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Schiff bases (SBs) are aldehyde- or ketone-like compounds in which the carbonyl group is replaced
by an imine or azomethine. In spite of the large interest always shown in the coordination properties
of Schiff base ligands and the attention paid in recent years to the possible variable biological
activities of their metal complexes, studies dealing with protonation and formation equilibria of Schiff
bases and their complexes are still very rare. Thus, the importance of the determination of the
equilibrium constants of Schiff bases and their complex formation equilibria is of paramount
importance to understand the complicated biological reactions like transamination, racemization and
decarboxylation. The 33 ligands considered herein include salicylaldehyde/substituted salicylaldehyde
SBs and salicylaldehyde/substituted salicylaldehyde amino acid SBs. This article is focused on
protonation and complex-formation equilibria of salicylaldehyde or substituted salicylaldehyde SBs
and salicylaldehyde amino acid SBs in aqueous and nonaqueous solutions, taking into account also
the structure-activity correlation of SBs and their metal(Il) complexes based on their stability
constants. Activity of SBs enhances upon complexation and the order of activity is nearly in accord
with the order of the formation constants of metal ions. The few enthalpy and entropy changes
available for such protonation and complex-formation reactions are reported and discussed.

Keywords: Schiff bases; Protonation equilibria; Complex formation; Salicylaldehyde; Amino acid
Schiff bases

1. Introduction

Schiff bases (SBs) are important intermediates in a number of enzymatic reactions involving
enzyme interaction with an amino or a carbonyl group of a substrate. SBs are derived by con-
densation of primary amines and an active carbonyl group [1-3]. They form stable
complexes with metal ions, especially if the amine and carbonyl compounds contain a second
functional group sufficiently near the site of condensation to form five- and/or six-membered
chelate rings. Metal chelation is involved in many important biological processes where
coordination can occur between a variety of metal ions and a wide range of ligands. In
bioinorganic chemistry, interest in Schiff-base complexes derives from their ability to provide
synthetic models for metal-containing sites in metalloproteins and their contribution in
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developments of medicinal chemistry. Thus, SBs and their complexes have a variety of
applications in biological, clinical, and analytical fields [4, 5]. Metal complexes with SBs
have attracted attention due to remarkable antifungal [6], antibacterial [7, 8], and antitumor
activities [9, 10]. Data related to protonation constants of biologically active ligands will be
valuable in further understanding of their chemistry in biological systems. Also, knowledge
of equilibrium constants of some compounds is necessary for calculation of the concentration
of each ionized species at any pH, which is important for understanding of the physiochemi-
cal behavior of such molecules [11]. With this in mind and in continuation of our research
program directed to study the protonation and complex-formation equilibria of biologically
active compounds [12-18], the present review investigates the protonation, complex-
formation equilibria and coordination properties of salicylaldehyde SBs and their derivatives
to give a picture of their ionization and interaction with metal ions. Moreover, the effect of
complexation on the biological activity of SB ligands will be discussed.

2. Schiff bases

2.1. History

Hugo Schiff was a German chemist born in 1834 in Frankfurt. In 1879, he founded the chem-
ical institute of the University of Florence and discovered SBs and the Schiff test named after
him. In the University of Florence, the Hugo Schiff international store house exists today.

2.2. Formation of SBs

SBs, so called since their synthesis was first reported by Schiff [19], result from condensation
of primary amines with aldehydes and ketones forming a >C=N double bond as shown in
scheme 1. The interaction of the resulting imines (R;R,C=N—Rj; or RHC=N-R;) with metal
ions occurs via nitrogen lone pair electrons. The SBs are formed with ketones less readily
than with aldehydes.

SBs decompose or polymerize rapidly unless there is at least one aryl group bonded to
nitrogen or carbon of the >C=N double bond [20]. Therefore, SBs that contain aryl substitu-
ents are substantially more stable and more readily synthesized, while those which contain
alkyl substituents are relatively unstable. SBs of aliphatic aldehydes are relatively unstable
and readily polymerizable [21, 22] while those of aromatic aldehydes having effective con-
jugation are more stable [23, 24].

2.3. Formation of SBs by template method

Synthesis of many compounds is difficult or even impossible by common methods which
have been synthesized by the template process. There is no strict definition of a template

H(R)) HR,)
)*0 + HN —R ———= ):N—R3+Hzo
R, R,
Aldehyde or Ketone Primary Amine Schiff-Base

Scheme 1. Formation of SBs.
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reaction (scheme 2). One definition is: “Template processes are those in which the metal
ion, or another center that has a definite stereochemistry and electronic state, serves as a
mold or pattern for forming, from appropriate building blocks” [25]. The template effect of
metals is twofold: (i) polymerization reactions are suppressed, since the local concentration
of reactants around the metal is very high; and (ii) multi-step reactions are possible, since
the metals hold the reactants together. Accumulated experimental data show that the yield
of the template reaction is sensitive to a number of factors including order and timing of
reagent addition, hydrogen ion concentration, anion of metal salts, solvent, and temperature.
It has been postulated that either (i) organic intermediate or (ii) the product ligand must be
formed prior to the point where the metal salt is added or (iii) the coordination of the
Organic precursors occurs.

Systematic study of the mechanism has shown that Schiff-base formation depends
strongly on the mixing order of reactants. The equilibrium is achieved most rapidly when
the metal is added at the end of the reaction [26].

Coordination of the Schiff base has two effects: (i) facilitating removal of the NH protons
and (ii) enhancing nucleophilic attack at the carbon of the carbonyl group.

2.4. SBs as ligands for coordination

SBs are important intermediates in a number of enzymatic reactions involving enzyme
interaction with an amino or carbonyl of a substrate. In bioinorganic chemistry, interest in
Schiff-base complexes derives from their ability to provide synthetic models for
metal-containing sites in metalloproteins and to contribute to medicinal chemistry. Thus,
SBs and their complexes have a variety of applications in biological, clinical, and analytical
fields. Bearing the excellent electron-donor >C=N imino, they can form various complexes
with a wide range of metals including main group, transition, and lanthanide metals.

2.5. General information about the determination of equilibrium data

A problem which is generally encountered in compiling a collection of thermodynamic
equilibria data is that the data are difficult to compare because they come from different
sources and have been obtained under different experimental conditions. In order to make
our presentation of equilibrium data as homogeneous as possible, we will refer, when
possible, to data obtained under equal, or very similar, experimental conditions. To help
readers in the evaluation of the equilibrium data reported, we have included, when
possible, all experimental conditions and the ligand protonation constants employed in the

P

H//\J { A

Scheme 2. Template synthesis of Schiff-base complexes.
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determination of the stability constants of the complexes. There are two ways in which the
enthalpy change accompanying a chemical process can be determined. One is to measure
directly by a calorimeter the amount of heat involved in the reaction. In this case, there are
instrumental limitations, at present, for the accurate determination of thermal effects that
develop over very long times (days or weeks), as required by complexation reactions of
macrocyclic polyamino-polycarboxylate ligands. The other problem consists of determining
the equilibrium constants at various temperatures, and applying the van’t Hoff isochore to
derive the value of AH®. Once AH® is known, the entropy term AS°® can be obtained from
the relationship AG® = AH°-TAS®, the standard free energy change being related to the
equilibrium constant by AG® = —RT In K. Of these two methods, the second may lead to
large uncertainties if not used with care. Since there is a logarithmic correlation between
stability constants and AH®, the propagation of the experimental errors in the determination
of equilibrium constants on the enthalpy is exponential:

0(RlogK)/6(1/T) = — AH® and logK = —AH°/2.303RT + const.

Therefore, the temperature range explored should be as wide as possible and the equilib-
rium constants have to be of great accuracy.

2.6. Determination of protonation constants

Protonation constants are the equilibrium constants for interaction of the proton with
charged or uncharged ligands depending on the availability of hydrogen ions in natural
waters and biofluids. These parameters are used to predict the ionization state of the mole-
cule with respect to pH. The determination of equilibrium constants is an important process
for many branches of chemistry [27]. The major reasons for the determination of proton-
ation constants can be summarized as follows:

e Protonation constants are important in preparative chemistry as well. If the proton-
ation constants of a certain substance are known, it is possible to isolate it with a
maximum yield by finding the pH range where the compound shows minimum
ionization.

e Protonation of a newly synthesized compound can also give supportive information
about its structure. If theoretically calculated protonation constants are in accord with
experimental values, it is possible that the proposed structure could be correct.

e One can calculate the pH and the ratio of different forms of a certain substance by
use of its protonation constants.

e Due to the fact that different forms of different substances have different UV spectra,
by choosing a suitable pH value one can carry out spectrophotometric quantitative
analyses. The choice of the pH value requires knowledge of the protonation con-
stants.

e [t is necessary that the protonation constants be known in order to prepare buffer
solutions at different pH values [28]. There are various techniques such as conduc-
tometry, spectrophotometry, and potentiometry [29—31] that are used in the determina-
tion of protonation constants.

e In addition, for calculations of stability constants of complex formation of biologi-
cally active ligands with metal ions, their protonation constants are used [11].
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Developments in the field of computation of equilibrium constants from experimental
data were reviewed by Leggett [32] and Meloun et al. [33]. Since that time, many more
programs have been published, mainly to use microcomputers for the computations. The
most commonly used programs for solution equilibrium constant determination are PKPOT
[34], PKAS [35], BEST [36], MINIQUAD [37], MINIQUAD-75 [38], SUPERQUAD [39],
PSEQUAD [40], and HYPERQUAD [41]. All of these programs use least-square refine-
ments to reduce the differences between calculated and experimental data to get the best
model. The sum of the square of residuals between experimental and calculated values is
normally very small, typically between 107 and 107°.

2.7. Calculation of the stability constants

Many computer programs are available for calculating stability constants of complexes in
solution from experimental data. Most of these programs obtain the best-fit stability con-
stants for a system by using the least-squares method, minimizing the difference between
the calculated and observed pH values for all titration points. The core algorithm consists
of computation by successive approximations of the pH,, values at each equilibrium point
from an initial set of stability constants based on the equilibrium model. Each approxima-
tion results in adjustment of the equilibrium constants that are being refined in order to
improve the fit between calculated and observed pH,, values.

2.8. Hydrolysis of SBs

SBs usually undergo partial hydrolysis at imine linkages —C>*=N°"— and the mechanism of
hydrolysis of imines is understood very well. At the imine bond, the positively charged car-
bon is attacked by water, which on subsequent release of protons breaks the imine linkage.
The complete mechanism of the hydrolysis of an imine linkage is shown in scheme 3 [42].

+
+H

- +
R—N=(|3—R R—ITI:?—R R—I}I—E—R
|
H H H H H
]+H,0
H H_+ H
O/ 1 S,
| -H |
R-N—C—R R-N—C—R
H H H H
+
+H
_H
M, q o s
|+ =
R-N—C—R R-N + p—c=0
|
H H H H

Scheme 3. Hydrolysis mechanism of an imine linkage.
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A major difficulty in obtaining reliable values for protonation constants of most synthe-
sized SBs, especially those derived from aromatic amines, is due to their low solubility and
possible hydrolysis in aqueous solutions. Therefore, it is necessary to work at low concen-
trations and pH should be neither extremely low nor extremely high. Thus, the study of
these SBs requires the use of an organic or aqueous-organic solvent which can dissolve
these compounds and which furthermore presents compatibility with the standard glass elec-
trode, such that the e.m.f. measurements can be carried out in a manner similar to when
water is used. In this context, DMSO-water [43-48] as well as dioxane—water [49, 50] mix-
tures have been reported to be suitable solvents for potentiometric study of SB complexes.
Other aqueous-organic solvents such as ethanol-water [51-53] and acetone—water [53] have
also been used, although less extensively.

