)]
O(7)-M-X(2) 171.46(4) 170.28(9) 164.52(10) [162.90(9)] 78.77(13) [108.52(13)] 157.0(2) [150.9(2)]
X(1)-M-X(2) 96.13(3) 96.47(3) 86.5(3) [92.75(12)] 50.92(12) [48.83(12)] 41.7(2) [51.1(12))

“Two molecules of [Cu([12]aneNS,0)(NO,),] are present in the asymmetric unit of 3. * X(1) = CI(1) (1), Br(1) (2), O(31A)NO, [0(41)NO,] (3),
MeCN (6), N(2)O; (5 and 9); X(2) = C1(2) (1), Br(2) (2), O(21)NO, [O(51)NO,] (3), N(3)O; (5 and 9). © Where two values are reported, the first refers
to bond distances and angles involving O(21) or O(31), and the second to bond distances and angles involving O(22) or (32). ¢ X(1)-M-X(2) = 0(21)—-

Cd-0(22) [0(31)-Cd-0(32)].

O(7) [O(7)-Cu-X(2) 162.90(9)-171.46(4)°] which provides the
longest Cu—donor interaction.

A similar folded conformation is adopted by [12]aneNS,0 in
the [Cd([12]aneNS,0)(NO;),] (5) complex. In this case, the
N(1)-Cd-O(7) “folding” angle is only 81.50(12)° (Table 4)
presumably due both to the larger size of the Cd™ ion and to
the steric hindrance of the two bidentate nitrate ions, which if
regarded as single ligands can be considered to occupy the
cis-positions left free by the macrocyclic ligand of a formal
pseudo-octahedral coordination sphere around the metal
centre. In fact, compared to Cu™ in the complexes 1, 2, and 3,
the Cd" ion in 5 is much more displaced out of the ring
cavity of [12]aneNS,O in agreement with the lower value
observed for the S(4)-Cd-S(10) angle [141.39(4)°], but it forms
a Cd-O(7) bond [2.561(3) A] which is shorter than the Cd-S
bonds [2.6635(12), 2.6697(11) A]. Interestingly the folded [2424]
conformation adopted by [12]aneNS,O in both the Cu™ and
Cd™ complexes is such that all torsion angles at the C-N(1) and
C-0O(7) bonds assume anti arrangements with absolute values
of the angles ranging from 169.0(5) to 179.7(4)° for the place-
ments at the C-O(7) bonds, and from 164.7(5) to 175.2(3)°
for those at the C-N(1) bonds. One of each pair of torsion
angles about the C-S bonds is gauche [60.3(4)-68.9(5)°], the
other torsion angle ranges from 114.3(4) to 125.4(4)°, whereas a
gauche disposition is preferred at the C-C bonds [47.8(6)-
62.4(3)°].

A more planar [3333] conformation is adopted by
[12]aneNS,0 in the [Hg([12]aneNS,0)MeCNJ** complex
cation in 6 (Fig. 3, Table 4) presumably due to the increased
metal ion radius and the reduced coordination number for it.
In fact, essentially the Hg" ion has a distorted tetrahedral
geometry, since it is coordinated to the two S atoms of the
macrocycle and two N-donors, one from the macrocyclic
framework and an acetonitrile molecule, respectively. A weak
bond interaction is present between the metal centre and O(7)
[2.748(10) A]. This interaction is slightly longer than those
observed in [Hg([12]aneNSO,)(NO;),] (2.722(13), 2.654(13)
A)¥ and [Hg([12]aneN,SO)(NO;,),] (2.63(1) A)* but still
shorter than the sum of the van der Waals radii of mercury(ir)
and oxygen.*
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Synthesis of L' and L? and electrochemical behaviour of these
new redox-active receptors in the presence of Cu", Zn", Cd",
Hg", and Pb"

