
FULL PAPER

Kinetics and Equilibria of Nickel(II)�Schiff Base Adducts Formation
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The interactions between NiII cations and bidentate Schiff
base ligands, N-alkyl-5-X-salicylaldimine HL (X = H; R = Et,
nPr, tBu; X = Cl, OMe, NO2; R = nPr), and bis(N-n-alkyl-5-
X-salicylaldiminato)nickel(II) complexes [NiL2] (X = H; R =
Et, nPr, nBu; X = Cl, OMe, Me; R = nPr) were investigated
by UV/Vis spectrophotometry in acetonitrile. The kinetics for
the formation of NiII/HL 1:1 adducts was studied by stopped-
flow techniques, which showed that the process followed a
two-consecutive mechanism. Experimental evidence and
theoretical calculations indicated the formation of an unid-

Introduction

Metal adducts of Schiff bases are an important class of
compounds. Metal complexes [ML2] of Schiff bases derived
from salicylaldehyde can form adducts with different
ions,[1,2] and even with DNA.[3] Examples of MAn·mHL ad-
ducts (A � anion) between neutral HL Schiff base ligands
and metal ions have also been reported.[4] The nature and
the factors influencing the observed stoichiometries of indi-
vidual adducts have been investigated mainly with regard
to the steric hindrance of the imine group. In spite of the
interest in these compounds, not much information is avail-
able on both the stability constants and the kinetics for the
formation of these compounds. This is the first investigation
of the mechanism for the formation of 1:1 NiII/HL adducts
in acetonitrile, and of the equilibria between NiII cations
and [NiL2] complexes (HL � 5-X-salH-R) for various 5-
X aromatic ring substituents and nitrogen-bound aliphatic
chains R of the Schiff base ligand, see Scheme1.

The mechanism of solvent exchange and ligand substitu-
tion involving octahedral nickel(II) ions has been shown to
be dissociative in character and generally to proceed by the
fast formation of an outer-sphere complex followed by the
loss of a solvent molecule in the rate-determining step,[5]

see Equations (1a and b). Thus, the pseudo-first-order rate
constant is generally expressed by Equation (2), where K0 is
the equilibrium constant for the formation of the outer-
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entate intermediate in the first step, according to a dissociat-
ive interchange mechanism. Ring-closure occurs in the se-
cond step and its rate is slower for electron-withdrawing-
substituted Schiff bases. Nickel(II) cations interact with
[NiL2] affording [NiL]+ and [Ni2L3]+ species; the associated
equilibrium constants were found to be related to the elec-
tronic effects of the 5-X ligand substituents.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

sphere complex, k2 can be approximated to the rate con-
stant for solvent exchange kex, and k�2 is the first-order rate
constant for the reverse dissociation process.

(1)

kobs � kf[Ni2�] � kd � K0k2[Ni2�] � k�2 (2)

This mechanism can be extended to bidentate ligands by
introducing an additional, usually fast, ring-closure step,
see Equation (1c). It can be anticipated that bidentate 5-X-
salH-R ligands give rise to ring-closure inhibition in the
coordination reaction to nickel(II) cations, as they can form
hydrogen bonds between their chelating sites, and may ex-
ist[6,7] in zwitterionic forms HL� in polar solvents (see
Scheme 1). Differing from most of the kinetics studies re-
ported in the literature on solvent substitution reactions by
bidentate ligands, the steps according to Equations (1b and
c) can be studied kinetically, and the substituent effects on
the ring-closure step can be examined.

The interactions between [NiL�] tetradentate complexes
(Scheme 1) and alkaline, alkaline-earth or NiII cations were
previously studied by our group.[8] Adducts of stoichi-
ometry 1:1 and/or 1:2 form in acetonitrile, see 1 and 2 of
Scheme 2. Metal ions are coordinated by means of the
O···O bite offered by the [NiL�] complex.