2.9. Protonation and complex-formation equilibria of salicylaldehyde SBs and their
derivatives

2.9.1. Salicylaldehyde SBs derived from triethylenetetramine (Sal,trien). SBs,
especially those with a N,O, donor set, resulting from condensation of aliphatic diamines
such as ethylenediamine or derivatives with acetylacetone or salicylaldehyde, have been
extensively studied [54]. The hexadentate Schiff-base (Sal,trien) ligand (C1), where
Sal = salicylaldehyde and trien = triethylenetetramine, has been synthesized by the reaction
between salicylaldehyde and triethylenetetramine [55] as shown in scheme 4. Protonation
constants of the Saltrien Schiff base and its complex-formation equilibria with Zn(Il) were
determined by potentiometric titration and the results are given in table 1.

Species distribution curves of Salytrien and ZnL show that more than 90% of LH, exists
at pH below 4.0. LH; exists from pH 3.0 to 7.0 and its maximum population (30%) is
located at pH 5.2. From pH 6.0 to 7.5, LH; is the dominant species (~80%). Species of LH
and L are present at pH above 6.5 and 8.0, respectively. The ZnL complex is present at pH
above 8.5 and increases with increasing pH.

OH CH, Cle
+ NH HN
—0
H
NH, H,N
OH HO
=N N

L

NH HN
| |

Sal,trien (C1)

Scheme 4. Hexadentate Schiff base (Sal,trien) (C1).
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[ov] YOIDEN N 10 ST 104 Ly'S HTN = T+, H+ N
[ov] YOIDEN N 1°0 ST 104 0891 “Tuz =1+ U7 ¢
[ov] YOIDEN N 1°0 4 104 086 TUZ = T1+,,9Z C
[ov] YOIDBEN N 10 ST 104 10°L TUZ =T+ U7
[ov] YOIDEN N T°0 4 10d 9y H1UZ =T+ ,H+,Z
[ov] YOIDEN N 10 ST 10d v1°8C “Ien) = 1+, 0T
[ov] YOIDBN N 1°0 ST 104 8591 Tn) = T+ ,,00C
[ov] YOIDEN N 1°0 ST 104 99°CI MY = T+,,00
[ov] YOIDEN N 10 ST 104 LTS HTID = T+ _H+,,"D
[ov] YOIDEN N 1°0 ST 104 0891 “Te0) = 1+ 00T
[ov] YOIDEN N 1°0 ST 104 vL°01 T°0D = T+,,90C
[ov] YOIDEN N 10 ST 104 Or'II “10D = TC+,,90
[ot] YOIDBN N 10 94 104 069 10D = T+,,00
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Salicylaldehyde Schiff-bases

(panunuo))

[99] fONEN N 1°0 0S 104 18°¢ LOIPN = T+ IPN
[99] fONEN N 10 ST 104 SI'y LN = T+, TPN
[99] FONEN N 1°0 0S 104 06y ZIPN = _T+,PN
[99] fONEN N 1°0 ST 104 €S PN = _T+ PN
[99] FONEN A T°0 0s 10d vL'T VI = T+, T
[99] fONEN N 1°0 ST 104 L6T fd = _T+,,/Td
[99] FONEN A T°0 0s 10d w07 JOHd = T+, Td
[99] fONEN N 1°0 ST 104 433 LTd = T+, Td
[99] fONEN N 1°0 0S 104 YLy LBd = T+,
[99] FONEN A T°0 ST 10d SIS B = T+, M
[99] fONEN N 1°0 0S 10d 0r'C fTeT = T+ /181
[99] FONEN A 1°0 ST 104 $9°C feT = 1+ /181
[99] fONEN N 1°0 0S 104 vTe LTRT = T+, Te
[99] FONEN N 1°0 ST 10d (45" LRl = T+ TR
[99] fONEN N T°0 0S 10d 3% LTI = T+, BT
[99] fONEN N 10 ST 104 69 LTBT= T+ BT
[9s] FONEN N 1°0 ST 10d 18°¢ TUN = T+, UN
[9¢] EONEN N 1°0 ST 104 20°S JTUN = T+, U
[9¢] fONEN N 1°0 4 104 €6y S0 = 1T+, D
[9¢] fONEN N 1°0 4 104 61°9 O = T+, 1D
[9] FONEN A T°0 ST 10d 17§ Jd = 1+, °d
[9¢] fONEN N 1°0 ST 104 799 LA = T+, od
[9¢] fONEN N 1°0 ST 104 43S JIIN = T2+ N
[9¢] fONEN N 1°0 ST 104 789 TIN = _T+_,IN
[95] FONEN A T°0 ST 10d 019 M) = _T¢+ .00
[9¢] EONEN N 1°0 ST 104 989 /IO = T+,,00
[99] fONEN AL 1°0 0S 10d 0€9 SHT1= H+H1
[99] FONEN N 1°0 ST 10d 149 SHT= H+HT
[99] EONEN N 1°0 0S 104 206 H1= H+_1
[99] fONEN N 1°0 ST 10d ST6 H1= H+_1

012)(£dV'S) [oudyd(1Aysow(ouru-z-jApridd))-z
[o1] FONEN A T°0 94 10d 'y JTUZ = T+ ,U7
[o1] fONEN AL 1°0 93 104 ST JTUZ = T+ U7
[o1] 96'0¢— 0t'C8¢— YL 8F1— fONEN N 1°0 ST 104 L0'9 JTUZ = T+ Uz
[o1] fONEN N 1°0 Sy 104 LEL LD = _T+,,0D
[o1] fONEN N 1°0 93 104 6€'8 LD = _T+,,00
[o1] 8% 67— SO'0th— 70°581— fONEN N 1°0 ST 104 16 JID = T+ ,.0D
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[99] FONEN A 1°0 ST 104 (%4 JLTd = T+, Td
[99] fONEN AL 1°0 0S 104 LS9 L= T+,
4 €
[99] FONEN N 1°0 ST 104 vI'L L= T+,
[99] fFONEN N 1°0 0S 104 €Le el = T+, 18T
[99] CONEN N 1°0 ST 104 €0'Y fTeT = T+ 181
4
[99] SONEN A 1°0 0s 10d ({4 IS Lo (il RS Lg
[99] fONEN N 1°0 ST 104 90t LTT = T+ TR
[99] fONEN AL 1°0 0S 104 $8's LTeT= 1+, 1
4 €
[99] SONEN N 1°0 ST 104 LE9 LTET= T+, BT
[99] fONEN N 1°0 0S 104 ¥$9 LCHT1= H+HT
[99] fFONEN N 1°0 ST 104 60°L CHT1= H+H1
[99] SONEN N 1°0 0S 104 LY'6 HI1= _H+_1
[99] fONEN AL 1°0 ST 104 956 H1= H+_1
(I1D) a4
11D) ANAdVS
[99] ‘ONEN N 1°0 0s 10d 6T°¢ 19X = _T+,;19A
[99] fFONEN N T°0 ST 104 LS€ Y198 = T+, T4A
[99] FONBN N 1°0 0S 104 8¢y 1A = T+, 194
[99] fFONEN AL 1°0 ST 104 SLy TR = T+, 19K
[99] CONEN N 1°0 0 104 ¥0'9 ZT9A = T+ ,94
[99] ‘ONEN W 10 ST 10d 59 Z19A = T+, 9A
[99] fFONEN N T°0 0 104 So'€ “ToOH = _T+_/ToH
[99] fFONEN N 1°0 ST 104 €€ ¢10H = _T+,,T0H
T
[99] SONEN N 1°0 0S 104 wy LOTOH = 1+, TOH
[99] fFONEN N T°0 ST 104 LSV LYIOH = _1+,./T0H
4
[99] fFONEN N 1°0 0S 104 6L°S I0H= T+, .O0H
T €
[99] SONEN W 1°0 4 10d $T9 Z/IOH = _T+_OH
[99] fFONEN N T°0 0 10d L6T fmg = T+, Td
T
[99] FONEN N 1°0 ST 104 1T¢ fg = T+ ,.10g
4
[99] fFONEN N 1°0 0S 104 L6'E g = _T+,,10d
[99] CONEN N 1°0 ST 104 €y Lomg = T+ ,.Ing
4
[99] FONEN N 1°0 0 104 69°S LI = T+ . ng
[99] fFONEN N 1°0 ST 104 S1'9 LId = T+, .0
[99] FONEN N 1°0 0 10d ¥8'C “IPN = T+ TPN
[99] fFONEN N 1°0 ST 104 80°€ YIPN = 1+, TPN
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Salicylaldehyde Schiff-bases
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wﬁ fFONEN N 1°0
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. T
[99] ONPN N 10 0s 104 Spg = 1 e
[99] ONEN N 10 N 10d L€ e = 1
[99] SONEN N 10 0s 104 69°€ SR
[99] ONEN N 1'0 oz 10d Ty "o = THATT
[99] SONEN W 10 0S 104 06’8 = e
SONEN N 1°0 N 104 36'8 Nt
" H1= H+_1
9] SONEN W 1°0 0s 10d Sy ctax oy
[99] ONEN N 1°0 ST 104 Y6y mqﬁ s
o fFONEN N 1°0 0S 104 ST'S quf =
[99] ONEN N 10 T 10d 19° A = 14 AaA
9] ONEN I 10 0s 10d bhL = 1
[99] CONEN N 1°0 N 104 €08 Cak = 140
[99] TONPN N 10 0s 104 by o= 14 o
[99] ONEN W 1°0 N 104 187 TN = 1+ oft
[99] FONEN N 10 05 104 00°s o = el
[99] SONEN N 10 sz 104 ws “opott = 14 Aoft
9] SONEN IN 10 0s 104 e o = i o
o] MOZwZ W 10 <z 104 L 47 IoH H T+, °H
[99] TONEN W 10 0s 104 se Fra— 1y
59 ONEN N 1°0 7 10g 2 mqsm - T+, 1"
[99] FONEN N 1°0 0S 104 08y Nqsm s
[99] ‘ONEN N 1°0 ST 104 0TS +~A:m R
[99] CONEN N 10 05 104 00'L = 1
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[99] ‘FONEN N T°0 0S 104 91t m;]_sml1 Tt
[99] CONEN N 1°0 N 104 15 TN = 14 TN
[99] Mozmz NT0 0 104 69t N%z s TN
o] ONEN N 10 N 104 30°S N = 4N
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ONEN I 10 0s 104 bSp g = e g
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[£9] ST “dg 069 ‘H1= H+_HT
[L9] ST dg L6 _H1= H+_/1
(S1D) duruerpaurprifd-¢*z-(duapiAdnes)siq- NN

[£9] ST “dg 454 HT= H+,HT
[L9] ST ds 6'S JHT= JH+HT
[29] ST ds 1001 H1= _H+_1
(¥10D) 1oudyd([AypowourunApraid-¢-ourure-7)-z

T& ST .mm 0L JHT1= . H+H1
1L ST ds 0€'6 H1= _H+_1
loL] ST 104 LE9 SHT= H+HT
loL] ST 104 LL'6 H1=_H+_1
[£9] ST “dg 069 LHT1= H+H1
[L9] ST ds 78’8 HI= ,H+_1
(€1D) 1oudyd(jAypowourmrspridd-)-