Compound L' was prepared following a well established pro-
cedure for the introduction of ferrocenylmethyl frameworks to
secondary amines, i.e. by reaction of [12]JaneNS,0O with the salt
(ferrocenylmethyl)trimethylammonium iodide** in MeCN in
the presence of anhydrous K,CO,.!%!3151921 T this case the
product obtained after standard work-up and purification by
flash-chromatography was not L' but its iodide salt L'HI (8). A
subsequent treatment of this salt with concentrated KOH and
extraction with CH,Cl, were necessary to obtain the desired
neutral compound L. Single crystals of the salt L'HI were
grown by diffusion of Et,O vapour into a MeCN solution. An
X-ray diffraction analysis (Fig. 4a) reveals that the macrocyclic
framework adopts a folded [2424] conformation very similar to
that observed for [12]JaneNS,O in the complexes 1-3, and 5,
with the same sequence of torsion angles around the C-E
(E =S, O, N) and C-C bonds. Presumably, in this case the
conformation is determined by the intramolecular NH -+ O
hydrogen bond [N(1)H(1) --- O(7) 2.29(4), N(1) --- O(7)
2.990(4) A, N-H - -+ 0 133.0(9)°].

Unfortunately, the insolubility of either L'HI or L' in water
has prevented a potentiometric study of the coordination
properties towards Cu™, Zn", Cd™, Hg™, and Pb"™ of this new
redox-active receptor.

The cadmium complex of L' was obtained by reaction with
cadmium nitrate in MeCN followed by diffusion of Et,O
vapour into the reaction mixture. An X-ray diffraction analysis
on a single crystal confirms the formation of the [Cd(L")-
(NO,),]-Et,0 (9) complex (Fig. 4b, Table 4). The coordination
environment around the metal centre resembles that observed
in complex 5 with four positions occupied by the NS,0-donor
set of the macrocyclic framework, which is folded over the
S-Cd-S axis [S(4)-Cd-S(10) 143.03(6), [N(1)-Cd-O(7)
82.93(13)°] and the remaining sites taken up respectively by a
bidentate and an essentially monodentate nitrate ion.

The electrochemical response of L' to the presence of Cu®,
Zn", Cd", Hg", or Pb" as guest metal cation species has been
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Fig. 5 Cyclic voltammetry in acetonitrile solution of: (a) L' + Zn™; (b) L' + Pb™; (c) L' + Cd" and (d) L' + H". The full bold line refers to L', the
dotted line to L' + 0.5 equivalents of the guest cations, and the full thin line to L' + 1 equivalent of guest cations.

investigated by cyclic voltammetry (CV) in MeCN solution at
25 °C. For comparison we have also studied the electrochemical
response towards the same set of metal cations of L%, which was
prepared starting from [12]JaneNS;** and following the same
synthetic route adopted for the synthesis of L!. In this way,
seeking a selective sensing function, we wanted to under-
stand the effect of the host—guest interaction on the oxidation

C(2Al - (a)

Fig. 4 ORTEP view of the cation [L'H]" in 8 (a) and of the complex
[CA(LY)NO;),] in 9 (b) with the adopted numbering scheme.
Displacement ellipsoids are drawn at 30% probability. Hydrogen atoms
and the co-crystallised Et,O molecule in 9 have been omitted for clarity.

potential of the ferrocene redox-antenna upon replacing an
O-donor with an S-donor in the 12-membered host macrocyclic
framework of L.

