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The synthesis, protonation, and Cu2+ coordination chemistry of a tripodal heptaamine ligand (L1) functionalized with
2-pyridine fragments at the ends of its three branches are reported. L1 presents six relatively high protonation
constants followed by much more reduced constant that as indicated by the UV-vis and NMR data, occur on the
pyridine fragments. p[H]-metric, ESI/MS+, EPR and UV-vis data show that L1 is able to formmono-, di-, and trinuclear
Cu2+ complexes. Slippage movements and molecular reorganizations have been observed to occur as a function of
p[H] in the 1:1 Cu2+ complexes. The kinetic studies showed that the complex formation is fast and proceeds through a
dissociative Eigen-Wilkins mechanism. The decomposition of CuL1 upon addition of acid excess occurs with two
separate kinetic steps; the rate constant for the fast process does not vary with respect to the H+ concentration
whereas a linear dependence on H+ is observed for the slow step.

Introduction

The polyamine N,N-bis(2-aminoethyl)ethane-1,2-diamine
usually named with the non-systematic name tris(2-ami-
noethyl)amine and abbreviated as tren, constitutes one of the
ligandsmost widely employedwithin the fields of Coordination
and Supramolecular Chemistry.1 This interest stems from its
tripodal disposition which frequently favors rhombic geome-
tries and fromthe facilityof itsderivatization thatpermitsone to
obtain related ligands for a variety of purposes. For instance,
tren derivatives containing additional carboxylate, catecholate,
or hydroxamate groups have been used as synthetic sidero-

phores for bindingFe3+,2-4 or asGd3+ chelators for preparing
contrast agents for magnetic resonance imaging (MRI).5-7

Tren or tren-like fragments have also been used as building
blocksofmoreor less sophisticated supramolecular receptors of
either acyclic or cyclic topology endowed with interesting
coordinative or/and photochemical properties.8-10

Within this context, some of us have prepared several new
polyamine ligands built up by expanding the tren structure
with aminopropyl chains (L2), and further functionaliz-
ing the terminal primary nitrogens with one methylanthryl
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fragment (L3) or with three methylnaphtyl fragments (L4)
(Chart 1).11 These compounds exhibited interesting proper-
ties in their coordination chemistry with Cu2+ and in their
anion coordination capabilities toward nucleotidic anions.
Furthermore, compound L4 showed an appealing photoche-
mical behavior with the formation of an excimer species of
very strong intensity.12

Following along with this research, we have now prepared
a new L1 polyamine receptor made up by attaching three
2-methylpyridine units to the primary nitrogens of the
enlarged polyamine L2 (Chart 1) so that different binding
sites can be present within the tripod structure with the
possibility of forming coordinatively unsaturated trinuclear
complexes. Here in this first report on the chemistry of this
new polyamine, we describe its synthesis, protonation beha-
vior, andCu2+ coordination chemistry using potentiometric,
ESI/MS+, UV-vis, EPR, and kinetic techniques.

Experimental Section

Synthesis of Tris(8-(20-pyridyl)-3,7-diazaoctyl)amine (L1

3
7HCl). Tris(3,7-diazaoctyl)amine (L2) (2.8 g, 8.82 mmol) and
pyridine-2-carbaldehyde (3.18 g, 29.69 mmol) were stirred for
1.5 h in 200 mL of dry EtOH. NaBH4 (3.21 g, 84.47 mmol) was
then added, and the resulting solutionwas stirred for 2 h at room
temperature. The solvent was removed at reduced pressure. The
resulting residue was treated with water and dichloromethane.
The organic phase was removed at reduced pressure, and the
resulting residuewas dissolved in dry ethanol andprecipitated as
its hydrochloride salt of tris(8-(20-pyridyl)-3,7-diazaoctyl)amine

(L10) (yield 54%). 1H NMR (D2O), δ(ppm): 2.12-2.20 (m, 2H),
2.86 (t, J=6Hz, 2H), 3.08-3.24 (m, 6H), 4.44 (s, 2H), 7.54 (d,d,
d, J1=8 Hz ,J2 =8 Hz, J3 =2 Hz, 1H), 7.59 (d, J1=8 Hz, 1H),
8.01 (d,d,d, J1=J2=8Hz, J3=2Hz, 1H), 8.58 (d, J1=8Hz, 1H).
13C NMR (D2O), δ(ppm): 22.9, 44.6, 44.9, 45.2, 49.1, 51.3,
124.6, 125.1, 149.5. Anal. Calcd for C33H54N10 3 7HCl: C,
45.27%, H, 7.13%, N, 15.99%. Found: C, 45.2%, H, 7.2%,
N, 16.2%.

emf Measurements. The potentiometric titrations were car-
ried out at 298.1(1) K in 0.15 mol dm-3 (NaClO4). The experi-
mental procedure used (buret, potentiometer, cell, stirrer,
microcomputer, etc.) was the same that has been fully described
elsewhere.13 The acquisition of the emf data was performedwith
the computer program PASAT.14 The reference electrode was
an Ag/AgCl electrode in saturated KCl solution. The glass
electrode was calibrated as an hydrogen-ion concentration
probe by titration of previously standardized amounts of HCl
with CO2-free NaOH solutions and determining the equivalent
point by the Gran’s method,15 which gives the standard poten-
tial, E�0, and the ionic product of water (pKw=13.73(1)). The
concentrations of the stock Cu2+ solutions employed were
determined gravimetrically by standard methods.16 The p[H]
range investigatedwas 2.5-11.0, and the concentration of Cu2+

and ligands ranged from 1 � 10-3 to 5 � 10-3 mol dm-3 with
M/L molar ratios varying from 1:1 to 3:1. Precipitation was
observed above pH 7 for Cu2+/L 3:1 solutions.

The computer program HYPERQUAD17 was used to calcu-
late the protonation and stability constants. The different titra-
tion curves for each system (at least two titrations) were treated
either as a single set or as separated curves without significant
variations in the values of the stability constants. The sets of
data were merged together and treated simultaneously to give
the final stability constants. All the distribution diagrams have
been calculated with the computer program HYSS.18

Electrospray Mass Spectrometry. Electrospray mass spectra
were recorded on a Bruker Esquire 3000plus, Bruker Daltonics
mass spectrometer (Agilent Headquarters, Palo Alto, U.S.A.).
ESI/MS+ was carried out in the positive ion mode. Scanning
was performed from m/z = 100 to 1500. For electrospray
ionization, the drying gas was set at a flow rate of 2.5 μL/min,
with capillary voltage of 280V.Non-buffered solutions contain-
ing Cu2+:L1 ([L1]=9.75� 10-5 mol dm-3, molar ratios 1:1, 2:1,
and 3:1) inwaterwere injected into themass spectrometer source
with a syringe pump (Cole-Parmer Instruments Company,
Illinois,U.S.A.) at a flow rate of 5L/min. The sampling skimmer
voltage (Vs) was set at 40 V.

