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Abstract
The compound 2-[1,4,7,10-tetraazacyclododecan-1-yl]-ethanethiol (L2) has been synthesized and characterized by multinuclear NMR
spectroscopy and mass spectrometry. Its thiol-protected precursor L1 has also been isolated and characterized, including by X-ray structural analysis. The protonation constants of L2 were determined by potentiometric methods at 25.0 C and 0.10 mol dm3 KNO3 ionic
strength. 13C NMR studies and 2D NMR spectra recorded at diﬀerent pD values have been used to analyse its protonation scheme.
Stability constants of L2 with Cu2+, Zn2+ and Cd2+ were also determined by potentiometry, and the Zn(II) and Cu(II) complexes were
studied in solution by NMR, UV–Vis, and EPR spectroscopies. The pM values (pH 7.4) calculated for the metal complexes of L2 are
higher than the corresponding values found for cyclen and cyclam, but the selectivity of L2 for Cu2+ is low.
 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
Copper oﬀers an almost unique combination of radionuclides for imaging (60–62,64Cu) and for targeted radionuclide therapy (64/67Cu). The 64Cu, due to its nuclear
properties, is the most versatile of all copper radionuclides,
being suitable both for positron emission tomography
(PET) imaging (b+ emission) and for targeted radiotherapy
(b emission). Moreover, this duality oﬀers the possibility
of using PET to quantify in vivo the regional distribution
of radioactivity, a crucial issue in the assessment of radiation dosimetry when planning targeted radionuclide therapy. Due to the well recognized preference of copper(II)
for nitrogen and sulphur donor atoms, most of the studies
*
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in the radiopharmaceutical ﬁeld have involved open-chain
nitrogen and/or sulphur chelators [1,2]. Concerning tetraazamacrocycles, the ones used for labelling peptides or antibodies with 64/67Cu have mainly nitrogen and/or oxygen
pendant arms [1,3]. To the best of our knowledge, the number of tetraazamacrocycles bearing thiol and/or thioether
groups as pendant arms are scarce and some of them have
been synthesized and coupled in situ to biologically active
molecules, without being isolated and characterized [4,5].
As part of our ongoing research work on the synthesis and
characterization of radiocomplexes with biological interest
[6], we have synthesized and characterized a mono-N-substituted cyclen derivative with a 2-ethanethiol pendant arm, 2[1,4,7,10-tetraazacyclododecan-1-yl]-ethanethiol (L2). This
compound, although previously described as useful for
site-speciﬁc labelling of proteins, has never been isolated in
a pure form and/or characterized [4].
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Herein, we report on the synthesis and characterization
of L2, as well as on its thiol-protected precursor L1. Protonation constants of L2 and its stability constants with
Cu2+, Zn2+ and Cd2+ will also be reported. An analysis
of the protonation scheme of L2 is discussed, as well as
the structural environment in solution of Cu(II) and Zn(II)
in the complexes with L2.
2. Experimental
2.1. Reagents
Chemicals and solvents were of reagent grade and were
used without further puriﬁcation, unless stated otherwise.
1,4,7,10-tetraazacyclododecane (cyclen) was purchased from
Strem (New-Buryport, MA, USA). Sodium hydride, triphenylmethane-thiol, tetrahydrofuran, dibromoethane, toluene,
sodium hydroxide, methanol, dichloromethane, ammonium,
hydrochloride acid, deuterated water and chloroform were
obtained from Aldrich Chemical Co. Silica gel 60 (70–230
mesh, pH range = 6.5–7.5) was obtained from Merck.
2.2. Analytical methods
1

H (300 MHz) and 13C (75.5 MHz) NMR spectra were
recorded in a Varian Unit Inova-300 spectrometer at a
probe temperature of about 20C. The spectra were performed in CDCl3 (d/ppm: 1H: 7.24; 13C: 77.00) or D2O versus an external reference of 1,4-dioxane (d/ppm: 1H: 3.75;
13
C: 69.20). Positive-ion mass spectra were obtained in a
Finnigan FT/MS 2001-DT FTICR mass spectrometer by
laser desorption ionization. pH measurements were performed in a ORION SA 720. UV–Vis spectra were done
in a Cary 500. EPR spectroscopic measurements of the
copper complex were recorded with a Bruker ESP 380 spectrometer equipped with continuous-ﬂow cryostats for
liquid nitrogen, operating at X-band.
2.3. Synthesis of 2-[1,4,7,10-tetraazacyclododecan-1-yl]ethanetritylthiol (L1)
To a solution of cyclen (285 mg, 1.5 mmol) in hot toluene
(50 cm3) was slowly added bromoethyl tritylthiol [7]
(210 mg; 0.5 mmol) dissolved in toluene (50 cm3). The reaction mixture was reﬂuxed overnight and then a solution of
NaOH (20%) added. The organic phase was separated and
the solvent evaporated under vacuo. The solid obtained
was puriﬁed by silica-gel chromatography using as eluent a
mixture of CHCl3/MeOH/aq. NH3 (gradient 100:0:0 !
0:100:0 ! 0:80:20, Rf = 0.2 in 80:20 MeOH/ aq. NH3 solution) L1 (100 mg, 43%); dH/(300 MHz, CDCl3): 7.37 (6 H,
d, aromatic protons), 7.26–7.14 (9 H, m, aromatic protons),
2.89–2.84 (4 H, m), 2.52–2.48 (8 H, m), 2.36–2.32 (8 H, m);
dC(75.5 MHz, CDCl3): 144.9 (Ph), 129.6 (Ph), 127.8 (Ph),
126.5 (Ph), 66.8 (SCPh3), 53.5 (CH2CH2SCPh3), 50.80
(Cring), 46.9 (Cring), 46.1 (Cring), 44.9 (Cring), 29.4
(CH2CH2SCPh3).

