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Abstract
The kinetics of a ligand exchange in the CuL4/H2L

n system, where H2L
n is the N,N’-alkylen-bis(salicyldimine) tetraden-

tate Schiff base ligand (n = 2 or 3, CH2 groups in the chain length of the amine backbone) was studied spectrophotome-

trically in DMF solvent with or without triethylamine (NEt3) and H2O at 25 ± 0.1 °C and an ionic strength of 0.01 M 

NaNO3. The reaction rate was found to be first-order with respect to CuL4 complex and H2L
n ligand. The rate of the li-

gand exchange reaction did not change significantly with the addition of H2O to the DMF solvent; however, it increased

when NEt3 was added to the reaction mixture. The effect of NEt3 and H2O on the ligand exchange rate shows that the de-

protonation/protonation of the H2L
n ligand and anionic form of H2L

n are essential to the reaction. A reaction mechanism

is proposed and discussed for the effect of NEt3 and H2O on the ligand exchange rate.

Keyword: Saturation kinetics, kinetic, ligand exchange, UV–Visible, Schiff base. 

1. Introduction
The chemistry of the complexes of a salen type

Schiff base, H2L
2 (scheme 1), and its derivatives have been

exhaustively studied to improve the coordination chemi-
stry and because of their applications to modeling bioinor-
ganic systems, catalysis, and analytical practice.1–8 Initial
focus was on the synthesis and geometry of the salen com-
plexes with bivalent metals. Gradually, research has moved
toward synthesis and structural properties of the metal
complexes of derivatives of salen with functional groups

and different chain lengths in the amine backbone (number
of CH2 groups, Scheme 1).9–12 The increase in the length of
the methylene chain of the complexes allows sufficient fle-
xibility in the structure by changing it from a planar to a di-
storted tetrahedral or forming species with a higher coordi-
nation number in the presence of additional donors.13–16

Studies on the structure of the copper(II) complexes
of salen and their derivatives have indicated that they are
monomers and their flexibility results from an increase in
chain length, which changes the geometry from squa-
re–planar to distorted tetrahedral.13–17 The increase in the

Scheme 1. A structural representation of the Schiff base ligands and complexes.
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number of methylene units (n in the chain of H2L
n, scheme

1) decreases the stability of the copper(II) complexes.18

This decrease in stability could be a driving force for
the ligand exchange reaction and formation of a higher
stable complex. In our previous study on the ligand exc-
hange reactions,18 we investigated the kinetics and mecha-
nism of the ligand exchange reaction between H2L

2 and L3

in the CuL3 complex (reaction 1).

H2L
2 + CuL3 → CuL2 + H2L

3 (1)

The present study investigates the kinetics of the li-
gand exchange reaction between H2L

n (n = 2, 3) and L4 in
the CuL4 complex (reactions 2 and 3).

H2L
2 + CuL4 → CuL2 + H2L

4 (2)

H2L
3 + CuL4 → CuL3 + H2L

4 (3)

2. Experimental

2. 1. Reagents
Chemical reagents and all solvents, used in the synthe-

ses and kinetic studies, were purified by standard methods.
The Schiff bases H2L

n were prepared by a general
method,18–20 the condensation reaction between 2 equiva-
lents of salicylaldehyde and 1 equivalent of the appropria-
te diamine (1,2-ethylendiamine, 1,3-propandiamine and
1,4-butanediamine), in ethanol. The yellow products were
obtained in yields typically 70% or better. Purity of pro-
ducts were verified by comparing with literature melting
points (m.p.), 124, 53 and 90 °C for H2L

2, H2L
3 and H2L

4,
respectively.15–17

The copper complexes were prepared by a general
method,18,21,22 using the reaction solution of copper(II)
acetate with the Schiff base ligand (1:1 molar ratio).

– CuL2: Yield 51%. Anal. Calculated for
C16H14CuN2O2 : C, 58.26; H, 4.28; N, 8.49.
Found : C, 58.09; H, 4.23; N, 8.61.

– CuL3: Yield 50%. Anal. Calculated for
C17H16CuN2O2 : C, 59.38; H, 4.69; N, 8.15.
Found : C, 59.12; H, 4.63; N, 8.21. 

– CuL4: Yield 50%. Anal. Calculated for
C18H18CuN2O2, C, 60.41; H, 5.07; N, 7.83. 
Found : C, 59.98; H, 5.13; N, 7.61. 