UV-vis Titrations. All solutions were prepared with deio-
nized water, and the ionic strength was fixed at 0.15 mol dm-3

using NaClO4 (Merck, p.a.). L1 or its copper complexes were
dissolved and introduced into a jacketed cell (20mL)maintained
at 298.1(1) K using a Haake FJ thermostat. The solutions were
deoxygenated and flushed continuously with argon during the
titrations. The free hydrogen concentrations were measured
with an Ag/AgCl combined glass electrode (Metrohm
6.0234.500, long life and a Tacussel Isis 20 000 millivoltmeter).
Standardization of the millivoltmeter and verification of the
linearity of the electrode were performed using commercial
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Merck buffered solutions (p[H]=1.68, 4.00, 6.86, 7.41, and 9.18)
according to classical methods.

The titrations of the free ligand (5.48� 10-5mol dm-3) and of
its Cu2+ complexes (concentrations of L1 were 6.22� 10-5 mol
dm-3, 4.74 � 10-5 mol dm-3, and 3.38 � 10-5 mol dm-3 for
metal/ligands molar ratios 1:1, 2:1, and 3:1, respectively) with
pH were carried out by addition of known volumes of sodium
hydroxide (0.1 mol dm-3, Merck, Titrisol) with a piston-fitted
microburet (Manostat). Simultaneous p[H] and UV-vis mea-
surements were performed. For this set of titrations, the absorp-
tion spectra (l=1 cm) were recorded in the 200-400 nm
wavelength range using a CARY 50 (Varian) equipped with
Hellma optical fibers (Hellma, 041.002-UV) and an immersion
probe made of quartz suprazil (Hellma, 661.500-QX).

A second set of titrations was carried out for the copper
complexes in the 500-800 nm spectral range. The concentra-
tions of L1 were 9.20 � 10-4 mol dm-3 (l= 1 cm), 1.19 �
10-3 mol dm-3 (l=2 cm), and 8.05 � 10-4 mol dm-3 (l=1
cm) for molar ratios metal/ligands 1:1, 2:1, and 3:1, respectively.
The spectra were recorded with a Uvikon 941 (Kontron)
spectrophotometer from 500 and 800 nm using quartz optical
cell (Hellma).

To determine the apparent stability constants and to establish
the most appropriate conditions for the kinetic measurements
(see below and in the Results and Discussion section), a couple
of titration sets were performed at fixed pH values adding
increasing amounts of metal ion to fixed concentrations of L1.
In the first set, the p[H] of the solution was fixed at 5.45 byMES
(2-(N-morpholine)ethanesulfonic acid, 0.1 mol dm-3). Aliquots
of a solution of Cu2+ (5.03 � 10-3 mol dm-3) were added to
a quartz cell of 1 cm path length containing 2 mL of a buffe-
red solution of L

1 (4.62 � 10-5 mol dm-3) until the ratio
[Cu2+]tot/[L

1]tot=3.90 was attained. A spectrum was recorded
in the 220-400 nm range after each addition of Cu2+. In the
second set, the p[H] was fixed at 2.39 using a 4� 10-3 mol dm-3

HClO4 solution. Different volumes of a 5.06 � 10-2 mol dm-3

copper solution were added to 4 mL of a 4.20� 10-4 mol dm-3

solution of L1 until the ratio [Cu2+]tot/[L
1]tot = 5.43 was

obtained. A spectrum (l=2 cm) was registered in the 500-
800 nm range after each addition. For both sets of titrations a
Uvikon 941 (Kontron) spectrophotometer was used.

All the spectrophotometric data were processed with the
SPECFIT program,19 which adjusts the stability constants
and the corresponding molar extinction coefficients (mol-1

dm3 cm-1) of the species at equilibrium. SPECFIT uses factor
analysis to reduce the absorbance matrix and to extract the
eigenvalues prior to the multiwavelength fit of the reduced data
set according to the Marquardt algorithm.

EPR Measurements. Electron paramagnetic resonance
(EPR) spectra were performed in ethylene glycol-water (30/
70, v/v) solution at 77 K on a Bruker ESP 300E spectrometer at
the X-band frequency (9.45GHz) and equipped with the Bruker
NMR gaussmeter ER 035 M and the Hewlett-Packard micro-
wave frequency counter HP 5350B. The metal concentration
was adjusted to 3� 10-3 mol dm-3, and the metal-to-ligand
concentration ratios were 1:1, 2:1, and 3:1. The experi-
mental EPR spectra were analyzed using computer simulation
programs.20

Kinetic Experiments. A stopped-flow spectrophotometer
(Applied Photophysics SX-18MV) was used for the fast kinetics
experiments. The temperature was maintained at 298.1(1) K
with a Haake thermostat. Formation kinetics were studied at
two different p[H] values, 2.39 and 5.45. The wavelengths used
at p[H]=2.39 and p[H]=5.45were 600 and 285 nm, respectively,
with an optical path length of 1 cm.

The solutions of free ligand and Cu2+ were prepared in water
where the p[H] was fixed at p[H]=2.39 with 4� 10-3 mol dm-3

HClO4. The ligand concentration was fixed at 2.10 � 10-4 mol
dm-3, and the copper concentrations were varied from 2.10 �
10-3 to 2.25� 10-2 mol dm-3. For p[H]=5.45 (MES buffer, 0.1
mol dm-3), the total concentration of ligand was 2.31 � 10-5

mol dm-3, and the copper concentrations were varied from
4.15� 10-4mol dm-3 to 1.31� 10-3mol dm-3.At least 10 times
more concentrated solutions of Cu2+ were used to obtain
pseudo-first order conditions. Three reproducible experiments
were carried out with different Cu2+ concentrations, and all the
data were correctly fitted with a mono-exponential equation.

The dissociation reaction of the copper complex ([CuL1]=
4.39� 10-5 mol dm-3) maintained at 298.1(1) K (Lauda M12
thermostat) was monitored on a SX-18MV stopped-flow spec-
trophotometer (Applied Photophysics). Pseudo-first order con-
ditions with respect to the complex were used, and acid (HClO4)
concentration was varied from 1.11�10-3 mol dm-3 to 9.2 �
10-3 mol dm-3. The absorbance decay versus time was mon-
itored at 285 nm with a 1 cm optical cell.

All kinetic data sets, averaged out of at least three replicates,
were analyzed with the commercial software BIOKINE.21 This
program fits up to three exponential functions to the experi-
mental curves with the Simplex algorithm after initialization
with a Pad�e-Laplace method.

