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This article presents the synthesis, physico-chemical, in particular voltammetric, characteristics
of two iron(III) complexes with pyridoxal aminoguanidine (PLAG), [Fe(PLAG)Cl2(H2O)]Cl
(1) and [Fe(PLAG)2](NO3)3 (2). As expected, the zwitterion of the chelate ligand is coordinated
tridentate through oxygen of phenol and nitrogen atoms of azomethine and imino groups of the
aminoguanidine fragment. In both complexes, Fe(III) is distorted octahedral.
[Fe(PLAG)2](NO3)3 (2) is the first bis(ligand) complex with this ligand. Cyclic voltammetric
characteristics of the ligand and complexes were studied in DMF in the presence of TBAP or
LiCl as supporting electrolytes. The complexes are unstable in this solvent, especially in the
presence of an excess of chloride, thus forming several reducible species whose stabilities and
behaviors were characterized.

Keywords: Pyridoxal; Aminoguanidine; Fe(III) Complexes; Crystal structure; Electrochemistry

1. Introduction

Due to their significant roles in biochemical processes, pyridoxal and pyridoxal
phosphate have been subject of extensive studies [1–4]. In the presence of metal ions
pyridoxal can catalyze important metabolic reactions, such as transamination,
decarboxylation, and racemization of amino acids [3, 4].

Recently, Schiff bases of pyridoxal, as one of the forms of vitamin B6, have been
studied by both coordination chemists and pharmacologists, as these compounds show
good complexing properties and significant biological activities [5, 6].

Since 1950, when its first significant biological activity was proven [7], aminogua-
nidine has been a research subject. This compound is well-known as an inhibitor of
advanced glycation end products formation [7–10], capable of preventing some side
effects of cisplatin, i.e. damage of the kidneys [11]. Considering this, it is not surprising
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that among the Schiff bases of pyridoxal, the one with aminoguanidine (PLAG)
occupies a special place, since it has shown significant antioxidant activity and
important ability to inhibit advanced glycation [12, 13]. It has been reported that PLAG
was more effective than aminoguanidine in the treatment of diabetic complications due
to the better nephropathy control and prevention of vitamin B6 deficiency [13–15].
Considering the biological and medical importance of PLAG, the synthesis and
characterization of its metal complexes are of interest.

Only a few metal complexes with PLAG, namely complexes of Cu(II), have been
synthesized and structurally characterized [16–18]. However, since both ligand
precursors and the ligand itself have significant biological activities, the syntheses
and characterizations of other metal complexes with PLAG seem worthwhile.

In this article, we present the syntheses, voltammetric, and structural characteriza-
tions of the first two complexes of Fe(III) with PLAG, [Fe(PLAG)Cl2(H2O)]Cl (1) and
[Fe(PLAG)2](NO3)3 (2).

2. Experimental

2.1. Materials and physico-chemical measurements

All chemicals used were commercial products of analytical reagent grade. Elemental
analyses (C, H, and N) of air-dried complexes were carried out by standard
micromethods. Iron contents in the complexes were determined by chelatometric
titration with EDTA, upon their destruction with HNO3 and H2SO4. Melting points
were measured on a Nagema melting point microscope Rapido. Magnetic susceptibility
measurements were conducted at room temperature on an MSB-MKI magnetic
susceptibility balance (Sherwood Scientific Ltd., Cambridge). Molar conductivities of
freshly prepared 1� 10�3mol dm�3 solutions were measured on a Janway 4010
conductivity meter. IR spectra were recorded from 4000 to 400 cm�1 at room
temperature (KBr pellet) on a Thermo Nicolet (NEXUS 670 FTIR) spectrophotometer.
UV-Vis spectra of DMF solutions were recorded on a T80þUV/VIS Spectrometer PG
Instruments Ltd. from 270 to 1100 nm. Cyclic voltammetric experiments were carried
out on a VOLTALAB PST050 potentiostat with a glassy carbon disc (diameter 3mm)
working electrode, Pt wire counter electrode, and a saturated calomel electrode as
reference. All potentials are reported against this electrode. The measurements were
done in analytical grade N,N-dimethylformamide (DMF) which was vacuum distilled
after prior drying on molecular sieves. Supporting electrolyte was 0.1mol L�1

tetrabutylammonium perchlorate (TBAP). Experiments were carried out in an inert
atmosphere provided by bubbling nitrogen.