2.4. Synthesis of 2-[1,4,7,10-tetraazacyclododecan-1-yl]ethanethiol (L2)
Compound L1 was reﬂuxed in 20% HCl, for 2 h. After
cooling to room temperature, the resulting solution was
washed with dichloromethane, the aqueous extracts separated and vacuum dried yielding a white solid L2 (75 mg,
80%). dH (300 MHz, D2O, pD 1.05): 2.54 (2 H, t, C(1)H);
2.70 (2 H, t, C(2)H); 2.84 (4 H, t, C(3)H); 2.97 (4 H, br
m, C(6)H); 3.07 (8 H, br m, C(4)H + C(5)H); dC
(75.5 MHz, D2O/ 1,4-dioxane, pD 1.05): 56.8 (C2); 50.3
(C3); 45.6 (C4); 44.4 (C6); 43.9 (C5); 22.0 (C1); m/z
(LDI):
calc.
for
[12C101H2514N432S]+:
233.179,
12
+
1
14
32 23
[ C10 H24 N4 S Na] : 255.161, [12C101H2514N432S39K]+:
271.135; found: [M+H]+: 233.191, [M+Na]+: 255.156,
[M+K]+: 271.118.
2.5. X-ray crystal analyses
Crystal data for L1: C29H52N4O10S2, Mr = 680.87, triclinic, space group P 1, a = 8.1242(1), b = 8.8600(1),
c = 27.0151(4) Å, a = 81.8670(10), b = 82.1130(10), c =
63.9020(10), U = 1722.57(4) Å3, Z = 2, Dc = 1.313 g cm3,
l (Mo Ka) = 1.260 mm1. Suitable colourless prismatic
crystals (0.40 · 0.32 · 0.06 mm) were mounted in air on a
goniometer head. X-ray diﬀraction experiments were performed with a Bruker AXS APEX CCD detector diﬀractometer using graphite monochromated Mo Ka radiation
(k = 0:71073 Å), at 150 K in the / and x scans mode. A
semi empirical absorption correction was carried out using
SADABS [8].
Data collection, cell reﬁnement and data reduction were
done with the SMART and SAINT programs [9]. The structures
were solved by direct methods using SIR97 [10] and reﬁned
by fullmatrix least-squares methods using the program
SHELXL97 [11] using the winGX software package [12].
Non-hydrogen atoms were reﬁned with anisotropic thermal
parameters. The H atoms of the CH and CH2 were placed
at calculated positions using a riding model, with distances
C–H = 0.95 Å (aromatic) and C–H = 0.99 Å (CH2) and
with Uiso(H) = 1.2Ueq(C) of the parent atom. The H
atoms in the water, NH2 and NH were located in diﬀerence
Fourier maps and its coordinates and isotropic thermal
parameters were reﬁned.
The residual electronic density ranging from 0.393 to
0.392 e Å3 was within expected values. The ﬁnal reﬁnement of 472 parameters converged to ﬁnal R and RW indices R1 = 0.0408 and wR2 = 0.0972 for 7020 reﬂections with
I > 2r(I). Molecular graphics were prepared using ORTEP
3 [13].
2.6. Potentiometric studies
2.6.1. Reagents and solutions
Metal ion solutions were prepared at about
2.5 · 103 mol dm3 from the nitrate salts of the metals
and were titrated using standard methods [14]. Deionized
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(Millipore/Milli-Q System) distilled water was used. Carbonate-free solutions of the KOH titrant were obtained,
maintained and discarded when the percentage of carbonate was about 0.5% of the total amount of base [15].

taken from the literature and kept constant for the calculations [19].

2.6.2. Equipment and work conditions
The equipment was used as described before [16]. The
temperature was kept at 25.0 ± 0.1 C, atmospheric CO2
was excluded from the cell during the titrations by passing
puriﬁed nitrogen across the top of the experimental solution in the reaction cell. The ionic strength of the solutions
was kept at 0.10 mol dm3 with KNO3.