Table 1. Logarithms of the Stepwise Protonation Constants for the Ligand L1

Determined at 298.1(1) K in 0.15 mol dm-3 NaClO4
a

L
1

L
2

entry reactionb log K (σ) log K (σ)c

1 L + H / HL 10.06(2) 10.34(7)c

2 HL + H / H2L 9.41(1) 10.26(2)
3 H2L + H / H3L 8.53(1) 9.52(4)
4 H3L + H / H4L 7.52(1) 8.68(4)
5 H4L + H / H5L 7.05(1) 7.91(5)
6 H5L + H / H6L 6.33(1) 7.34(4)

aThe corresponding protonation constants for L2 are included for
comparison. bCharges are omitted for the sake of clarity. cTaken from
ref 11c.

Figure 1. Spectrophotometric titration of L1 vs p[H] recorded in H2O;
T=298.1(1) K; l=1 cm; I=1.0 mol dm-3 (NaClO4); [L

1]tot = 5.48�
10-5 mol dm-3; (1) p[H] = 3.41; (2) p[H] = 1.15.
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Results and Discussion

Ligand Protonation Equilibria. The behavior of L1

toward protonation has been studied by potentiometry
in 0.15 mol dm-3 NaClO4 at 298.1(1) K in the 2.5-11.0
p[H] range. The values of the stepwise basicity constants
obtained for L1 are presented in Table 1 along with those
previously reported for its synthetic precursor L2.11

The distribution diagram for the system L1-H+ is shown
in the Supporting Information, Figure S1.
In the p[H] range in which the potentiometric studies

were carried out L1 takes up six protons. The hexaproto-
nated species [H6L

1]6+ prevails over a wide p[H] range
2.0-6.0 (Supporting Information, Figure S1).
L1 shows a reduced basicity in all its protonation steps

with respect to L2, which can be largely attributed to the
electron withdrawing character of the pyridine rings and
to the fact that L2 contains primary amino terminal
groups. It is well-known that primary amino groups have
more favorable hydration energy and thereby better

stabilize the positive charges.22,23 Similar effects have
been reported for other open-chain polyamines func-
tionalized at their ends with 2-pycolyl groups.24,25

To check whether the pyridine nitrogens bear a neat
protonation or not at acidic p[H] values, we have carried
out a spectrophotometric study of this system.L1 presents
a structured absorption band centered at about 257 nm
that can be ascribed to a π-π* transitions of the pyridine
ring.26 The sharp increase observed in the absorb-
ance when the p[H] is decreased below 3 (Figure 1)
confirms the protonation of the pyridine rings at
these p[H] values. The statistical analysis19 of the UV
data led to the determination of a global constant with a
value of log β = 5.77(7) that implies three protons
corresponding to the protonation of the three pyridine
nitrogens ([H6L

1]6++3H+/ [H9L
1]9+). The calculated

spectra of free L1 and of its protonated forms ([H6L
1]6+

and [H9L
1]9+) are shown in Supporting Information,

Figure S2. The averaged protonation constant (log K=
5.77/3-1.92) for the pyridine units of L1 is very low in
comparison with that measured for the free pyridine ring
(log K=5.24).25

It is well established that, upon protonation of poly-
amine compounds, the carbon atom in β-position and the
hydrogen nuclei attached to the carbon atom in R-posi-
tion to the nitrogen atom undergoing protonation are
those exhibiting, respectively, the largest upfield and

Figure 2. Variation of the chemical shifts of the 1H signals of L1 with the pD.

Chart 2
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Table 2. Stability Constants for the Cu2+ Complexes Formed with L1 Determined in 0.15 mol dm-3 NaClO4 at 298.1(1) K
a

L
1

L
2

entry reactionb log K (σ) log K (σ)11c

1 Cu + L /CuL 21.2(2) 22.91(4)
2 CuL + H / CuHL 8.20(2) 9.52(3)
3 CuHL + H / CuH2L 7.42(1) 9.21(2)
4 CuH2L + H / CuH3L 5.52(2) 3.96(2)
5 CuH3L + H / CuH4L 4.24(1)
6 CuL + Cu / Cu2L 10.56(3) 7.84(6)
7 Cu2L + H / Cu2HL 6.45(2)
8 Cu2L + 2H2O / Cu2L(OH)2 + 2H log β = -20.42(3) log β = -19.99(6)
9 Cu2L + Cu / Cu3L 6.56(3)
10 Cu3L + H / Cu3HL 3.64(3)

a Selected equilibrium constants for the system Cu2+-L2 are included for comparison.11c bCharges are omitted for the sake of clarity.

Figure 3. Liganddistribution diagrams for the systemCu2+/L1 as a functionofpH. (a) [Cu2+]tot= [L1]tot=1� 10-3mol dm-3; (b) [Cu2+]tot=2� 10-3

mol dm-3; [L1]tot=1� 10-3mol dm-3; (c) [Cu2+]tot=3� 10-3mol dm-3; [L1]tot=1� 10-3mol dm-3. Theaveragedprotonation constant (logK=5.77/
3-1.92) for the pyridine units of L1 has been used as an estimate of log KL1H7

.

Table 3. Attribution of the Peaks Observed in the ESI/MS+ Experiments

[Cu(II)]tot/[L
1]tot

ions calculated, m/z experimental, m/z 1.0 2.0 3.0

[L + Cu + Cl]+ 688.4 688.3 �
[L + Cu + ClO4]

+ 752.3 752.1 � � �
[L + Cu +Cl + ClO4 + H]+ 788.3 788.2 �
[L + 2Cu + ClO4 - 2H]+ 813.3 813.1 �
[L + 2Cu + Cl + ClO4]

+a 850.3 850.2 � �
[L + Cu + 2ClO4 + H]+ 852.3 852.1 �
[L + 2Cu + 2Cl + ClO4]

+ 885.1 885.0 � � �
[L + 2Cu + Cl + 2ClO4]

+ 949.2 949.0 � � �
[L + 3Cu + 3Cl + ClO4 + 2H]+a 985.1 984.9 � �
[L + 2Cu + 3ClO4]

+ 1013.0 1013.2 � �
[L + 3Cu + 2Cl + 2ClO4 + 2H]+a 1049.1 1048.9 � �
[L + 3Cu + 3Cl + 2ClO4]

+ 1082.1 1082.0 � �
[L + 3Cu + Cl + 3ClO4 +2H]+a 1113.1 1112.9 � �
[L + 3Cu + 2Cl + 3ClO4]

+ 1146.0 1146.0 �
[L + 3Cu + Cl + 4ClO4]

+ 1210.0 1209.9 �
[L + 3Cu + 5ClO4]

+ 1274.0 1273.7 �
a In these species at least one copper is as Cu+.
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downfield changes in their chemical shift.23 Therefore, to
obtain further information about the protonation se-
quence of our compounds we have recorded the 1H
NMR and 13C NMR of L1 versus p[D]. Below p[D]=
3.0 important downfield shifts are observed for the signals
of all the aromatic protons of the pyridines supporting
that at this stage the pyridine nitrogens are protonated.
Moreover, the singlet signal 8, attributed to the protons
closest to these pyridine rings (for the labeling see
Chart 1), is also significantly downfield shifted below this
p[D] (Figure 2). These data support again the protonation
of the pyridine units below p[H]=3.