[99] fFONEN N 1°0 0S 104 60°€ JI9A = T+, 194
[99] YONEN N T°0 ST 10d [ LT9A = T+, 194
[99] FONBN N 1°0 0S 104 96y 1A = T+, 9A
[99] fFONEN AL 1°0 ST 104 Ses 1A = _T+,98
[99] CONEN N 1°0 0 104 90°¢ LUTOH = T+, TOH
[99] fFONEN N 1°0 4 104 €e'e LTOH = 1+, TOH
[99] fONEN N 1°0 0S 104 68t ZTOH = _T+_OH
[99] fFONEN N 1°0 ST 104 8T'S ZIoH = _T+_OH
[99] fFONEN N 1°0 0S 104 €0'¢ Lmg = 1+ ,,1d
[99] CONEN N T°0 ST 10d 6T Lmg = _T+,,Id
[99] fFONEN N 1°0 0 104 85 LI = T+ . 0g
[99] fFONEN N 1°0 ST 104 S6'Y LI = T+, g
[99] YONEN N T°0 0S 10d 00°€ LOIPN = T+, TPN
[99] fONEN AL 1°0 ST 104 sTe LIPN = T+, TPN
[99] fFONEN N 1°0 0S 104 LOY PN = _T+,PN
[99] CONEN N 1°0 ST 104 Wy ZIPN = T+, PN
[99] FONEN N 1°0 0 104 L6'C STd = T+, Td
[99] fFONEN N 1°0 ST 104 €T LTd = T+, Td
[99] FONEN N 1°0 0 104 06€ L= T+,
[99] fFONEN N 1°0 ST 104 9TY L= T+,
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Salicylaldehyde Schiff-bases

(panunuo))
[+L] Sse— €'8TI LyL FONI N #0°0 0T Hd €5°¢ MmO = T+,
[¥L] CONM N #0°0 o¥ Hd 6T'S LTIN= [ TT+,IN
[+L] fFONSI N #0°0 0€¢ Hd SS'y LIIIN = [ TT+ N
[tL] 86— s'1ol 001 fONSI N #0°0 0T Hd L8€ IN= 1T+, N
[¥L] CONM N #0°0 o Hd 809 TN = _T+,,N
[+L] fFONI N #0°0 0€¢ Hd 9¢'s TN = _T+,,IN
[tL] I'1e- €Tel ¥SLT fFONSI N #0°0 0T Hd vy TN = _/T+,/N
[¥L] CONDI N #0°0 o Hd 9T’ F100 = _1T+,.90
[+L] fFONI N #0°0 0€¢ Hd (1[7 L1000 = _1T+,,9
[¥L] 05T S'101 1201 EONDI I #0°0 0T Hd 18°¢ F100 = _1T+,.9
[+L] SONDI N #0°0 o Hd S99 100 = _/1+,.9
[+L] fFONI N #0°0 0€¢ Hd 06’y 100 = _T+,,90
[¥L] r'8g— 6011 6vIl CONDI N 700 0T Hd 0¥ 100 = _T+,.00
[¥L] CONM A #0°0 oF Hd 4R HT= _H+_HT
[¥L] EONM N #0°0 0€¢ Hd €8 ‘H1=,H+_H1
[+L] fFONML N +0°0 0T Hd 05’8 ‘H1= H+_HI
[¥L] CONM N #0°0 oF Hd L6 _HT1= _H+_/1
[¥L] SONYL N +0°0 0€¢ Hd v6'6 _H1= H+_,/1
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[eL] ST 104 59 L= T+, 0
[eL] ST 104 79 Jd = T+,
[L] ST 104 vI'L LA = Tt+ od
(L] ST 104 609 JIN = T2+ N
(L] ST 104 88'L TN = _T+ N
[eL] ST 104 799 my = _1¢+,,10
[eL] ST 104 99°L LD = T+,
[eL] ST 104 Ss'8 H1= H+_1
[eL] ST “dg ot'8 HI1= H+_1
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[L] fONEN N 1°0 s¢ 104 01°01 L1000 = _T+,,00
[L] SONEN N T°0 0€¢ 10d Sy o1 L1000 = _T+,,00
[L] FONEN N 1°0 ST 104 SLOT 10D = _1+,,9D
[L] 91'19— 81l St101— CONEN N 1°0 0T 104 8601 L1090 = T+,,00
[L] CONEN N 1°0 ¢ 104 709 JTUN = T+ UN
[L] FONEN N 1°0 0¢ 10d 689 JTUN = T+ UN
[L] fONEN N 1°0 ST 104 0z'8 JTUN = T+, UA
[] 9T 9p— TEOTI- v0'SLE— YONEN N T°0 0T 10d 0T6 JTUN = T+ UN
[£] fFONEN N 1°0 ¢ 104 L6°E JTH = _H+TH
[L] fONEN N 1°0 0¢ 104 60t JTH= H+TH
[L] CFONEN N 1°0 ST 104 €Ty JTH= _H+TH
[L] 60— 86°L9— €Trh— fFONEN N 1°0 0T 104 Sy JTH = H+TH
[L] fFONEN N T°0 o3 10d €01 TH= H+_1
[L] FONEN N 1°0 0¢ 104 7501 TH= _H+_1
[£] fFONEN N 1°0 ST 104 L8°01 TH= H+_1
[L] €8'19— ¥0'80T— €0'v6— fFONEN N T°0 0T 104 1111 TH= H+ 1
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[¥L] EONDI N #0°0 o Hd 06y BV = _1¢+,3v
[+L] fFONSI N #0°0 0€ Hd SS°S BBy = _1¢+,3V
[tL] 1'8¢— 798 0vEl— fON N #0°0 0T Hd $99 Y1V = _17+,3V
[+L] fFONL N +0°0 ot Hd 0€'S 18V = _1+,3v
[¥L] CONM A #0°0 0€ Hd ST°9 JBBY = [ 1+,3v
(L] 8GE— L'S6 STel- fFONY N +0°0 0T Hd 9I'L JI8Y = _1+,3v
[¥L] CONDI N #0°0 o Hd 0Ty FIPd = 1T+ ,.Pd
[+L] CFON N #0°0 0¢ Hd Sty IPd = 1T+, Pd
[tL] L'ST— LvL 99L— fFONSI N #0°0 0T Hd 8IS _ZIpd = 1T+ ,Pd
[¥L] SONDI N #0°0 of Hd or's Ipd = _T+,.Pd
[+L] fFONI N #0°0 0¢ Hd $9°¢ IPd = _ T+ .Pd
[+L] 9CE— 616 L'SL— CONM N #0°0 0T Hd LE9 IPd = _ T+ ,.Pd
[+L] fFONSI N #0°0 (1) Hd 6T'S My = _1T+,.00
[tL] fFONI N #0°0 0¢ Hd SS'y Mmy = 1T+ ,,00
[+L] €9— 8°€01 68 EONDI I #0°0 0T Hd (484 LMy = 1T+,
[+L] fFONSI N #0°0 (1] Hd $$'9 MmO = _T+,.0D
[tL] fFON N #0°0 0¢ Hd 119 my = _T+,,M0
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Salicylaldehyde Schiff-bases

(panunuo))
(L8] EONI N 1°0 0¢ 104 8Ly “my = _1+,10D
(L8] EONSI N 1°0 0¢ 104 SH'9 JID = T+ ,.00
(L8] EONSL N 1°0 0¢ 104 858 TH= H+_1
(120) [INgAH] d10zexost [Ayouw-g-(ouruedudprAzudqAxoy)d-¢-Ax0apAy-g)-¢
[8] CONEN N 1°0 ST 10d 98°S 10D = _/T+,.90
[8] fFONEN N T°0 ST 104 vL'9 TN = T+, N
[8] fFONEN N 1°0 ST 104 658 THD = _H+1D
[8] CONEN N T°0 ST 10d 60'%1 ™My = T+,
[8] FONEN N 1°0 ST 104 89'L ZTTH= H+,TH
[8] fFONEN N 1°0 ST 104 6t'8 VTPH = H+TH
[8] fFONEN N T°0 ST 104 €€'6 TH= _H+_TH
[8] CONEN N T°0 ST 104 9501 TH= H+_/1
(07D) (adHg) durzerddid[Adoxd(apLydprezudqAxeapAy-z)Isig-
[L] fFONEN AL 1°0 93 104 188 “my = 14,10
[L] FONEN N 1°0 0€¢ 10 9¢€'6 “my = _1+,10D
[L] fFONEN N 1°0 ST 104 166 ‘M) = 1+,
[£] T6'S5— €0'85¢— LT91— fFONEN N T°0 0T 10d 0T0T “m) = _T+,10D
[£] fFONEN N 1°0 ¢ 104 60’8 YIN = _T1+,TN
[L] fFONEN AL 1°0 0¢€ 104 9’8 “IN = 1+, TN
[£] fFONEN N 1°0 ST 104 0S8 “IN = _T+,TIN
[L] 18— 69'0L— 9" 69— fFONEN N 1°0 0T 104 898 CIN = T+, TN
[L] fFONEN N T°0 o3 10d 66'9 “10) = _T1+,10D
[£] fONEN A 1°0 0¢ 104 1TL “100 = 14,7100
[2] fFONEN N 1°0 ST 104 9L “100 = 14,7100
[L] 84 Th— 6'TCI— 11°6L— fFONEN N T°0 0T 104 L6'L “10) = _T1+,10D
[L] FONEN N 1°0 93 104 0°S CTUN = T+ TUN
[L] fFONEN N 1°0 0¢ 104 6T'S CTUN = T+, TuN
[L] fONEN AL 1°0 ST 104 909 CTUAN = T+, TUA
[£] 1SHE— 81'996— 0°SLE— fFONEN N 1°0 0T 104 0L'9 CTUN = T+, TUN
[L] fONEN N 1°0 s¢ 104 S8°01 LD = T+ ,.00
[£] fFONEN N T°0 0¢ 10d SETI LMD = T+ ,.00
[L] fFONEN N 1°0 ST 104 96°11 SO = T+,
[L] 10'89— €0°665— 6981— CONEN N T°0 0T 104 S LD = T+ ,.00
[L] fFONEN N 1°0 93 10d 0€°01 JIN= T+ N
[£] fFONEN N 1°0 0¢€ 104 SLOT JIN= T+ ,,IN
[£] YONEN N T°0 ST 10d 8011 JIN= T+ N
[L] LY €9— 65 THT— 9L°SET— FONEN N T°0 0T 10d 0S'11 VIN= T+,IN
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[o6] DX N 10 ST 104 68'9¢— H=+"HT11
[06] DI T0 ST 10d 06'LT— H=+"fHT1
[o6] DI T°0 ST 104 6S°L1— H=+"H11
[06] DY N 10 4 104 £9°8— H=+"HI1
[06] ds 0TL H1= H+ H1
[o6] DX N 10 ST 104 St'L HT1= _H+_H1
[06] ds (AR _HT1= _H+_/1
[06] DI W10 10d T8 H1= H+_ 1
c&ov (WAVHE) dprureuoewr {[Ayydourme(duipyAzudqAxoipiy-7)]- %5- NN