2.2. Synthesis of the ligand

PLAG was obtained by the partly simplified procedure described [12]. Aminoguanidine
hydrogencarbonate (0.68 g, 5.0mmol) was dissolved in warm H2O (10mL), to which a
warm solution of pyridoxal hydrochloride (1.00 g, 5.0mmol) in H2O (5mL) was added.
To this solution was added Na2CO3 � 10H2O (0.71 g, 2.5mmol) dissolved in H2O
(10mL), and the mixture was mildly heated for a couple of minutes. The obtained
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solution was left at room temperature for about 20 h, after which yellow crystals were
separated by filtration and washed with EtOH and Et2O. Yield: 95%; m.p.¼ 152�C.
Anal. Calcd for C9H13N5O2 (%): C, 48.29; H, 5.87; N, 31.37. Found: C, 47.91; H, 5.11;
N, 31.18. �M (MeOH): 3.7 S cm2mol�1. IR data (cm�1): 3107(w), 1697(m), 1631(m),
1531(m), 1437(m), 1390(s), 1369(s), 1290(m), 1250(w), 1216(m), 1170(w), 1115(w),
1099(m), 991(m), 946(w), 925(w), 747(m), 641(m), 610(m), 551(w), 522(w), 450(w).
UV-Vis (DMF) [�max/nm (log "/(mol L�1)�1 cm�1)]: 313 (4.12), 332 (3.60), 350 (4.04),
369 (4.21).

2.3. Synthesis of [Fe(PLAG)Cl2(H2O)]Cl (1)

To a warm MeOH (10mL) solution of PLAG (0.11 g, 0.5mmol) was added
FeCl3 � 6H2O (0.13 g, 0.5mmol). The resulting dark-red solution was mildly heated
and left at room temperature. After 5 days, the partially dry residue was poured over
with acetone and filtered after 30min, the flickering dark-red single crystals were
separated by filtration and washed with acetone and Et2O. Yield: 65%; m.p.¼ 238�C.
Anal. Calcd for C9H15Cl3FeN5O3 (%): Fe, 13.84; C, 26.76; H, 3.72; N, 17.35. Found:
Fe, 13.51; C, 27.58; H, 4.11; N, 17.34. �M (H2O, MeOH): 415; 148 S cm2mol�1.
�eff¼ 2.60 BM. IR data (cm�1): 3383(w), 3309(m), 3242(w), 3085(w), 1649(s), 1590(m),
1553(s), 1499(w), 1428(m), 1371(m), 1330(w), 1255(w), 1215(w), 1172(m), 1069(m),
1025(m), 813(m), 745(m), 527(w), 412(w). UV-Vis (DMF) [�max/nm (log "/
(mol L�1)�1 cm�1)]: 280 (4.20), 340 (4.02), 441sh (3.84), 534sh (3.74) (sh – shoulder).

2.4. Synthesis of [Fe(PLAG)2](NO3)3 (2)

The mixture of PLAG (0.11 g, 0.5mmol) and Fe(NO3)3 � 9H2O (0.10 g, 0.25mmol) was
dissolved in warm EtOH (7mL). After 20 h, from the dark-red solution, dark red
rod-shaped single crystals were filtered off and washed with EtOH and Et2O. Yield:
11.7%; m.p.> 350�C. Anal. Calcd for C18H26FeN13O13 (%): Fe, 8.11; C, 31.41; H, 3.81;
N, 26.45. Found: Fe, 7.98; C, 30.86; H, 3.73; N, 26.10. �M (H2O, MeOH): 340;
240 S cm2mol�1. �eff¼ 2.13 BM. IR data (cm�1): 3435(w), 3332(w), 3274(m),
2859(w), 1641(s), 1587(m), 1553(m), 1504(m), 1384(vs), 1327(m), 1247(m),
1164(m), 1067(m), 1030(m), 979(w), 748(w), 621(w), 457(w). UV-Vis (DMF) [�max/nm
(log "/(mol L�1)�1 cm�1)]: 283 (4.50), 340 (4.21), 442sh (3.48), 534sh (3.11).