Solid-state examples of adducts formed between metal
ions and bidentate [NiL2] complexes (Scheme 1) are re-
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Scheme 1

Scheme 2. Schematic representation of the interactions between
tetradentate [NiL�] (N�N bridge is omitted) or bidentate [NiL2]
complexes with different ions (M � alkali, alkaline earth or NiII

ions; n � 1 or 2)

stricted to a few cases.[8] In solution trans-planar [NiL2]
complexes are in equilibrium with their tetrahedral isomers
when R is a bulky substituent.[9] The formation of adducts
with metal ions may induce a cis geometry having an oxy-
gen bite similar to that of tetradentate complexes. It has
been confirmed[10,11] that 1:1 adducts are formed with Na�

and Ba2�, and 2:1 adducts with Ba2� (1 and 2 of Scheme 2)
in the solid state, as well as in solution when R � H and a
second pendant arm is ortho to the phenolato oxygen atom.
From the present study it appears that [NiL2] complexes
with R � alkyl group and para aromatic-ring substituents,
may exhibit a different behaviour in the presence of NiII cat-
ions.

Results and Discussion

Reaction between HL � 5-X-salH-R and NiII Cations

The equilibrium between solvated octahedral nickel(II)
and 5-X-salH-R Schiff bases for R � Et, X � H was
studied in an acetonitrile solution. The spectrophotometric
data were consistent with the formation of a 1:1 NiII/ligand
adduct at high NiII/ligand molar ratios. A value of logK �
2.3 � 0.01 was determined for the apparent equilibrium
constant for the formation of the adduct.[12] Values of
logK � 1.21 � 0.02 and logK � 1.98 � 0.03 were found
for the formation of 1:1 adducts with Ba2� and Sr2�, re-
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spectively. On the basis of these findings and of the kinetic
results (see below), only a 1:1 NiII/ligand product was as-
sumed to form at the concentrations used in the kinetic
measurements.

UV/Vis spectra recorded during the reaction of NiII cat-
ions with 5-X-salH-R Schiff bases (X � H, R � Et, nBu;
X � H, Cl, OMe, R � nPr) showed different isosbestic
points for the initial and final spectra, see Figure 1. At the
initial reaction times a band at about 400 nm appears, while
the final spectrum exhibits a maximum in the 360�370 nm
range, depending on the 5-X substituent.

Figure 1. Spectral changes A) and kinetic traces B) at different
wavelengths recorded for the reaction of 5-MeO-salH-nPr (3 �
10�4 ) and nickel cations ([Ni(CH3CN)6(ClO4)2] � 3.3 � 10�2 )
in acetonitrile within 2500 ms at 25.0 °C (optical path � 1 cm); A)
following the arrows, the spectra were recorded at 5, 10, 25, 50,
100, 250, 500, 1000, 2500 ms after mixing the reactants; B) λ � a)
416 nm, b) 332 nm, c) 322 nm, d) 394 nm, e) 366 nm

The kinetic traces could be fitted to the two-exponential
Equation (10) (Exp. Sect.), which is characteristic of a two-
consecutive step reaction.[13] The sum and the product of
the exponential constants λ1 and λ2 were found to be lin-
early dependent on the nickel(II) concentration, Figures 2
and 3 (Figures 1i and 2i, Supporting Information). These
kinetic results are in agreement with Equation (1): in the
first step [Equation (1b)] the Schiff base replaces one solv-
ent ligand leading to a mono-chelating complex; in the se-
cond step [Equation (1c)] ring closure occurs. Assuming
K0[Ni2�] �� 1, the rate constants of Equation (1) can be
calculated from the slopes and the intercepts of Equations
(3) and (4) (see Table 1).