The low value of the protonation constant of the
pyridine groups and a comparison with corresponding
values obtained for various aminopyridine ligands,24,25

suggest that protonation of the pyridine ring implies the
breakage of hydrogen bonds (Chart 2) formed with the
vicinal amino groups.27-29 As already reported for the
tripodal polyamine tren, the apical nitrogen atom would
not bear any neat protonation throughout all the studied
pH range.30

Cu2+ Complexation Equilibria. The stability constants
related to the formation in aqueous solution of mono-, di-,
and trinuclear complexes of the polyamineL1 are shown in
Table 2 along with the constants previously reported for
the precursor polyamine L2.11 All these constants have
been obtained at 298.1(1) K in 0.15 mol dm-3 NaClO4. In
the titrations carried out for Cu2+/L1 3:1 molar ratio, the
p[H] range covered was 2.0-6.0 because of the occurrence
of precipitation at higher p[H] values.
L1 forms in aqueous solution mononuclear species of

[CuHrL]
(2+r)+ stoichiometry with r varying between 0 and

4. These species are predominant at molar ratios Cu2+/L1

lower than 1:1 (Figure 3a). For a higher Cu2+/L1 ratio, the
dinuclear species [Cu2L]

4+, [Cu2HL]5+, and [Cu2L(OH)2]
2þ

and the trinuclear ones [Cu3L]
6+ and [Cu3HL]7+ are also

observed (see the distribution diagrams in Figure 3, pa-
nels b and c). The nuclearity of these copper(II) species
has been confirmed by theESI/MS+method (Table 3 and
Supporting Information, Figure S3).

Mononuclear Complexes. The 10 nitrogen donors in L1

can be classified into 3 categories: (i) the secondary amino
groups of the arms, (ii) the apical tertiary nitrogen atom,
and (iii) the pyridine nitrogen atoms. This number ex-
ceeds by far the preferred coordination number of Cu2+

and thereby, it is interesting to know how many and
which are the nitrogen atoms involved in the coordination
of the different mononuclear complexes. Although it is
difficult to establish coordination numbers just from the
free energy terms, the number of protonated species and
the values of their formation and stepwise protonation
constants give some valuable indication in this respect.
First, the value of the stability constant of [CuL1]2+ is

Figure 4. UV-vis spectra of the systemCu2+/L1 (1:1) recorded as a functionof p[H]. Solvent:H2O; I=0.15mol dm-3 (NaClO4);T=298.1(1)K. (a) l=
1 cm; [L1]tot = 6.22� 10-5 mol dm-3; (1) p[H] = 3.69; (2) p[H] = 9.52. (b) l= 1 cm; [L1]tot = 9.20� 10-4 mol dm-3; (1) p[H] = 2.45; (2) p[H] = 9.58.

Figure 5. EPR spectra of frozen solutions at different p[H] of the
complex CuL1, together with computer simulated spectra. sim A
(p[H] = 4.0); sim B (p[H] = 6.0); sim C (p[H] = 12.0). Solvent: water/
glycol (70/30 v/v); T=77 K; [L1]tot=3 � 10-3 mol dm-3; [Cu2+]tot/
[L1]tot = 1.0.

Table 4. Spectral Parameters of theMononuclear Cu2+-L1 Complexes and of the
Trinuclear Cu3L

1 Species

speciesa λmax(nm)b εmax(�103 mol-1 dm3 cm-1)

CuH2L
1 762 0.22

633 0.161
260 13.0

CuH3L
1 288 5.6

623 0.173
259 14.2

CuH4L
1 288 4.1

620 0.116
Cu3L

1 257 25.2(1)
280 10.9(5)
627 0.39(2)

aCharges are omitted for the sake of clarity. b λ values are provided
with ( 2 nm accuracy and the ε values with 5% error.

(27) Chmielewski, M.; Jurczak, J. Chem.;Eur. J. 2005, 11, 6080–6094.
(28) Hossain, Md. A.; Kang, S. O.; Powell, D.; Bowman-James, K. Inorg.

Chem. 2003, 42, 1397–1399.
(29) (a) Lacoste, R. G.; Martell, A. E. Inorg. Chem. 1964, 3, 881–884.

(b) Goldberg, D. E.; Fernelius, W. C. J. Phys. Chem. 1959, 63, 1246–1249.
(c) Mayer, J. M.; Testa, B. Helv. Chim. Acta 1982, 65, 1868–1884.

(30) Thaler, F.; Hubbard, C. D.; Heinemman, F. W.; van Eldik, R.;
Schindler, S.; Fabian, I.; Dittler-Klingemann, A. M.; Hahn, F. E.; Orvig, C.
Inorg. Chem. 1998, 37, 4022–4029.
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only slightly lower than that of [CuL2]2+ (entry 1,Table 2),
for which a coordination number of five was inferred.11

Second, the stability constant of the complex with L1 is
higher than that reported for the analogous complex with
the parent polyamine tren (log K = 19.58)1,25,30 which
displays a trigonal bipyramidal geometry with the involve-
ment in the first coordination sphere of all its four nitrogen
atoms and an additional exogen ligand.31 Third, the con-
stants for the first two protonation steps of the complex
[CuL1]2++H+ / [CuHL1]3+ and [CuHL1]3++H+ /
[CuH2L

1]4+ (Table 2) are high and compare quite well
with the constants of the third and fourth protonation
steps of the free ligand displaying the same overall charges
[H2L

1]2++H+/ [H3L
1]3+, logK=8.54 and [H3L

1]3++
H+/ [H4L

1]4+, logK=7.54, respectively (Table 1). These
observations strongly suggest that the protonation step
occurs on nitrogen atoms not directly bound to the Cu2+

ion and that at most five nitrogen atoms of the tripod
would be involved in the coordination sphere of [CuL1]2+,
[CuHL1]3+, and [CuH2L