2.5. Single-crystal X-ray experiment

Single crystals of 1 and 2 were selected and glued on glass fibers. Diffraction
measurements were performed on a Gemini S diffractometer (Agilent Technologies)
equipped with a Sapphire CCD detector. The crystal to detector distance was 45mm
and graphite monochromated Mo-Ka (0.71073 Å) radiation was used. The data were
reduced using the CrysAlisPRO (Agilent Technologies). A semi-empirical absorption
correction was applied and the data were corrected for Lorentz, polarization, and
background effects. The structures were solved by direct methods using SIR92 [19] and
refined by full-matrix least-squares on F2 using SHELXL-97 [20]. All non-H atoms were
refined with anisotropic displacement parameters. The positions of all hydrogen atoms

Iron(III) Schiff base complexes 4219
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were found by inspection of DF maps. In the final stage of refinement, hydrogen atoms
belonging to ligand were positioned geometrically (N–H¼ 0.86; C–H¼ 0.93 and 0.97 Å
for CH and CH3, respectively) and refined using a riding model with Uiso equal to 1.2
(for NH and CH) and 1.5 (for CH3) Ueq of parent atoms. Positions of hydrogen atoms
corresponding to H2O in 1 were refined with restrained O–H distances (O–H¼ 0.82 Å)
with Uiso equal to 1.5 Ueq of oxygen. The programs used to prepare material for
publication areWINGX [21] and PLATON [22]. Crystal data and refinement parameters
are listed in table 1.

3. Results and discussion

3.1. Synthesis and physico-chemical properties of the complexes

Dark red single crystals of 1 and 2 were obtained by reaction of warm alcohol solutions
of Fe(III) salts and ligand in molar ratios of 1 : 1 and 1 : 2. The complexes are crystalline
substances stable in air and at higher temperatures. They are soluble in H2O, MeOH,
and DMF, and less soluble in EtOH and acetone.

The molar conductivity of 1 in water corresponds to an electrolyte of 3 : 1 type [23],
which indicates the displacement of both coordinated chlorides with water. In contrast
to that, the somewhat lower value of the molar conductivity of the MeOH solution

Table 1. Crystallographic data for 1 and 2.

Crystallographic data 1 2

Empirical formula C9H15Cl3FeN5O3 C18H26FeN13O13

Formula weight 403.46 688.37
Temperature (K) 298(2) 298(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Orthorhombic Monoclinic
Space group P 212121 C 2/c
Unit cell dimensions (Å)
a 7.35121(18) 28.8516(19)
b 8.4892(2) 9.4411(6)
c 25.0469(8) 22.2743(15)
� 113.397(8)�

Volume (Å3), Z 1563.07(7), 4 5568.4(6), 8
Calculated density (g cm�3) 1.714 1.642
Absorption coefficient (mm�1) 1.493 0.631
F(000) 820 2840
Crystal size (mm3) 0.15� 0.11� 0.05 0.12� 0.09� 0.03
Color/habit Dark red/prism Black/prism
� range for data collection (�) 3.21–25.00 3.52–24.99
Index ranges �8� h� 8;

�6� k� 10;
�23� l� 29

�34� h� 30;
�6� k� 11;
�26� l� 26

Reflection collected 4431 9981
Unique reflection 2699 (Rint¼ 0.0178) 4883 (Rint¼ 0.0226)
Reflections with I> 2�Io 2343 3485
Refinement methods Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 2699/0/198 3485/0/410
Goodness-of-fit on F2 0.955 1.000
Final R indices [Fo> 4�Fo] R1¼ 0.0279 R1¼ 0.0492
R indices (all data) R1¼ 0.0346, wR2¼ 0.0596 R1¼ 0.0696, wR2¼ 0.1448

4220 M.M. Lalović et al.

D
ow

nl
oa

de
d 

by
 [

R
en

m
in

 U
ni

ve
rs

ity
 o

f 
C

hi
na

] 
at

 1
0:

42
 1

3 
O

ct
ob

er
 2

01
3 



(148 S cm2mol�1) suggests a partial replacement of these ions with MeOH. The
conductivity of aqueous solution of 2 is in accord with its coordination formula,
whereas the conductivity of its MeOH solution is somewhat lower than the value for
3 : 1 electrolytes [23]. The observed decrease of conductivity may be due to lower
mobility of the large complex cation, as well as to its partial association with NO�3 .

