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Synthesis of monosodium salts of N-(5-nitro-salicylidene)-D-
amino acid Schiff bases and their iron(III) complexes:

spectral and physical characterizations, antioxidant activities
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Amino acid Schiff bases, [NaL]·nH2O (L = N-(2-hydroxy-5-nitrobenzylidene)alaninate, N-(2-
hydroxy-5-nitrobenzylidene)valinate, and N-(2-hydroxy-5-nitrobenzylidene)phenylalaninate), were
synthesized as monosodium salts (L1Na–L3Na). The structures of the monosodium salts were con-
firmed on the basis of elemental analysis, conductivity measurements, UV–vis, FT-IR, and 2D NMR
(HMQC) spectroscopies. L1Na was also structurally determined by single-crystal X-ray diffraction.
Hydrogen bond between the amino N(2)–H and phenolate O(1) of the salicylidene part of the mole-
cule played important roles in stabilizing the zwitterion crystal structure. The ranges of the D–H…A
angles and those of the H…A and D…A distances indicated the presence of short hydrogen bonds
in the structure. In addition, the monosodium salts have been evaluated for in vitro antioxidant
activity. Iron(III) complexes (L1Fe–L3Fe) have been obtained by reaction of the appropriate ligand
with iron(III) chloride in a 2 : 1 M ratio. Fe(III) complexes were characterized by elemental and ther-
mal analysis, conductivity and magnetic susceptibility measurements, UV–vis, FT-IR, and X-ray
photoelectron spectroscopy methods.
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1. Introduction

Schiff bases obtained through condensation of amino acids with salicylaldehyde are model
compounds of N-pyridoxylidene amino acid, a coenzyme of vitamin B6. Various Schiff bases
have been reported using DL-alanine and DL-valine [1], histidine, aspartic acid, glycine, cys-
teine, and glutamic acid [2]. Schiff bases and their transition metal complexes are important
compounds in medicine with biological applications such as antibacterial [3, 4], antifungal
[5, 6], antiviral [7, 8], analgesic [9, 10], anti-inflammatory [11, 12], and anticancer activities
[13, 14]. These compounds have also been shown to be useful for chemosensor chemistry
[15], catalysts for many organic reactions [16], effective catalysts in asymmetric synthesis
[17], non-linear optical materials [18, 19], and luminescence materials [20].

The flavor, color, and nutritive properties of foods are changeable, related with lipid
oxidation reactions. L-ascorbic acid, gallic acid, caffeic acid, uric acid, L-glutathione, and
guercetin, etc. are used as antioxidants for maintaining quality of foods. A number of
synthetic compounds have been presented in the literature for their antioxidant activity
[21–23], but most of them are not soluble in water. In this work, we investigate the antioxi-
dant activity of monosodium salts which are water soluble. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) was used for determination of antioxidant activity because it reacts with an antioxi-
dant directly and rapidly. This mechanism is based on the transfer of hydrogen from an
antioxidant (AH) or a radical species (R�) to DPPH radical [24].

In this study, we have synthesized the monosodium salts and iron(III) complexes of the
N-(5-nitro-salicylidene)-amino acids, where amino acid is D-alanine, D-valine, and
D-phenylalanine. Single-crystal X-ray analysis of the monosodium salt L1Na, which has a
functional side chain (alanine), shows that its crystals are 1-D coordination polymers. Each
sodium ion has six coordination. The carboxylate of amino acid Schiff base coordinates
Na+ in a monodentate mode. Na+ ions are linked by aqua bridges, …Na(μ-OH2)2Na…

The structures of the newly synthesized compounds have been characterized by various
spectroscopic techniques. The existence of intramolecular hydrogen bonding for the mono-
sodium salts of amino acid Schiff bases has been studied both in solid state by FT-IR and
X-ray crystallography and in the solution by UV–vis and NMR spectroscopies.

2. Experimental

2.1. Materials and reagents

D-alanine (Sigma), D-valine (Aldrich), D-phenylalanine (Sigma), 5-nitro-salicylaldehyde
(Aldrich), sodium bicarbonate (Merck), iron(III) chloride (Aldrich), 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Aldrich), and L-ascorbic acid (Carlo Erba) were used without
purification. Absolute ethanol and methanol were purchased from Sigma.