2. 2. Kinetics Measurements

The reaction of Schiff base H2L
2 and H2L

3 with a
CuL4 complex was studied under first order conditions us-
ing a GBC UV–Visible Cintra 101 spectrometer at 570
and 640 nm, respectively. This equals to the greatest chan-
ge in molar absorptivity between reactants and products.
The reaction mixture were made in dimethylformamide
(DMF) solvent, I = 0.01 M NaNO3, CuL4 complex (2.5 ×

10–3 M) and different concentrations of Schiff base ligand
with and without triethylamine, NEt3, and H2O at 25 ± 0.1
°C. Equal volumes of the solution of the CuL4 complex in
DMF with the solution containing Schiff base (H2L

2 or
H2L

3) ligand and NaNO3 (with and without NEt3 and
H2O) were mixed. The reaction mixture absorbance va-
lues were measured at defined times after mixing. 

The pseudo-first-order rate constants (kobs) were ob-
tained from the plots of –ln(A∞–At) versus time, where At

and A∞ represent the absorbance of the reaction mixtures
at time t and infinity, respectively. At each concentration
an average of at least three kinetic runs was carried out
and the rate constants (kobs) were statistically averaged.
Rate constant k was obtained by fitting the data to kobs ver-
sus [H2L

n] using Sigmaplot 12.0.

3. Results and Discussion

3. 1. Absorption Spectra
The visible absorption spectra of the CuL2, CuL3

and CuL4 complexes at equal concentrations in DMF sol-
vent show maximum absorption due to d–d transition at
568, 605 and 642 nm, respectively (Fig. 1). The visible
spectrum of the CuLn complexes shows that the visible
spectrophotometry easily followed the ligand exchange
reaction. Fig. 2 shows a consecutive series of spectra re-
corded in DMF solvent for the CuL4/ H2L

2 system (Fig.
2a) and CuL4/ H2L

3 system (Fig. 2b) and shows a decrea-
se in wavelength with respect to the starting CuL4 spec-
trum. These observations indicate that the CuL4 complex
converted to a CuL2 or CuL3 complex (reactions 2, 3)
when the H2L

2 or H2L
3 ligand, respectively, was added.

The spectrum produced by mixing equal amounts of
CuL2 or CuL3 complex, H2L

4 and NaNO3 in DMF is simi-
lar to the last spectrum shown in Fig. 2. This similarity
confirms the conversion of CuL4 in the presence of H2L

2

or H2L
3 to a CuL2 or CuL3 complex, respectively. 

Figure 1. Visible spectra of CuLn (2.5 × 10–3 M) complexes in

DMF solvent. 
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3. 2. Kinetics Study

The reactions were monitored by following the in-
crease in the 570 nm band for the CuL4/H2L

2 system and
the decrease in the 640 nm band for the CuL4/H2L

3 system
(Fig. 3) after mixing equal volumes of CuL4 complex and
H2L

2 or H2L
3 Schiff base ligand in DMF at 25 ± 0.1°C.

NaNO3 was used to maintain the ionic strength at 0.01 M.
All reactions were followed to at least 95% completion.
Sample plots of the absorbance versus time data at 570
and 640 nm are shown in Fig. 3. 

The rate constants (kobs) of reaction 2 and 3 were ob-
tained under pseudo–first–order conditions (Table 1). The
rate law can be expressed in Eqs. 4 and 5:

(4)

(5)

The pseudo–first–order rate constants were measu-
red at different ligand concentrations. The order of the
reaction rate with respect to Schiff base ligand was deter-
mined by plotting kobs as a function of ligand concentra-
tion. Fig. 4 shows the variation in kobs versus Schiff base
ligand concentration, illustrating the saturation kinetics
(see proposed mechanism).

The conversion of CuL4 by adding H2L
2 or H2L

3

Schiff base ligand to CuL2 and CuL3, respectively, in
DMF solvent showed that they were thermodynami-
cally more stable than the CuL4 complex. To confirm
this, the reverse of reactions 2 and 3, i.e., the conver-
sion of CuL2 or CuL3 when adding H2L

4 ligand to the
CuL4 does not take place. In this condition, a reverse

Figure 3. Plot of absorbance vs. time for the typical ligand exchange reaction (A) λ = 570 nm for CuL4 (2.5 × 10–3 M) / H2L
2 (2.5 × 10–3 M), (B) λ

= 640 nm for CuL4 (2.5 × 10–3 M) / H2L
3 (2.5 × 10–3 M) in DMF solvent.

Figure 2. Spectral changes recorded in DMF solvent (a) for the reaction of CuL4 (2.5 × 10–3 M) / H2L
2 (2.5 × 10–3 M) (b) CuL4 (2.5 × 10–3 M) /

H2L
3 (2.5 × 10–3 M).

a) b)

a) b)
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reaction and equilibrium cannot be observed between
the two complexes.