Effective magnetic moments indicate that the complexes are low spin, which can lead
to the conclusion that in the isolated complexes PLAG behaves as a strong ligand. In
these complexes, the ligand is coordinated in its neutral form, as a tridentate chelate, as
shown by single-crystal X-ray analysis (vide infra). The ONN coordination indicates
shift of the corresponding IR bands in spectra of the complexes with respect to those in
the free ligand. Thus, IR spectra of the ligand and complexes, apart from certain
similarities, show differences too. Indication of coordination of oxygen of the
deprotonated phenolic OH is the shift of �(C–O) from 1290 cm�1 in the ligand
spectrum to �1330 cm�1 in spectra of the complexes [16–18].

Strong bands at 1649 cm�1 (1) and 1641 cm�1 (2), belonging to �(C¼N) of the
azomethine, shift upon coordination to lower energy compared to the ligand
(1697 cm�1) [16–18].

The band that may be ascribed to vibrations of the guanido group, in the ligand
spectrum at 1631 cm�1 [16], shows a negative shift of �40 cm�1 in spectra of 1 and 2.

Broad bands of low intensity at 3100–2700 cm�1 in spectra of both PLAG and its
complexes may be ascribed to �(NHþ) of the zwitterionic PL moiety [16–18], formed by
migration of hydrogen from the phenolic OH to nitrogen of the PL residue.

Finally, in the IR spectrum of 2, there is an additional band at 1384 cm�1, of a very
strong intensity, corresponding to vibrations of non-coordinated NO�3 [24].

3.2. Electronic spectra

Electronic spectra were taken in DMF from 270 to 1000 nm. In the ligand spectrum
there are two ‘‘doublet-like’’ bands, one at 313 and 332 nm, the other at 350 and
369 nm. On the basis of previous results and of the log " values, these bands could be
ascribed to �!�* and n!�* transitions of both pyridoxal and aminoguanidine
[18, 25]. Addition of protons results in better differentiation of absorption bands which
are alike from separate processes on pyridoxal (�285 nm) and aminoguanidine
(�340 nm) moieties. Similar situation arises for spectra of both Fe(III) complexes
where condensation effects on absorptions are less than on PLAG alone. Thus, the
band at �280 nm can be ascribed to pyridoxal, the other at �340 nm is located at the
aminoguanidine. The other two bands in the spectra of complexes which appear as
shoulders on higher wavelengths side belong to charge transfer. Finally, d–d bands
cannot be observed in the complexes as frequently observed for Fe(III) [26] due to their
weakness and possible masking effects of charge-transfer bands.

3.3. Crystal structures of 1 and 2

Molecular structures of the complexes are shown in figures 1 and 2, while lengths and
angles of selected bonds are listed in table 2.

A common feature of both complexes is that Fe(III) is situated in a deformed
octahedron. Complex 1 has tridentate coordination of the chelate ligand and one

Iron(III) Schiff base complexes 4221
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chloride in the equatorial plane, with the other chloride and one water axial (cis-Cl-
isomer). In 2, the tridentate coordination involves two meridional ligands (mer-isomer).
The positive charge of the complex cations is neutralized by one chloride and three
nitrates. In both complexes, there are numerous hydrogen bonds.

PLAG is a tridentate ONN ligand coordinated in the neutral, zwitterionic form
through oxygen of the deprotonated OH and nitrogen of azomethine and imino groups
of the aminoguanidine fragment. In this way, two metallocycles are formed, one six-
membered (pyridoxilidene; ring B) and one five-membered (aminoguanidine; ring C).

In both complexes, Ar–phenolic(O) (C2–O1) (1.295 Å, 1, and 1.290(3) and 1.305(4)
Å, 2) is significantly shorter than a single C–O bond (1.43 Å) [27], a consequence of

Figure 2. The molecular structure and atom-labeling scheme of the complex cation of 2.

Figure 1. The molecular structure and atom-labeling scheme of 1.

4222 M.M. Lalović et al.
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displacement of the electron density from the pyridine ring of the PL residue toward O1,
which, due to participation in coordination, becomes electron deficient. The C1–N2 and
C1–N4 lengths of guanido group in both complexes are longer than double bonds but
shorter than single C–N bonds, due to their delocalization. However, C1–N1 and C7–
N3 lengths have values characteristic of a delocalized double bond. The angle between
pyridine nitrogen and neighboring carbons in 1 is 124.9(3)�, and in 2 124.3(3) and
124.7(4)�, characteristic of a protonated nitrogen [17, 28], proving that pyridoxal is in its
zwitterionic form.