2.7.1. 13C NMR titration
The electrode was calibrated with standard buﬀer solutions and the ﬁnal pD was calculated according to the
equation pD = pH* + (0.40 ± 0.02) [20], where pH* corresponds to the reading of the pH meter. The solutions
(2 · 103 M) used for the NMR titration measurements
were made up in D2O and the pD value was adjusted by
adding DCl or CO2-free KOD. The solutions were allowed
to stabilize and the pD values were measured directly in the
NMR-tube with a combination microelectrode MettlerToledo U402-M3-S7/200.

2.6.3. Measurements
The [H+] of the solutions was determined by the measurement of the electromotive force (emf) of the cell,
E = E 0 + Q log [H+] + Ej. E 0 , Q, Ej and Kw = ([H+][OH])
were obtained as described previously [17]. The value of Kw
was found equal to 1013.80 (mol dm3)2. The potentiometric equilibrium measurements were made on 25.00 cm3 of
2.00 · 103 mol dm3 ligand solutions diluted to a ﬁnal
volume of 30.00 cm3, in the absence of metal ions and in
the presence of each metal ion for which the CM:CL ratio
was 1:1. A minimum of two replicate measurements was
taken.
The emf data were taken after additions of 0.050 cm3
increments of standard KOH solution, and after stabilization in this direction, equilibrium was then approached
from the other direction adding standard nitric acid.
For determination of the stability constants, out-of-cell
titrations were performed in the pH region from which
the direct and back titrations were not superimposed. In
such regions, independent vials each one at diﬀerent pH
were prepared and left to equilibrate in a water bath at
25.0 C and the corresponding pH values checked every
week till stabilization of the pH, which occurred generally
within 2–4 weeks.
2.6.4. Calculation of equilibrium constants
Overall protonation constants, biH were calculated by
ﬁtting the potentiometric data obtained for the free ligand
with HYPERQUAD program [18]. Stability constants of the
various species formed in solution were obtained from
the experimental data corresponding to the titration of
solutions of the diﬀerent metal ions, each of them with different metal to ligand ratios, also using the HYPERQUAD program. The initial computations were obtained in the form
of overall stability constants, bMm Hh Ll values, bMm Hh Ll ¼
½Mm Hh Ll =ð½Mm  ½Hh  ½Ll Þ. Diﬀerences, in log units,
between the values bM(HL) (or bMLH1 ) and bML provide
the stepwise reaction constants. The species considered in
a particular model were those that could be justiﬁed by
the principles of co-ordination chemistry. The errors
quoted are the standard deviations of the overall stability
constants given directly by the program for the input data,
which include all the experimental points of all titration
curves. The hydrolysis constants of the metal ions were

2.7. NMR studies

2.7.2. EPR studies
The Cu2+/L2 complexes (1.6 · 103 mol dm3 in 40%
DMSO/H2O solution) were prepared at pH 5, 8 and 12
and were recorded at 104 K. The EPR spectra of Cu2+/
cyclen complexes were also recorded at the same pH values
and conditions for comparison.
3. Results and discussion
3.1. Synthesis and characterization
Diﬀerent synthetic procedures have been described to
prepare mono-substitued tetraazamacrocycles, namely the
introduction of the side chain on the amine before cyclization [21–23], pH controlled reactions [24], protection/
deprotection methods [25] or alkylation of the macrocycle
using an excess of the ligand versus the desired alkylating
agent [26]. It has also been reported that it was possible
to introduce one oxygen or sulphur pendant arm in the
cyclen backbone by reacting cyclen with stoichiometric
amounts of trimethylene oxide or ethylene sulphide, respectively [27,4,5a,5b,5c]. Following our previous work on
tetraazamacrocycles, we have tried the synthesis of the
mono-N-(2-ethanethiol) cyclen derivative (L2) following
the described methodology [4]. In our hands, such synthetic
procedure has never worked properly and compound L2
could never be isolated. L2 was synthesized in 40% overall
yield, by slow addition of bromoethyl tritylthiol [7] to
cyclen, in a 1:3 molar ratio, followed by acidic deprotection
of the thiol group (Scheme 1).
Compound L1 was also isolated and characterized by
1
H and 13C NMR spectroscopy and by X-ray crystallography, upon puriﬁcation by column chromatography using
MeOH/NH3 as eluent. Slow concentration of the fractions
containing L1 led to crystals suitable for X-ray crystallography. Compound L1 crystallizes on the triclinic system,
P 1 space group, with cell parameters a = 8.1242(1) Å,
b = 8.8600(1) Å, c = 27.0151(4) Å, a = 81.867(1) b =
82.113(1) c = 63.902(1) and V = 1722.57(4) Å3. The
asymmetric unit contains one molecule of diprotonated
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Scheme 1. Syntheses of L1 and L2.