The H2L
2 Schiff base ligand with the ion Cu(II)

formed a square-planar complex only slightly distorted

Table 1 Rate data for the reaction of CuL4 (0.0025 M) with H2L
n

(0.025 M) ligand in the presence of variable [NEt3]

H2L
2 H2L

3

[[NEt3]] / M kobs × 104 / s–1 kobs × 104/ s–1

0 1.49 ± 0.10 1.88 ± 1. 15

0a 1.48 ± 0.12 1.90 ± 1. 13

0.0018 2.67 ± 0.15 3.12 ± 0.14

0.0036 3.19 ± 0.14 3.71 ± 0.15

0.0054 3.35 ± 0.17 5.21 ± 0.11

0.0072 3.56 ± 0.11 6.18 ± 0.17

0.009 3.13 ± 0.14 4.62 ± 0.16

0.011 3.56 ± 0.16 7.76 ± 0.11

0.013 3.89 ± 0.17 8.50 ± 0.13

0.014 3.98 ± 0.19 9.51 ± 0.18

a in the presence of H2O (0.56 M)

Figure 4. Plots of kobs vs. [H2L
2] for ligand exchange reaction of L4

in CuL4 by H2L
2 in the absence H2O (�) and in the presence H2O (�)

Figure 5. Plots of kobs vs. [NEt3] for ligand exchange reaction (a) the system CuL4 / H2L
2 (b) CuL4 / H2L

3.

from planarity.15–17 Increasing the number of methylene
units in the chain of the Schiff base ligand (Scheme 1)
provided enough flexibility in CuL3 and CuL4 to inver-
ted it from a planar configuration (CuL2) to a distorted
tetrahedral (CuL3) or tetrahedral (CuL4) configuration;
the dihedral angles are 12.2, 25.4 and 42.6°, respecti-
vely.17,18

Distortion about the copper center of the CuL4

complex from the extra methylene group decreased the
ligand field strength. In addition, the L4 with Cu(II)
forms a larger chelate ring (seven–membered) than the
CuL2 and CuL3 complexes (five– and six–membered,
respectively). The effect of size of the chelate ring on
complex stability has been reported elsewhere.17, 23–25

The complex stability decreased as the chelate ring size
increased. The seven–membered chelate ring led to less
stable complexes than the six– and five–membered che-
late rings. 

The decrease in ligand field strength and stability of
CuL4 and CuL3 relative to CuL2 are in accord with the
trend observed in the ligand exchange reactions (reactions
2 and 3). This is consistent with previous our resulted on
kinetics of ligand exchange in the CuL3/H2L

2 system
(reaction 1).18

The kinetics of the reaction was investigated in the
presence of NEt3 and/or H2O to propose a mechanism for
this exchange reaction. 

3. 3. Effect of Triethylamine

The rate of the exchange reaction increased when
NEt3 was added to the reaction mixture. The reaction was
carried out at different NEt3 concentrations, which indica-
tes that the ligand exchange strongly depends on NEt3

concentration. The reaction rate increased considerably as
the NEt3 concentration increased relative to the reaction in
the absence of NEt3 (Fig. 5). There is an obvious break in
the plot of kobs versus [NEt3]0 at NEt3 concentrations of
∼0.007–0.009 M in the CuL4/H2L

2 system (Fig. 5a) and

a) b)
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∼0.015–0.020 M in the CuL4/H2L
3 system (Fig. 5b). This

can be attributed to the change in reaction species at these
concentrations of NEt3.

3. 4. Reaction in Presence of H2O

The plot of kobs versus [H2L
n] in the presence and ab-

sence of H2O is shown in Fig. 4. It indicates that the rate of
the ligand exchange reactions (reactions 2 and 3) did not
change considerably when H2O (0.56 M) was added to the
DMF. The ligand exchange reaction rate in the presence of
NEt3, however, considerably decreased when H2O (0.56 M)
was added to the reaction solution (Table 1). The effects of
NEt3 and H2O show the importance of protonation/deproto-
nation in the rate of the ligand exchange reaction.

3. 5. Proposed Mechanism

Fig. 2 shows two isosbestic points at 532 and 622
nm for the CuL4/H2L

2 system (Fig. 2a) and one isosbestic
point at 598 nm for the CuL4/H2L

3 system (Fig. 2b). This
indicates that CuL4 converted to CuL2 or CuL3 without the
formation of a free Cu2+ ion,26–28 which has a different
spectrum from the CuLn complexes. In general, the ligand
exchange reaction between polydentate ligands proceeds
via intermediates where the incoming ligand is partially
coordinated to the metal center and the leaving ligand is
partially dissociated.27,28

The acidity of H2L
n and its family Schiff base li-

gands was low,29 thus, deprotonating the Schiff base li-
gands did not take place in the absence of a base. This as-
sumption was confirmed by the ligand exchange reaction
in the presence of H2O with no changes in reaction rate
(Fig. 4 and Table 1). 