Cyclic voltammetry in MeCN of the free ligand L' as
expected reveals a one-electron reversible oxidation wave at
E,;, = 4990 mV vs. Ag/AgCl, corresponding to the Fc/Fc*
redox couple. This wave is gradually replaced by a new reversible
wave at more positive potentials upon addition of increasing
amounts of Cu™, Zn", Cd", Hg", or Pb" as guest metal cation
species (see Fig. 5). The anodically shifted electrochemical
wave corresponds to the Fc/Fc* redox couple of the [L'M"J**
species. Its position with respect to the wave corresponding to
uncomplexed L' reflects a less favourable oxidation process for
the Fc moiety in [L'M™]** due to the presence in close proxim-
ity of a positively charged metal cation centre. The currents
for the new redox couple [L'M"P**/[L'M"** (M" = Zn", Cd",
Hg" and Pb"Y) increase linearly until one equivalent of the
guest metal cation species is added. At this point the reversible
oxidation wave corresponding to uncomplexed L' disappears
(Fig. 5). In the case of Cu", at the 1 : 1 LY/Cu™ molar ratio, the
wave corresponding to the oxidation of the complex species
[L'Cu™?*" disappears with a concomitant rapid change in the
solution colour from emerald-green to pale yellow, while only
the wave corresponding to free L' is left in the cyclic voltam-
mogram. This wave is broader and characterised by lower
maximum currents with respect to the electrochemical signal
for free L' before addition of Cu™. Very likely the initially
coordinated Cu" centre is reduced by the Fc moiety of L' to
Cu', which is stabilised in this redox state by the interaction
with the S-donors of the [12]aneNS,O framework. A similar
spontaneous process has been described by Sato et al on addi-
tion of Cu(BF,), to polythia[n]ferrocenophanes.”* However in
our case, no oxidation process is observed at higher potentials
for a Cu'/Cu™ process and the reduction of the Fc* unit in
[L'Cu'P** should take place to a potential value very close to
that for the couple Fc*/Fc in free L.

In contrary to what is observed in the presence of Cu, Zn"™,
Cd", Hg" or Pb", a one-wave electrochemical behaviour
(Fig. 5d) is observed upon addition of HCIO, to L' with an
anodic shift of the Fc¢/Fc™ redox couple by ca. 120 mV.
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Table 5 Electrochemical cation-dependence of L' and L**

Receptor Cation (0.5 equiv. added) E, P /mV AE/MV" (E,omplex — [, free ionophore) RCE (Kpeueral! Kox) ©
L! H* 610 1207
Cul! 690 200 2432
Zn" 710 220 5304
Ccqu 620 130 159
He" 570 80 23
Pb 700 210 3592
L? H* 630 170¢
Cu! 690 230 7832
Zn" 660 200 2432
Cdn 550 90 33
Hg" 600 140 235
Pb" 660 200 2432

“Data obtained in MeCN solution containing 0.1 mol dm™* nBu,NBF, as supporting electrolyte, vs. Ag/AgCl with a platinum working electrode;

solutions were ca. 10> mol dm™?

in free receptor (see Experimental). ® Shift in oxidation potential produced by presence of metal cation

(0.5 equivalents); E,," """ = 490 and 460 mV for L' and L? respectively [Ey, = (E,, + E,.)/2].  Reaction Coupling Efficiency (RCE), which can be
calculated only in the two-wave case (see text).>*® ¢ The behaviour of the redox-responsive ionophores L' and L? has also been investigated in the
presence of HCIO,; the redox potential of the ferrocene unit is anodically shifted upon successive additions of H* according to a one-wave
behaviour. The reported E;, values refer to the addition of 1 equivalent of H™.