L1 (C29H40N4S), one sulphate dianion (SO4)2 and six
water molecules, given the molecular formula
[C29H40N4S] Æ SO4 Æ 6H2O. In Fig. 1 is presented an
ORTEP diagram showing the numbering scheme of the
asymmetric unit.
Some selected bond lengths (Å) and angles () for the
dication [C29H40N4S]2+ are listed in Table 1.
The macrocycle was found to be protonated in the
amines N2 and N4. The average C–Nprotonated bond distances (1.490 Å) are slightly longer than the average C–
Nunprotonated ones (1.467 Å). These diﬀerences compare well
with the values previously reported for other protonated
macrocyclic ligands [28]. The four nitrogen atoms of the
macrocycle are coplanar with an rms of 0.0306, the CH2
groups of the backbone are below this plane, while the sulphur arm is above the plane, pointing in the opposite direction. The calculated torsion angle N1–C2–C1–S1 of 178.1
shows the relative position of the pendant arm towards the
macrocycle cavity.

Fig. 1. ORTEP diagram with atomic numbering scheme of asymmetric
unit with thermal ellipsoids at 50% probability level. Hydrogen atoms are
omitted for clarity.

Table 1
Selected bond lengths (Å) and angles () for the dication [C29H40N4S]2+
S(1)–C(1)
S(1)–C(11)
C(1)–C(2)
N(1)–C(2)
N(1)–C(3)
N(1)–C(10)
C(1)–S(1)–C(11)
C(10)–N(1)–C(3)
C(5)–N(2)–C(4)
C(7)–N(3)–C(6)
C(8)–N(4)–C(9)

1.822(2)
1.862(2)
1.531(2)
1.470(2)
1.472(2)
1.467(2)
105.14(8)
111.02(14)
117.13(16)
113.57(16)
114.98(15)

N(2)–C(4)
N(2)–C(5)
N(3)–C(6)
N(3)–C(7)
N(4)–C(8)
N(4)–C(9)
C(2)–C(1)–S(1)
N(1)–C(2)–C(1)
C(3)–N(1)–C(2)
C(10)–N(1)–C(2)

1.484(3)
1.497(3)
1.459(3)
1.471(3)
1.483(2)
1.497(2)
105.56(12)
116.56(15)
113.99(15)
115.64(14)

The crystal packing of compound L1 is characterized
(Fig. 2) by the formation of a bidimensional layer parallel
to the bc plane due to several hydrogen bonds between the
water molecules and due to intermolecular short N  O
and C  O contacts between SO42 units and the macrocycle (Table 2).
Compound L2 is quite soluble in water and stable under
aerobic conditions. The formulation of L2 was mainly
based on multinuclear NMR spectroscopy (1H, 13C,
1
H,1H COSY, 1H,13C HSQC) at diﬀerent pD values (range
1–14) and also on mass spectrometry. In the LDI-positive
mass spectrum three main peaks were found at m/z =
233.191, 255.156 and 271.118 corresponding to [M+H]+,
[M+Na]+ and [M+K]+, respectively.
In the pD range studied, the 13C NMR spectra recorded
exhibit six resonances, a pattern consistent with the twofold symmetry expected for L2: four resonances were
assigned to the carbon atoms of the backbone and the
other two to the carbon atoms of the pendant arm. The
1
H NMR spectra at pD 1.05 presented ﬁve resonances with
diﬀerent multiplicities at 2.54, 2.70, 2.84, 2.97, 3.07 ppm in
an intensity ratio of 2:2:4:4:8. At higher pD values, the 1H
NMR spectra became less clear due to the overlapping of
some resonances. 2D NMR studies (1H,1H and 1H,13C correlations) were performed at pD 1.05. In Fig. 3 is shown
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Fig. 2. Crystal structure of L1 viewed along a.

Table 2
Selected hydrogen bonds and short contacts in the crystal structure of
compound L1

respectively. In Table 3 are presented the chemical shifts
and the corresponding assignment of the resonances of
L2 at pD 1.05.

Distance (Å)
Osulphate  N
O4  N4
O4  N2

2.766(2)
2.764(3)

Osulphate  H–Cbackbone
O1  H4b–C4
O1  H6b–C6
O3  H2a–C2

2.612(2)
2.381(2)
2.564(1)

Osulphate  H–Caromatic
O2  H14–C14
O2  H28–C28

2.456(2)
2.688(2)

3.2. Acid–base behaviour

the g-COSY 1H,1H and the g-HSQC 1H,13C 2D correlations. From these studies it was possible to conclude that
the triplets centered at 2.54 and 2.70 ppm correlate with
the carbons at 22.03 and 56.81 ppm, respectively. Based
on the carbon and proton NMR data of the free arm
and on literature data, the resonances at 22.03 and
56.81 ppm were assigned to the a (C1) and b (C2) carbon
atoms of the pendant arm, respectively (Scheme 1). The
triplet centred at 2.84 ppm (4 H) correlates with the carbon
atoms at 50.26 ppm, assigned to C3. The multiplet at
2.97 ppm (4 H) correlates with the carbon atom at
44.39 ppm and correlates with the multiplet at 3.07 ppm
(8 H). Based on these data the resonance at 44.39 ppm
was assigned to the C6 carbon atoms and the multiplet at
3.07 ppm (8 H) was assigned to the protons bound to the
C4 and C5 atoms which appear at 45.64 and 43.92 ppm,