Fe(III) is situated in a deformed octahedral surrounding, indicated for 1 by values of
the trans-angles N3–Fe–Cl1 and N1–Fe–O1 (169.44(7)� and 154.1(1)�, respectively),
differing significantly from 180�, whereas the value of the O3–Fe–Cl2 angle is
176.11(8)�. In contrast in 2, all three relevant angles, N1–Fe–O1, N3–Fe–N3A, and
N1A–Fe–O1A, have values significantly lower than the theoretical, 153.0(1), 156.4(1),
and 144.3(1)�. Fe(III) in 1 is slightly shifted from the equatorial plane of the
coordination polyhedron toward the axial Cl– by 0.153(3) Å, while in 2 it is coplanar
(within the limits of experimental error) with the O1/N3/N1/N3A plane forming the
equatorial plane of the octahedron.

Lengths of metal–ligand bonds are 1.942(2)–2.210(2) Å for 1 and 1.931(3)–2.211(3) Å
for 2. Because of the negative charge on O1, a consequence of the zwitterionic form of
the ligand, it forms a shorter bond with Fe(III) than the two N-ligators. This was
reported in previously characterized complexes with this ligand [16–18], and is typical of
the coordination chemistry of PLAG. The Cu–N3 distance in both complexes is longer
than the length of the Cu–N1 bond, which can be explained by the fact that the

Table 2. Selected bond lengths (Å) and angles (�) for 1 and 2.

1

Fe–O1 1.942(2) N2–N3 1.358(4)
Fe–N1 2.054(3) N3–C7 1.283(4)
Fe–N3 2.210(2) C2–O1 1.295(3)
Fe–O3 2.120(3) N1–Fe–N3 73.8(1)
Fe–Cl1 2.2802(9) O3–Fe–Cl2 176.11(8)
Fe–Cl2 2.3044(9) O1–Fe–N3 81.36(9)
C1–N1 1.290(5) O1–Fe–N1 154.1(1)
C1–N4 1.325(4) C3–N5–C4 124.9(3)
C1–N2 1.355(4)

2

Fe–O1 1.946(3) Fe–O1A 1.931(3)
Fe–N1 2.029(4) Fe–N1A 2.028(3)
Fe–N3 2.221 l(3) Fe–N3A 2.204(2)
C1–N1 1.289(5) C1A–N1A 1.284(4)
C1–N4 1.328(6) C1A–N4A 1.343(5)
C1–N2 1.384(5) C1A–N2A 1.360(4)
N2–N3 1.375(5) N2A–N3A 1.360(4)
N3–C7 1.284(4) N3A–C7A 1.287(4)
C2–O1 1.290(3) C2A–O1A 1.305(4)
N6–O3 1.226(5) N7–O7 1.257(6)
N6–O4 1.242(5) N7–O8 1.232(5)
N6–O5 1.252(4) O1–Fe–N1 153.0(1)
N8–O9 1.232(6) O1A–Fe–N1A 144.3(1)
N8–O10 1.219(6) N3–Fe–N3A 156.4(1)
N8–O11 1.199(5) C3–N5–C4 124.3(3)
N7–O6 1.251(5) C3A–N5A–C4A 124.7(4)

Iron(III) Schiff base complexes 4223
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azomethine is a weaker base than the imino group of aminoguanidine [29]. The axial
chloride in 1 is more distant from the equatorial one (by 2.3044(9) and 2.2802(9) Å,
respectively).

Because of the conjugated double bonds in the ligand, one could expect that the
ligand would be planar. However, due to the formation of metallocycles, there is
deviation from planarity, best seen from values of the dihedral angles between the mean
plane of the rings A and C, 6.32� for 1 and 17.84 and 21.50� for 2. Values of the dihedral
angles between the mean planes of rings A and B, and rings B and C are 7.61 and 1.69�

in 1, but in 2, these values are somewhat larger, 10.20 and 8.45� for the one molecule
and 11.75 and 15.63� for the other. In 1, rings A and C are planar, with the largest
deviations for C6 (0.026 Å) and N1 (0.030 Å), whereas ring B has a conformation
between the screw-boat and envelope, with puckering parameters �¼ 60.1(11)� and
’¼ 42.2(11)�. In 2, A, A1, and C1 rings are planar, with the largest deviation for C6
(0.020 Å), C6A (0.012 Å), and N2A (0.034 Å). Ring B has screw-boat conformation,
ring B1 is of envelope conformation, and ring C is a half-chair conformation. The
hydroxyl of the PL residue is synclinal with respect to C6 (	[C6/C5/C9/O2]¼ 62.43(4)�

for 1 and 	[C6/C5/C9/O2]¼ 77.5(5)� and 	[C6/C5/C9/O2]¼ 62.5(6)� for 2), reducing
the steric strain and bringing the groups to positions suitable for formation of hydrogen
bonds.

