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Abstract
Schiff bases represent a class of molecules widely studied for their importance in organic and coordination chemistry. Despite 
the large amount of studies on the chemical and biological properties of the Schiff bases, the different experimental conditions 
prevent a useful comparison to search for a correlation structure–activity. Moreover, literature is lacking in comprehensive 
data on the spectroscopic characterization of these compounds. For this reason, six Schiff bases, derived from salicylalde-
hyde and natural amino acids were fully characterized by nuclear magnetic resonance and infrared spectroscopy, and their 
aqueous solution equilibria, antiproliferative activity and DNA-binding activity were examined. All experimental conditions 
were kept constants to achieve comparable information and useful insights about their structure–activity correlation. The 
synthesized compounds showed DNA binding constants in the 101–102 M−1 range, depending on the substituent present in 
the amino acid side-chain, and resulted devoid of significant cytotoxic activity against the different human tumor cell lines 
showing IC50 values higher than 100 µM.
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Introduction

Schiff bases, also known as imines or azomethines and 
named after their discoverer Hugo Schiff, are condensa-
tion products of primary amine and aldehydes or ketones 
(Qin et al. 2013). Schiff bases are important intermediates 
in bio-processes such as the transamination reaction or 
the protein glycation and are involved in racemization and 
decarboxylation reactions (Vilanova et al. 2012; El-Sherif 

and Aljahdali 2013; Rajesh and Ray 2014). In organic syn-
thesis, Schiff bases are useful building blocks in addition, 
hetero Diels–Alder (Dossetter et al. 1999) and Staudinger 
(Palomo et al. 1999) reactions. The last is widely used for 
the preparation of β-lactams, a widely used class of antibi-
otics, by reaction of a Schiff base with ketenes (Turan et al. 
2016). Other Schiff bases show biological activity against 
fungi and bacteria (Malik et al. 2018; Antony et al. 2019). 
In addition, some derivatives have been recently proposed 
for the treatment of Alzheimer’s disease, as metal binding 
agents able to promote the disaggregation of amyloid-β 
plaques (Gomes et al. 2014). Thanks to their soft–hard 
donor character, Schiff bases are commonly used as 
ligands for several metal ions. They are used to recognize 
anions and cations and their application in biochemical 
and environmental fields has been proposed (Dalapati et al. 
2014). Moreover, complexes formed by Schiff bases with 
metals such as Cu (II) (Qiao et al. 2011), Cd (II) (Zhang 
et al. 2012), Ru (II) (Chow et al. 2014), Zn (II) (Zhong 
et al. 2006) and lanthanides (Yang et al. 2000) show anti-
tumor activity. Recently the applications of Schiff bases 
and their metal complexes in the field of chiral catalysis, 
functional materials and antitumor bioactive substances 
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have been reviewed (Pessoa and Mannar 2017; Liu et al. 
2018; Banti et al. 2019). The potential development of 
pharmaceutical applications of these compounds requires 
a proper knowledge of their chemical and biological reac-
tions and also of their toxicological profile. Despite the 
high level of interest in the scientific community for these 
molecules, a literature survey highlighted a general lack 
of consistency. In fact, although Schiff bases have been 
widely studied under different points of view, a direct 
comparison of the reported data is not possible because 
of the different experimental conditions. This problem is 
relevant for the aqueous solution equilibria study, since 
protonation constants of Schiff bases belonging to the 
same family are often determined in different solvents, 
temperatures, and ionic buffers (el Sherif and Aljahdali 
2013; Galić et al. 1997; Metzler et al. 1980; Turkoglu et al. 
2011). Due to the fundamental importance of the proto-
nation constants in the study of the complex formation, 
it appears necessary that all experiments are carried out 
in the same conditions at least for homologous series of 
compounds. Another discrepancy in the literature data is 
the lack of nuclear magnetic resonance (NMR) charac-
terization of several amino acid derived Schiff bases: in 
some case only the melting point was reported, or only 
the 1H-NMR chemical shift data. Some molecules have 
never been characterized, such as the salicylaldehyde/
serine or histidine derivatives. Moreover, some reported 
data are incomplete or inconsistent. For the above reported 
considerations, we decided to synthesize six Schiff bases 
from salicylaldehyde and proteinogenic l-amino acids, and 
to study their properties in the same experimental con-
ditions to have comparable information on their chemi-
cal and biological behavior. In particular, we studied the 
aqueous solution equilibria, the cytotoxic activity and 
the DNA binding ability of l-salicylidenealanine, N-[(2-
hydroxyphenyl)methylene]-l-alanine (1a), l-salicylide-
nevaline N-[(2-hydroxyphenyl)methylene]-l-valine (1b), 
l-salicylidenecysteine N-[(2-hydroxyphenyl)methylene]-
l-cysteine (1c), l-salicylideneserine N-[(2-hydroxyphe-
nyl)methylene]-l-Serine (1d), l-salicylidenearginine 
N-[(2-hydroxyphenyl)methylene]-l-arginine (1e), and 
l-salicylidenehistidine N-[(2-hydroxyphenyl)methylene]-
l-histidine (1f) (Scheme 1). The chosen compounds were 
prepared modifying literature methods, to improve the 
product yield. All compounds were fully characterized by 
elemental analysis, NMR (1H- and 13C-NMR) and Infrared 
(IR) spectroscopy techniques. The protonation constants 
of the compounds were determined by potentiometric 
and spectrophotometric titrations, carried out simultane-
ously in aqueous solution at 25 °C in 0.1 M ionic strength 
(NaCl). The interaction of 1a–f bases with calf thymus 
DNA (ct-DNA) and the cytotoxic activity against a panel 