λ1 � λ2 � kf [Ni2�]� (k�2 � k3 � k�3) (3)

λ1λ2 � kf(k3 � k�3) [Ni2�] � k�2k�3 (4)
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Figure 2. Plots of λ1 � λ2 [Equations (3) and (10)] against [Ni2�]
for the reaction between 5-H-salH-nPr (ca. 10�4 ) and nickel(II)
cations in acetonitrile at three different temperatures

Figure 3. Plots of λ1λ2 [Equations (4) and (10)], against [Ni2�] for
the reaction between 5-H-salH-nPr (ca. 10�4 ) and nickel(II) cat-
ions in acetonitrile at three different temperatures

As expected for a dissociative mechanism, the kf rate con-
stants were only slightly dependent on the substituent 5-X,
and are close to those found for other uncharged monod-
entate ligands, e.g. pyridine[14] (kf � 830 �1s�1) and iso-
quinoline[15] (kf � 709 m�1 s�1).

The equilibrium constants K0 for the outer-sphere com-
plex formation were calculated from the measured kf values
as kf � fK0kex, where kex � 3.1 � 103 s�1 is the rate con-

Table 1. Rate constants (errors expressed as standard deviations) for the formation of 1:1 adducts between NiII cations and Schiff bases
HL � 5-X-salH-R, see Equation (1)

R T/°C kf/�1 s�1 k�2/s�1 k3/s�1 k�3/s�1 ∆pKa
[a]X

H Et 25.0 (5.5 � 0.3) � 102 [b] 24.8 � 0.9[b] 5.6 � 0.4[b] 0.10 � 0.07
H nPr 25.0 (5.1 � 0.1) � 102 [b] 25.2 � 0.4[b] 5.6 � 0.3[b] 0.13 � 0.07 0.64
H nPr 35.0 (9.7 � 0.5) � 102 [b] 38 � 1[b] 20 � 1[b] [d]

H nPr 45.0 (3.2 � 0.2) � 103 [b] 66 � 2[b] 18 � 1[b] [d]

Cl nPr 25.0 (5.0 � 0.2) � 102 [b] 40.1 � 0.6[b] 4.4 � 0.2[b] [d] 0.37
O2N nPr 25.0 (4.2 � 0.2) � 102 [c] 25.2 � 0.5[c] 0.31 � 0.03[c] [d] �1.48
MeO nPr 25.0 (4.5 � 0.1) � 102 [b] 33.1 � 0.5[b] 7.5 � 0.6[b] 0.36 � 0.08 0.98
H tBu 25.0 (2.7 � 0.4) � 102 [e] 12.5 � 0.3[e]

H tBu 35.0 (7.7 � 0.6) � 102 [e] 19.3 � 0.5[e]

H tBu 45.0 (19.5 � 0.7) � 102 [e] 31.8 � 0.6[e]

[a] ∆pKa � (pKOH � pKNH
�), difference between the pKa of p-X-phenols[18] and m-X-benzylammonium[19] in water at 25 °C. [b] Calculated

by Equations (10), (3) and (4). [c] Calculated according to Equations (9), (2) and (5). [d] The value of k�3 was neglected within the
experimental error. [e] Calculated by Equations (9) and (2).
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stant of acetonitrile exchange[16] between the nickel(II) cat-
ions and the bulk solvent, and f � 3/4 is a statistical factor
taking into account the number of solvent molecules in the
outer-sphere complex competing with the entering li-
gand.[17] The theoretical K0 values derived from the electro-
static theory, see Table 2, as well as from theoretical calcula-
tions, vide infra, were in excellent agreement.

Table 2. Calculated dipole moments of HL� 5-X-salH-R ligands,
interaction energies, and theoretical and experimental equilibrium
constants related to the formation of the outer-sphere complex be-
tween NiII cations and Schiff bases [Equation (1a)]

X R µ/Debye[a] U[b]/kJ mol�1 K0
[c]/�1 K0

[d]/�1

H Et 2.44 �0.679 0.21 0.24
H nPr 2.89 �0.760 0.22 0.22
H tBu 3.63 �0.735 0.22 0.12
Cl nPr 3.31 �0.463 0.20 0.22
O2N nPr 5.45 �0.642 0.21 0.18
MeO nPr 3.56 �0.774 0.22 0.19

[a] Dipole moment of the ligand (see text). [b] Interaction electro-
static energy between the dipole of the ligand and the charge of
the nickel(II) cation. See Equation (15). [c] Theoretical K0 values
calculated by Equations (14) to (16). [d] Experimental K0 values
calculated from the ratio kf/fkex (the values of kf are from Table 1).