[68] DX W 10 ST 104 Ly'€ _CTTHIN = (HE+ T2+ N
[68] DI T°0 4 104 819 LGYTOHIN = _HT+ 10+ LN
[68] DI 10 ST 104 LLL _ETHIN = (H+_, T2+ N
[68] DM 10 ST 10d 88°0C LCTIN = T+ ,IN
[68] DI T°0 ST 104 S9'¢ _ZT'HND = _Hi+_,1¢+,,00
[68] DX N 10 ST 104 LE9 _CTPHND = HE+ ,TT+, 1D
[68] DI T0 ST 104 9L'L G OTFHND = HT+_, 1T+, .10
[68] DY 10 ST 104 €8°L _CTHRD = H +_, T+ 1D
[68] DI T0 ST 104 90°€T ¢TI = _ 1T+, 1D
[68] DI T0 ST 10d 68°¢ SHT= H+_H1
[68] DA 10 ST 104 SE'L HT1= H+_H1
[68] DX W 10 ST 104 78’8 _HT= H+_,1
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(L8] EONDI N 1°0 0¢ 104 60°€ “10D = 14,700
(L8] FONSI N T°0 0€¢ 10d LTy 100 = T+,,00
(L8] EONSL N 1°0 0¢ 104 8¢ “IN = _T+,TIN
(L8] FONL N 1°0 0¢€ 104 SL'Y JIN= T+ ,,IN
(L8] FONSI N T°0 0€¢ 10d SLY ‘MY = 1+,
[28] FONDI N 1°0 0€ 10d €9 LD = T+ ,,00
(L8] SEONL N 1°0 0€ 104 S0'9 TH= H+_1
(22D) [INANH] d10zexos! [Ayiow-g-(ourure SudPIIAZUdqO.HIU-G-AX0IPAY-7)-¢

(L8] EONII N 1°0 0¢ 104 €Ty “10D = _1+,100
(L8] EONDI N 1°0 0¢ 104 oLy J100 = T+,,00
(L8] EONSL N 1°0 0¢ 104 0S'v CIN = _T+,TIN
(L8] EONDI N 1°0 0¢ 104 0T's JIN= T+ N
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o)

Scheme 5. Structural formula of 2-((phenylimino)methyl)phenol (C2).

OH

2.9.2. SBs derived from salicylaldehyde and aniline. 2-((Phenylimino)methyl)-phenol
(C2) (scheme 5) was obtained by mixing equimolar amounts of salicylaldehyde and aniline
under reflux conditions for 4 h [56]. The titration curves show that there is one sharp jump
indicative of one neutralization equilibrium corresponding to the liberated proton of OH of
the aldehydic. The stability constants of divalent Mn, Ni, Cu, and trivalent Cr and Fe with
C2 have been determined at 25 °C. An examination of the titration curves indicated that the
metal titration curve is lower than the ligand titration curve, indicative of the formation of
the complexes. The larger the negative value of AG°, the more stable is the complex
formed. From table 1, it was observed that complex formation obeyed the order: Cu(Il) >
Ni(IT) > Fe(IIT) > Cr(III) > Mn(II).

2.9.3. Protonation constants and complex-formation equilibria of SBs derived from
salicylaldehyde and p-phenylenediamines. Protonation and complex-formation equilibria
of SBs derived from aromatic diamines have received much less attention and thermody-
namic data for SB complexes derived from phenylenediamines are limited [43—46, 49]. This
can be attributed mainly to insolubility of such compounds in water, which is the most
common solvent for potentiometric determination of stability constants, and also to the pos-
sible hydrolysis of some compounds to give the starting organic fragments. Thus, the study
of these SBs requires the use of an organic or aqueous-organic solvent which can dissolve
these compounds.

The protonation constants for SBs derived from o-phenylenediamines Hj,sal-o-phen (C3)
[44] and Hjsal-4-Cl-o-phen (C4) [57] (scheme 6) have been determined in DMSO-water
80:20 (wt/wt) (25 °C; I = 0.5 M NaClQ,). Protonation constants have also been reported
by Martell et al. for 3-F-H,sal-o-phen (C5) [49] (scheme 6) in dioxane—water 70 : 30 (v/v)
(25 °C; I = 0.1 M KCIl). The protonation constants of Hpsal-m-phen (C6) [46] have been
determined in DMSO-water 80 : 20 (wt/wt) (25 °C; = 0.1 M NaClOy,).

pK; values for these ligands are listed in table 1. These SBs contain two adjacent weak
imine donors and two strongly basic phenolates. Thus, they behave like weak diprotic acids.
Only one protonation constant was reported above pH 2.5, indicating the low basicity of
the imine nitrogen. The basicity sequence found was: Hjsal-o-phen > Hjsal-4-Cl-o-phen.
The lower values of pK; for H,sal-4-Cl-o-phen were attributable to electron-withdrawing
effect of chloride on the diamine. The pK; values for 3-F-Hjsal-o-phen [49] are similar to
those described above, despite the differences in the solvent, ionic strength, and structural
features of the ligands.

The species distribution diagrams as a function of pH for H,sal-o-phen (figure 1) indicate
that from pH 5 to 8, the only existing species is H,L, whereas in the pH range 9—11 H,L,
HL™ and L?” coexist. The deprotonation is complete at pH > 12 and the only existing spe-
cies is L*".

SBs derived from ethylenediamine (H,salen) and its complexes [47, 48] undergo hydro-
lytic decomposition in strongly acidic DMSO-water 80 : 20 (wt/wt) solution induced by the
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Scheme 6. Structural formulas of Hjsal-o-phen (C3), Hjsal-4-Cl-o-phen (C4), and 3-F-H,sal-o-phen (C5).

highly basic character of the nitrogens of the aliphatic diamine; no hydrolysis was observed
for SBs derived from ortho- or meta-phenylenediamines in DMSO-water 80 :20 (wt/wt)
above pH 2.5 [44-46]. The low basicity of the nitrogens on the aromatic diamine which
remain unprotonated in media where the ethylenediamine is fully protonated is believed to

100
Sl

80

2 4 6 8 10 12

-log [H*]

Figure 1. Species distribution diagram for Hpsal-o-phen system.
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be responsible for the stability of the SBs and their complexes in acidic DMSO-water
solution.

Stability constants have been reported for M-Hjsal-o-phen (M = Ca(Il), Mg(II), Fe(IIl),
Ni(Il), Co(II), and Zn(Il)) [44] and M-H,sal-4-Cl-o-phen (M = Ca(Il), Mg(Il), Co(1l), and
Zn(II)) [57] in DMSO-water 80:20 wt:wt (25 °C; I = 0.5 M NaClOy) (table 1). Only
[MHL]" and [ML] were formed (the hydroxo complex [FeOHL] was also observed for
the system sal-o-phen-Fe(Il)). ML results from coordination of the metal with the fully
deprotonated ligand. The monoprotonated complex [MHL]" may be assumed to be
protonated at the phenol oxygen on one salicylaldehyde. The stability of its M(II) com-
plexes for H,sal-4-Cl-ophen is less than that for Hjsal-o-phen as a consequence of the
electron-withdrawing effect of the chloride. Thus, for any metal, the sequence of stability
obeys the order Hjsal-o-phen > H,sal-4-Cl-o-phen, in accord with the basicity order of
the SB ligands. ML (M = Fe(lll), Ni(Ill), Co(Il), and Zn(Il)) is very stable, indicating
coordination of both imino groups and the phenolate oxygens. The stability constants for
the Ni(II) and Co(II) complexes are similar and slightly higher than those for Zn(Il), in
agreement with structural data indicating that M—O and M—N bond distances in the solid
Ni(Il) and Co(I) complexes (average 1.84 and 1.87 A, respectively) [58] are almost the
same. Solutions of Fe(sal-o-phen)Cl in DMSO-water 80:20 (wt/wt) are stable and do
not undergo any decomposition by addition of strong acids [43]. However, Fe(salen)®
hydrolyses in acidic solutions give salicylaldehyde and ethylenediammonium [59]. The
stability of Fe(sal-o-phen)’ in acidic media is attributed to the only slightly basic
character of o-phenylenediamine.

The stability constants (table 1) for the Ca(Il) and Mg(Il) with H,sal-o-phen [44] are con-
siderably smaller than those for the transition metal cations, the Mg(Il) species being more
stable than the Ca(Il). The Mg(Il) (smaller in size than Ca(Il)) can be better accommodated
by the N,O, compartment of the ligand than Ca(Il), thus giving more stable species. The
stability sequence (table 1) observed for the species ML (H,L = Hjsal-o-phen) [44, 45] is:
Fe(IIl) > Ni(Il) > Co(Il) > Zn(Il) > Mg(Il) > Ca(Il). Thus, the Irving—Williams order of
complexation which is related to the ligand-field stabilization energy is fulfilled [60].

For M-Sal-o-phen (M = Ni(II), Co(II), and Zn(II)), the species distribution diagram of Ni
(I)-salen-o-phen complex as a representative example of M(II)-SB complexes (figure 2)
indicates that the neutral ML is the only existing species at pH > 7, so a concentrated solu-
tion of ligand : metal ratio 1:1 at pH > 7 is the most suitable for the preparation of ML
complexes in the solid state. Thus, these complexes are normally prepared in the solid state
from the corresponding metal acetate which provides the necessary basic medium.

100

% Ni

-log [H™]

Figure 2. Species distribution diagram as a function of pH for Ni(II)-H,sal-o-phen at ligand : metal ratio 1 : 1.
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Scheme 7. Structural formula of Hjsal-m-phen (C6).

The SB (H,L) derived from m-phenylenediamines (C6) (scheme 7) formed both
monomeric and dimeric species. In the monomeric species [MHL]" and ML, the metal is
coordinated to only one NO of the ligand. For the dimers M,L,, both metals are
coordinated to a N,O, donor set, in which each NO corresponds to different ligands. The
positive values obtained for the dimerization equilibrium 2ML < M,L,, indicate a thermo-
dynamically favorable process. The stability sequence found for most species was Cu(Il)
>> Ni(Il) ~ Co(Il) > Zn(I). The Irving—Williams order of complexation is thus fulfilled.

By comparing the log K for ML species for H,sal-m-phen [46] with those corresponding
to ML species for Hysal-o-phen [44], the log Ky for the meta SBs are practically half
those corresponding to ortho SBs, thus indicating a donor set NO for the former, as
expected, due to the conformation of the ligand.

The Hjsal-p-phen SB was first prepared by Pfeiffer and Pfitzner [61] in 1936 by reaction of
salicylaldehyde with p-phenylenediamine. No stability constants have been reported to date for
SB complexes derived from p-phenylenediamines, which is attributed to the insolubility of
such compounds in the most common solvents, making formation equilibria very difficult.

2.9.4. Protonation constants and complex-formation equilibria of SBs derived from
salicylaldehyde and diaminotoluene. The protonation constants for SBs (H,L) derived
from diaminotoluene have been determined in DMSO-water 80:20 (wt/wt) (25°C;
1=0.5 M NaClO,) [46]. The pK; values for these ligands are listed in table 1. The stability
sequence observed for ML (H,L: Hssal-2,4-toluene (C7), H,sal-2,6-toluene (C8)) [46]
(scheme 8) is: Cu(Il) >> Ni(Il) ~ Co(Il) > Zn(II) (table 1). Thus, the Irving—Williams order
of complexation is fulfilled. The log K order was: H,sal-2,4-toluene > H,sal-2,6-toluene.

ctD
o
CHs
Hsal-2,4-toluene(C7)

OH HO
CH,
H,sal-2,6-toluene(C8)

Scheme 8. Structural formula of Hjsal-2,4-toluene (C7) and Hjsal-2,6-toluene (C8).
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Scheme 9. Protonations of ATS Schiff base (C9).