The protonation constants of L2 were determined by
potentiometry at 25.0 C and 0.10 mol dm3 KNO3 ionic
strength. The values found are summarized in Table 4.
Compound L2 has ﬁve protonation constants, from which
four could be determined by potentiometry, but the
remaining one is too low to be determined by this technique. Just for comparison, in Table 4 are also shown the
protonation constants for cyclen, 2-hydroxyethyl cyclen
(L3) and 3-hydroxypropyl cyclen (L4) (Fig. 4) [27,29].
Based on the values of Table 4 it is diﬃcult to ascribe the
protonation sequence of L2. In order to understand this
sequence a 13C NMR titration was performed. These studies were carried out at 20 C without controlling the ionic
strength [30]. In Fig. 5 are shown the 13C NMR titration
curves.
The 13C NMR spectra recorded for L2 exhibit six resonances in the entire pD range. For each magnetically equivalent carbon atom, single resonances have been observed,
indicating a rapid exchange between protonated species.
For the interpretation of these data, the pKH values determined for L2 (Table 4) were converted in terms of pKD,
using the correlation pKD = 0.11 + 1.10 pKH, determined
for polyaza and polyoxa–polyaza macrocyclic compounds
by Delgado et al. [31]: pKD1 = 12.19, pKD2 = 11.09,
pKD3 = 9.08 and pKD4 = 2.62. From the analysis of the
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Table 4
Protonation constants (log units) of L2 and other related macrocyclic
ligands
Species h, l

11
12
13
14

L2a

Cyclenb

L3c

L4d

log K Hi L

log K Hi L

log bHi L

log K Hi L

log K Hi L

10.98(2)
20.96(2)
29.11(4)
31.39(6)

10.98
9.98
8.15
2.28

10.97
9.87
1.6
0.8

31.39

23.24

Overall basicity

10.72
9.28
<2
<2
<24

10.56(4)
9.14(4)
<2.3
<2.3
<24.4

Values in parentheses are standard deviations in the last signiﬁcant ﬁgures.
a
T = 25.0 C, I = 0.10 mol dm3 in KNO3, this work.
b
I = 0.50 mol dm3 in KNO3, Ref. [29a] and I = 0.20 mol dm3 in
NaClO4, Ref. [29b].
c
I = 0.10 mol dm3 NEt4ClO4, Ref. [29c].
d
I = 0.10 mol dm3 in NaClO4, Ref. [27].

OH
NH HN

NH

NH HN

NH HN

NH HN

L3

L4

cyclen

N

NH

N

OH

NH HN
NH HN
cyclam
Fig. 4. Structure of the ligands used for comparison: cyclen, 2-hydroxyethyl cyclen (L3), 3-hydroxypropyl cyclen (L4) and cyclam.

Fig. 3. g-Cosy 1H,1H (a) and g-HSQC 1H,13C (b) 2D correlations for L2
at pD 1.05.
Table 3
1
H and 13C NMR data for L2 at pD 1.05
Assignment

Chemical shift (ppm)
1

13

H

C1
C2
C3
C4
C5
C6

2.54
2.70
2.84
3.07

C

(t, 2 H)
(t, 2 H)
(t, 4 H)
(m, 8 H)

2.97 (m, 4 H)

22.03
56.81
50.26
45.64
43.92
44.39

NMR titration curves, three pD regions were deﬁned, one
comprising two protonation constants (13.0 P pD
P 10.5), and the other two comprising one protonation
constant each (10.5 P pD P 8.0 and pD 6 3.0). The high

symmetry of L2 makes diﬃcult to predict the protonation
sequence, but an attempt has been made taking into
account that when a protonation occurs at a given site
the b-carbons are upﬁeld shifted [32]. In the
13.0 P pD P 10.5 region two protonations occur, and
their constant values diﬀer only by one log unit, which
makes diﬃcult to distinguish the eﬀect of each one. However, taking into account that in this range the resonances
C2, C4 and C5 are upﬁeld shifted, while C1 shifts downﬁeld, it seems that the thiolate group is protonated and a
second proton may be shared by the NI and NIII amines.
In the region 10.5 P pD P 8.0 a third protonation occurs
on one amine of the macrocyclic ring, and this proton
together with the one already existing in the macrocycle
backbone will be shared by the NI/NII/N II amines centres.
This is supported by the upﬁeld shift of the resonances C1,
C3, and C6. In the pD range 8.0–3.0 no signiﬁcant changes
were observed, but for pD 6 3.0 the C1, C4 and C5 carbon
atoms are upﬁeld shifted, being C1 the most signiﬁcantly
shifted (ca. 1 ppm), which may indicate the protonation
of the NI centre.
3.3. Stability constants
The complexation of L2 with Cu2+, Zn2+ and Cd2+ was
followed by potentiometry, at 25.0 C and 0.1 mol dm3
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Fig. 5. (a) 13C NMR titration curves for L2 (chemical shift (dC) in
function of pD): n, C1; ,, C2; q, C3; ¤, C4; n, C5 and , C6. (b) 13C
NMR spectrum of L2 (D2O, pD 1.05).