For the reaction of 5-H-salH-nPr with NiII cations
(Table 1), the activation parameters were ∆H� � 34.7 �
1.7 kJ mol�1 and ∆S� � �100.4 � 4.2 J mol�1 K�1 for
k�2, and ∆H� � 71.1 � 4.2 kJ mol�1, ∆S� � 38.5 � 3.3 J
mol�1 K�1 for kf. The latter values compare quite satisfact-
orily with the activation parameters reported for solvent ex-
change:[17] ∆H� � 60.8 � 1.1 kJ mol�1 and ∆S� � 25.8 J
� 2.8 J mol�1 K�1, thus confirming a dissociative mechan-
ism.

For X � NO2 two well-distinct pseudo-first-order steps
were confirmed. The pseudo-first-order kinetic rate con-
stant for the first step is linearly dependent on the nickel(II)
concentration, see Equation (2). For the second step, by
neglecting k�3 and with K2 � k2/k�2, Equation (5) was ap-
plied along with Equation (1). Thus the rate constants for
Equation (1b) and Equation (1c) could be determined, see
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Figure 4 and Table 1, and their values confirmed the previ-
ous assumptions made on Equations (3) and (4) for the
other ligands.

1/kobs(2) � 1/(K0K2k3 [Ni2�]) � 1/k3 (5)

Figure 4. Plot of (A) kobs(1) against [Ni2�] for the first reaction step
[Equation (1b)] according to Equations (2) and (9), and plot of (B)
1/kobs(2) against 1/[Ni2�] for the second reaction step [Equation
(1c)] according to Equations (5) and (9), for the reaction between
5-NO2-salH-nPr (ca. 10�4 ) and nickel(II) cations in acetonitrile
at 25.0 °C

For X � H, R � tBu, only one rate-determining step
was seen, the final spectrum exhibits a maximum at about
390 nm. The observed pseudo-first-order rate constant de-
pends linearly on the NiII concentration (see Figure 5) and,
according to Equation (2), it could be related to the forma-
tion of the unidentate complex. The values of kf and k�2 at
different temperatures (Table 1) are slightly smaller than the
rate constants quoted for the other ligands examined. The
activation parameters, ∆H� � 75.3 � 1.2 kJ mol�1 and
∆S� � 54.4 � 4.2 J mol�1 K�1 for kf and ∆H� � 34.3 �
2.1 kJ mol�1 and ∆S� � �108.8 � 8.4 J mol�1 K�1 for
k�2, are close to those found for the 5-H-salH-nPr ligand.
Ring closure for R � tBu might be insignificant due to
steric hindrance.

Figure 5. Plot of kobs [Equations (2) and (9)] against [Ni2�] for the
reaction between 5-H-salH-tBu (ca. 10�4 ) and nickel(II) cations
in acetonitrile at three different temperatures

From Table 1, the rate constant k3 for the ring-closure
step depends on the substituents 5-X and increases with
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increasing electron-donor properties of 5-X. A linear rela-
tionship was found (slope � 0.58; correlation coefficient
r � 0.999) when logk3 is plotted vs. ∆pKa (∆pKa � pKOH