2.2. Instrumentation

Melting points were determined on Barnstead Electrothermal BI 9200. Elemental analysis
was performed on a LECO CHNS-932 analyzer. IR spectra from 4000 to 400 cm−1 were
measured using KBr disks on a Mattson 1000 FTIR spectrophotometer. UV–visible spectra
were obtained using an Analytika Jena UV-200 spectrophotometer at room temperature.
Conductivity measurements were carried out in 1 mM solution using a WTW Series Inolab
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Cond. 730 with a WTW Tetracon 325 electrode. 1H/13C NMR, 2D NMR (HMQC) spectra
were obtained on a Bruker Ultrashield 300 MHz at room temperature. At room temperature,
magnetic susceptibilities of Fe(III) complexes were determined using a Sherwood Scientific
MKI model Evans magnetic balance calibrated with Hg[Co(NCS)4]. The TGA-DTA curves
of complexes were recorded using a SII 7300 EXSTAR between 35 and 800 °C at a heating
rate of 10 °C min−1 in a N2 atmosphere. XPS determination was carried out with a Thermo
K-Alpha spectrometer. The X-ray source is Al Kα X-rays (monochromatic), carried out at
90° electron take-off angle. The experiments were conducted at pressures below 10−7 mbar.

2.2.1. X-ray structure determination of L1Na. Crystallographic data of monosodium salt
L1Na were recorded on a Bruker APEX 2 CCD X-ray diffractometer employing plane
graphite monochromated with MoKα radiation (λ = 0.71073 Å) using ω−2θ scan mode.
The structures were solved by direct methods and refined by full-matrix least-squares
techniques on F2 using SHELXS-97 and refined using SHELXL-97 [25]. The empirical
absorption corrections were applied by the multi-scan method via Bruker, SADABS soft-
ware [26]. Hydrogens of water were located in difference Fourier syntheses with distances
of O–H = 0.79(3)–0.90(3) Å. The remaining hydrogens were placed geometrically at dis-
tances of 0.86–0.96 Å from their parent for N–H and C–H bonds. ORTEP-3 for windows
[27] and OLEX2 [28] drawing of the molecule with 40% probability displacement thermal
ellipsoids and atom-labeling scheme are shown in figures 6 and 7, respectively.

2.3. Synthesis

2.3.1. Synthesis of monosodium salts of amino acid Schiff bases. Sodium bicarbonate
(1.00 mmol, 0.0840 g) was added to an aqueous solution (10 mL) of the D-amino acid
(1.00 mmol), and the mixture was stirred for 30 min. After completion of CO2 evolution,
the warm solution of 5-nitrosalicylaldehyde (1.00 mmol, 0.1540 g) in 15 mL absolute EtOH
was added dropwise with stirring to an aqueous solution. There action was allowed to pro-
ceed for three days at 25 °C with stirring. The solvent was removed by rotary evaporator
until an orange precipitate was formed. The solid products were purified by recrystallization
from H2O/EtOH mixture.

2.3.2. Synthesis of Fe(III) complexes. The monosodium salt of amino acid Schiff base
(1 mmol) was dissolved in water (30 mL). The aqueous solution of iron(III) chloride
(1 mmol, 10 mL) was added dropwise to solution of the ligand. The reaction mixture was
stirred for one day at 25 °C. The mixture was kept over a period of 2–5 days at room
temperature. The solid product was filtered and crystallized from H2O/EtOH mixture.

2.4. Antioxidant activity (DPPH UV–vis assay)

DPPH UV–vis assay was based on the reported method [29, 30]. 0.1 mM methanolic solu-
tion of DPPH was prepared. A volume of 1 mL of 0.1 mM DPPH was added to different
volumes of the aqueous or methanolic sample solutions (1 mg mL−1). The mixture was
shaken vigorously and incubated at room temperature for 30 min in the dark. The color of
the solution turned from violet to pale yellow during antioxidant action. The absorbance of
the samples was measured at 517 nm. Methanol was used for the baseline correction.
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Ascorbic acid was used as standard. The free radical scavenging activity was calculated using
the following formula (1), and the values were expressed as SC50 (mg sample per mL),
the concentration of the samples that causes 50% scavenging of DPPH radical

Radical scavenging activity ð%Þ ¼ ½Ac � As�
Ac

� 100 (1)

where Ac was the absorbance of the control (without any compound, only methanolic
solution of DPPH), and As was the absorbance of the samples. All experiments were carried
out in triplicate.

3. Results and discussion

3.1. Structures of the ligands and the complexes

The monosodium salts of amino acid Schiff bases have been synthesized by reaction of
5-nitro-salicylaldehyde with D-amino acids in the presence of sodium bicarbonate. The
elemental analyses show 1 : 1 (Na : ligand) stoichiometry for these compounds, correspond-
ing with [NaL]·nH2O (L = N-(2-hydroxy-5-nitrobenzylidene)alaninate, N-(2-hydroxy-5-
nitrobenzylidene)valinate, and N-(2-hydroxy-5-nitrobenzylidene)phenylalaninate). The
proposed molecular formulas of the monosodium salts are given in scheme 1.