KNO3, and the corresponding stability constants were
determined. The kinetics of formation of the complexes
of L2 with the transition metal ions studied is relatively
slow. The stability constants were determined by the use
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of a batch method in the pH regions where complexation
equilibrium was not attained during in-cell titrations, leading to stability constants with relatively high standard deviations. In Table 5 are listed the stability constants of the
complexes of L2 with Cu2+, Zn2+ and Cd2+, together with
the constants for the corresponding complexes with related
tetraazmacrocycles. Cyclam was included due to its very
high aﬃnity for copper(II) [33].
Only mononuclear species were formed with the studied
metal ions, namely [ML], [M(HL)], [M(H2L)], [M(L(OH))]
and [M(L(OH)2)]. The latter species is only formed for
Cd2+, while [M(H2L)] only exists when M = Cu2+. At
physiological pH, the [ML] complex is formed at about
100% for Cu2+, while for Cd2+ and for Zn2+ only above
pH 8 this is the main species (Fig. 6).
The trend found for the stability of the complexes studied, [CuL] > [ZnL]  [CdL], follows the usual order for
cyclen derivatives. However the log KCuL/log KZnL and
log KCuL/log KCdL ratios are smaller than usually found
for ligands having only amine donor atoms, such as cyclen
and cyclam. This feature, together with the larger values of
KML observed for L2, when compared to cyclen, strongly
suggests the involvement of the arm in the coordination
sphere of the metal centre. For all the metal ions, completely diﬀerent direct and backtitration potentiometric
curves were obtained, suggesting structural rearrangements, may be related with the formation and break of
the M–S bond.
A direct comparison of stability constants of L2 and
those reported for cyclen, L3, L4 and cyclam can only be
made using the pM (log[M2+]) values (Table 6) [35],
due to the diﬀerent basicity of the ligands.
These data indicate that compound L2 has higher aﬃnity for the transition metal ions studied than the tetraaza-

Table 5
Stability constants (log units) for complexes of L2 and other related ligands with Cu2+, Zn2+ and Cd2+ ions
Metal

Species mhl

L2a

Cyclenb

L4c

Cyclamd

log K MHi L

log K MHi L

log K MHi L

23.29
24.8

17.3(1)

26.5
27.2

log bMHi L

log K MHi L

101

21.19(6)

21.17

111
121
111

27.45(4)
30.47(7)
12.2(1)

6.26
3.02
8.99

2+

Zn

101
111
111

18.6(1)
25.60(2)
8.8(1)

18.6
7.00
9.8

16.2
5.74

Cd2+

101
111
121
111
121

18.8(1)
25.51(5)

18.8
6.71

14.3

2+

Cu

10.2
13.7(1)
8.3
13.0(1)
9.8

9.2(1)
1.7(1)

9.6
10.9

Values in parentheses are standard deviations in the last signiﬁcant ﬁgures.
a
This work, T = 25.0 C, I = 0.10 mol dm3 KNO3.
b
I = 0.1 mol dm3 NaNO3, Ref. [29a].
c
T = 25.0 C , I = 0.1 mol dm3 NEt4ClO4, Ref. [27].
d
Refs. [33,34].

15.5
3.99
11.23
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Fig. 6. Species distribution diagrams for the Cu2+ and Zn2+ complexes with L2 in water, CL = CM = 4.0 · 105 mol dm3 (charges were omitted).

Table 6
pM valuesa calculated for L2 and other related ligands (pH 7.4)
Ion

L2

Cyclen

L4

Cyclam

Cu2+
Cd2+
Zn2+

14.24
11.91
11.77

9.27, 10.02
4.73
5.68

11.59
7.29
7.99

10.19, 10.54
2.57
2.42

a
The values were calculated for 100% excess of free ligand, using the
program HySS [35], CL = 2CM = 1 · 105 mol dm3 and the stability
constants given in Table 5.

macrocycles considered for comparison. For the same cavity size, the presence of a coordinating pendant arm
increases signiﬁcantly the stability of the complexes. A
decrease of the pM values is found when the cavity size
increases. However, L2 shows a low selectivity for Cu over
Zn and Cd.
3.4. Structural studies in solution
3.4.1. NMR studies of zinc(II) complexes
To assess the nature of the inner sphere of the zinc, the
13
C NMR spectra of solutions containing Zn2+ and L2 (1:1
molar ratio) have been recorded at diﬀerent pD values.
Based on the species distribution diagram (Fig. 6), we have
chosen the 5.6, 7.6 and 11.6 pH values, which correspond
to the [Zn(HL)], [ZnL] and [Zn(L(OH))] species, respectively. In Table 7 are collected the chemical shifts of the
carbon atoms of the Zn2+/L2 species formed as well as
those for the free L2, recorded in the same experimental
conditions.
Table 7
Chemical shift (d/ppm) of the carbon atoms of L2 and of the species
Zn/L2 at pD 6, 8 and 12
pD  6