� pKNH
�, where pKOH

[18] and pKNH
� [19] are the pKa

values in water of the p-substituted phenols and of the m-
substituted benzylammonium ions related to the 5-X-salH-
R ligand, respectively). The positive slope suggests that mi-
gration of hydrogen from nitrogen to oxygen occurs in the
ring-closure step. This agrees with a quinonic structure for
the unidentate intermediate, rather than an enolic structure.
The band at about 400 nm identified in the early stages of
the reaction, which is characteristic[20] of the quinonic form
of the ligand, confirms this proposal. Nickel(II) may be co-
ordinated to the oxygen or the nitrogen atom of the qui-
nonic form of the ligand, while an NH···O or N···HO intra-
molecular hydrogen bond is retained, respectively. Both
these structures have been documented for some MAn·mHL
(A � anion)[4] Schiff base adducts similar to the present
ones. Theoretical calculations on 5-X-salH-R ligands indic-
ated that NiII coordination to oxygen is favoured (vide
infra). A plausible mechanism for the formation of 5-X-
salH-R adducts with NiII cations is depicted in Scheme 3,
where solvent molecules are omitted for clarity. It is worth
noting that for X � NO2, a strong resonance stabilisation
of the quinonic intermediate may account for the signific-
antly smaller k3 value than that observed for the other li-
gands.

Scheme 3

Theoretical Results

The quantum-mechanical geometry optimisation shows
that all the free ligands have a virtually planar geometry
and that the O�H and N�H distances are 0.99 Å and
1.75�1.77 Å, respectively. These are consistent with the en-
olic form of HL, see Scheme 1. The computed dipole mo-
ments for the 5-X-salH-R ligands are reported in Table 2.

The most favourable arrangements for the NiII/HL outer-
sphere complexes are depicted in Figure 6. In all cases the
centre of the cation sphere (R � 4 Å) almost lies on the
plane of the aromatic ring.

When X is an electron-donating group, the dipole mo-
ment is roughly parallel to the (HO)C�C(CH�NR) bond
and the cation sphere approaches the molecule toward the
oxygen atom. When X � Cl, and more so when X � NO2,
the dipole moment is rotated toward the R group and the
most favourable position of the cation moves toward the
aromatic ring.
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Figure 6. Schematic representation of the 5-X-salH-R/NiII outer-
sphere complexes as determined by theoretical calculations; the dis-
tance between two nearest ticks of both axes is 2 Å; the molecular
geometry is projected on the aromatic plane; the length of the ar-
row on the ligand is proportional to the dipole moment vector and
indicates its position as specified in the text

When using Equations (6) and (7), a good agreement be-
tween the experimental and theoretical K0 values (Table 2)
was found. The overestimation of the theoretical K0 value
for X � H, R � tBu may be of significance. The R groups
are far away from the sphere of the NiII ion; nevertheless,
the formation of a tighter inner-sphere complex requires the
steric hindrance, that arises as a result of R, to be reduced
by assuming a more favourable conformation. This cannot
be achieved for R � tBu.

(6)

(7)

In order to gain some information about the structure of
the monodentate intermediate of Equation (1), we carried
out a theoretical calculation on the 5-HsalH-Et ligand in-
teraction with a cation. The effect of metal ion coordination
by the ligand was studied by a simplified model system in
which the NiS5

2� cation was mimicked by the Na� cation.

Eur. J. Inorg. Chem. 2002, 1703�1710 1707

The cation was initially assumed to be equidistant (9 Å)
from both the O and N atoms in the molecular plane of the
enolic ligand. As expected, during the geometry optimis-
ation the cation moves towards the O�H�N group, the H
atom simultaneously migrates towards the N atom. The fi-
nal optimised geometry (O�H � 2.09 Å, N�H � 1.03 Å)
clearly shows that the presence of a cation such as Na�

favours the quinonic form of the ligand.

Equilibria between [NiL2] � [Ni(5-X-sal-R)2] Complexes
and NiII Cations

The equilibria between the [NiL2] complexes and the NiII

cations were studied spectrophotometrically in acetonitrile
solution. On increasing the amounts of NiII cations, the
characteristic MLCT and π�πδ absorption bands[21] at ca.
400 and ca. 330 nm decrease and a new band at 370 nm
appears. At high metal/ligand ratios the observed maximum
shifts to longer wavelengths. (Figure 3i, Supporting In-
formation). For the 5-O2N-substituted complex, ab-
sorbance changes were too small to obtain reliable results.