For complexes derived from Hjsal-2,4-toluene, the inductive electron-donor effect of the
methyl group predominates over the repulsive steric effect, in contrast to H,sal-2,6-toluene.

2.9.5. SBs derived from salicylaldehyde and heteroaromatic amines.

2.9.5.1. Protonation constants and complex-formation equilibria of SB derived from
salicylaladehyde and 2-aminomethylthiophene (ATS). Equilibrium studies of 2-aminometh-
ylthiophene and 4-bromosalicylaldehyde Schiff base (ATS) (C9) derived from 2-amino-
methylthiophene and 4-bromosalicylaldehyde and their complex formation were determined
by potentiometric titration in 50% (v/v) DMSO-water solution at ionic strength of 0.1 M
NaNO; [10]. The stoichiometric protonation constants of ATS in 50% DMSO-water
mixture are given in table 1. The two calculated protonation constants are related to
protonation of phenolate (log K = 9.96 at 25 °C and / = 0.1 M NaNO3;) and imine nitrogen
(log K =5.47 at 25 °C and / = 0.1 M NaNQO3), respectively, as shown in scheme 9.

According to the stability constant values given in table 1 [10], the stability order of M
(IN)-ATS complexes is Zn(II) < Cu(Il) > Ni(Il) > Co(II) > Mn(II), which is in accord with
Irving—Williams order for divalent metals of the 3d series [60, 62].

This is also illustrated in the species distribution of ATS as a function of pH (figure 3),
which indicates that in acidic solution ATS initially exists 100% in the fully protonated
form as H,L below pH < 5.5. By increasing the pH, H,L loses the first proton-forming HL,
which is the predominant species from 8.5 to 8.9 with maximum concentration of 90%. As
the pH increases further, the second proton begins to deprotonate to L>  reaching a
maximum percent of 95% at pH ~ 11.

2.9.5.1.1. Thermodynamics of M(II)-ATS Schiff base. Protonation reaction of the N-site
of ATS [10] is exothermic and of comparable AH° and AS° with a net negative AG°. The
negative AS° indicates that the total number of solvent molecules bound to the dissociated
ligand is greater than that originally accompanying the undissociated form. The stability
constants of the complexes formed were measured at different temperatures. These values
decrease with increasing temperature, confirming that complexation is more favorable at
lower temperatures. For ATS at constant temperature, the stability of the chelates is
Zn(Il) < Cu(I) > Ni(Il) > Co(II) > Mn(II) [60, 62]. This order reflects the changes in the
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% Species

Figure 3. Concentration distribution of various species as a function of pH in the ATS Schiff-base system.

heat of complex formation across the series from a combination of the influence of both the
polarizing ability of the metal ion [63] and the crystal field stabilization energies [64]. Sta-
bility of the Cu** complex is higher than those of other metal ions, due to extra stabilization
exerted by its d” electronic configuration, which is subject to the Jahn—Teller effect. All val-
ues of AG® for complexation are negative (table 1), indicating that chelation proceeds spon-
taneously. Negative values of AH® show that the chelation is exothermic, indicating that
complexation reactions are favored at low temperatures. When a coordinate bond between
the ligand and the metal ion is formed, the electron density on the metal ion generally
increases. Consequently, its affinity for a subsequent molecule ligand decreases, leading to
an increase in AG®° and AH® of complexation. The entropy term (AS°) for complexation is
negative, consistent with the protonation reaction of the ligand. The negative entropy
changes, together with the high negative enthalpy change, contribute to the favorable free
energy change of complex-formation reactions [65].

2.9.5.2. SBs derived from salicylaldehyde and pyridine or its derivatives. For SBs
derived from salicylaldehyde and pyridine (salicylidenpyridine-ligands), two protonation
constants are calculated. The first refers to protonation of phenolate ion and the second
refers to protonation of pyridine. For SAPy (C10), SAPyMe (C11), and SAPyCl (C12)
ligands (scheme 10), both protonation constants follow the order SAPyCl < SAPy < SAPyMe.
Because of the inductive electron-withdrawing effect of chlorine, the basicity of the pyri-
dine nitrogen in SAPyCl is lower than that of SAPy. On the other hand, the inductive elec-
tron-donating effect of the methyl group increases the basicity of the pyridine nitrogen in
SAPyMe. The more basic the pyridine nitrogen, the more stable are its proton—ligand com-
plexes.
The complex-formation equilibria can be given as:

Ln’t + H,Lt=Lnl*t +2 Ht

LnL*" + H,L"=LnLj +2 H'
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Scheme 10. Structural formulas of 2-((pyridyl-2-imino)methyl)phenol (SAPy) (C10), SAPyMe (C11), and
SAPyCl (C12).

The stability constants of the lanthanide(III) chelates of all salicylidenpyridine ligands are
given in table 1 [66]. The log K; values increase in the order La(Ill) < Pr(IlI) < Nd(III) <
Eu(Ill) < Ho(IlT) < Yb(III), which is the order of increasing acidity of the metal ions. The
stability constants of the complexes of three salicylidenpyridine ligands with the same metal
ion also followed the same order as the proton ligand stability constants of the ligands,
i.e. SAPyCl < SAPy < SAPyMe, attributed to the different basicities of the donors of the
ligands caused by substituent inductive effects.

The thermodynamic parameters for complexation of the three salicylidenepyridines with
metal ions were calculated. The proton—ligand and metal-ligand stability constants decrease
with increasing temperature. The negative free energy and enthalpy changes of all the com-
plexes indicated spontaneous and exothermic complexation.

2.9.5.3. SBs derived from salicylaldehyde and 2,3-diaminopyridine. Three protonation con-
stants for SBs C13—-C16 (scheme 11) were calculated at 25 °C [67]. K; of C13—C16 may
be associated with protonation of phenolate, K, with protonation of the pyridine and K3
with protonation of the imino group. The third protonation constant, K3, determined only
for C14 and C15 is related to the imino group at position 3 of the pyridine ring. The imino
and amino groups at position 2 of pyridine have too low basicity to allow determination of
the corresponding protonation constants. This can be attributed to the fact that protonation
constants of the amino group of aminopyridines depend on their substitution site on the pyr-
idine ring [67].

The extremely low basicity of the amino group of 2-aminopyridines is a consequence of
the stabilization of the monocation by the resonance equilibrium (scheme 12).

Protonation constants of OH in C13 and CI16, having planar structures [68], are
log K;(C13) = 8.82 and log K (C16) = 8.75, corresponding to that of salicylaldehyde
(logK = 8.59). The values of the protonation constants of the pyridine nitrogen are
logK = 7.09, showing a significant increase in basicity with respect to unsubstituted
pyridine (logK = 5.34). There is less possibility of delocalization of the negative



Downloaded by [Chongging University] at 13:25 14 February 2014

Salicylaldehyde Schiff-bases 3449

2-(2-amino-3-pyridyliminomethyl)phenol (C14)

N
|/
NN on

N,N’-bis(sakylidene)-2,6-pyridinediamine (C16)

Scheme 11.  Structural formulas of 2-(2-pyridyliminomethyl)phenol (C13), 2-(2-amino-3-pyridyliminomethyl)phenol
(C14), N,N’-bis(salicylidene)-2,3-pyridinediamine (C15), and N,N’-bis(sakylidene)-2,6-pyridinediamine (C16).

. B
NH NH, N NH,
+ H

Scheme 12. Resonance equilibrium of monocation pyridine.

charge through the whole system in Cl14. In the case of this compound, having a
meta-substituted salicylimino on pyridine, X-ray analysis proves that the pyridine ring
is tilted by 51.5° with respect to the rest of the molecule [69]. As a consequence,
delocalization of the free electron pair of either the phenol oxygen or the amino



Downloaded by [Chongging University] at 13:25 14 February 2014

3450 A.A. El-Sherif and M.S. Aljahdali
OH
CH=N—"
N~
Scheme 13.  Structural formula of 2-((pyrimidin-2-ylimino)methyl)phenol (C17).

nitrogen (having a fixed position due to hydrogen bonding of amino protons with the
imino nitrogen) is no longer possible. In C15, bearing two salicylimino groups, the
first one (2-salicylimino group) has planar orientation to the pyridine ring, whereas
the second (3-salicylimino group) is tilted by 51° [69]. Delocalization of the free
electron pair is preferred for the 2-salicylimino group as shown by the protonation
constant of the pyridine nitrogen (logK, = 6.90) similar to the logK, value of CI16.
Although the two hydroxyl groups have different basicity, the difference is too small
to allow determination of the protonation constant of each group.

Comparison of protonation constants of C13 (table 1) with the corresponding values
(log K, = 9.77, log K, = 6.37) obtained by potentiometric titration in dioxane—water [70],
or log K; = 9.3, log K, = 7.0 obtained spectrophotometrically in dioxane—water [71], shows
differences, explainable by distinctions in experimental conditions, particularly by different
solvent composition. In addition to structural effects, solvent effects are factors that
influence the basicity of compounds. It was shown that increase in the percentage of organic
solvent resulted in an increase in log Koy and a decrease in log Kyy. These changes in
protonation constants were related to the decrease in the dielectric constant of the medium,
causing better solvation of the neutral species HL than of the charged species L™ and H,L"
[72].

2.9.5.4. SBs derived from salicylaldehyde and pyrimidine or its derivatives. The dissoci-
ation constants of 2-((pyrimidin-2-ylimino)methyl)phenol (C17) (scheme 13) and the stabil-
ity constants of the metal complexes Cu(Il), Ni(Il), Fe(Ill), Cr(Ill), and Mn(II) with C17
were determined using both potentiometric and spectrophotometric techniques [73]. From
the data given in table 1 for C17, only one equilibrium constant was calculated correspond-
ing to the liberated proton of the OH group of the aldehydic moiety; stability of metal che-
lates obeyed the order Cu(Il) > Ni(Il) > Fe(IIl) > Cr(III) > Mn(II).

Dissociation constants of 4-hydroxysalicylidene-2-amino pyrimidine (H,sap) (C18)
(scheme 13) and the stability constants of the metal complexes Co(II), Ni(Il), Cu(Il),

Scheme 14.  Structural formula of 4-hydroxysalicylidene-2-amino pyrimidine (H,sap) (C18).
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Pd(Il), and Ag(I) with Hpsap were determined pH-metrically at various temperatures at
0.04 mol/L ionic strength of KNOs, and the thermodynamic reaction parameters (AS°, AG®,
AH®) were calculated [74]. The titration curves were below and well separated from that of
free Hjsap, confirming complex formation with liberation of protons [75]. From the data
given in table 1 [74], log K; is higher than log K, for the same complex. This can be
explained by assuming steric hindrance for the linking of the second species of Hjsap to
the central metal ion [76]. The stability constants decreased in the order Cu(Il) > Ni(Il) >
Co(Il) for the first-row transition elements in accord with the Irving—Williams order [60,
62].