1]4+ complexes. The third and
fourth protonation steps of the metal complexes have
protonation constants which are significantly lower
(entries 4 and 5 in Table 2) than the corresponding ones
of the free ligand (entries 5 and 6 in Table 1). The lowering
of these protonation constants in the copper(II) complex
with respect to the corresponding ones in the free ligand
indicates that these nitrogen atoms aremost likely involved
in the coordination of Cu2+.
To get more information about coordination numbers

and geometries of the mononuclear complexes, we have
recorded the variation with the p[H] of the UV-vis and
EPR spectra of solutions containing equimolar amounts
of Cu2+ and L1 (Figure 4 and 5 and Tables 4 and 5,
respectively).
The spectrum in the UV domain consists, at the acidic

p[H] values where [CuH4L
1]6+ predominates, of an ab-

sorption band centered at about 259 nm attributable to a
π-π* transition of the pyridines,26 followed by a
shoulder at around 288 nm that can be ascribed to a
ligand to Cu2+ charge transfer band (amino-to-Cu2+

CT) (Figure 4a and Table 4).32 In the visible region a
broadband centered at 623 nm is observed (Figure 4b,
Table 4) easily attributable to the less absorptive dxz,
dxyfdz2 transitions.

33 The EPR spectrum of this species
shows a characteristic axial feature (Figure 5) corre-
sponding to small rhombic distortion of a square pyra-
midal geometry (Table 5).
When the p[H] was raised to the values for which the

triprotonated [CuH3L
1]5+ species predominates in solu-

tion (p[H] ca. 5.0, Figure 3a), the intensity of all the bands
increases without changing their shape and position. The
EPR spectrum does not change significantly, its para-
meters with small rhombic character are also characteri-
stic of a slightly distorted square pyramidal geometry
(Table 5). Further addition of base to form [CuH2L

1]4+

species produces, however, sharp changes in the d-d band
and in the EPR spectrum. Indeed, while the changes in the
UV region are not significant, the d-d band appears now
as a shoulder at 633 nm, which experiences a bathochro-
mic shift to 762 nm (9<p[H]<4.5) in agreement with a
coordination geometry close to trigonal bipyramid.34 The
EPR spectrum exhibits significant rhombicity of g and A
parameters (Table 5, Figure 5) and “reverse” character,
revealed in particular by a g1 parameter very close to the
free electron value, supporting35,36 a geometry strongly
shifted toward the trigonal bipyramid for [CuH2L

1]4+.
Interestingly, such structural transformations were not

observed in the EPR spectra in the case of L2,11 although
the UV-vis spectra of this polyamine showed features of
trigonal bipyramidal geometry throughout all the p[H]
range of complex formation.
Upon addition of further equivalents of base (pH>7)

neither the UV-vis nor the EPR spectra experienced
further significant changes, supporting that the coordina-
tion sphere around themetal ion is the same in [CuH2L

1]4+,
[CuHL1]3+, and [CuL1]2+.
By using the SPECFIT19 program it has been possible

to determine the formation constants for the [CuH4L
1]6+,

[CuH3L
1]5+, and [CuH2L

1]4+ species (Table 6) that are in
reasonable agreement with the values derived from the
potentiometric curves. The calculatedUV-vis spectra for
these species are collected in Supporting Information,
Figure S4.
Taking into account the protonation sequence of the

free ligand and all the thermodynamic and spectroscopic
data of the mononuclear complex, the structural models

Table 5. EPR Parameters of the Different Mononuclear Species Existing in the System Cu2+-L1

species gzz gxx gyy Azz (10
-4 cm-1) Axx (10

-4 cm-1) Ayy (10
-4 cm-1)

CuH4L
1a simA 2.223 2.089 2.050 174 49 24

CuH3L
1 simB 2.206 2.065 2.050 182 40 24

CuH2L
1 simC g1 = 2.009 g2 = 2.082 G3 = 2.189 66 85 119

aCharges are omitted for the sake of clarity.

Table 6. Cumulative Stability Constants for the Mono-, Di-, and Trinuclear
Copper Complexes of the Ligand L

1-Copper(II) Species Determined from the
Spectrophotometric vs p[H] Data and from the Potentiometric Dataa

reaction log β (3σ)b log β (3σ)c

Cu2+ + 2H+ + L1 / [CuH2L
1]4+ 35.4(2) 36.8(1)

Cu2+ + 3H+ + L1 / [CuH3L
1]5+ 42.2(4) 42.34(9)

Cu2+ + 4H+ + L
1 / [CuH4L

1]6+ 46.8(3) 46.58(9)
2Cu2+ + H+ + L

1 / [Cu2HL
1]5+ 39.6(3) 38.2(2)

3Cu2+ + L
1 / [Cu3L

1]6+ 38.9(1) 38.3(1)

a I = 0.15 mol dm-3 (NaClO4); T = 298.1(1) K). b Spectrophoto-
metric vs p[H] titrations. cPotentiometric titrations.

(31) Laskowski, E. J.; Duggan, D. M.; Hendrickson, D. N. Inorg. Chem.
1975, 14, 2449–2459.

(32) Wei, N.; Murthy, N. N.; Karlin, D. K. Inorg. Chem. 1994, 33, 6093–
6100.

(33) Hartam, J. R.; Vachet, R. W.; Pearson, W.; Wheat, R. J.; Callahan,
J. H. Inorg. Chim. Acta 2003, 343, 119–132.

(34) McLachlan, G. A.; Fallon, G. D.; Martin, R. L.; Spiccia, L. Inorg.
Chem. 1995, 34, 254–261.

(35) Addison, A. W.; Hendriks, H. M. J.; Reedijk, J.; Thompson, L. K.
Inorg. Chem. 1981, 20, 103–110.

(36) Jitsukawa, K.; Harata, M.; Arii, H.; Sakurai, H.; Masuda, H. Inorg.
Chim. Acta 2001, 324, 108–116.
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sketched in Figure 6 can be proposed. In the highest
protonated species, the coordination will occur through
one pyridine nitrogen atom, the apical nitrogen atom, and
two secondary amino groups of one of the arms. This
partial involvement of the arms of a tripodal ligand in
metal binding has also been evidenced in the crystal
structure of the monoprotonated Cu2+ complex of a
related ligand in which the polyamine tren had been
functionalized with 2-pycolyl groups at the end of its
three arms.37 For the less protonated species (protonation
degrees two and less), although other alternatives might
be possible, a likely structure would involve the coordina-
tion of a secondary amino group of every arm apart from
that of the apical and pyridine nitrogens.