Several equilibrium schemes were tested by refining the
spectrophotometric data by a nonlinear least-squares pro-
gram, and the formation of 1:1 or 1:2 NiII/[NiL2] adducts
similar to those mentioned[2] in the introduction (see
Scheme2) could be excluded. Fit residues were within the
absorbance measurement error, and gave a statistical distri-
bution at all the wavelengths examined only by applying
Equation (8) (solvent molecules are omitted for clarity). In
the equilibrium according to Equation (8a) the starting
complex dissociates into two [NiL]� moieties. In the equi-
librium according to Equation (8b) a dinuclear species
[Ni2L3]� is formed by the interaction of [NiL2] and [NiL]�.

(8a)

(8b)

The related equilibrium constants, calculated as average
values for at least three independent experiments, are re-
ported in Table 3. In the present measurements, according
to these values, the concentration of [Ni2L3]� was at most
8�10% of the total concentration of the other species.

Figure 7 shows an example of calculated spectra for the
species involved in the equilibria of Equation (8) for the
NiII/[Ni(5-MeO-sal-nPr)2] system; the spectrum of [Ni2L3]�

is similar to that of [NiL]� but shows a threefold absorptiv-
ity, which is in agreement with three nearly equivalent li-
gands.

The 1H NMR spectra of acetonitrile solutions of [NiL2]
and NiII cations did not show detectable signals, most likely
due to the presence of paramagnetic species.

A linear free energy relationship was found between the
equilibrium constants logK4 of Equation (8a) and Taft’s
substituent constant[22] σp° which is related to the Schiff
base oxygen atom, but not to the imine site (slope ρ° �
�2.04; correlation coefficient r � 0.995) (Table 3). It is
likely that an initial charge�dipole interaction between NiII
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Table 3. Equilibrium constants for Equation (8) and λmax [nm] of the species in solution after reaction between [NiL2] � [Ni(5-X-sal-
R)2] and NiII cations in acetonitrile at 25 °C

[NiL2]� logK4 logK5 (σ°p)[a] (σ°p � σ�)[a] λmax
[b]/nm λmax

[c]/nm λmax
[c]/nm

[Ni(5-X-sal-R)2] [NiL2] [NiL�] [Ni2L3
�]

[Ni(5-H-sal-Et)2] 1.16 � 0.03 3.61 � 0.01 � � 412 370 355
[Ni(5-H-sal-nBu)2] 1.03 � 0.04 3.48 � 0.02 � � 413 371 360
[Ni(5-H-sal-nPr)2] 1.02 � 0.03 3.50 � 0.01 0 0 413 370 352
[Ni(5-Cl-sal-nPr)2] 1.64 � 0.05 3.67 � 0.02 0.27 0.16 420 383 355
[Ni(5-Me-sal-nPr)2] 0.76 � 0.05 3.68 � 0.02 �0.15 0.19 420 377 354
[Ni(5-MeO-sal-nPr)2] 0.87 � 0.05 4.15 � 0.01 �0.12 0.62 434 392 367

[a] Substituents constants.[22] [b] Experimental. [c] Calculated.

Figure 7. Experimental absorbance spectrum of [NiL2] � [Ni(5-
MeO-sal-nPr)2] (A) and calculated absorbance spectra of [NiL]�
(B), and [Ni2L3]� (C) in acetonitrile at 25.0 °C

cations like that in 1 in Scheme 2, yields two [NiL]� species,
with electron-withdrawing substituents favouring their
formation.