The mononuclear iron(III) complexes have been derived from chiral tridentate monoso-
dium salts having imino–amino acid moiety. The elemental analyses confirm Na
[FeL2]·nH2O formulation of the complexes. Fe(III) is bonded to two ligands through the
imine nitrogen, carboxylate oxygen, and phenolate oxygen in a six-coordinate geometry.
The proposed molecular formulas of the Fe(III) complexes are shown in scheme 2.

Analytical, physical, conductivity, and magnetic susceptibility values of the compounds
are presented in table 1. All of the compounds are stable in air; the monosodium salts are
soluble in water and polar organic solvents; iron(III) complexes are less soluble in water,
but soluble in polar organic solvents.

Depending on the position of the hydrogen in this O…H…N bond, the o-hydroxy Schiff
bases exhibit three tautomeric forms, as shown in scheme 3, the phenol-imine (A), zwitteri-
onic (B), and keto-amine (C). On the basis of various spectroscopic techniques, it can be

CH

OH

O2N N HC

COONa

R

R Compound

CH
CH3

CH3

CH3

CH2

L1Na

L3Na

L2Na

Scheme 1. Structures of the amino acid Schiff bases: L1Na: monosodium N-(2-hydroxy-5-nitrobenzylidene)alani-
nate; L2Na: monosodium N-(2-hydroxy-5-nitrobenzylidene)valinate; and L3Na: monosodium N-(2-hydroxy-5-
nitrobenzylidene)phenylalaninate.
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concluded that salicylaldimine Schiff bases form mainly phenol-imine structures [31, 32].
In contrast to this, Schiff bases derived from 5-nitro-salicylaldehyde and aliphatic amines
exist as almost pure keto-amine form [33] or the zwitterionic form [34]. Naphthaldimine
Schiff bases exhibit either keto-amine structure or mixture of two tautomers [35].

3.1.1. IR spectra. Selected FT-IR absorption bands are given in table 2. Monosodium salts
L2Na and L3Na show a broad band at 3420–3423 cm−1, which is due to νOH. The azome-
thine (C=N) band can be accountable partially for the phenol-imine form which is inferred
from IR spectra [36]. Both observation of the (OH) band and the existence of the ν(C=N) at
1646–1659 cm−1 are evidence for the phenol-imine form of two monosodium salts in the
solid state. The band at 3240 cm−1 and a broad band at 1830–2362 cm−1 centered at
2129 cm−1 are assigned to (νNH) and (νNH+) vibrations, respectively, for L1Na (figure 1).
These bands prove that L1Na exists as a zwitterionic form by the presence of ionic
N+–H…O− hydrogen bonds. Bands at 1607–1619 cm−1 and 1383–1404 cm−1 are attributed
to the asymmetric and symmetric stretches of carboxylate, respectively [37]. Bands at
1538–1543 and 1322–1336 cm−1 are ascribed to ν(ONO−)as and ν(ONO−)s stretches,
respectively.

IR spectra of Fe(III) complexes are compared with the monosodium salts in order to
determine the coordination sites that may be involved in chelation. The phenolic ν(C–O)
stretch is at 1222–1231 cm−1 for monosodium salts L1Na-L3Na. In all Fe(III) complexes,

HC

O

NO2

CH

R

C O

O

NCH

R

CO

O

Fe
Na .nH2O

CH

O

O2N

N
R Compound

CH
CH3

CH3

CH3

CH2

L1Fe

L3Fe

L2Fe

Fe

Oc

Oc

Op N

N Op

fac-

Fe

Oc

Op

N Oc

Op N

mer-1

Fe

Oc

Op

N Op

Oc N

mer-2

Oc: carboxylate oxygen atom
Op: phenolic oxygen atom
N: imine nitrogen atom

(a)

(b)

Scheme 2. (a) Suggested structures of Fe(III) complexes, (b) stereoisomers of the complexes.
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this band is observed at 1095–1097 cm−1, confirming involvement of the phenolic group in
complex formation. The medium broad bands at 3411–3424 cm−1 are assigned to ν(OH) of
coordinated water. ν(C=N) vibrations of complexes are at 1633, 1625, and 1627 cm−1 for
L1Fe, L2Fe, and L3Fe, respectively. This band shifts to lower frequencies on complex
formation, indicating coordination of the azomethine N to Fe+3. New absorptions at 460–
465 cm−1 are assigned to ν(Fe–N). Furthermore, vibrations of ν(Fe–O) are 498–503 cm−1.
ν(COO–)as and ν(COO–)s vibrations are at 1605–1606 cm−1 and 1383–1386 cm−1, respec-
tively. Δ(νas-νs) of 220–222 cm−1 is characteristic of a monodentate carboxylate [38, 39].
The shift to lower frequency by 2–13 cm−1 in the metal complexes suggests coordination of
carboxylate oxygen to Fe+3, supported by appearance of new ν(M−OOC) bands at
654–655 cm−1. The bands at 1558–1561 cm−1 and 1312 cm−1 are related to the ν(ONO)as
and ν(ONO)s stretches, respectively.