Di- and Trinuclear Complexes. The [Cu2L
1]4+ species is

more stable than the analogous one formed with L2.
Indeed, addition of the second Cu2+ cation to [CuL1]2+

to yield [Cu2L
1]4+ is characterized by a successive stability

constant which is about 3 orders of magnitude higher than
the corresponding one with the polyamine L2 (entry 6 in

Table 2) suggesting that a much higher number of coordi-
nating nitrogen atoms participate in the binding of the
second metal ion. This is further confirmed by the possi-
bility of leading to trinuclear complexes with a successive
stability constant for the addition of the third Cu2+ cation
equal to 6.6 logarithmic units (entry 9 in Table 2).
The spectrophotometric titration recorded in the UV

and vis regions for Cu2+/L1 systems in 2:1 and 3:1 molar
ratios are shown in Figure 7 and Supporting Information,
Figure S6, respectively. The spectra show, on going from
p[H]=3, where the tetraprotonated mononuclear species
predominates, to p[H] = 6.2, where the species [Cu2-
HL1]5+ is formed, an increase in the molar absorpti-
vity of the band at 259 nm as well as an increase
in intensity of the band at 620 nm followed by the
appearance of a shoulder at higher wavelengths although
this change is not so evident as for molar ratios 1:1.
No further changes38 were observed at higher p[H] val-
ues (6.2<pH<9-10). The increase in the absorptivity
of the band centered at 259 nm suggests the involvement

Figure 6. Protonation scheme of the [CuL1]2+ species.

Figure 7. Spectrophotometric titration of the system Cu2+-L1 in 2:1 molar ratio as a function of p[H]. Solvent: H2O; I=0.15 mol dm-3 (NaClO4); T=
298.1(1)K. (a) l=1cm; [L1]tot=4.74� 10-5mol dm-3; [Cu2+]tot=9.36� 10-5mol dm-3; (1) p[H]=3.17; (2) p[H]=6.86. (b) l=2cm; [L1]tot=1.19�
10-3 mol dm-3; [Cu2+]tot = 2.38 � 10-3 mol dm-3; (1) p[H] = 2.60; (2) p[H] = 6.18.

(37) G�erard, C.; Mohamadou, A.; Marrot, J.; Brandes, S.; Tabard, A.
Helv. Chim. Acta 2005, 88, 2397–2412.

(38) Prenesti, E.; Daniele, P. G.; Prencipe, M.; Ostacoli, G. Polyhedron
1999, 18, 3233–3241.
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in the coordination sphere of the metal ion of a fur-
ther pyridine nitrogen atom, while the shape of the
d-d transitions at higher p[H] values suggests mixtures
of bipyramidal trigonal and square pyramidal geome-
tries.34 Unfortunately, the EPR spectra for the dinuclear
species are not very informative. The EPR data at p[H]=
2.0 are similar to those previously commented for
the tetraprotonated mononuclear species. At higher
p[H] values, the EPR spectra revealed a badly resolved
hyperfine structure due to spin-spin interaction between
the copper(II) ions that is more evident at p[H] values
about 10.

From the UV-vis spectral variations it has been pos-
sible to calculate the electronic spectrum of the species
(Supporting Information, Figure S7) as well as its equili-
brium constant which was found to be in good agree-
ment with the value obtained from the potentiometric
titrations.
The distribution diagram in Figure 3c shows that for

Cu2+/L1 3:1 molar ratio the trinuclear species predo-
minates from p[H] about 4.5. At higher p[H] values
some precipitation prevented one to observe the
formation of hydroxylated species. The electronic
spectra in the UV region shows upon addition of the
third Cu2+ a further increase of the molar absorptivity
of the band at 258 nm, again suggesting the involvement
of a new pyridine nitrogen in the coordination of
the Cu2+ cations. The spectra recorded in the visible
region show a band centered at 627 nm that in-
creases in intensity on raising the p[H]. However, there
is not any clear indication of the formation of species
with trigonal pyramidal geometry. The analysis of these
data allowed to calculate the electronic spectrum of
[Cu3L

1]6 (Supporting Information, Figure S8 and
Table 4).

Formation Kinetics

Kinetic Studies at p[H]=2.39. The formation kinetic
studies were carried out using stopped flow spectro-
photometry at two p[H] values (2.39 and 5.45). We have
performed an absorption spectrophotometric titration
of L1 (4.2 � 10-4 mol dm-3) by Cu2+ at p[H] 2.39 (0<
[Cu2+]tot/[L

1]tot<5.43). The spectral variations of the
Cu2+ centered d-d bands (Supporting Information,
Figure S9a) were monitored and the statistical proces-
sing19 of the corresponding absorption data allowed
characterizing a single monocopper(II) species. Its
stability constant at pH 2.39 was calculated to be
log K*CuL1=2.7(6) and is in agreement with the recal-
culated one39 (see Supporting Information for further
information) from data of Table 2 (log K*CuL1=3.06).
Moreover, it is noteworthy that the corresponding dis-
tribution diagrams (Figure 3a) show that the [CuH4-
L1]6+ is the major species at p[H] 2.39. Pseudo-first
order conditions were chosen to carry out formation
kinetics. Absorbance at λ=600 nm (Supporting Infor-
mation, Figure S10) experiences an exponential varia-
tion versus time indicating a first order formation

Figure 8. Variation of the pseudo-first order rate constant (kobs) vs
[Cu(II)]tot. Solvent: H2O; p[H] = 2.39; λ = 600 nm; T = 298.1(1) K;
[L1]tot = 2.1 � 10-4 mol dm-3.

Table 7. Rate Constants for the Formation of Cu2+ Complexes with Different
Amines

aTaken from ref 46. bTaken from ref 47. cTaken from ref 48.
d Solvent: H2O, I = 0.15 mol dm-3 (NaClO4); T = 298.1(1) K.

Table 8. Apparent Stability Constants for the Formation of Cu2þ Complexes of
L1 Measured by Spectrophotometry in Water at p[H] = 5.45, I = 0.1 mol dm-3

(MES), T = 298.1(1) K

log K* (3σ)

equilibriaa,b experimental calculated

Cu þ L10/ CuL10 8.1(9) 9.9
CuL10 þ Cu / Cu2L

10 7(1) 6.5
Cu2L

10 þ Cu / Cu3L
10 7(1) 5.6

aCharges are omitted for the sake of clarity. bL10 stands for the ligand
without defining its actual protonation degree.