For logK5, a good linear correlation was found by using
the equation logK5 � ρ(σ°p � σ�) (slope � 0.973; r �
0.999). The interpretation of this behaviour is not straight-
forward since the [Ni2L3]� structure in solution is not
known. It is likely that [Ni2L3]� forms by direct interaction
of the starting complex [NiL2], by means of its O···O bite
with the charged species [NiL]�, see Scheme 2 (species 3).
This might be achieved by adopting a hindered cis-planar,
or more likely a tetrahedral geometry. Hence, electron-with-
drawing substituents on [NiL]� (which can be related to the
σ� term) and electron-donor substituents on [NiL2] (which
can be related to the σ°p term) favour the right side of the
equilibrium according to Equation (10b), accounting for
the above logK5 equation.

Experimental Section

Physical Measurements: IR and UV/Vis spectra were recorded with
Perkin�Elmer 983 and Perkin�Elmer Lambda9 instruments, re-
spectively. A Dionex Chromatograph S4000 instrument and an
ICP/AES Varian Liberty 200 instrument were used for ionic chro-
matographic and plasma analyses, respectively. 1H NMR spectra
were recorded with a Varian Gemini 200 instrument.

Materials: Bis(N-alkyl-5-X-salicylaldiminato)nickel(II) � [Ni(5-X-
sal-R)2] complexes (X � H, R � Et, nPr, nBu; X � Cl, OMe,
Me, NO2; R � nPr) were prepared and purified according to the
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literature.[23] N-Alkyl-5-X-salicylaldimine Schiff bases,[24] 5-X-
salH-R (X � H; R � Et, nPr, tBu; X � Cl, OMe, NO2; R �

nPr), were prepared by condensation of salicylaldehyde with the
appropriate amine and purified by distillation under reduced pres-
sure. Acetonitrile was purified and dried by standard methods.[25]

Caution!: Perchlorates are potentially explosive. Only small amounts
should be dried and used at once. Alkaline earth perchlorates (Ald-
rich products) were dried at 100 °C under reduced pressure. Ionic
HPLC and plasma analyses confirmed the purity of each salt.
[Ni(CH3CN)6](ClO4)2 was prepared and purified according to liter-
ature methods[26] and characterised by elemental and plasma ana-
lyses.

Equilibrium and Kinetic Measurements: Spectrophotometric kinetic
measurements were carried out by a stopped-flow technique previ-
ously described[27] (dead time � 6�7 ms) under dry nitrogen at
different temperatures (� 0.2 °C). [Ni(CH3CN)6](ClO4)2 was used
in a large excess (from 3�10�3 to 5�10�2 ) relative to the Schiff
base ligand (ca. 10�4 ). The reactions were monitored by a diode-
array detector (time resolution 5 ms) or a photomultiplier in the
300�500-nm UV/Vis region (time resolution 0.1 ms). Experimental
kinetic traces were selected at one or more wavelengths (365, 383,
430 nm) corresponding to the largest absorbance changes. Up to
six traces of absorbance (A) vs. time (t) for each kinetic run were
computer-fitted to the appropriate one-exponential Equation (9),
or two-exponential Equation (10). A0 and A� are the initial and
final absorbances respectively, and A1 and A2 are pre-exponential
factors. Kinetic experiments with different amounts of (nBu4N)-
(ClO4) showed that the rates were not affected by ionic strength.

A � A� � (A0 � A�) exp(�kobst) (9)

A � A� � A1 exp(�λ1t) � A2 exp(�λ2t) (10)

Equilibrium measurements were carried out as previously de-
scribed.[2] 20�40 solutions of the [NiL2] complex at constant con-
centration (ca. 10�4 ) and increasing concentrations of
[Ni(CH3CN)6](ClO4)2 were used. An inverse procedure was ad-
opted to determine the equilibria between 5-H-salH-Et Schiff base
(up to ca. 10�4 ) and the metal ions (ca. 10�3 ). The experi-
mental absorbance A(λ) was expressed as a function of the total
concentrations C of the reactants, the absorptivities ελ of the spe-
cies in solution and the equilibrium constants Ki according to the
equilibrium scheme to be tested. Equilibrium constants and molar
absorptivities at about 25 wavelengths in the range of 300 to
500 nm were simultaneously optimised using a nonlinear least-
squares program.[28] Standard deviations accepted were less than
2.5 � 10�3. Equilibria involving species at concentrations less than
2% of the total reactant were rejected.
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According to Equation (8), the absorbance of an NiII/[NiL2] solu-
tion at a given wavelength λ is expressed by Equation (11), where
the dependence of the ε values on the wavelength has been omitted
for brevity. The mass balance equations allow to relate the concen-
trations of the NiII cations and [NiL2] to the total concentrations
C[NiL]2 and C[Ni2�].