3.1.2. UV–visible spectra. Although the UV–vis spectrum of salicylaldimine Schiff bases
indicates a band at <400 nm, naphthaldimine Schiff bases show a new band at >400 nm
[32].

Electronic spectral data of all the compounds are listed in table 2. In water, the absorption
spectra of the monosodium salts show two high energy bands at 349–354 nm and
381–385 nm (figure 2). These bands are assigned to π–π* and n–π* transition of the (C=N)
group, respectively [40]. This result proposes that the compounds exist in either the
phenol-imine or zwitterionic form in water.

Fe(III) complexes exhibit a band at 470 nm in DMSO. This band belongs to the charge
transfer transition (LMCT) from a filled (pπ) orbital of the phenolate oxygen to the half-
filled (dπ*) orbital of the Fe(III) ion [41] and is responsible for the dark red color of the
complexes. The higher energy shoulder at 398–405 nm is a superposition of the carboxy-
late-to-Fe(III) and imino-to-Fe(III) charge transfer bands. Thereupon, the band around
337 nm is attributed to π–π* transition of the (C=N) group.

3.1.3. Conductivity and magnetic susceptibility measurements. The molar conductance
values of the monosodium salts measured in 1 mM aqueous solution are at 82–89 and
89–105 Ohm−1cm2 mol−1 at different temperatures, indicating their 1 : 1 electrolytic behav-
ior [42]. Fe(III) complexes are 1 : 1 electrolytes with the conductance values of 23–79
Ohm−1cm2 mol−1 and 26–82 Ohm−1cm2 mol−1 in 1 mM DMSO solution. It suggests that
two ligand ions (L−2) are in the coordination sphere and sodium ion is uncoordinated,
corresponding with Na[FeL2].

The mononuclear Fe(III) complexes show a magnetic moment (μeff) of 5.01–5.94 BM.
According to the magnetic moment calculations, the complexes have five unpaired electrons
and are paramagnetic, which is expected for octahedral high-spin d5 Fe(III) (5.90 BM).

CH

O

O2N
N

R

H

CH

O

O2N
N

R

H

CH

O

O2N
N

R

H

Scheme 3. The tautomeric equilibria in ortho-hydroxy Schiff bases.

Iron(III) complexes 2571

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
37

 2
8 

D
ec

em
be

r 
20

15
 



Ta
bl
e
2.

F
T-
IR

an
d
U
V
–v
is
da
ta

of
th
e
co
m
po

un
ds
.

C
om

p.
U
V
–v
is
(n
m
)
(l
og

ε)
H
2
O

N
H
=
N
H
+

C
H

be
nz
en
e

C
H
/C
H
2

C
=
N

C
=
C

C
O
O
as
C
O
O
s

O
N
O
as
O
N
O
s

δC
H

C
–O

M
-O

O
C

M
-O

M
-N

L
1
N
a

34
23
.0

32
39
.8

30
61
.7

29
89
.9

16
59
.0

16
38
.3

16
07
.5

15
40
.4

14
47
.0

12
31
.7

–
35

4a
(3
.5
5)
,
38

4
(3
.5
3)

29
26
.3

18
29
.7
–2
36

1.
6

14
84
.8

14
04
.3

13
36
.9

13
72
.0

L
2
N
a

34
20
.9

N
ot

ob
s.

30
64
.5

29
63
.3

16
56
.7

14
74
.9

16
19
.2

15
38
.7

14
45
.5

12
30
.6

–
35

0a
(3
.3
4)
,
38

1
(3
.2
8)

N
ot

ob
s.

28
80
.2

13
87
.0

13
28
.0

L
3
N
a

34
22
.5

N
ot

ob
s.

30
63
.2

29
25
.8

16
46
.6

15
11
.4

16
10
.9

15
43
.6

14
44
.1

12
22
.8

–
34

9a
(3
.2
8)
,
38

5
(3
.2
2)

N
ot

ob
s.