of human tumor cell lines (SK-MES-1, DU-145, Hep-G2, 
CCRF-CEM, CCRF-SB) were also examined.

Experimental

Calf thymus DNA sodium salt, hydrochloric acid standard 
solutions, diethyl ether, dimethylsulfoxide-d6 (DMSO-d6), 
ethanol, l-alanine, l-arginine, l-cysteine, l-histidine, l-ser-
ine, l-valine, methanol, 1,4-piperazinediethanesulfonic acid 
(PIPES), potassium bromide, salicylaldehyde, sodium bro-
mide, sodium chloride, sodium hydroxide pellets, sodium 
hydroxide standard solution and sodium sulfate were pur-
chased from Sigma-Aldrich and used without any further 
purification. Infrared spectra of the studied compounds were 
recorded using a Bruker Equinox 55 spectrophotometer, 
in KBr medium (pellets). 1H and 13C NMR spectra were 
recorded on Varian 400 and 500 spectrometers. Proton and 
carbon chemical shifts in DMSO-d6 were referenced to the 
residual solvent signals (1H NMR, δ = 2.60 ppm; 13C NMR, 
δ  = 39.6 ppm). Melting points (mp) were measured using a 
Kofler hot stage microscope and are uncorrected.

Synthesis of l‑salicylideneaniline (1a)

Compound 1a was prepared according to a literature method 
(Hsieh et al. 2007). A mixture of l-alanine (0.8 g, 9 mmol), 
salicylaldehyde (1 mL, 9 mmol) and Na2SO4 (4 g) in metha-
nol (150 mL) was stirred under reflux for 12 h. The solid 
was filtered, and the solvent was removed under reduced 
pressure to give 1.6 g (90% yield) of light brown solid, mp 
138–142 °C (dec). 1H NMR (400 MHz, DMSO-d6): δ 8.59 
(s, 1H, CH=N), 7.46 (m, 1H, Ar–H), 7.35 (m, 1H, Ar–H), 
6.90 (m, 2H, Ar–H), 4.21 (q, 1H, CH–CO2H, J = 6.7), 1.44 
(d, 3H, CH3, J = 6.7). 13C NMR (125 MHz, DMSO-d6): 
δ 19.48, 64.79, 116.60, 117.36, 118.69, 131.93, 132.69, 
160.62, 166.61, 173.29. IR (KBr): ν/cm−1 3418, 3090, 
2604, 1630, 1595, 1452, 1409, 1356, 1309, 1117, 853, 542. 

Scheme 1   Schiff bases synthesized from salicylaldehyde and amino 
acids l-alanine (a), l-valine (b), l-cysteine (c), l-serine (d), l-arginine 
(e), l-histidine (f)
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Elemental analysis found (calc. for C10H11NO3): C% 61.80 
(62.17), H% 5.64 (5.74), N% 7.21 (7.25).

Synthesis of l‑salicylidenevaline (1b)

Compound 1b was prepared as reported for 1a to give 1.22 g 
(62% yield) of light yellow solid, mp 162–164 °C. 1H NMR 
(500 MHz, DMSO-d6): δ 0.89 (d, 3H, CH3, J = 4 Hz), 0.91 
(d, 3H, CH3, J = 4.5 Hz), 2.26 (m, 1H, CH–CH3), 3.82 (m, 
1H, CH–CO2H), 6.89 (m, 2H, Ar–H), 7.35 (t, 1H, Ar–H, 
J = 7.6 Hz), 7.45 (d, 1H, Ar–H, J = 7.6 Hz), 8.53 (s, 1H, 
CH=N). 13C NMR (100 MHz, DMSO-d6): δ 17.8, 19.3, 
31.1, 75.9, 116.6, 118.6, 118.7, 132.0, 132.7, 160.8, 167.4, 
172.4. IR (KBr): ν/cm−1 3430, 2961, 2626, 1648, 1589, 
1511, 1394, 1330, 757, 541. Elemental analysis found (calc. 
for C12H15NO3): C% 64.98 (65.14), H% 6.84 (6.83), N% 
6.21 (6.33).