A(λ) � εNi2�[Ni2�] � εNiL2
[NiL2] � ε(NiL)

� (K4 [NiL2] [Ni2�])1/2 �

ε(Ni2L3
) � K5 [NiL2](K4 [NiL2][Ni2�])1/2 (11)

Ion pairs involving ClO4
� anions were neglected in the acetonitrile

solution.[29] In order to evaluate the activity coefficients of the
charged species, the Debye�Hückel law was applied in its complete
form, by taking the distance for the closest approach of the ions as
a � 5 Å. Hence, the effect of ionic strength can be neglected for
the present measurements on complexation reactions of neutral
macrocyclic ligands with cations,[2] and/or for total M(ClO4)2 con-
centrations not exceeding 0.001 .

Computational Details: The geometry of the 5-X-salH-R ligands
was optimised by employing the Density Functional Theory based
on the B3LYP functional.[30]The triple zeta with polarisation
6�311G* basis set was employed and the calculations were carried
out with the Gaussian98[31] package. Other calculations concerning
some species involved in the reaction of NiII cations with HL li-
gands were performed in the same way.
With the aim to evaluate the [NiS6]2�/HL (S � solvent) interaction
energy of the outer-sphere complex, we resorted to the Fuoss asso-
ciation theory[32,33] (originally developed for ions in a solvent), rep-
resented as a polarizable continuum and adapted to the case of an
ion interacting with a dipole. If the cation is considered as a point
charge at the centre of a sphere of radius a, then the equilibrium
constant K0 can be approximated as in Equation (6), where a is
expressed in cm, N is the Avogadro number, and U is the
charge�dipole electrostatic interaction energy. By considering the
solvent as a continuum of permittivity D, the energy U may be
approximated to the lowest power of the charge�dipole distance d
as in Equation (7), where µ is the dipole moment and α is the angle
between the dipole vector and the electric field generated by the
charge Q at the dipole centre. Unfortunately, this simple theoretical
approach, in which the ligand dipole is placed at a fixed distance
from the positive sphere and is directed towards the more favour-
able direction, cannot properly account for the geometrical factors
of the ligands. Thus, we use a more sophisticated approach, in
which each atom both of the [NiS6]2� and of the ligand has been
represented as a hard sphere with the appropriate van der Waals
radius. The energy was calculated again using Equation (7), by pla-
cing the ligand dipole in the middle of the segment connecting the
centre of the charge originated by the positively charged atoms of
the ligand, to the centre of the charge arising from the negatively
charged atoms [Equation (12)], where c is the centre of the dipole
and k runs over the positively charged ligand atoms.

(12)

The atomic charges q were determined by the Mulliken population
analysis method. The most favourable conformations were deter-
mined by starting from a large number of geometrical arrange-
ments of the cation�ligand system and moving the molecules along
the energy gradient until an energy minimum was found.
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Supporting Information: See footnote on the first page of this art-
icle. Plots of λ1 � λ2 and of λ1λ2 against [Ni2�] for the reaction
between 5-X-salH-R (ca. 10�4 ) and nickel(II) cations in aceton-
itrile at 25.0 °C; 5-X-salH-R � 5-Cl-salH-nPr; 5-H-salH-Et; 5-
MeO-salH-nPr. UV/Vis spectra of [Ni(5-H-sal-Et)2] in the presence
of different amounts of Ni(CH3CN)6(ClO4)2 in an acetonitrile solu-
tion.
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