Geometric parameters of nitrates in 2 are expected. The shortest bond in NO�3 is
N8–O11, which can be explained by O11 not being included in formation of hydrogen
bonds.

The crystal lattices of both complexes are stabilized by an extended hydrogen-bond
network. All potential H-donors of the coordinated ligand are involved in formation of
H-bonds with chloride (1) and oxygen of NO�3 (2), with the exception of N1 in 1. In
both complexes, the zwitterionic form of PL is confirmed by the existence of H-bonds
between nitrogen of pyridoxal and the corresponding H-acceptors (table 3).

The packing of the structural units of 1 is shown in figure 3, where there are two CAC
zones parallel to the bc-plane centered at z¼ 1/4 and z¼ 3/4. The anionic layer is
sandwiched between two cationic layers. Cations within the cationic layer are bonded
only by N5–H5� � �Cl2, while the other hydrogen bonds appear only between cationic
and anionic layers, since they include Cl� counterions as an H-acceptor. Linking of
zones by hydrogen bonds is not observed.

The packing of the structural units in 2 is shown in figure 4, in which the expanded
network of intermolecular H-bonds is visible.

3.4. Electrochemistry

The ligand in its neutral form and both Fe(III) complexes were studied in DMF in the
presence of TBAP and LiCl electrolyte. The latter was chosen because of the known
affinity of Fe(III) toward Cl– [6, 30–32].

3.4.1. Perchlorate media. The cyclic voltammograms of PLAG were compared with
those of its mono- and double-protonated forms [18]. As for PLAG, there are no
reduction signals until �1.75V, where 1�e� reduction peak (DE/Dlog v¼�20mV/
decade, Ip/c v

1/2
� const) can be observed. The mono- and di-protonated forms display

peaks at �1.0V and at �0.75 and �1.0V, respectively. At the far negative potentials
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Figure 3. Crystal packing diagram of 1 viewed perpendicular to the bc-plane.

Table 3. Hydrogen-bonding parameters for 1 and 2.

Complex D–H� � �A H� � �A D� � �A ffD–H� � �A

1 O3–H3B� � �Cl3 2.22(4) 3.035(3) 159(4)
O2–H2� � �Cl3i 2.44 3.232(3) 161
N2–H2N� � �Cl3ii 2.42 3.231(3) 158
O3–H3A� � �Cl3iii 2.25(4) 3.073(3) 173(4)
N4–H4A� � �Cl3iv 2.37 3.211(3) 165
N5–H5� � �Cl2v 2.46 3.149(3) 137

2 N1–H1� � �O7 2.57 3.320(6) 146
N1–H1� � �O8 2.24 3.054(5) 157
N2–H2� � �O4vi 2.08 2.789(4) 139
N2–H2� � �O5vi 2.48 3.230(5) 147
N4–H4A� � �O7 2.55 3.306(6) 147
N4–H4B� � �O5vi 2.35 3.159(5) 156
N5–H5� � �O9vii 2.29 3.032(5) 145
N5–H5� � �O10vii 2.05 2.862(7) 157
O2–H2B� � �O5viii 2.02 2.832(6) 172
N1A–H1A� � �O4 2.20 3.025(5) 162
N4A–H4A1� � �O5ix 2.54 3.141(5) 127
N4A–H4A2� � �O6x 2.10 2.927(6) 162
O2A–H2A� � �O8xi 2.40 3.146(6) 152
N2A–H2A1� � �O6x 2.57 3.259(5) 137
N2A–H2A1� � �O7x 2.05 2.893(5) 165
N5A–H5A� � �O9viii 2.01 2.829(5) 160

Symmetry transformations: i
�1þx, y, z; ii

�x,�1/2þ y, 3/2� z; iii 1� x,�1/2þ y, 3/2� z; iv x,�1þ y, z; v x, 1 þ y, z;
vi 1� x, 1� y, 1� z; vii 1�x, y, 1/2� z; viii x,�1þ y, z; ix 1�x, 2� y, 1� z; x 1/2� x, 1/2þ y, 1/2� z; xi 1/2�x,�1/2þ y,
1/2� z.
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(<2.3V) there is an irreversible multielectron peak corresponding to reduction of
imino, as observed earlier [18]. Oxidation for all ligand forms take place in the range
þ0.7V to þ1.5V, where up to three irreversible peaks with chemical complications are
observed.