Synthesis of l‑salicylidenecysteine (1c)

A mixture of l-cysteine (1.09 g, 9 mmol) and salicylalde-
hyde (1 mL, 9 mmol) in ethanol (50 mL) was stirred under 
reflux for 12 h (Pillai et al. 1999). The solid product was 
filtered, washed with ethanol and dried. The white solid 
obtained (1.75 g, 86% yield) showed in the NMR analysis 
to be formed by two isomers (E and Z) of compound 1c, mp 
166–167 °C. 1H NMR (500 MHz, DMSO-d6): δ (E) 2.97 
(dd unresolved, 1H, CH2, J = 9.5 Hz), 3.34 (dd, 1H, CH2, 
J = 7 and 9.5 Hz), 4.20 (m, 1H, CH–CO2H), 5.65 (s, 1H, 
CH=N), 6.81 (t, 2H, Ar–H, J = 7 Hz), 7.13 (t, 1H, Ar–H, 
J = 7.5 Hz), 7.34 (d, 1H, Ar–H, J = 7 Hz); δ (Z) 3.03 (dd, 
1H, CH2, J = 5 and 10 Hz), 3.20 (dd, 1H, CH2, J = 7 and 
10 Hz), 3.82 (m, 1H, CH–CO2H), 5.85 (s, 1H, CH=N), 6.76 
(m, 2H, Ar–H), 7.06 (t, 1H, Ar–H, J = 7.5 Hz), 7.30 (d, 
1H, Ar–H, J = 7.5 Hz). 13C NMR (100 MHz, DMSO-d6): δ 
(E) 37.11 (CH2), 64.85 (CH–C=O), 65.69 (CH=N), 115.15 
(CAr–H), 118.81 (CAr–H), 127.67 (CAr–C), 126.16 (CAr–H), 
128.16 (CAr–H), 155.23 (CAr–OH), 172.98 (C=O); δ (Z) 38.21 
(CH2), 65.26 (CH–C=O), 67.73 (CH=N), 115.74 (CAr–H), 
119.10 (CAr–H), 124.30 (CAr–C), 127.94 (CAr–H), 129.09 
(CAr–H),154.65 (CAr–OH),172.51 (C=O). IR (KBr): ν/cm−1 
3438, 3100, 2701, 2578, 1622, 1598, 1577, 1457, 1384, 
1334, 1283, 760, 679. Elemental analysis found (calc. for 
C10H11NO3S): C% 53.64 (53.32), H% 5.06 (4.92), N% 6.31 
(6.22), S% 13.87 (14.23).

Synthesis of l‑salicylideneserine (1d)

A mixture of l-serine (0.95 g, 9 mmol) and salicylaldehyde 
(1 mL, 9 mmol) in ethanol (50 mL) was stirred under reflux 
for 2.5 h, then kept in the refrigerator overnight. The solid 
product was filtered, washed with ethanol, and dried. Prod-
uct 1d was obtained as a light brown solid (1.00 g, 53% 

yield), mp 220 °C (dec). 1H NMR (500 MHz, DMSO-d6): δ 
3.69 (dd, 1H, CH2, J = 7.5 and 11 Hz), 3.86 (dd, 1H, CH2, J 
= 4 and 11 Hz), 4.09 (dd, 1H, CH–CO2H, J = 4 and 7.5 Hz), 
6.90 (m, 2H, Ar–H), 7.35 (t, 1H, Ar–H, J = 7.5 Hz), 7.46 
(d, 1H, Ar–H, J = 7.5 Hz), 8.53 (s, 1H, CH=N). 13C NMR 
(125 MHz, DMSO-d6): δ 62.7, 72.5, 116.7, 118.5, 118.7, 
132.0, 132.7, 160.9, 167.6, 171.4. IR (KBr): ν/cm−1 3444, 
3054, 2947, 1635, 1618, 1603, 1507, 1472, 1416, 1348, 
1313, 1125, 1015, 615, 527. Elemental analysis found (calc. 
for C10H11NO4): C% 57.46 (57.41), H% 5.25 (5.30), N% 
6.31 (6.70).

Synthesis of l‑salicylidenearginine (1e)

Compound 1e was prepared as reported for 1c to give a 
bright yellow solid (2.45 g, 98% yield), mp 200–202 °C. 1H 
NMR (500 MHz, DMSO-d6): δ 1.58 (m, 2H, CH2CH2CH2), 
1.83 (m, 1H, CHCH2), 2.01 (m, 1H, CH–CH2), 3.18 (m, 
2H, CH2–NH), 3.88 (m, 1H, CH–COOH), 6.86 (m, 2H, 
Ar–H), 7.36 (t, 1H, Ar–H, J = 8 Hz), 7.45 (d, 1H, Ar–H, 
J = 8 Hz), 8.52 (s, 1H, CH=N), 9.60 (s, broad, 1H, NH). 
13C NMR (100 MHz, DMSO-d6): δ 26.0, 31.6, 41.4, 71.3, 
117.4, 118.2, 119.4, 133.2, 134.5, 157.5 (NH2-C = NH), 
165.3, 166.8, 174.8. IR (KBr): ν/cm−1 3407, 3315, 3078, 
2965, 2865, 1662, 1650, 1634, 1591, 1474, 1377, 1343, 
1192, 1149, 777, 536. Elemental analysis found (calc. for 
C13H18N4O3): C% 56.16 (56.10), H% 6.59 (6.52), N% 20.08 
(20.13).