13
83
.7

13
22
.4

L
1
F
e

34
24
.7

–
30

34
.4

29
18
.0

16
33
.8

14
97
.7

16
06
.3

15
61
.6

14
63
.5

10
97
.3

65
4.
9

46
5.
8

33
7b

(3
.5
1)
,
40

5s
h
(2
.9
5)
,

47
3
(2
.5
9)

50
3.
8

13
86
.8

13
12
.8

L
2
F
e

34
11
.0

–
30

69
.7

29
65
.7

16
25
.4

14
99
.5

16
06
.0

15
58
.1

14
62
.5

10
97
.7

65
5.
4

46
0.
4

34
4b

(3
.4
9)
,
40

2s
h
(3
.1
9)
,

47
7s
h
(2
.6
8)

50
2.
9

29
28
.6

13
86
.0

13
12
.2

L
3
F
e

34
11
.0

–
30

62
.3

29
21
.5

16
27
.6

14
99
.2

16
05
.4

15
59
.1

14
59
.0

10
95
.8

65
4.
1

46
4.
8

34
4b

(3
.6
0)
,
39

8s
h
(3
.3
8)
,

48
3s
h
(2
.7
6)

13
83
.6

13
12
.1

49
8.
0

a I
n
1
m
M

aq
ue
ou
s
so
lu
tio

n.
b
In

1
m
M

D
M
S
O

so
lu
tio

n.

2572 Ö. Özdemir (nee Güngör) et al.

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
37

 2
8 

D
ec

em
be

r 
20

15
 



3.1.4. NMR spectra. 1H NMR data in D2O for the monosodium salts are summarized in
table 3. The peak assignments are achieved on the basis of 1H-13C 2D NMR (HMQC)
spectra of L1Na in D2O.

The OH (H-8) proton is at 9.85–9.90 ppm [43]. The imine (H-1) proton is at
8.25–8.38 ppm as a singlet for L1Na and L2Na and a doublet (3JNHCH = 2.63 Hz) for
L3Na. Furthermore, the OH and the (CH=N) protons of L1Na shift downfield by
0.16–0.21 ppm and 0.27–0.40 ppm in DMSO-d6, respectively. Aromatic protons resonate at
6.40–6.54 ppm (H-4), 7.80–8.03 ppm (H-5) and 7.95–8.30 ppm (H-7). In addition, the
multiplet signals from 7.10 to 7.30 ppm (m, J = 7.34 Hz) are due to benzene protons for
L3Na.

The 1H NMR spectra show largest splitting of (H-10) signal in the aliphatic region into
two peaks, which proves the isomeric impurity of the monosodium salts. The compounds
occur in two diastereomeric forms (D- and L-). Both diastereomers are observed in a

Figure 1. IR spectra of L1Na.

Figure 2. UV–vis spectra of L2Na in D2O and L2Fe in DMSO.
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1 : 2.5, 1 : 0.7, and 1 : 1.5 ratios for L1Na, L2Na, and L3Na, respectively (figure 3). The
diastereomeric ratio is calculated from the signals for the (H-10) protons. Diastereotopic (H-
11) protons give two peaks as doublets for L1Na and multiplets for L2Na and L3Na.
Although H-12 is diastereotopic, only one signal has been observed at 0.90 ppm (quartet)
for L2Na.

The proton de-coupled 13C NMR data for the monosodium salts are listed in table 4.
According to the 13C NMR spectra of the compounds, the signal at 166.32–166.98 ppm is
ascribed to the imine (C-1) carbon [31]. The signal at 174.26–182.5 ppm is assigned to the
phenolic (C-3) carbon. Furthermore, the carboxylate (C-9) carbon is observed at
193.56–195.6 ppm. Chemical shifts from 113 to 136 ppm are for the aromatic carbons. The

Figure 3. The aliphatic 1H signals of the monosodium salts in D2O; (a) L
1Na, (b) L2Na, and (c) L3Na.
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nitro group causes the greatest downfield shift to 133.66–136.2 ppm for C-6 when com-
pared to hydrogen as the substituent in the benzene ring. As expected, alkyl carbons (C-10,
C-11, and C-12) are observed between 17 and 71 ppm.

3.1.5. Thermogravimetric analyses. The thermoanalytical data of Fe(III) complexes are
given in table 5. The TGA curves show that thermal decomposition of the complexes takes
place in two steps as illustrated in figure 4(a)–(c). The first mass loss at 40–171 °C is due
to escape of the uncoordinated water molecules. Second thermal reaction which is related to
decomposition of the organic ligands starts at 162 °C and continues to 738 °C. DTA peaks
appear at 214–270 °C. O2 was added to the medium at 762 °C, and formation of the metal
oxide was observed.

Table 4. 13C chemical shifts of the monosodium salts in D2O (ppm).

Comp.