C1
C2
C3
C4
C5
C6

pD  8

pD  12

L2

Zn/L2

L2

Zn/L2

L2

Zn/L2

23.36
56.02
49.93
46.30
44.04
43.69

26.37
55.07
51.66
46.54
45.64
44.40

23.43
56.36
50.20
46.26
44.05
43.87

26.02
57.22
52.22
47.22
46.18
44.49

23.64
60.84
52.22
46.66
44.93
45.71

25.97
57.18
52.18
47.19
44.45
46.14

Most of the carbon atoms of L2 are signiﬁcantly downﬁeld shifted upon coordination to the Zn2+. These results
are consistent with the formation of a Zn2+/L2 complex
and seem to indicate that all the donor atoms are coordinated to the metal. The signiﬁcant downﬁeld shift observed
for C2, when pD increases from 6 to 8, may be correlated
to the deprotonation followed by coordination of the
thiol group, in agreement with the potentiometric studies
(Table 5).
3.4.2. UV–Vis and EPR spectroscopic studies of copper(II)
complexes
The UV–Vis–NIR and the EPR spectra of Cu2+/L2 and
Cu2+/cyclen complexes were recorded at pH 5, 8 and 12,
which for Cu2+/L2 corresponds to about 100% of the
[Cu(HL)], [CuL] and [Cu(L(OH))] species, respectively
(Fig. 6). As can be seen in Table 8, the electronic spectra
of the Cu2+ complexes with L2 and cyclen exhibit two well
deﬁned bands, one in the UV–Vis range and another in the
charge transfer region. A red-shift of the band in the UV–
Vis is expected when the geometry of a Cu2+ complex
changes from a square planar to a penta-coordinated
one. For Cu2+/cyclam [36] and Cu2+/1,4,8-trimethyl-11(2-thioethyl)-1,4,8,11-tetraazacyclotetradecane [5a], which
have been considered to be four and ﬁve-coordinated, the
maximum absorption of the bands has been reported to
be at kmax = 513 nm and 622 nm, respectively. Our data
for Cu2+/L2 and Cu2+/cyclen seem to indicate that in the
complexes studied in this work the copper centre is ﬁvecoordinated. In the pH range studied, both complexes
present the same pattern for the UV–Vis spectra and the
maximum of absorption does not change signiﬁcantly with
the pH. These results may suggest that the environment
around the Cu is the same, independently of the protonation of the corresponding ligand. However, the molar
absorptivity of the complex Cu2+/L2 increases with pH,
indicating a highest distortion for the complex, most
probably due to the deprotonation of the sulphur atom
and formation of a strong apical Cu–S bond.
In Fig. 7 are shown the X-band EPR spectra of Cu2+/L2
and Cu2+/cyclen complexes and their simulated spectra, at
diﬀerent pH values. All the spectra indicated the presence

S. Lacerda et al. / Polyhedron 26 (2007) 3763–3773

3771

Table 8
Spectroscopic data for the copper(II) complexes of L2 and other related ligands taken from literature
Ligands or Cu(II) complexes (pH)
a b

L2 (5) ,
L2 (8)a
L2 (12)a
Cyclen (5)a
Cyclen (8)a
Cyclen (12)a
[Cu(cyclen)Cl]+c
[Cu(cyclam)]Clc2
[Cu(H2O)6]2+d
a
b
c
d

UV–Vis–near IR

EPR (104Ai/cm1)

k/nm (e/mol1 dm3 cm1)

gx

612
615
620
579
578
581
599
513

(112); 277 (4 · 104)
(132); 270 (6 · 104)
(220); 273 (8 · 104)
(56); 282 (1 · 104)
(56); 274 (3 · 104)
(80); 274 (3 · 104)
(220)
(100)

2.040
2.041
2.040
2.040
2.052
2.057
2.049
2.08

gy
2.055
2.082
2.055
2.055
2.060

gz

Ax

Ay

2.198
2.198
2.200
2.197
2.196
2.212
2.198
2.186
2.4

16.88
1.92
16.88
16.88
2.30
24.1
38.7

17.68
7.68
21.02
21.02
10.33

Az
182.14
182.41
186.98
181.97
181.99
180.23
184.2
205.0
134.0

This work.
Species A: gz = 2.410 and Az = 131.92.
Ref. [36].
Ref. [38].