Synthesis of l‑salicylidenehistidine (1f)

A mixture of l-histidine (0.7 g, 4.5 mmol) and salicylalde-
hyde (1 mL, 9 mmol) in ethanol (50 mL) was stirred under 
reflux for 24 h. The solid product was filtered, washed with 
ethanol and dried. Product 1f was obtained as a bright yel-
low solid (0.9 g, 77% yield), mp 174–180 °C. 1H NMR 
(400 MHz, DMSO-d6): δ 3.00 (dd, 1H, CH2, J = 8.4 and 
14.6 Hz), 3.18 (dd, 1H, CH2, J = 4.8 and 14.6 Hz), 4.32 (dd, 
1H, CH-CO2H, J = 4.8 and 8.4 Hz), 6.77 (s, 1H, C=CH–N), 
6.85 (m, 2H, Ar–H), 7.34 (m, 2H, Ar–H), 7.59 (s, 1H, 
NH–CH=N), 8.32 (s, 1H, CH=N). 13C NMR (125 MHz, 
DMSO-d6): δ 31.22, 70.19, 116.57, 118.59, 119.49, 129.28, 
131.86, 132.63, 134.84, 136.46, 160.62, 166.93, 172.38. IR 
(KBr): ν/cm−1 3422, 3122, 3018, 2879, 1638, 1531, 1470, 
1416, 1341, 1267, 1149, 838, 624, 535. Elemental analysis 
found (calc. for C13H13N3O3): C% 60.19 (60.22), H% 4.97 
(5.05), N% 16.24 (16.21).

Potentiometric and spectrophotometric titrations

Potentiometric titrations were carried out in a thermostated 
vessel with a Mettler-Toledo Seven Compact pH/Ion-meter, 
equipped with a Mettler-Toledo InLab Micro Pro combined 
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glass electrode with an integrated temperature probe. Poten-
tiometric titrations were performed at 25 °C in 0.1 M ionic 
strength (NaCl) under N2 atmosphere. The glass electrode 
was calibrated daily by titration of a known amount of HCl 
with carbonate-free NaOH standard solution. Electrode 
standard potential (E0), water ionic product (pKw), elec-
trode response and carbonate content of the titrant solution 
were checked with Gran’s procedure (Gran 1952) using the 
Glee software (Gans and O’Sullivan 2000). The UV–Vis-
ible (UV–Vis) measurements were carried out with a Var-
ian Cary 60 spectrometer equipped with an optical fiber dip 
probe with a 1 cm optical path length.

Protonation constants

Protonation constants of compounds 1a–f were determined 
by spectrophotometric and potentiometric titrations, at 25 °C 
in 0.1 M ionic strength (NaCl), following the spectral vari-
ations due to the additions of the titrant. Solutions of ligand 
were prepared daily by dissolving the proper amount of 
the compound in freshly distilled water. Concentrations of 
compounds 1a–f ranged from 2.8 × 10–4 to 1.0 × 10–3 M, 
according to their absorptivity and solubility. Solutions con-
taining a known amount of compound and HCl (necessary 
to fully protonate the molecule) were titrated with NaOH 
standard solution. The reversibility of the involved equilibria 
was checked by back-titration with standard HCl. The over-
all stability constants were determined with the Hyperquad 
2003 software (Gans et al. 1996).

DNA binding

The binding constants (Kb) between ct-DNA and com-
pounds 1a–f were determined at 25 °C by spectrophotomet-
ric titrations in PIPES buffer 0.01 M at pH 7.0. A stock 
solution of ct-DNA in 0.01 M PIPES buffer at pH 7.0 was 
prepared and stored at 4 °C. This solution was used within 
4 days. The concentration of DNA per nucleotide was 
determined by UV absorption at 260 nm using its molar 
absorption coefficient (6600 M−1 cm−1) (Reichmann et al. 
1954). The purity of the DNA was checked by monitoring 
the ratio of the absorbance at 260 nm to that at 280 nm. A 
ratio higher than 1.8 indicates a DNA sufficiently protein-
free (Murmur 1961). Twenty solutions containing a fixed 
amount of the compounds (ranging from ≈ 2.03 × 10–4 to ≈ 
6.07 × 10–4 mmol, according to the absorptivity) and vari-
able amounts of DNA (ranging from 6.09 × 10–4 to 1.82 × 
10–3 mmol) were prepared. The stock solution of 1c was 
prepared at least 39 h before the experiment due to its slow 
dissolution in PIPES. Since the interactions between DNA 
and compounds 1a–f are slow processes, spectra in the 
200–500 nm range were recorded when equilibration was 
reached (15 h). All solutions were stored in the dark at room 

temperature. The DNA binding constants were obtained by 
using the Hyperquad 2003 software (Gans et al. 1996).