Number

1 2 3 4 5 6 7 8 9 10 11 12,1 2*

L1Na 166.8a 114.0 177.5 124.3 132.8 135.8 129.7 – 195.6 51.5 17.3
178.1 125.1 136.2 61.8 18.9
181.4
182.5

166.08b 118.90 n/oc 122.65 131.12 140.24 124.84 – 189.49 n/o n/o

L2Na 166.98d 113.43 174.56 123.30 131.21 133.82 128.53 – 193.57 60.55 29.27 16.47
175.04 123.35 133.93 71.89 31.60 16.76

18.11179.88 134.77
18.70180.49

L3Na 166.32d 113.10 174.26 123.11 131.05 133.66 127.61 – 193.56 56.11 36.54 A, 143.71
174.51 123.24 131.15 133.89 67.35 39.29 B, 135.23
179.75 134.54
180.27

B′, 135.78
C, 128.91
C′, 129.65
D, 124.05

aHMQC/13C NMR data.
bDMSO-d6.
cNot observed.
d13C NMR data.

Table 5. Thermal data of Fe(III) complexes.

Comp. Process Temp. °C Product/residue

% Mass

Calcd Found

L1Fe Dehydration 41–109 1 mol H2O 3.16 3.15
Decomposition 162–738 Fe2O3 28.06 28.13

DTA peak 269 (endoth.)

L2Fe Dehydration 40–171 3 mol H2O 8.17 7.88
Decomposition 183–731 Fe2O3 24.15 23.56

DTA peak 214 (endoth.)
262 (endoth.)

L3Fe Dehydration 46–154 2 mol H2O 4.87 5.0
Decomposition 181–719 Fe2O3 21.60 21.88

DTA peak 270 (endoth.)
629 (exoth.)
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3.1.6. XPS spectra. The values of the metal electron binding energy (BE) in the com-
plexes are important to analyze the coordination model. Fe(III) complexes have been
characterized by X-ray photoelectron spectra (XPS). C1s, N1s, O1s, Na1s, and Fe2p bands
of the complexes are approximately the same and are listed in table 6.

The XPS spectra of the complexes in the C1s region have been deconvoluted to four
components, except L2Fe with five peaks. The peak at 284 eV is assigned to carbons of
aromatic C=C and alkyl C–C; the peak at 285 eV is attributed to the C–N and C–O carbons
and the peak at 288 eV is connected with the carboylate carbon [44]. The peak at 286 eV
belongs to the azomethine (C=N) carbon [45].

The N1s peak of the complexes has been deconvoluted to three or four components. The
component at 406 eV indicates the nitro group, which is not reduced by such a short X-ray
exposure [46] for L3Fe. In contrast, this component has not been observed in the N1s XPS
spectra of L1Fe and L2Fe. For all the complexes, peaks with higher binding energies
(404–405 eV) can be ascribed to chemisorbed nitrogen oxides (i.e. nitrite and nitrate) [47];
the peaks at ca. 400–401 eV may be assigned to nitrogen in a lower oxidation state
(Ar–N=O) [48]. The (C–N) and (C=N) species correspond to peak components with BE at
398 eV [49] for L1Fe and L3Fe. For L2Fe, although the binding energy value of (C–N)
peak has been observed at 398.78 eV, the peak at 399.48 eV can be marked to (C=N) [44]
or (Ar–NH2) [48].

The O1s peak of all the complexes has been deconvoluted to three components. The first
component at 531 eV can be associated to oxygen of phenolic (C–O−), which is

Figure 4. The TGA curves of (a) L1Fe, (b) L2Fe, and (c) L3Fe.
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coordinated with Fe(III). The second component between 532 and 533 eV can be related to
oxygen in carboxylate (COO−) coordinated with Fe(III) [49]. The peak at 534 eV may be
due to (Ar–N=O) group.

The Na1s spectra of L1Fe and L3Fe show a component at 1071 eV. This value agrees
very well with reported data [50].

The XPS peaks of Fe2p3/2 and Fe2p1/2 for L
1Fe are shown in figure 5(b). The peak posi-

tions of 2p1/2 and 2p3/2 depend on the ionic states of iron. For Fe(III), the area of Fe2p3/2
peak is greater than that of Fe2p1/2 because of spin–orbit (j–j) coupling. In agreement with

Table 6. The data of XPS spectra of Fe(III) complexes.

Comp.