(39) Ringbom, A. Les complexes en chimie analytique; Dunod: France,
1967; p 369. Schwarzenbach, G.; Flaschka, H. Complexometric Titrations;
Methuen: London, 1969, p 114.
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kinetics with respect to the ligand:

v ¼ -d½L1�=dt ¼ kobs½L1� ð1Þ
No fast steps could be evidenced during themixing time

(∼3 ms) of the stopped-flow device. Moreover, the ab-
sorbance at the end of the rate limiting step satisfactorily
corresponds to the expected absorbance value. The
pseudo-first order rate constants kobs (s

-1) were deter-
mined for various Cu2+ concentrations (Supporting In-
formation, Table S1). A linear dependence of kobs on Cu2+

analytical concentrations was observed (Figure 8) in
agreement with the following relationship:

kobs ¼ kf ½Cu2þ�tot þ kd ð2Þ
This equation corresponds to the equilibrium

Cu2þ þ L1 sfrs
kf

kd

CuL1 ð3Þ

The values of kf and kd were calculated to be 1.23(5) � 103

mol-1 dm3 s-1 and 3.7(6) s-1, respectively. The loga-
rithmic value of the kf/kd ratio (2.5(2)) agrees well with

the conditional stability constant obtained at p[H] 2.39
(log K*CuL1=2.6(7)), thus substantiating the proposed
mechanism. Formation kinetics of metal complexes and,
in particular, of copper(II) complexes40-46 with a wide
variety of ligands showed that these processes could
follow a dissociative mechanism, which has been de-
scribed by Eigen-Wilkins as follows:41-43

LðSÞ þMðsÞ sfrs
Kos

MLðsÞ þ S sfrs
Kex

ML þ s ð4Þ
The rate limiting step corresponds to the desolvation of
the metal in an outer-sphere complex formed in a fast
pre-equilibrium (eq 5).

kf ¼ Kos�kex with kfðmol-1dm3s-1Þ,
Kosðmol-1dm3Þ, kexðs-1Þ ð5Þ

Using Kos
48,44 (1.6� 10-5 mol-1 dm3) for free ligand

([H6L
1]6+) and Cu2+ as well as the reported kex value

41,45

(2� 108 s-1) for the desolvation of the copper(II) cation,
we calculated kf=3.2� 103 mol-1 dm3 s-1. This value is
of the same order as that obtained experimentally (kf=
1.23(5)� 103 mol-1 dm3 s-1), so it can be reasonably
concluded that the formation of [CuH4L

1]6+ proceeds
through an Eigen-Wilkins mechanism.

Figure 9. (a) Variation of the absorbance vs time for the formation of copper(II) complex withL1 in excess of [Cu2þtot at p[H] 5.45. Solvent: H2O; p[H]=
5.45 (0.1mol dm-3MES);T=298.1(1)K; [L1]tot=2.31� 10-5mol dm-3. (a) [Cu2þ]tot/[L

1]tot=34.41, l=1cm; λ=285 nm. (b) Variation of the pseudo-
first order rate constant (kobs) vs [Cu

2þ]tot.

Figure 10. Spectral absorption changes vs time for the acid-induced
dissociation of the complex CuL1. Solvent: H2O; I = 0.15 mol dm-3

(NaClO4); l=1 cm; [CuL1]tot= 4.39� 10-5 mol dm-3; [Hþ]tot= 1.11�
10-3 mol dm-3 ; T = 298.1(1) K; λ = 285 nm.

Figure 11. Variation of kobs1 rate constant vs [Hþ]tot for the acid-
promoted dissociation of the mononuclear CuL1 complex. [CuL1]tot =
4.39 � 10-5 mol dm-3; T = 298.1(1) K; I= 0.15 mol dm-3 (NaClO4).

(40) Palanch�e, T.; Blanc, S.; Hennard, C.; Abdallah, M. A.; Albrecht-
Gary, A. M. Inorg. Chem. 2004, 43, 1137–1152. (b) Tomi�si�c, V.; Blanc, S.;
Elhabiri, M.; Expert, D.; Albrecht-Gary, A. M. Inorg. Chem. 2008, 47, 9419–
9430. (c) Albrecht-Gary, A. M.; Blanc, S.; Rochel, N.; Ocaktan, A. Z.; Abdallah,
M. A. Inorg. Chem. 1994, 33, 6391–6402. (d) Albrecht-Gary, A. M.; Crumbliss,
A. L. Metal Ions in Biological Systems; Sigel, A., Sigel, H., Eds.; Marcel
Dekker: New York, 1998; Vol. 35, pp 239-327. (e) Albrecht-Gary, A. M.;
Crumbliss, A. L. Scientific Bridges for 2000 and Beyond, TEC and DOC eds.;
Institut de France, Acad�emie des Sciences: Paris, 1999; pp 73-89.

(41) Roche, T. S.; Wilkins, R. G. J. Am. Chem. Soc. 1974, 96, 5082–5086.
(42) Eigen, M.; Wilkins, R. G. Adv. Chem. Ser. 1965, 49, 55–67.
(43) Eigen, M. Pure Appl. Chem. 1963, 6, 97–115.
(44) Fuoss, R. M. J. Am. Chem. Soc. 1958, 80, 5059–5061.
(45) Diebler, H.; Eigen, M.; Ilgenfritz, G.; Maab, G.; Winkler, R. Pure

Appl. Chem. 1969, 20, 93–115.
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The bimolecular rate constant kf for the formation of
[CuH4L

1]6+ is much lower than those reported for other
polyamine ligands (Table 7). This can be mainly ascribed
to the high positive charge of [H6L

1]6+, which decreases
the formation rates with the divalent copper(II) cation.
Depending on the p[H] and on the number of the pro-
tonation sites, the differences could reach several orders
of magnitude, as shown in Table 7.

Kinetic Studies at p[H]=5.45. Conditional thermody-
namic constants for Cu2þ complexes, determined by
absorption spectrophotometry (Supporting Information,
Figure S9b), are presented in Table 8. At p[H] 5.45, the
major species of free ligand is [H6L

1]6þ (Supporting
Information, Figure S1) and the trinuclear complex
Cu3L

1 dominates in excess of copper(II) (Supporting
Information, Figure S11).
The kinetic experiments were monitored under pseu-

do-first order conditions with respect to themetal and at
λ=285 nm, which corresponds to the ligand-to-metal
charge transfer band (Figure 4). Significant loss of
spectrophotometric amplitude was observed during
the mixing time of the reactants because of the occur-
rence of fast reactions, which are not accessible on
the time scale of the stopped-flow technique (∼3 ms).
An exponential signal was observed in the millisec-
ond time span (Figure 9a). The absorbance at the end
of this rate limiting step is in good agreement with the
value expected thus indicating that no slower steps take
place.
Pseudo-first order rate constants kobs (s

-1) were deter-
mined (Supporting Information, Table S2). They linearly
vary with [Cu2þ]tot without significant intercept at the
origin (Figure 9b).
Taking into account the spectrophotometric observa-

tions and the thermodynamic data, we could suggest that
the rate limiting step corresponds to the complexation of

the thirdCu2þ cation, the formation of CuL10 0 andCu2L
10 0

species being fast.