Cell lines

Cell lines were purchased from the American Type Culture 
Collection (ATCC) and were derived from: lung squamous 
carcinoma (SK-MES-1, ATCC number HTB-SB); prostate 
carcinoma (DU-145, ATCC number HTB-B1); hepatocel-
lular carcinoma (Hep-G2, ATCC number HB-8065); acute 
T-lymphoblastic leukemia (CCRF-CEM, CRL-8436); acute 
B-lymphoblastic leukemia (CCRF-SB, ATCC number CCL-
120). All cell lines were grown at 37 °C in a 5% CO2 atmos-
phere, in their specific media according to ATCC instruc-
tions, in the presence of 5–10% fetal bovine serum (FBS), 
antibiotic and, unless otherwise indicated, sodium pyruvate. 
All cell cultures were maintained in exponential growth by 
periodically splitting high density suspension cultures (i.e. 
106 cell/mL) or when cell monolayers reached sub-conflu-
ence (70–90% confluence). The absence of mycoplasma con-
tamination was checked periodically by the Hoechst staining 
method (Latt et al. 1975).

Cytotoxic assays

The cytotoxic effect of the compounds 1a–f was evaluated 
in cell lines during the exponential growth stage. Stock solu-
tions of 1a–f were stored at 4 °C in the dark. For the evalu-
ation of cytotoxicity, solutions of compounds 1a–f were 
serially diluted in growth medium specific for the differ-
ent cell lines. Suspension cell lines were seeded in 96-well 
plates at an initial density of 1 × 105 cells/mL in specific 
growth medium, with or without serial dilutions of each 
compound. Adherent cell lines were seeded at an initial 
density of 1 × 104 cells per well and incubated overnight 
before adding serial dilutions of the test compound. Cell 
viability was determined after 96 h at 37 °C, 5% CO2, by 
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 
bromide (MTT) method as previously described (Pauwels 
et al. 1988). Cell growth at each drug concentration was 
expressed as the percentage of untreated controls. The 
results were expressed as IC50, i.e. the concentration of 
compound required to reduce the viability of the tested cells 
by 50%. The antitumor agent vincristine was used as a refer-
ence compound.

Results and discussion

Literature reports many different synthetic methods to pre-
pare amino acid-derived Schiff bases (Smith et al. 1977; Rao 
and Philipp 1991; Saleem et al. 2012; Ershov et al. 2013). 
The classic method to synthesize Schiff bases consists of 
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simply mixing equimolar amounts of amine and aldehyde in 
ethanol and refluxing the mixture for some hours: the desired 
product readily formed can be filtered and isolated. When 
the amine role is played by an α-amino acid, the synthetic 
procedure may not be so straightforward, due to the amino 
acid zwitterionic character resulting in a weakly nucleophilic 
amino group. Several modifications of the classic method 
have been reported. For example, potassium (Liu et al. 2012) 
or sodium hydroxide (Hiskey and Jung 1963) was added 
to an aqueous or methanolic solution of the amino acid to 
enhance its nucleophilic character. An analogous effect is 
obtained with a bicarbonate buffer (Rao and Philipp 1991). 
On the other hand, the added base has the effect of promot-
ing the aldehyde self-reaction, leading to a lower yield of 
the desired Schiff base. We found that the simple mixing-
reflux method can be applied only to cysteine and arginine. 
To obtain a satisfactory yield from the other four amino 
acids, the classic method must be modified as follows: (i) 
for the histidine derivative, a double amount of aldehyde 
was used; (ii) for alanine and valine derivatives, anhydrous 
sodium sulfate was added to the reaction mixture as reported 
by Hsieh (Hsieh et al. 2007); (iii) for serine derivative, an 
equimolar mixture of amino acid and aldehyde was refluxed 
in ethanol for 2 h and the resulting solution was kept in 
the refrigerator overnight. The high reactivity of cysteine 
in the reported condition is noteworthy: in fact, after only 

1 h at the reflux temperature a thick white precipitate was 
obtained. The NMR analysis revealed that it constituted by 
two geometric isomers E and Z. The E isomer was the more 
abundant, due to the lower steric hindrance: the correspond-
ence of the imino CH=N proton chemical shift value with 
those reported (Maurya et al. 2008) allows its identifica-
tion. All attempts to prepare only one isomer, lowering the 
reaction temperature or increasing the solvent amount, were 
unsuccessful.