C1s N1s O1s
Na1s

Fe(III)

B.E.
(eV) Species

B.E.
(eV) Species

B.E.
(eV) Species Fe2p1/2 Fe2p3/2

L1Fe 284.38 C-C, C=Ca 398.88 C-N, C=N 531.58 C-O 1071.38 724.48 710.78
285.58 C-N, C-O 401.28 Ar-N=O 532.68 C=O
286.08 C=N 405.08 NO3

b 533.28 Ar-N=O
288.38 COO-

L2Fe 284.18 C-C, C=Ca 398.78 C-N 531.28 C-O Not determined 724.08 710.48
285.18 C-N 399.48 Ar-NH2,

C=N
533.28 C=O

285.78 C-O 400.48 Ar-N=O 534.18 Ar-N=O
286.28 C=N 404.98 NO3

b

288.18 COO-

L3Fe 284.58 C-C, C=Ca 398.88 C-N, C=N 531.58 C-O 1071.48 723.68 710.78
285.88 C-N, C-O 401.18 Ar-N=O 533.18 C=O
286.28 C=N 404.88 NO3

b 534.58 Ar-N=O
288.08 COO- 406.38 Ar-NO2

aAryl.
bChemisorbed nitrogen oxides.

Figure 5. The XPS spectra of L1Fe in (a) C1s, O1s, N1s, and Na1s region and (b) Fe2p1/2 and Fe2p3/2 region.
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the literature data [49, 51], the XPS peaks of Fe2p3/2 and Fe2p1/2 are observed at BE values
at 710 and 724 eV, respectively. This result suggests that iron has +3 valency for
L1Fe-L3Fe, as expected.

3.1.7. Crystal structure of monosodium salt L1Na. The molecular structure of L1Na,
with the atom labeling of symmetric and asymmetric units, is shown in figures 6 and 7.
The crystal and instrumental parameters used in the unit-cell determination and data
collection are summarized in table 7, and selected bond lengths and angles are listed in
table 8.

The monosodium salt L1Na, [NaC10H9N2O5]·3H2O, crystallizes in the monoclinic,
P 21/c space group. The compound has a center of symmetry at Na1. In the symmetric
unit, the coordination environment of the Na1 ion has a distorted octahedral configura-
tion coordinated by carboxylate O5 and five water molecules (O1w, O2w, O3w, O1w1,
and O2w2). The symmetric unit contains three (Na1, Na11, Na12) ions and nine
coordinated water molecules. The coordination arrangement is characterized by an
O5–Na1–O2w2 equatorial angle 164.59(7) Å. The Na1…Na11 and Na1…Na12 bridging
bond distances are 3.3329(17) and 3.4969(17) Å, respectively. In the asymmetric unit,
the Na1–O and Na1–Ow bond distances are 2.3305(19) Å and 2.2987(19)–2.433(2) Å,
respectively.

The crystal structure contains intramolecular hydrogen bonds between the amino N(2)–H
and phenolate O(1) of salicylidene, playing an important role in stabilizing the zwitterionic
form. The compound has an intramolecular N–H…O hydrogen bond [O1–H2; 0.86, H2…
N2; 1.97, N2…O1; 2.638(3) Å, N2–H2…O1 134.2°]. The ranges of the D–H…A angles
and those of the H…A and D…A distances indicate the presence of short hydrogen bonds
in the structure.

Figure 6. An ORTEP drawing of the asymmetric unit of compound with the atom-numbering scheme.
Notes: Displacement ellipsoids are drawn at the 40% probability level, and hydrogens are indicated as dashed
lines.
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3.2. Antioxidant activities

The antioxidant activities of the monosodium salts have been determined using 2,2-diphenyl-
1-picrylhydrazyl (DPPH). The results are summarized in table 9. DPPH scavenging activity
of the monosodium salts are attributed to the presence of hydroxyl group. The hydroxyl
groups of these compounds are H� donors, and DPPH is a hydrogen acceptor (or free
radical scavenger), as shown in scheme 4.

Figure 7. (a) The 1-D coordination polymer including symmetric unit in L1Na; (b) view of the zigzag infinite
chains.
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Table 7. Crystal data and structure refinement details for L1Na.

Chemical formula C10H15N2O8Na

Formula weight 314.23
Temperature (K) 296(2)
Wavelength (Å) 0.71073
Crystal system, space group Monoclinic, P 21/c
Unit-cell dimensions (Å, °):
a 15.2817(4)
b 5.2590(10)
c 17.7991(5)
β 102.315(13)
Volume (Å3) 1397.54(6)
Z 4
Absorption coefficient (mm−1) 0.154
Calculated density (Mg m−3) 1.493
F (000) 656
Crystal size (mm) 0.22 × 0.16×0.10
Theta range for data collection (°) 1.36–26.37
Limiting indices −19 ≤ h ≤ 19, −6 ≤ k ≤ 6, −22 ≤ l ≤ 22
Reflections collected 30,996
Independent reflections 2860
Number of reflections used 2619
Number of parameters 219
Max. and min. transmission 0.978, 0.985
Refinement method Full-matrix least-squares on F2

Final R indices [I ≥ 2σ(I)] R1 = 0.0499, wR2 = 0.1359
R indices (all data) R1 = 0.0537, wR2 = 0.1395
Goodness of fit (GOF) on F2 1.052
Largest difference in peak and hole (e Å−3) −0.478 and 0.785

Table 8. Selected bond distances (Å) and angles (°) for L1Na.