2.9.5.4.1. Thermodynamics of M(I)-H,sap (C18) complexes. The thermodynamic
parameters of 4-hydroxysalicylidene-2-amino pyrimidine (H,sap) (C18) are given in
table 1. The negative values of AG® indicate spontaneous complex formation [75, 76]. It
has been reported that the higher the negative value of AG®, the more stable is the complex
produced [75-77]. Decrease in stability constants (log K; and log K5) for {Ag(I) and Pd(II)}
with increasing temperature suggests that these complex formations are exothermic [75, 78,
79]. For Co(Il), Ni(Il), and Cu(II), the complex formation is endothermic [79]. The negative
values of AH® indicate that the complexation processes are exothermic and favorable at low
temperature for both Ag(I) and Pd(Il), while the positive values indicate endothermic and
favorable at high temperature for Co(Il), Ni(I), and Cu(Il) complexes. These features sup-
port the production of solid Ag(I) and Pd(II) complexes at room temperatures, while those
of Co(Il), Ni(IT), and Cu(Il) were isolated after reflux at high temperatures, as reported in
the preparation of these complexes [73]. The positive values of AS° indicate that the disor-
der increased more rapidly than the increase in order taking place in chelation, i.e. the order
of arrangement of the solvent around Hjsap and the metal ions are lost upon complexation
[79]. In all cases, AG® values are negative, which means that the complexation processes
are spontaneous. In comparing AG® values for Co(Il), Ni(I), and Cu(lIl), the value is more
negative for Cu(Il), suggesting strong interaction between Cu(Il) and H,sap [80].

2.9.5.5. SBs derived from substituted salicylaldehyde and hydralazine. Equilibrium stud-
ies of SAH hydrazone (C19) [8] and its complex formation cannot be carried out in aque-
ous solution because of the nature of the compound involved. Metal complexes as well as
SAH hydrazone are insoluble in water, thus DMSO-water mixture was chosen. In such a
medium, the hydrazone and its metal complexes are soluble giving stable solutions. The
use of this mixed solvent has some advantages over pure DMSO, since pure DMSO is very
hygroscopic and controlling its water content is difficult [81], affecting reproducibility of
the experiment. However, DMSO-water 70 : 30 has only low hygroscopic character. A fur-
ther advantage is its compatibility with the standard glass electrode, so that pH measure-
ments may be carried out in a similar way to that employed in purely aqueous solution. In
contrast, the use of pure DMSO is not recommended for potentiometry. Another advantage
of the DMSO—water mixture is its large acidity range (pK,, = 15.75), which allows the
investigation of deprotonation equilibria of weak acids which are difficult to study in water
[82, 83]. Stoichiometric protonation constants of the hydrazone were determined in 70%
DMSO-water mixture at 25 °C and x = 0.1 M NaNOg; these constants are given in table 1.
Analysis of the potentiometric titration curve of the SAH hydrazone using the Miniquad-75
program gave best fit for two protonation constants as shown in scheme 15. The two pro-
tonation constants are related to the protonation of phenolate and phthalazine nitrogen.
Titration with a base produces, in a first deprotonation the protonated phthalazine proton
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Scheme 15. Protonation of SAH hydrazone (C19).

with a pK,; of 4.35 (pK,; = log fo12 — log Bo11). By further increase of pH, the phenolic
proton is deprotonated with pK,, of 11.11 (pK,, = log So11) [8]-

Potentiometric titrations of SAH with Cu(II), Ni(I), Co(II), and Mn(II) were carried out
in 1:1 and 1:2 metal-ligand molar ratios. Deviation in the metal-ligand titration curves
from the ligand titration curve implies formation of metal complexes. The potentiometric
titration curve of Ni(II)-SAH as a representative example of metal(Il) complexes is given in
figure 4.

2.9.5.5.1. Correlation of the properties of metal ions with the formation constants of
mixed ligand complexes. To explain why a given ligand prefers binding to one metal rather
than another, it is necessary to correlate the stability constants with the characteristic proper-
ties of the metal ions, such as ionic radius, ionization energy, electronegativity, and atomic
number. Here, we discuss relationships between the properties of metal ions reported in the
literature [10, 84] and the stability constants of the complexes. The formation constants of
M" complexes of bivalent 3d transition metal ions with SAH as a representative example of
SBs are in the order: Cu(II) > Ni(Il) > Co(Il) > Mn(lIl), in accord with the Irving—Williams
order [8, 60, 62]. Correlation between log Ky and the reciprocal of the ionic radii (1/r) of
the bivalent transition metal ions was almost linear. Also, a good linear correlation was
obtained between log Ky and electronegativities of the metal ions. Increasing electronega-
tivity of the metal ions (Mn(Il) (1.55) < Co(Il) (1.88) < Ni(II) (1.91) < Cu(ll) (2.0)) will
decrease the electronegativity difference between the metal and the donor of the ligand.
Thus, the metal-ligand bond would have more covalent character, leading to greater stabil-
ity of the metal chelates. A good linear relationship has been obtained between log Ky
and the second ionization potential of the bivalent metal ions. In general, the stability con-
stant of the Cu(Il) complex is quite large compared to other metals. The ligand field will
give Cu(Il) some extra stabilization due to tetragonal distortion of the octahedral symmetry
[7, 10, 85, 86]. Thus, log K for the Cu(Il) complex deviates significantly when log K values
of metal chelates are plotted against properties of the metal ions.
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Figure 4. Potentiometric titration curves of Ni-SAH system.

2.9.5.5.2. Thermodynamics of M(II)-SAH complexes. The thermodynamic parameters
AH®, AS°, and AG®°, associated with protonation of SAH and its complex formation with M
(I), were calculated from the temperature dependence of the data in table 1. The proton-
ation reactions of SAH are exothermic with comparable AH° and AS°® with a net negative
AG°. The negative AS° indicates that the total number of solvent molecules bound to the
dissociated ligand is greater than that originally accompanying the undissociated form. The
stability constants of the complexes were calculated at different temperatures and average
values are given in table 1. These values decrease with increasing temperature, confirming
that the complexation is more favorable at lower temperatures. The difference between log
K, and log K, is usually positive, since the coordination sites of the metal ions are more
available for binding of the first molecule than the second one. The stability of the chelates
increases in the order Cu(Il) > Ni(Il) > Co(Il) > Mn(Il), reflecting the changes in the heat
of complex formation across the series from a combination of the influence of both the
crystal field stabilization energies [64] and the polarizing ability of the metal ion [63]. All
values of AG® for complexation are negative (table 1), indicating that the chelation proceeds
spontaneously. The negative values of AH® show that chelation is exothermic, indicating
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that complexation reactions are favored at low temperature. The negative entropy changes,
together with the high negative enthalpy change, contribute to favorable free energy change
for the complex-formation reactions.

2.9.5.6. SBs derived from salicylaldehyde and 1,4-bis(3-aminopropyl) piperazine
(BHPP). The stoichiometric protonation constants of BHPP (C20) (scheme 16) were
determined in 50% DMSO-water mixture at 25°C and these constants are given in
table 1 [8]. The BHPP Schiff base has four protonation constants. The species distribution
of BHPP is given in figure 5. By increasing the pH, H4,L"* loses a proton-forming H;L"
with the maximum formation degree of 95% at pH 7.9. As pH increases, the second and
third protons begin to deprotonate, reaching a maximum percentage of 55% and 67% at
pH 8 and 10, respectively. As conditions become more alkaline, the fourth proton begins
to deprotonate L>~ which is the predominant species at pH > 11. In the potentiometric
titration curves of BHPP with metal(Il) ions, all metal ions depress the titration curve of
the free ligand by release of protons according to the abilities of the metal ions to bind to
the Schiff base. To investigate the change in concentration of the metal(Il) complexes with
pH, the species distribution diagram for Cu-BHPP was examined (figure 6) as a represen-
tative example of metal(I) complexes. In the Cu—BHPP distribution diagram, CuHL pre-

. ND
N N
72 \Ej
Scheme 16.  Structural formula of 4-bis[(2-hydroxybenzaldehyde)propyl]piperazine (BHPP) (C20).
100 -
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Figure 5. Concentration distribution diagram of BHPP ligand system.
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Figure 6. Concentration distribution of various species as a function of pH in the Cu-BHPP system.

dominates in the pH range 6.2-6.8 with a formation percentage of 98%. CuL starts to
form at pH 7 and its concentration increases with increasing pH. By examining the values of
the stability constants, the magnitude of the stability constant is Cu(II) > Ni(Il) > Co(Il), in
agreement with the Irving—Williams order [60, 62] for divalent metal ions of the 3d series.
The stability of the Cu(II) complex is considerably larger than those of other metals of the 3d
series. Cu(Il) (3d°) receives some extra stabilization due to tetragonal distortion of octahedral
symmetry in complexes. The Cu(II) complex will be further stabilized due to the Jahn—Teller
effect [62].

2.9.5.7. SBs derived from substituted salicylaldehyde and 3-amino-5-methyl
isoxazole. Dissociation constants of SBs, C21 and C22 (scheme 17), and their complex-for-
mation equilibria with some bivalent transition metal ions have been determined potentio-
metrically in aqueous solution at 30 °C and at 0.1 M KNOj ionic strength [87]. The order
of stability constants was in accord with the basicity order of the ligands [88]. Stability con-

~o CH,

O,N CH=N
o CH,
3-(2-hydroxy-5-nitrobenzylidene amino)-5-methyl isoxazole [HNBMI] (C22)

Scheme 17. Structural formulas of 3-(2-hydroxy-3-ethoxybenzylideneamino)-5-methyl isoxazole [HEBMI] (C21)
and 3-(2-hydroxy-5-nitrobenzylidene amino)-5-methyl isoxazole [HNBMI] (C22).
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stants of C21 are larger than those of C22, attributed to the more basic nature of C21. The
stability constants of binary complexes of C21 and C22 with Co(II), Ni(Il), and Cu(Il) fol-
low the order M(II)-C21 > M(II)-C22. The order of stability with respect to the metal ions
is Cu(Il) > Ni(II) > Co(II), in accord with the Irving—Williams order.

2.9.6. SBs derived from substituted salicylaldehyde and 4-amino-5-hydroxy-naphtha-
lene-2,7-disulfonic acid. Potentiometric titrations in aqueous solutions were carried out
for 4-(3-methoxy-salicylideneamino)-5-hydroxy-6-(2,5-dichlorophenylazo)-2,7-naphthalene
disulfonic acid sodium salt (C23) (scheme 18) at 25°C and 0.1 M KCI. The acidity
constants, pK, (H,L), for the compounds listed in table 1 differ by at least 4 pK, units,
implying that deprotonation of the second proton is more difficult than releasing the first
proton. This difference is caused by formation of an intramolecular hydrogen bond in H,L.
The proton of one of the sulfonic groups is fairly acidic in aqueous media [89] and is
deprotonated first. For H,L, the first constant refers to the deprotonation of the sulfonic
group (log K = 3.89) and the second (log K = 7.35) and third (log K = 8.2) constants refer
to the deprotonation of the phenolic and naphtholic protons. Species distribution diagrams
indicate the best conditions of pH, concentratio,n and ligand : metal ratio for the preparation
of the complex in the solid state. From these diagrams, we conclude that a concentrated
solution of ligand : metal ratio at various pH is the most suitable for the preparation of ML,
complex (M = Zn(II), Cu(Il), Ni(Il), and Co(II)).