L10þCu sf
fast

CuL10 ð6Þ

CuL10þCu sf
fast

Cu2L
10 ð7Þ

Cu2L
10þCu sf

kf
Cu3L

10 ð8Þ

The rate law can therefore be written

v ¼ d½Cu3L10 �=dt ¼ kf ½Cu2L10 �t½Cu�t ð9Þ
and leads to the following relationship:

kobs ¼ kf ½Cu�tot with kf

¼ 3:30ð7Þ�105 mol-1 dm3 s-1 ð10Þ

Assuming a dissociative mechanism dependent on the
desolvation of Cu2þ, we could estimate Kos

44,47=4.6 �
10-4 mol-1 dm3 and kex=2 � 108 s-1 and deduce kf=
9.2 � 104 mol-1 dm3 s-1. This value of the bimolecular
rate constant is in good agreement with the experimental
kf value (3.3(7) � 105 mol-1 dm3 s-1).

Dissociation Kinetics. The global dissociation reaction
of the CuL1 under acidic conditions can be written:

CuL1þ nH f HnL
1þCu with n ¼ 6 or 7 ð11Þ

The variation of the absorbance at λ=285 nm was
monitored versus time in a range of p[H] between 3.0 and
2.0. A large spectrophotometric amplitude was lost dur-
ing the mixing time of the stopped-flow instrument. This
suggests that very fast reactions, not accessible under our
experimental conditions, occur and involve the main
chromophores. The absorbance after 3 ms corresponds
to the tetraprotonated complex [CuH4L

1]6þ. In addition,
the kinetic recordings reveal two well separated rate
limiting steps in the milliseconds and seconds time spans,
respectively (Figure 10).
Both steps display exponential decay versus time. The

values of the corresponding pseudo-first-order rate con-
stants are reported in Supporting Information, Table S3.
kobs1 is independent of the proton concentrations

Chart 3

Figure 12. Variation of the kobs2 rate constant vs [H
þ]tot for the acid-

promoted dissociation of the mononuclear CuL1 complex. [CuL1]tot =
4.39 � 10-5 mol dm-3; T= 298.1(1) K; I= 0.15 mol dm-3 (NaClO4).

(47) Sokol, L. S.W. L.; Fink, T. D.; Rorabacher, D. B. Inorg. Chem. 1980,
19, 1263–1266.

(48) Moss, D. B.; Lin, C.-T.; Rorabacher, D. B. J. Am. Chem. Soc. 1973,
95, 5179–5185.
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(Figure 11). Therefore, an averaged kobs1 value can be
easily determined (1.32(8) � 102 s-1).
To rationalize our data relative to the first step, we

suggest a saturation mechanism due to a protonation fast
pre-equilibrium. The tetraprotonated [CuH4L

1]6þ is in-
deed further protonated leading to kinetic intermediate I1
with a secondary amine vicinal to the anchor being
protonated and dissociated from the metal. A rate limit-
ing rearrangement of I1 to I2 corresponds to the dissocia-
tion of the Cu-N bond of the anchor (Chart 3).
This mechanism can be interpreted by the rate law

given eq 12. Under our experimental conditions, the term
K5 [H

þ] is much higher than 1 so eq 12 can be simplified to
eq 13:

kobs1 ¼ k6K5½Hþ�tot
1þK5½Hþ�tot

ð12Þ

kobs1 ¼ k6 ð13Þ
The kobs2 values determined for the second rate limiting

step fit a linear plot with respect to the Hþ concentrations
with a significant intercept at the origin (Figure 12).
In step 2, the complete dissociation of the copper(II)

complex takes place (Chart 4). The dissociation occurs
through twodifferent pathways, the competitive attack of
the protons and of the solvent.49-51 In agreement with
processes previously reported for Cu2þ complexes with
various polyamines,52 the kinetic data agree well with the
following rate law:

kobs2 ¼ kH½Hþ�þkH2O ð14Þ
withkH=2.6(1)� 102mol-1dm3 s-1 andkH2O=1.82(5) s-1.

The second step is much slower (∼2-5 s) than the first
one (∼50 ms). This slowing down reflects the stability of
the bidentate coordination site with both a pyridine
nitrogen and a secondary amine bound to Cu2þ, as
already reported elsewhere.53-56

The kH/kH2O ratio provides information about the
solvolysis and the acid-triggered dissociation of I2. The
calculation of kH/kH2O=1.43(9) � 102 mol-1 dm3 shows
that below pH 2 the proton-catalyzed pathway governs
the decomposition of the copper(II) complex. Themacro-
cyclic metal complexes are mostly efficiently dissociated
via an acidic catalysis.57 Electrostatic repulsions could
also weaken the attack of protons compared to the
solvent and so decrease the ratio kH/kH2O. Moreover,
the stabilization of the copper(II) species by a five chelate
ring, as in I2, explains the prevailing acidic pathway over
the solvolysis process.50,51,56

Conclusions

A tripod ligand (L1) derived from the polyamine tren by
extending the three arms with aminopropyl groups and
further functionalization of the terminal sites with 2-pycolyl
functions has been prepared in good yield following a
straightforward synthetic route. The acido-basic properties
of L1 have been determined and the protonated species have
been characterizedby absorption spectrophotometric and 1H
NMR methods. In the presence of Cu2þ, L1 is able to form
mono-, di-, and trinuclear copper(II) complexes depending
on p[H] and on Cu2þ/L molar ratio. Induced by the proton-
ation state that the mononuclear L1 complexes experienced,
a conformational rearrangement was clearly evidenced.

Chart 4

(49) Wilkins, R. G. The Study of Kinetics and Mechanism of Reactions of
Transition Metal Complexes; Allyn and Bacon: Boston, 1974.
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J. Chem. Soc., Dalton Trans. 2001, 240–246.
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Met. Chem. 1994, 19, 559–560.
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1999, 18, 1045–1048.
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Indeed, a switching process between square pyramidal and
trigonal bipyramidal coordination geometries was empha-
sized by absorption spectrophotometry and EPR. Kinetic
data for the formation of mononuclear [Cu(H4L

1)]6þ com-
plexes revealed a dissociative Eigen-Wilkins mechanism.
The acid-catalyzed dissociation processes showed two rate-
limiting steps. The first step leads to a bidentate Cu2þ

complex involving an amine and a pyridine group. An
efficient acid-catalyzed reaction completes the decomplexa-
tion of the monocopper(II) species. The ligand herein de-
scribed therefore represents the first member of a family of
new polyamino derivatives with interesting metal ion coor-
dination properties and potential catalytic behavior.
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