The protonation constants were determined by a basic 
titration, measuring simultaneously the electrochemical 
potential and the UV–Vis absorption. The absorbance val-
ues measured during the potentiometric titrations of 1a and 
1b are reported vs wavelength and pH in Fig. 1 as an exam-
ple. Spectra recorded during the titrations of the other com-
pounds are reported in the Supporting material. The func-
tional groups involved in the protonation and the protonation 
sequence were determined by comparing the pure UV–Vis 
spectra of the formed species. No reliable NMR spectra in 
water solution were obtained due to the low water solubility 
of the compounds (< 1 mM).

Spectral evidences

By titrating the synthesized compounds, several equilibria 
were spectrally evidenced in the 2–11.4 pH range: three for 

Fig. 1   Absorbance as a function of wavelength and pH measured 
during the titrations of 0.0240  mmol of 1a (a) and 0.0178  mmol 
of 1b (b); 25  °C, 0.1  M NaCl ionic buffer, 1  cm optic path length. 
Compound 1a: by titrating compound 1a with NaOH, three equi-
libria are spectrally evidenced in the pH range 2–11.4 (Fig. S1). 
At pH 2, two peaks and a shoulder are present at 325, 257 and ≈ 
280 nm, respectively. Increasing the pH, the absorbance of the peaks 
slightly decreases, not for the dilution as can be seen in the inset of 
the Fig. S1B where the absorbance at 325 nm is reported corrected 
for the dilution. The observed spectral variation is due to the depro-
tonation of the H3L+ species to form the H2L one. These two spe-
cies appear spectrally not well distinguishable. Increasing the pH till 
8.8, the intensity of the peaks at 325 and 257  nm decreases while 
two new peaks appear at 378 nm and 266 nm due to the formation 
of the HL− species. Four isosbestic points are present at 340, 300, 

265 and 247 nm. At pH higher than 8.8, the intensity of the peak at 
378 raises while that of the peak at 265 diminishes and a shoulder if 
formed at ≈ 300 nm, for the formation of the L2− species. Two isos-
bestic point are present at 283 and 259 nm. Selected spectra at spe-
cific pH values are reported in Fig. S1; Compound 1b: the analysis 
of the spectra recorded during the titration of 1b, gives evidence of 
three equilibria (Fig. S2). At acidic pH two peaks are present at 252 
and 325 nm. Increasing the pH till 8, the intensity of these two peaks 
decreases, while two new peaks appear at 264 and 378 nm. Four isos-
bestic points are present at 342, 292, 265 and 245 nm. After pH 8, 
the maximum of intensity shifts at 380 nm and three isosbestic points 
are present at 342, 292 and 265  nm. After pH 9, the peaks shift at 
374 nm with larger width, a poor resolved isosbestic point is present 
at 332 nm. Selected spectra at specific pH values are reported in Fig. 
S2
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1a, 1b, 1d, 1f, and four for 1c and 1e. Some spectra recorded 
during the potentiometric titrations at different pH ranges 
are reported in Figs. S1–S6. A detailed description of the 
spectral variations for 1a and 1b is reported in Fig. 1 caption 
as an example, while and for 1c–1f reported in the Support-
ing Fig. S7.

Calculation of the protonation constants

From the eigenvalue analysis of the spectrophotometric data, 
significant eigenvalues, interpreted as the number of linearly 
independent absorbing species were found (Malinowski 
2002). The concentration profile as a function of pH and 
the pure UV–Vis spectra of all the absorbing species were 
then calculated without model assumptions. The results are 
shown in Fig. 2 for 1c and in Figs. S1–6 E and S1–6 F for 
all the compounds.

Three significant eigenvalues were found for 1a, four for 
1b, 1d and 1f, and five for 1c and 1e. Four eigenvalues were 
expected for 1a and 1b and five for the other compounds. 
Any attempt to fit the experimental data considering four 
eigenvalues for 1a or five for 1d and 1f led to negative cal-
culated pure spectra. These results showed that H3L+ and 
H2L species for 1a and H4L+ and H3L species for 1d and 1f 
were not spectrally distinguishable. The potentiometric and 
spectrophotometric data were fitted simultaneously suppos-
ing a model considering three protonation equilibria (from 
L2− to H2L) for 1a and 1b, and four protonation equilibria 
(from L3− to H4L+) for 1c, 1d, 1e, and 1f. The protonation 
constants and the refined pure spectra were calculated. The 
protonation constants are reported in Table 1. The pK values 
related to the formation of the H3L+ and H4L2+ species for 
1a and 1f, respectively, were outside the experimental pH 
range.