2.9.7. SBs derived from salicylaldehyde and N,N’-bis{2-[(2-hydroxybenzylidine)amino]
ethyl}malonamide (BHAEM). BHAEM (C24) (scheme 19) was synthesized by condensa-
tion of N,N’-bis(2-aminoethyl)malonamide with two equivalents of salicylaldehyde and
characterized on the basis of elemental analyses and various spectroscopic measurements
(UV-vis, IR, '"H NMR, and '*C NMR) [90]. The protonation constants of diprotic BHAEM
(H,L) were determined by potentiometric and spectrophotometric measurements. Since the
ligand was insoluble in water, it was converted into its hydrochloride salt by adding stan-
dard 0.1 M HCI to make it water-soluble. For the potentiometric method, the ligand was
titrated against standard KOH at an ionic strength of 0.1 M KCl and 25 + 1 °C in aqueous
medium. Six protonation sites (two phenolic groups, two tertiary amines, and two amides)
for BHAEM models with LH,, (n = 1-6) were tried for the refinement. However, the best-
fit model gave only two protonated species (LH, and LH) along with four other species

LH, (n = —1 to —4) in the experimental pH region. The values obtained from the
MeO
HO
V.
OH N

Scheme 18. Structural formula of 4-(3-methoxy-salicylideneamino)-5-hydroxy-6-(2,5-dichlorophenylazo)-2,7-
naphthalene disulfonic acid sodium salt schiff-base ligand (C23) (H,L).

HOs3S SOs3Na
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calculation are given in table 1. Previous studies report that the log protonation constants of
imine nitrogen of SBs with aromatic diols and triols lie between 1.53 and 2.84 [91] instead
of the reported values 3 and 5 [92, 93], which is explained by the fact that substituted
phenyls attached to the imine nitrogen inductively reduce the electron density of the imine
nitrogen. Accordingly, the protons attached to tertiary amine atoms in BHAEM require very
acidic conditions for protonation/deprotonation. Also, the amide nitrogen will require highly
basic conditions for deprotonation [94] of the two amide protons. Thus, the two positive
protonation constants obtained in the experimental region are assigned to phenolic protons.
The values are also in agreement with the protonation constants of other phenols. The
simulated titration curve did not fit after a = 2 with the experimental curve when only two
protonation constants were considered in the model. When four more species, viz. LH_;,
LH_,, LH_3, and LH_4 were introduced, the simulated curve after ¢ = 2 and pH > ~8
matched exactly with the experimental. In the complete mechanism of the hydrolysis of an
imine linkage, two moles of H' are produced and one mole of BHAEM has two-imine link-
ages; on hydrolysis, it releases four moles of protons giving species of the type LH,
(n = —1 to —4) as observed. The formation of various species is pH-dependent, which is
illustrated in the species distribution diagram of BHAEM (figure 7). At pH < 5.0, the ligand
exists in the fully protonated form as LH,. As the pH is increased, the ligand loses two pro-
tons from the hydroxyl groups in the aromatic ring to form deprotonated species of the
types LH and L, which exist between pH 5.5-9.0 and 7.0-9.5 with maximum concentration
of 50 and 40% at pH 7.5 and ~8.4, respectively. Release of protons from the fully deproto-
nated ligand started after pH 7.5 to give LH_; and, subsequently, in more alkaline medium,
gave LH_,, LH_3, and LH_4. LH_4 was predominant between pH 9 and 11. This indicates
free BHAEM undergoes hydrolysis in alkaline medium. Spectrophotometric titration of
BHAEM was also carried out in aqueous solution in acidic and slightly basic media to
explain the deprotonation. The spectra were recorded from 210 to 450 nm and between pH
3.94 and 7.98. The equilibrium between the protonated and deprotonated ligand can be
examined from the formation of isosbestic points. The spectra passed through five isosbestic
points at 220, 243, 265, 289, and 341 nm. Analysis of experimental data by global fitting

100 -
90 -
BO - LH, LH,
70
60 -

| LH LH,

SO

40 4 LH
30 —

% of formation

20 -
10 4

o4
5 6 7 8 9 10
pH

Figure 7. Concentration distribution of various species as a function of pH in the BHAEM system.
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Figure 8. Electronic spectra of BHAEM as a function of pH during a spectrophotometric titration:
[BHAEM] = 0.05 mM, [KCI] = 0.1 M, and T = 25 °C.

of the whole spectral data (figure 8) using a non-linear least-square fitting program SPEC-
FIT gave the best fit for the two protonated species. The two protonation constants obtained
from the spectrophotometric method (table 1) agree with the result obtained from the

NH HN

Scheme 19. Structural formula of N,N’-bis{2-[(2-hydroxybenzylidine)amino]ethyl}-malonamide (BHAEM)
(C24).

=Z

potentiometric method. Inclusion of the hydrolysis model as discussed for the potentiomet-
ric method did not give a good fit as there is no hydrolysis in the experimental region of
the spectrophotometric study. BHAEM exists predominantly in the enolimine form and is
sensitive to hydrolysis in aqueous medium above pH 7.5, before which the phenolic protons
dissociate. The protonation constants are ~2.1 log units lower than that of phenol due to
intramolecular hydrogen bonding.

2.10. Amino acid SBs of salicylaldehyde or its derivatives

Pyridoxal 5'-phosphate (PLP) binds to enzymes to form a Schiff base (imine) by reaction of
its aldehyde carbonyl with the terminal e-amino group of a lysine residue in the polypeptide
chain. Metal Schiff-base complexes derived from amino acids (or peptides) play an impor-
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Scheme 20. Structural formulas of SalGly (C25), SalCl-Gly (C26), SalBr-Gly (C27), SalAla (C28), SalCl-Ala
(C29), SalBr-Ala (C30), SalSer (C31), SalPhe (C32), and SalTyr (C33).
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Table 2. Equilibrium constants for protonation and complex formation of amino acids and salicylaldehyde or
substituted salicylaldehyde amino acid SBs.

Reaction log K Method® 7°C Medium AH® AS° AG®P Ref.
SalGly (C25)

L> +H = HL~ 1168  Pot. 25 0.1 M KCl [106]
HL +H' = H,L 757  Pot. 25 0.1 M KCl [106]
H,L+H' = H,L* 243  Pot. 25 0.1 M KCl [106]
Cu®™+L? = CuL 1648  Pot. 25 0.1 M KCl [106]
NiZ*+L% = NiL 1034 Pot. 25 0.1 M KCl [106]
NiL+L?" = NiL,>~ 836  Pot. 25 0.1 M KCl [106]
Zn*'+1% = ZnL 9.48 Pot. 25 0.1 M KCl [106]
ZnL ™+ L* = ZnL,*~ 7.12  Pot. 25 0.1 M KCI [106]
SalCl-Gly (C26)

L¥ +H = HL~ 9.60  Pot. 25 0.1 M KCI [107]
HL +H' = H,L 758  Pot. 25 0.1 M KCl [107]
H,L+H =H;L " 1.86 Pot. 25 0.1 M KClI [107]
NiZ*+L* = NiL 941  Pot. 25 0.1 M KCI [107]
SalBr-Gly (C27)

L>+H =HL™ 10.74  Pot. 25 0.1 M KCl [107]
HL +H' = H,L 785  Pot. 25 0.1 M KCl [107]
H,L+H'" = H,L* 197  Pot. 25 0.1 M KCI [107]
NiZ"+L? = NiL 9.78  Pot. 25 0.1 MKCl [107
SalAla (C28)

L* +H" = HL™ 1179  Pot. 25 0.1 M KCI [106]
HL +H" = H,L 742 Pot. 25 0.1 M KCI [106]
H,L+H" = H,L" 2.40 Pot. 25 0.1 M KCl [106]
Cu’*+L* = CuL 16.98 Pot. 25 0.1 M KCl [106]
NiZ'+L? = NiL 10.10  Pot. 25 0.1 M KCI [106]
NiL+L?" = NiL,>~ 8.50 Pot. 25 0.1 M KCl [106]
Zn*'+1% = ZnL 9.05 Pot. 25 0.1 M KCl [106]
ZnL+L%" = ZnL,*" 693  Pot. 25 0.1 M KCI [106]
SalCl-Ala (C29)

L>* +H = HL™ 9.69 Pot. 25 0.1 M KCl [107]
HL +H' = H,L 776  Pot. 25 0.1 M KCl [107]
H,L+H'" = H,L* 220  Pot. 25 0.1 M KCI [107]
NiZ"+L? = NiL 9.88  Pot. 25 0.1 MKCl [107
SalBr-Ala (C30)

L> +H" = HL™ 1025  Pot. 25 0.1 M KCl [107]
HL +H' = H,L 8.09  Pot. 25 0.1 M KCl [107]
H,L+H" = H,L" 2.22 Pot. 25 0.1 M KCl [107]
Ni*"+L?” = NiL 10.71 Pot. 25 0.1 M KCl [107]
SalSer (C31)

L>*+H = HL™ 11.48 Pot. 25 0.1 M KCl [106]
HL +H" = H,L 8.0 Pot. 25 0.1 M KCl [106]
H,L+H" = H,L" 2.15 Pot. 25 0.1 M KCl [106]
Cu’"+L? = CuL 16.72 Pot. 25 0.1 M KCl [106]
NiZ'+L? = NiL 999  Pot. 25 0.1 M KCl [106]
NiL+L?" = NiL,?~ 8.41 Pot. 25 0.1 M KCI [106]
Zn* +1* = ZnL 9.85 Pot. 25 0.1 M KCl [106]
ZnL+L> = ZnL,>” 7.18  Pot. 25 0.1 M KCl [106]
SalPhe (C32)

L> +H = HL~ 1193  Pot. 25 0.1 M KCl [106]
HL +H' = H,L 7.94  Pot. 25 0.1 M KCl [106]
H,L+H'" = H,L" 223 Pot. 25 0.1 M KCl [106]
Cu®’™+L?> = CuL 1626  Pot. 25 0.1 M KCl [106]
NiZ'+L? = NiL 924  Pot. 25 0.1 M KCI [106]
NiL+L*" = NiL,*~ 8.06  Pot. 25 0.1 M KCl [106]
Zn* + 1> = ZnL 822  Pot. 25 0.1 M KCl [106]
ZnL+L%" = ZnL,*" 6.98  Pot. 25 0.1 M KCI [106]