of only one species, except for Cu2+/L2 at pH 5, which
revealed the presence of two species. All the spectra showed
the expected four well-resolved lines at low ﬁeld, due to the
interaction of the unpaired electron spin with the copper
nucleus. The hyperﬁne coupling constants (A) and g values
obtained by the simulation of the spectra [37] are shown in
Table 8, together with those of other copper(II) complexes
taken from literature, for comparison [36,38]. The simulation of the spectra revealed three diﬀerent g values with

f

e
d

c

b

a

2500

3000

3500

4000

Magnetic Field (G)
Fig. 7. X-band EPR spectra of copper complexes of L2 and cyclen in
1.5 · 103 mol dm3 and 40% DMSO/H2O solutions (strong lines) and
the simulated spectra (smooth lines) at diﬀerent pH values: (a) Cu2+/
Cyclen, pH 5, at 114.5 K; (b) Cu2+/L2, pH 5, at 111.6 K; (c) Cu2+/Cyclen,
pH 8, at 105.9 K; (d) Cu2+/L2, pH 8, at 112.2 K; (e) Cu2+/Cyclen, pH 12,
at 119.4 K and (f) Cu2+/L2, pH 12, at 107.6 K. All spectra were recorded
with microwave power of 2.0 mW, modulation amplitude of 1 mT, and
frequency of 9.41 GHz.

gz > (gx + gy)/2 and the lowest g P 2.04, which is characteristic of mononuclear copper(II) complexes having rhombic-octahedral with elongation of the axial bonds or
distorted square-based pyramidal symmetries, and dx2 y 2
ground state.
The two species present, at pH 5, in the EPR spectrum
of Cu2+/L2 are in about the same proportion, based on
the intensity of the bands. The simulation of this spectrum
could not be obtained and so is not presented. Nevertheless, the direct analysis of the spectrum and the estimated
gz and Az parameters suggest that one species (species A)
corresponds to the aqua-complex [Cu(H2O)6]2+, and the
other to the species found at pH 8 (species B).
The EPR parameters of the Cu2+/L2 and Cu2+/cyclen
complexes (at pH P 5) are similar, pointing to identical
coordination environments. The gi and Ai values are
related to the electronic transitions by the factors derived
from the ligand ﬁeld theory [39]: the gi values increase
and the Ai values decrease as the equatorial ligand ﬁeld
becomes weaker or the axial ligand ﬁeld stronger and this
occurs with the simultaneous red-shift of the d–d absorption bands in the electronic spectra [39,40].
Additionally the EPR data obtained in this work for the
copper(II) complexes of L2 and cyclen are quite diﬀerent
from those for Cu2+/cyclam also collected in Table 8. In
the latter complex the copper has a square planar geometry, with the equatorial plane formed by the four nitrogen
atoms of the macrocycle and the metal centre included into
the cavity [41]. Indeed, the 12-membered cavity of L2 and
cyclen is too small for the copper centre, and therefore the
macrocycle take a folded arrangement with the metal out
of the cavity. In the cyclen complex a water molecule or
other solution ion completes a ﬁve-coordination geometry,
while in the Cu2+/L2 the sulphur of the arm certainly do
the same eﬀect. A square-pyramidal geometry is expected
for L2 complexes since in the case of a trigonal-bipyramidal a g^ > gi and a UV–Vis band in the region 800–
850 nm would be observed [42]. Thus, considering the
UV–Vis and the EPR data, a square pyramidal geometry
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is expected for all the complexes studied in this work, and
the small changes observed for Cu2+/L2 versus Cu2+/
cyclen can be most probably only assigned to distortions
in the structure, promoted by a stronger coordination of
the thiol group at higher pH.
4. Concluding remarks
A mono-N-substituted cyclen derivative with a 2-ethanethiol pendant arm, 2-[1,4,7,10-tetraazacyclododecan-1yl]-ethanethiol (L2), has been successfully synthesized,
being its thiol-protected precursor (L1) also characterized
in solution and in the solid state. Compound L2 was characterized by 2D NMR studies and its protonation constants were determined by potentiometry. An analysis of
the protonation scheme of L2 was discussed based on 13C
NMR titration. The stability constants of L2 with Cu2+,
Zn2+ and Cd2+ were determined by potentiometry, and
their values follow the usual trend found for cyclen derivatives: [CuL2] > [ZnL2]  [CdL2]. At physiological pH, the
pM values calculated for the metal complexes of L2 have
shown that this ligand is less selective for Cu2+ over Zn2+
and Cd2+, compared to cyclen and cyclam. Spectroscopic
data indicate that L2 forms penta-coordinated complexes
with Cu2+ and Zn2+.
In summary, the introduction of a thiol pendant arm in
the cyclen backbone has improved the aﬃnity for Cu2+ but
its selectivity has decreased. Radioactive studies with copper are underway to evaluate the possible use of this ligand
for biological applications.
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5. Supplementary material
CCDC 636011 contains the supplementary crystallographic data (excluding structure factors) for L1. These
data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk.
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