The assignment of the protonation sequence was straight-
forward for compounds 1a and 1b. In fact, the first pK was 
related to the protonation of the phenolic oxygen atom, the 
second one to the iminic nitrogen, and the third one to the 
carboxylate group. To define the order in which the func-
tional groups of 1c were protonated, the absorptivity spectra 

Fig. 2   Model free concentration profile (a) and pure spectra (b), calculated with eigenvalues analysis of the spectrophotometric data collected 
during the potentiometric titration of compound 1c (7.07 × 10–4 M, 25 °C, 0.1 M NaCl, 1 cm optical path length, 25 °C)

Table 1   Protonation constants of compounds 1a–f at 25 °C and 0.1 M 
NaCl ionic strength

Compound Species Log β pK

Overall stability constants
 1a HL− 10.2 (1) 10.2

H2L 18.30 (5) 8.1
H3L+ 19.8 (2) < 2

 1b HL− 9.40 (2) 9.4
H2L 18.2 (1) 8.8
H3L+ 21.5 (1) 3.3

 1c HL2− 10.14 (1) 10.14
H2L− 18.72 (1) 8.58
H3L 26.72 (1) 8.00
H4L+ 29.80 (4) 3.08

 1d HL2− 11.0 (5) 11.0
H2L− 20.3 (1) 9.3
H3L 27.8 (1) 7.5
H4L+ 28.5 (5) < 2

 1e HL− 9.81 (3) 9.81
H2L 18.52 (3) 8.71
H3L+ 26.09 (4) 7.57
H4L2+ 28.2 (4) ≈ 2

 1f HL− 10.7 (2) 10.7
H2L 20.15 (2) 9.45
H3L+ 27.33 (2) 7.18
H4L2+ 29.3 (3) < 2
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of the different species of 1c were compared with those of 
1a. The spectra of the HL species (charges are omitted for 
simplicity) of 1a and 1c were similar for the position and 
absorptivity ratio of the bands. This suggests that the same 
group was protonated in both species, i.e. the phenolic oxy-
gen. The spectrum of the H2L species of 1c was different 
from that of the H2L species of 1a, where the iminic group 
was protonated, and was similar to that of the HL species 
of 1a, where the iminic group is still not protonated. Then 
the second protonation in 1c involves the sulfur atom. The 
spectra of the H3L species of 1c and that of the H2L spe-
cies of 1a being similar, it can be deduced that the third 
protonation in 1c involves the nitrogen atom. Finally, the 
fourth protonation occurs on the carboxylate group of 1c 
(see Supporting, Scheme S1). For 1d, by comparing the pure 
spectra of all the species formed by the studied compounds, 
the protonation involves in the order: the oxygen of the side 
chain, the phenolic oxygen, the imino group and lastly the 
carboxylate group (Scheme S2). For compound 1e, consider-
ing the absorptivity spectra of the formed species and the pK 
12.48 of the –NH2 group in the arginine side chain (Yoo and 
Cui 2008), the first protonation appears to involve the –NH2 
group. The second protonation involves the phenolic oxygen, 
the third one the C=N group and the last one the carboxylate 
group. As regards compound 1f, comparing the spectra of 
the absorbing species of all the studied compounds, and con-
sidering the protonation constants of histidine (Canel et al. 
2006), the protonation involves in the order: the phenolic 
oxygen, the histidine nitrogen atom, the imino group and 
finally the carboxylate group (Scheme S3).

DNA binding study

The ability of compounds 1a–f to bind DNA has been stud-
ied by UV–Vis titration with ct-DNA. The interaction of a 
molecule with DNA is known to result in a modification 
of its UV–Vis spectrum. The type of changes (red or blue 
shift, and hyper- or hypochromism) gives information on the 
binding mode (Babu et al. 2007). All the studied compounds 
showed, in the chosen experimental conditions, a peak at ≈ 
325 nm. After each addition of DNA, the band decreased in 
intensity for compounds 1b–f, whereas for the compound 1a 
only slight variations of the absorbance were observed. No 
significant shift of the maximum was observed. The forma-
tion of another small band around 400 nm was also observed 
for all the compounds. Selected spectra collected during the 
titrations with ct-DNA are reported in Fig. 3 for 1e, and in 
Fig. S8 for the other compounds. The spectral evidences 
suggest that compounds 1b–f slightly interact with DNA 
thorough intercalation between base pairs.

The equilibrium reaction involved in DNA binding is 
described by the equation (L + D ↔ LD), where L is a 

generic molecule interacting with DNA, D is the DNA 
and LD is the formed adduct. The DNA binding constants, 
defined as Kb = [LD]/[L][D], have been calculated by fit-
ting the experimental absorbance data supposing the for-
mation of the 1:1 compound-DNA adduct, according to 
Pivetta (Pivetta et al. 2014, 2017). The Kb values range 
from 48 to 447 (Table 2) and vary along the series 1f > 1c 
> 1e > 1d > 1b > 1a.

The affinity with the DNA appears related to the sub-
stituents present in the side chain. In fact, the lowest values 
(48 and 69 M−1) were observed for 1a and 1b, bearing a 
methyl and an iso-propyl as substituents. The presence in 
the side-chain of the imidazole or the thiol group increased 
the Kb by ≈ 10 and ≈ 5 times, respectively, with respect 
to the compound 1a. The measured Kb values were lower 
than those reported in literature for similar Schiff bases 
(Ali et al. 2014; Gowri and Jayabalakrishnan 2012; Arshad 
et al. 2014). The difference was probably due to the pres-
ence of other substituents participating in the DNA inter-
action. The experimental evidences showed that the amino 
acid moiety present in our compounds contributes, but not 
heavily, to the DNA binding.