(Continued)
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Table 2. (Continued).
Reaction log K Method” T°C Medium AH° AS° AG®® Ref.
SalTyr (C33)
L* +H" = HL* 1230 Pot. 25 0.1 M KCI [106]
HL* +H" = H,L~ 936 Pot. 25 0.1 M KCl [106]
H,L +H' = H;L 7.68  Pot. 25 0.1 M KCl [106]
H,L+H" = HL" 221 Pot. 25 0.1 M KCI [106]
Cu®™+L3 = CuL” 1620  Pot. 25 0.1 M KCl [106]
NiZ"+L* = NiL~ 926  Pot. 25 0.1 M KCl [106]
NiL™+ L3 = NiL,*" 824  Pot. 25 0.1 M KCI [106]
Zn*t+1% = zZnL~ 827  Pot. 25 0.1 M KCl [106]
ZnL”+ L% = ZnL,*" 7.03  Pot. 25 0.1 M KCI [106]
Glycine (Gly) (C34)
L +H =HL 9.60  Pot. 25 0.1 M NaNOs [108]
HL+H" = H,L" 11.93 Pot. 25 0.1 M NaNOs [108]
Zn* +L" = zZnL* 491 Pot. 25 0.1 M NaNOs [75]
ZnL +1L" = ZnL, 937  Pot. 25 0.1 M NaNO5 [75]
NiZ*+L™ = NiL* 5.78 Pot. 25 0.1 M NaNOs [109]
NiL"™+L™ = NiL, 10.58 Pot. 25 0.1 M NaNOs [109]
Cu*'+L = CuL" 8.19 Pot. 25 0.1 M NaNOs [110]
CuL"™+L™ = CuL, 1496  Pot. 25 0.1 M NaNOs [110]
Alanine (Ala) (C35)
L +H =HL 9.69  Pot. 25 0.1 M NaNOs [108]
HL+H = H,L* 11.88  Pot. 25 0.1 M NaNOs [108]
Zn* +L = zZnL* 4.75 Pot. 25 0.1 M NaNO; [75]
ZnL*+1L” = ZnL, 875  Pot. 25 0.1 M NaNO; [75]
NiZ*+L™ = NiL* 5.41 Pot. 25 0.1 M NaNOs [109]
NiL"+L™ = NiL, 990  Pot. 25 0.1 M NaNOs [109]
Cu®'+L = CuL" 7.99 Pot. 25 0.1 M NaNO5 [110]
CuL™+L™ = CuL, 14.62 Pot. 25 0.1 M NaNOs [110]
Phenylalanine (phe) (C36)
L +H =HL 9.12 Pot. 25 0.1 M NaNOs [108]
HL+H" = H,L" 11.01 Pot. 25 0.1 M NaNO; [108]
Zn*"+ L = ZnL" 430 Pot. 25 0.1 M NaNOs [75]
ZnL +L” = ZnL, 832  Pot. 25 0.1 M NaNOs [75]
NiZ*+L™ = NiL* 5.13 Pot. 25 0.1 M NaNO; [106]
NiL"+L™ = NiL, 9.65  Pot. 25 0.1 M NaNO4 [106]
Cu**+L™ = CuL” 7.86  Pot. 25 0.1 M NaNOs [110]
CuL™+L™ = CuL, 14.81 Pot. 25 0.1 M NaNO4 [110]
Serine (Ser) (C37)
L +H =HL 9.14  Pot. 25 0.1 M NaNOs [111]
HL+H" = H,L" 11.40 Pot. 25 0.1 M NaNOs [111]
Zn**'+L” = ZnL* 457  Pot. 25 0.1 M NaNOs [75]
ZnL + L™ = ZnL, 849  Pot. 25 0.1 M NaNOs [75]
NiZ'+L~ = NiL" 545  Pot. 25 0.1 M NaNO4 [112]
NiL"+L™ = NiL, 9.69  Pot. 25 0.1 M NaNOs [112]
Cu”*+L = CuL” 838  Pot. 25 0.1 M NaNOs [113]
CuL”™ + L™ = Cul, 15.45 Pot. 25 0.1 M NaNO; [113]

“Method abbrev1at10ns are Pot (potentlomerlc), Sp (spectrophotometric), and pH (pH-metrically).
PAHP (kIM ™), AG® (kIM™Y), and AS® JK™' M 7).

tant role for modeling more complicated PLP—amino acid SBs (PLP = pyridoxal-5'-phos-
phate), as these are key intermediates in a variety of metabolic reactions involving amino
acids, such as decarboxylation, transamination, racemization, and C—-C bond cleavage,
which are catalyzed by enzymes that require PLP as a cofactor [95-97]. Considerable effort
has been devoted to the preparation, structural characterization, spectroscopic, and magnetic
studies of Schiff-base complexes derived from salicylaldehyde and amino acids [98—103]
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and reduced salicylidene amino acid [104, 105], but little attention has been given to the
protonation and complex-formation equilibria for these ligands.

2.10.1. Protonation equilibria of amino acid-salicylaldehyde SBs. Protonation and
complex-formation equilibria of some SBs (C25-C33) (scheme 20) derived from salicyl-
aldehyde and selected amino acids are given in table 2 [106, 107]. The SBs have three
protonation constants as expected. The first refers to protonation of phenolate. The sec-
ond and third constants correspond to protonation of imine nitrogen and carboxylate,
respectively.

The protonation constants of the amino acids [108—114] and the amino acid SBs [106,
107] derived from salicylaldehyde (table 2) indicate that conversion of an amino to an
imino group leads to a two-unit decrease in the log K value, as expected, because the sp’-
hybridized N in the —-HC = N-— would have a less dense negative charge compared to the
sp>-hybridized amine-nitrogen. An equally effective cause for this decrease in basicity could
be from the strong intermolecular hydrogen bond between the phenolic OH and the imine
nitrogen.

Parallel to this, the base strength of carboxylate sometimes tends to decrease with the
transfer of amino acid into a Schiff base. This tendency is attributable to the inductive effect
of the more electronegative sp> nitrogen. The fact that the change in basicity of the carboxyl
site is less by < 0.5 pK units than that observed for the amine—imine change is plausible,
since the inductive effects are long-range.

Methyl groups of [SalCl-Ala] and [SalBr-Ala] SBs [107] are capable of releasing elec-
trons, and the electron densities of carboxylate and imine nitrogen increase. Therefore, the
second and third protonation constants of these ligands are higher than those for the Gly
derivatives. The first protonation constants of the chlorine-substituted SBs are lower than
those of the bromine-substituted ones. This can be attributed to the higher inductive elec-
tron-withdrawing effect of chlorine.

As the relative pH in most experiments did not extend to pH > 12, the protonation con-
stant for the aliphatic OH in serine could not be measured. However, in its Schiff-base
form, this parameter was measurable. That is, the basicity of this group decreases apprecia-
bly with formation of the Schiff base. Another qualitative explanation could be based on
formation of an intramolecular hydrogen bond as depicted in scheme 21. Assuming that this
structure is less favored for the Schiff base due to steric hindrance formed by the aromatic
ring, one could argue that the proton on this OH is more difficult to remove in the amino
acid form and less difficult in the Schiff base.

H.,
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Scheme 21. Intramolecular hydrogen bond in serine amino acid.
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2.10.2. Complex-formation equilibria of amino acid SBs. From the data given in
table 2, Schiff-base/metal complexes are significantly more stable than the corresponding
binary amino acid complexes having the corresponding stoichiometry. The SBs are triden-
tate ligands, each of which forms five- and six-membered fused two-ring systems. The pres-
ence of the bulky group on the a-carbon of the amino acids causes a small, but measurable,
decrease in the stability of their Schiff-base complexes. Thus, the order of the stability con-
stants may also be due to steric interactions caused by the bulky group attached to the
amino acids.

The stability constants of the complexes with the ligands containing alanine residue are
higher than those of the glycine derivatives; the values of the bromine-substituted com-
plexes are higher than the others, as expected, because more stable complexes are formed
with stronger bases.

2.11. Biological aspects of Schiff-base ligands and their metal(Il) complexes based on
the effect of their stability constants

In many cases, due to coordination to different transition metal ions in biological systems,
it is possible to obtain complexes that are more efficient drugs than the corresponding free
ligands [114, 115]. The results of antibacterial and antifungal screening of the SBs and their
complexes with bacteria and fungi are given in tables 3—5. Complexes show more activity

Table 3.  Antibacterial activity of transition metal complexes.

Diameter of inhibition zone (in mm)°

Compounds Parameters Pseudomonas aereuguinosa Salmonella typhi Bacillus subtillis Staphylococcus aureus

ATS? log K{' 9.69 12 7 8 8
log K5' 7.47

Ni(I) logK 6.65 19 14 14 13

Cu(Il) log K 9.41 28 16 16 17

Zn(II) logK 6.07 23 15 15 15

“ATS = 2-Aminomethylthiophenyl-4-bromosalicylaldehyde.
"Data taken from Ref. [10].

Table 4.  Stability constants and biological activity of ligands and complexes.

Complex pK° log K; log K> Escherichia coli Pseudomonas aeurogenosa  Rhizopus oryzae
HEBMI* 8.58 - - + + +

Cu(Il) - 6.45 4.78 +++ +++ ++

Ni(II) - 4.75 3.48 ++ ++ ++

Co(ID) - 427 3.09 - + ++

HNBMI® 6.05 — - + + -

Cu(Il) - 6.31 4.75 ++ ++ +++

Ni(II) - 5.20 4.50 ++ ++ ++

Co(Il) - 4.70 423 ++ N ++

#3-(2-hydroxy-3-ethoxybenzylideneamino)-5-methyl isoxazole [HEBMI].

"Data taken from Ref. [87].

€3-(2-hydroxy-5-nitrobenzylidene amino)-5-methyl isoxazole [HNBMI].

Note: Maximum zone of inhibition was represented as +++ (20-35 mm), medium zone of inhibition as ++ (10-20 mm), and mini-
mum zone of inhibition as + (5-10 mm).
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against different types of bacteria and fungi. Increased activity of the metal chelates can be
explained on the basis of chelation theory [116—119]. From data in table 3, for ATS, the
antibacterial activity can be ordered as Cu-ATS > Ni-ATS > Co-ATS, suggesting that the
lipophilic behavior increases in the same order. This is also in accord with the stability con-
stants order log Kcyars = 9.41 > log Knjars = 6.65 > log K7, ats = 6.07. From data given
in table 4, for HEBMI and HNBMI, the Cu(Il) complex had a higher biological activity
than Co(Il) and Ni(II) complexes in accord with the stability order of these complexes.
Antifungal and antibacterial screening indicates that Cu' complexes show more activity
than other complexes, perhaps from higher stability constant of the Cu" complexes than the
other complexes. Activity enhances upon complexation and the order of activity is in accord
with the stability order of metal ions [120]. According to the data in table 5, the antibacte-
rial and antifungal activities of the investigated Ni(I[) complexes of amino-acid SBs indi-
cated that Ni(Il) complexes of higher stability constants are more biologically active than
the other Ni(Il) complexes.

3. Conclusions

(1) The present review discussed the protonation and complex-formation equilibria of
SBs derived from salicylaldehyde or its derivatives. The structure-activity relation-
ships of SBs against bacteria and fungi were discussed based on measured stability
constants.

(2) The SBs derived from aliphatic diamines, such as Hjsalen, are unstable in acidic
aqueous solution because of their hydrolytic decomposition to yield aldehyde and
primary amine. However, the Schiff-base Hjsal-o-phen derived from o-phenylene-
diamine is stable in acidic media and does not undergo decomposition, due to the
less basic character of the o-phenylenediamine, which remains unprotonated in the
media where the ethylenediamine is completely protonated. This allows thermody-
namic studies in the mixed solvent DMSO-water, in which H,sal-ophen and its
complexes are soluble and stable.

(3) Aromatic amines are less basic than aliphatic amines due to the delocalization of
the electron pair on the nitrogen towards the orbitals of the aromatic ring, the elec-
tron density on nitrogen available for bond formation being lower. Thus, the pro-
tonation constants and the stability constants of the ligands derived from aliphatic
diamines are larger than those of similar ligands derived from aromatic diamines.

(4) The stability of these complexes, however, is strictly connected with the chelating
nature of the ligands, the size of the chelate rings, and the mutual arrangement of
all chelate rings in the complexes.

(5) Interesting considerations can be drawn from the contribution of the thermody-
namic parameters to complex stability and thus, consideration of the thermody-
namic parameters will be important. Negative values of AH° indicate that
complexation is exothermic and favorable at low temperature while the positive
values indicate endothermic and favorable at high temperature.

(6) The present results may have biological implications. To interpret properly biologi-
cal processes involving amino acids, it is necessary to have quantitative data on all
pertinent equilibrium constants, i.e. the protonation constants of the Schiff base,
the stability constants of Schiff-base/metal complexes, and the protonation con-
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stants of the amino acids and salicylaldehyde from which the SBs are derived as
well as their metal binding constants.

(7) The structure-activity relationship analysis of these SBs based on stability constants
suggested that the metal ion plays an important role in the biological activity, i.e.
metal ions with high stability constants had higher biological activity.

Abbreviations
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