Fig. 4 shows a representative graph for kobs depen-
dence on the free ligand in the absence and presence of
H2O. It shows saturation kinetic dependence on the free li-
gand and zero intercepts at the extrapolated zero concen-
tration. The zero intercept confirms the negligible contri-
bution of solvent to the overall rate. 

Saturation kinetics indicates that a limiting value of
kobs was reached at high [ligand]. The rate increased as the
[H2L

n] increased before the limiting value (Fig. 4), which
is probably caused by the formation of the outer sphere

association complex. At this stage, the interchange of li-
gands from outer sphere to inner sphere occurs, i.e., H2L

n

attacks the Cu(II) atom to produce an intermediate com-
plex (CuL4 · H2L

n, n = 2 and 3).
This suggests production of a formation species

from the association between CuL4 and the Schiff base li-
gand prior to ligand exchange (reaction 6, n = 2, 3). 

(6)

The theoretical rate law can be given as Eq. 7: 

(7)

where K is the equilibrium constant between the CuL4

complex and H2L
n (n = 2, 3) ligand and k is the rate con-

stant of the ligand exchange reaction. 
Displacement of H2L

n from the Cu(II) complexes li-
kely involves the initial coordination of H2L

n oxygen
groups to the copper center in the CuL4 complex followed
by proton–transfer from H2L

n to the L4 ligand in the CuL4

complex (CuL4 · H2L
n), with the bond cleavage of the two-

end L4 ligand. The reaction is completed by replacing L4

with H2L
n. (scheme 2). 

Fitting Eq. 7 with the experimental data yields k =
(9.50 ± 0.28) × 10–3 s–1 (in CuL4/H2L

2 system) and k =
(2.93 ± 0.16) × 10–2 s–1 (in CuL4/H2L

3 system). 
The k values are in the same order separately in the

presence and absence of H2O at the base Schiff ligands
(Fig. 4). This is in agreement with the assumption of H2L

n

being a major reaction species. In this case, no species de-
protonation or protonic equilibrium was expected for
H2L

n under the reaction conditions.
Fig. 6 shows a consecutive series of spectra recorded

in DMF solvent for the reaction of CuL4 with H2L
2 in the

presence of NEt3. The absorption spectra indicate shifted
towards a smaller λ with respect to the starting CuL4 spec-
trum, which is similar to Fig. 2. The changes observed in
the spectrum indicate that, in the presence of NEt3, the
CuL4 complex was converted to a CuL2 complex with the
addition of the H2L

2 ligand. 

Scheme 2. The suggest mechanism for ligand exchange reaction in the system CuL4 / H2L
n.
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As shown in Fig. 5 and Table 1, the ligand exchange
rate increased when NEt3 was added. The effect of NEt3

could be its interaction with either CuL4 or the H2L
n li-

gand. The spectrum of the CuL4 complex in the presence
or absence of NEt3 in DMF did not change; thus, adduct
formation between NEt3 and CuL4 was not observed. The
absorption spectrum of the H2L

n ligand changed as NEt3

increased. 
The dependence of the reaction rate on the concen-

tration of NEt3 can only be explained by the deprotonated
H2L

n ligand.18 As [NEt3] increased, the anionic form of
H2L

n ( (HLn)– and (Ln)2–) increased significantly, which
was reflected in the rate constant values.

The ligand exchange rate increased when NEt3 was
added and the reaction rate decreased when H2O was ad-
ded to the reaction mixture in the presence of NEt3. There
was a break in the plot of kobs versus [in the presence of

NEt3 (Fig. 5) which suggests that (HLn)– ions are major
reactive species in the presence of NEt3. Under these reac-
tion conditions, at a relatively low [NEt3], the (HLn)– ion
is the main reactive species and, at high [NEt3], the (Ln)2–

ion is the main reactive species.18 This suggests that an ac-
ceptable mechanism in the presence of NEt3 is provided
by scheme 3:

In the first step, NEt3 quickly produced labile (HLn)–

and (Ln)2– ions (depending on NEt3 concentration) by the
deprotonation of proton(s) from the phenolic group(s) of
H2L

n (Eqs. 8 and 9).