A two-wave electrochemical behaviour has already been
observed by Gokel and co-workers'? on studying the host—
guest interaction between some ferrocene cryptand molecules
and alkali metal cations by cyclic voltammetry. The presence of
two distinguishable waves in the cyclic voltammogram has been
accounted for in terms of the high stability constant for the
neutral unoxidised redox-responsive ionophore/metal cation
complex and the large difference between the half-wave poten-
tials for the two observed redox couples, with the magnitude of
the anodic shift being dependent upon the guest’s polarising
power.'? By coupling the electrode oxidation and cation com-
plexation for the neutral ionophore with the electrode oxidation
of its metal complex, and the cation complexation for its oxid-
ised form in a one-square scheme, the following equation can
be derived>**'? according to thermodynamic considerations:
E112 complex — E‘1/2ﬁ'ee fonophore (RT/nF)]n(Kneutral/Kox)s where
K euerar 18 the metal binding constant for neutral unoxidised
redox-responsive ionophore and K, is the metal binding con-
stant for its oxidised form. The quantity K, ../K.x has been
defined by Beer and co-workers® as Reaction Coupling
Efficiency (RCE) and together with the shift in oxidation
potential produced by presence of metal cation (E,,*™'™ —
E, ;" i°onophore) represents a quantitative measure of the perturb-
ation of the redox centre induced by the guest complexation to
the receptor unit; these two quantities can be very useful to evalu-
ate the ability of the redox-responsive ionophore to selectively
respond to the host binding of the guest species. The results
obtained for L' are reported in Table 5. The largest redox shift is
observed in the presence of the Zn™ and Pb™ metal ions with
values for AE of 220 and 210 mV respectively (Fig. 5a-b). The
calculated RCE is 5304 and 3592 for Zn" and Pb" respectively,
which means that in the MeCN solution L! binds Zn" ca. 5 x 10?
times more strongly than its oxidised form [L']*. Lower redox
shiftsare observed for Cu™ and Hg" (AE=200 and 80 mV, respect-
ively). In the presence of Cd", the measured electrochemical shift
(AE=130) s very close to that observed for L' in the presence of
HCIO,, suggesting that the protonation of the tertiary nitrogen
atom of L! is taking place rather than the coordination of the
metal centre to the macrocyclic framework.®** However, a differ-
ent electrochemical behaviour is observed for L' in the presence
of Cd™ (two-wave, Fig. 5¢) and H" (one-wave, Fig. 5d); therefore,
the interaction process of Cd™ with the [12]JaneNS,O unit of L!
cannot be totally ruled out as also demonstrated by the isolation
of the complex [Cd([12]aneNS,0)(NO;),] (5) from the reaction
of L' with Cd(NO,),-4H,0 in MeCN (see above). The electro-
chemical response of L! to the presence of Cu", Zn", Cd", Hg",
or Pb" seems to contrast with the solution studies reported above,
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which show that Hg™ in water has the highest affinity for
[12]aneNS,O followed by Cu™, Cd™, Pb™, and Zn"™. Presumably,
the highest polarising power of Zn" and the different solvation
ability of MeCN compared to water, are crucial in determining
the through-space-mediated electrostatic interaction with the
ferrocene redox centre.

On passing from L' to L, i.e. on replacing the O-donor with
an S-donor in the macrocyclic receptor unit, a dramatic change
is observed in the redox behaviour of the ferrocene unit in the
presence of metal cation guests (see Table 5). In fact, this time,
the largest potential shift (AE = 230 mV) is recorded for Cu®
and not for Zn™ (AE = 200 mV) in agreement with the N>S>O
donor affinity trend generally observed for the former. A shift
of 200 mV is also observed in the case of Pb", whereas a much
lower potential shift is observed in the case of Hg" and Cd", AE
being 140 and 90 mV, respectively. Interestingly, the response of
L! and L? in terms of AE, to the interaction with Cu", Zn"™,
Cd", Hg", or Pb" reflects the donor affinity trend normally
observed for these metal ions with mixed-donor macrocyclic
ligands: N>S>O for Cu™ and Hg" and N>O>S for Zn", Cd",
and Pb™. In fact, a decrease in AE is observed in the presence of
Zn", Pb", and Cd" on passing from L' to L?, whereas an
increase is recorded for Cu™ and Hg" (see Table 5).

On the whole, despite the presence of S-donors in the binding
sites of both L' and L?, these two ionophores do not show a
selective sensing response to soft metal ions such as Hg" and
Cd", but rather seem to be suitable to detect harder metal ions
such as Zn™ and Cu"™ in non-aqueous environment. Interest-
ingly, the analogous ionophore N-ferrocenylmethyl 1-aza-
4,7,10-trioxacyclododecane (N-Fc-[12]aneNO;) which has an
NO; donor set in the 12-membered macrocyclic receptor unit,
exhibits a selective electrochemical response to the heavy metal
ions Hg" and Pb™.>*
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