Na1–O5 2.3305(19) Na1–O1w1 2.459(2)
Na1–O1w 2.433(2) Na1–O2w2 2.4848(19)
Na1–O2w 2.2987(19) Na1–Na11 3.3329(17)
Na1–O3w 2.404(2) Na1–Na12 3.4969(17)

O2w–Na1–O5 107.64(7) O3w-Na1-O1w 97.67(7)
O2w–Na1–O3w 81.19(7) O5-Na1-O2w2 164.59(7)
O2w–Na1–O1w 161.15(8) Na1-O1w-Na11 85.89(7)
O5–Na1–O1w 91.17(7) Na1-O2w-Na12 93.87(7)
O5–Na1–O3w 97.91(7) O2w-Na1-O1w1 83.88(7)

Symmetry code: (1) 1 − x, 1 − y, 1 − z; (2) 1 − x, 2 − y, 1 − z.

Table 9. SC50 values for the monosodium salts.

Comp.

SC50 mg mL−1 (μM)

Methanol Water

L1Na 1.384 (4.405) 2.497 (7.947)
L2Na 3.114 (9.098) 4.012 (11.721)
L3Na 0.449 (1.150) 0.516 (1.322)
Ascorbic acid <0.025 (0.142) 0.46 (2.612)
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Figure 8. (a) Comparable chart for SC50 values of the monosodium salts; (b) effect of increasing amounts of
L3Na on the radical scavenging activity.
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Scheme 4. The mechanism of DPPH radical.
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All of the monosodium salts show moderate antioxidant activity in methanolic solution.
The SC50 values decrease L2Na > L1Na > L3Na [figure 8(a)]. The SC50 value of ascorbic
acid was < 0.025 mg/mL (0.142 μM) in methanolic solution. However, SC50 value of ascor-
bic acid was fairly low compared to those reported as 11.8 μM [52] and 42.4 μM [53].

The monosodium salts L1Na and L2Na are moderately active, and L3Na has significant
activity in aqueous solution. L3Na with SC50 at 0.516 mg mL−1 (μM) possesses highest
radical scavenging activity [figure 8(b)]. The SC50 value of ascorbic acid is 0.46 mg mL−1

(2.612 μM) in aqueous solution. The good activity of all the compounds may be related to
the strong electron withdrawing group (NO2) and the phenyl group for L3Na.

4. Conclusion

The monosodium salts of amino acid Schiff bases have been synthesized by using 5-nitro-
salicylaldehyde and D-amino acids in the presence of NaHCO3. Iron(III) complexes were
derived from the monosodium salts. The molecular structures have been determined by
spectroscopic methods (FT-IR, UV–vis, NMR, XPS), conductivity, magnetic susceptibility
measurements, elemental and thermal analyses. FT-IR spectra indicate that L2Na and L3Na
exist as the phenol-imine form in the solid state, whereas the structure of L1Na is character-
ized as zwitterionic form. Zwitterionic form has also been proven by single-crystal X-ray
diffraction for L1Na. UV–vis and NMR spectroscopies for the monosodium salts are in
agreement with FT-IR results. According to these methods, all the monosodium salts have
the phenol-imine form in solution.

The analytical and physical data are compatible with the proposed structures for iron(III)
complexes. Elemental analyses suggest the complexes have a 1 : 2 stoichiometry, six-coordi-
nate with the [N-(5-nitro-salicylidene)-D-amino acid] ligand. Magnetic susceptibility mea-
surements show that the complexes are high-spin and paramagnetic at room temperature.
From conductivity studies, they are 1 : 1 electrolytes. In the XPS spectrum, the binding
energy of Fe2p1/2 peak has been observed between 723 and 724 eV, although the binding
energy of Fe2p3/2 peak is 710 eV.

The monosodium salts have been evaluated for their antioxidant activity. The results
show that L1Na and L2Na are moderately active in methanolic and aqueous solutions.
L3Na shows moderate active in methanolic solution and is more active than ascorbic acid
in aqueous solution.

Supplementary material

CCDC 1003423 contains the supplementary crystallographic data for the complex. These data
can be obtained free of charge via http://www.ccdc.cam.ac.uk/data_request/cif (or from the
Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax:
+44-1223-336-033; E-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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