(8)

(9)

The coordination of the oxygen group of the (HLn)–

(path 1) or (Ln)2– (path 2) with the copper center in the
CuL4 complex was followed intramolecular proton trans-
fer from (HLn)– to L4 (path 1). The bond cleavage of the
two-end L4 and ligand exchange was completed, as in the
reaction without NEt3.

Using the proposed mechanism the rate law of li-
gand exchange can be expressed as:

(10)

At low NEt3 concentrations, the Eq. 8 was the main
reaction and the (HLn)– ion was the active species in the li-
gand exchange reaction. Under this condition, Eq. 10 is
assumed to convert to kobs ≈ k1. At high NEt3 concentra-
tions, interaction between the (HLn)– ion and NEt3 produ-
ced a (Ln)2– ion (Eq. 9), allowing Eq. 10 to be simplified to
kobs ≈ k2. Fig. 5 shows that the slope of plot kobs versus
[NEt3] for a high [NEt3] was less than that for a low
[NEt3]. It can then be assume that, in Eq. 10, k2 < k1.

Figure 6. Spectral changes recorded in DMF solvent for the reac-

tion of CuL4 (2.5 × 10–3 M) / H2L
2 (2.5 × 10–3 M) and NEt3 (1.8 ×

10–3 M).

Scheme 3. The suggest mechanism for ligand exchange reaction in the system CuL4 / H2L
n in the present of NEt3.
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The rate of the ligand exchange reaction was depen-
dent on the NEt3 concentration such that increasing the
NEt3 concentration increased the rate of the reaction be-
cause the concentration of the (HLn)– ion increased. The
(HLn)– ion quickly coordinates with the Cu center from the
oxygen phenolic group, followed by bond cleavage of L4

in the CuL4 complex by intramolecular proton transfer
from (HLn)– to L4. At high NEt3 concentrations, the (HLn)–

produced from reaction 8 was deprotonated and converted
to an (Ln)2– ion (Eq. 9). The (Ln)2– quickly coordinated
with the Cu complex, but the (Ln)2– ion cannot quickly re-
bounded for bond cleavage of L4 in the CuLn complex and
the rate of the ligand exchange reaction decreased relative
to the reaction at low [NEt3]. This created the observed
break in plot kobs versus [NEt3] from the decrease in the
concentration of the (HLn)– ion with the increase in [NEt3].

The ligand exchange rate in the presence of NEt3 de-
creased when H2O was added which is likely the result of
the protonation of the (HLn)– and (Ln)2– ions. The proto-
neated species of (HLn)– and (Ln)2– ions formed a H2L

n li-
gand and the ligand reaction rate decreased. These experi-
mental observations confirm that the deprotonated/proto-
nated H2L

n ligand and anonic form of H2L
n was essential

to the ligand exchange reaction.

4. Conclusion

Distortion about the Cu(II) in CuLn complex was
caused by the formation a larger chelate ring which crea-
tes a less stable complex than the CuLn complex. This ef-
fect was the driving force for replacing the H2L

n (n = 2
and 3) ligand with L4 in the CuL4 complex. The ligand
exchange reaction was investigated for the presence or ab-
sence of NEt3 and H2O in the DMF solvent. The reaction
rate did not change when H2O was added; however, in the
presence of NEt3, the ligand exchange reaction rate in-
creased in response to the deprotonation of the H2L

n li-
gand. These observations confirm that the deprotona-
tion/protonation of the H2L

n ligand and the anionic form
of the ligand are essential to the ligand exchange reaction.
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Povzetek
Kinetika izmenjave ligandov v sistemu CuL4/H2L

n, kjer je H2L
n N,N’-alkilen-bis(salicildimin) tetradentatni ligand

Schiffove baze (n = 2 ali 3; {tevilo CH2 skupin v verigi aminskega ogrodja) je bila prou~evana spektrofotometri~no v

DMF v prisotnosti ali brez trietilamina (NEt3) in H2O pri 25 ± 0.1 °C, pri ionski jakosti raztopine 0,01 M NaNO3. Reak-

cija izmenjave ligandov je prvega reda glede na kompleks CuL4 in H2L
n ligand. Hitrost reakcije izmenjave ligandov se

bistveno ne spremeni ob dodatku H2O k topilu DMF, medtem ko se hitrost pove~a ob dodatku NEt3 k reakcijski zmesi.

Vpliv dodatkov NEt3 in H2O na hitrost izmenjave ligandov ka`e, da je proces deprotonacije/protonacije liganda H2L
n in

njegove anionske oblike bistvenega pomena za to reakcijo. Predlagan je mehanizem reakcije izmenjave ligandov in

obravnavan vpliv NEt3 in H2O na hitrost izmenjave ligandov.