Fig. 3   Selected spectra recorded during the titration of 2 × 10–4 mmol 
of 1e with 0.002 M ct-DNA; 0.01 M PIPES buffer, 25 °C, 1 cm opti-
cal path length. The arrows show the absorbance changes occurred 
during the titration

Table 2   DNA-binding constants 
of 1a–f 

Compound Kb (M−1)

1a 48 (7)
1b 69 (8)
1c 229 (22)
1d 110 (12)
1e 148 (15)
1f 447 (39)
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Cytotoxicity

An evaluation of the cytotoxic activity of the synthetized 
compounds wasn carried out to study the influence of the 
introduction of the phenolic ring on the cytotoxicity of the 
amino acids. In fact, phenolic compounds are known to be 
toxic due to reactive oxygen species (ROS) formation (Mich-
alowicz and Duda 2007). The antiproliferative activities of 
the six studied compounds were tested against three human 
solid tumor cell lines (lung squamous carcinoma (SK-
MES-1), prostate carcinoma (DU-145), and hepatocellular 
carcinoma (Hep-G2)), and two human haematological tumor 
cell lines (acute T-lymphoblastic leukemia (CCRF-CEM), 
and acute B-lymphoblastic leukemia (CCRF-SB)). All the 
studied compounds showed IC50 values higher than 100 µM 
against all the tested tumor cell lines (Tables 3, 4) and were 
then devoid of a significant cytotoxic activity (Fig. 4a–e).

Conclusions

The Schiff bases 1a–f were synthesized and characterized by 
means of elemental analysis, NMR and IR spectroscopy. The 
protonation and DNA-binding constants, and the cytotoxic 
activity were determined. With respect to the literature meth-
ods, reduced reaction time (for 1c and 1d), double amount of 
salicylaldehyde (for 1f) and sodium sulfate addition (for 1a 
and 1b) were needed for a better yield. All compounds were 
obtained as a mixture of E and Z geometric isomers, the E 
isomer always being more abundant. The protonation of the 
carboxylate group happens at around pH 3 for 1b and 1c, 
whereas for all the other compounds around 2 or lower. The 
protonation of the imino group occurs between pH 7.18 and 

8.8, while that of the phenolic oxygen between pH 8.71 and 
10.7. The protonation of the amino acid side chain occurs 
before the protonation of the phenolic oxygen only for 1d 
and 1e. In all compounds the imino group is protonated after 
the carboxylic group. The examined compounds do not show 
cytotoxic activity, despite the presence of the phenolic ring 
derived from salicylaldehyde. Nevertheless, 1a–f show DNA 
binding constant in the 48–447 M−1 range. The absence of 
cytotoxicity and the poor reactivity with DNA, confirm the 
feasibility of these compounds for pharmaceutical applica-
tions, also in metal complexes, to exploit their unique prop-
erties. In fact, although the ligands are devoid of significant 
activity, an antitumor activity of their metal complexes is 
not totally unexpected. As an additional interesting applica-
tion, the studied compounds may be also promising green 
catalysts in chiral synthesis, due to their intrinsic chirality 
derived from the l-amino acid moiety.

Table 3   Antiproliferative activity in  vitro of the synthesised com-
pounds against human leukaemia-/lymphoma-derived cell lines

a Compound concentration required to reduce cell proliferation by 
50%, as determined by the MTT method, under conditions allowing 
untreated controls to undergo at least three consecutive rounds of 
multiplication
b Human acute T-lymphoblastic leukaemia
c Human acute B-lymphoblastic leukaemia; vincristine was used as a 
reference antitumor compound

Compounds IC50 (μM)a

CCRF-CEMb CCRF-SBc

1a
1b > 100 > 100
1c > 100 > 100
1d > 100 > 100
1e > 100 > 100
1f > 100 > 100
Ref. compd
 VINCRISTINE 0.0007 0.0009

Table 4   Antiproliferative activity in vitro of Schiff bases compounds 
against solid tumour-derived (SK-ME 1, DU 145, HEP-G2) cell lines

a Compound concentration (µM) required to reduce cell proliferation 
by 50%, as determined by the MTT method, under conditions allow-
ing untreated controls to undergo at least three consecutive rounds of 
multiplication
b Human lung squamous carcinoma
c Human prostate carcinoma
d Human hepatocellular carcinoma; vincristine was used as a reference 
antitumor compound

Compounds aIC50 (μM)
bSK-MES 1 cDU 145 dHEP-G2

1a > 100 > 100 > 100
1b > 100 > 100 > 100
1c > 100 > 100 > 100
1d > 100 > 100 > 100
1e > 100 > 100 > 100
1f > 100 > 100 > 100
Ref. compd
 VINCRISTINE 0.17 1.18 0.005
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