The voltammograms of the complexes in perchlorate media are similar to those of
analogous Fe(III) complexes with pyridoxal semi-, thiosemi-, and S-methylisothiose-
micarbazones [6, 32]. The two voltammograms shown in ‘‘Supplementary material’’
reveal the complexity of solution equilibria and the differences in stabilities of the two
complexes. A striking similarity of these voltammograms is that both complexes in
solution form several reducible species. Thus, for 2, only one well-shaped, one-electron
reduction peak at �0.5V is observed, which can be ascribed to reduction of
[Fe(PLAG)2]

3þ. The other peaks at more positive potentials belong to mixed Fe(III)–
DMF–ClO�4 species. In contrast, small amounts of Cl� greatly affect the complex
equilibria in the solution. The ligand-exchange reaction Cl–DMF for Fe(III) complexes
was reported [6, 30–34]. Thus, for 1, three equivalents of Cl� from the original
compound stabilize the species at about 0.0 and �0.25V. Since the third peak at �0.5V
coincides with the main peak in 2 (Supplementary material), we believe that in both
cases it is [Fe(PLAG)2]

3þ. The mechanism of formation of this species in solutions of
the mono(ligand) 1 is discussed in section 3.4.2.

To obtain insight into the Fe(III)–PLAG–Cl� equilibria we performed successive
addition of Cl� (LiCl) starting from 1 : 1 to 1 : 20 ratio for both complexes. An illustration
of the Cl� effect on the cyclic voltammogram of 1 is shown in ‘‘Supplementary material.’’
The two pairs of one-electron peaks, I/I0, and II/II0, are visible in the voltammograms
obtained in the presence of excess LiCl. While the potential of II/II0shifts negative, the
peak I0 prevails from the two close peaks in TBAP and shifts negative. From the negative
shifts of Ep versus [Cl�], ranging from about �150 to �180mV/decade for
[Cl�]< 10�2mol L�1 and diminishing to less than �60mV/decade for higher [Cl�], we
judge complex equilibria following the electrode processes.

Figure 4. Crystal packing diagram of 2 viewed perpendicular to the ab-plane.
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3.4.2. Chloride media. Cyclic voltammograms for both complexes in LiCl are shown
in ‘‘Supplementary material.’’ The pairs of peaks, I/I0 and II/II0, are present in both
voltammograms, but in different ratios. The third, small peak at �0.6V could be
ascribed to a [Fe(PLAG)2]

3þ
� � �Cl� pair. On the basis of previous results [6, 30–34], the

peaks I/I0 belong to the reduction/oxidation of the [FeCl4]
�/[FeCl2]. Formation of

[Fe(PLAG)2]
3þ
� � �Cl� in 1 is a consequence of considerable amounts of free PLAG with

[Fe(PLAG)Cl3]. Logically, II/II0 are from the mono(ligand) species of probable
composition [Fe(PLAG)Cl3]. Thus, in DMF solutions of 1 and 2 in the presence of
LiCl, complex equilibria are established between [FeCl4]

�, [Fe(PLAG)Cl3],
[Fe(PLAG)2]

3þ
� � �Cl� and PLAG. On the basis of the corresponding peak currents it

might be supposed that in solutions of 1 about 50% of all Fe(III) species are in the form
of [FeCl4]

�, while in 2 it is only 20%.
An interesting feature of the cyclic voltammogram is an obvious increase of peak I0

current in the reverse scan, compared to the initial peak I. This is a consequence of a
slow chemical reaction of PLAG release, following reduction at peak II. Thus, the
process at peaks II/II0 might be characterized in the following way:

II=II0 Fe PLAGð ÞCl3½ 
 þ e� $ Fe PLAGð ÞCl3½ 

�,

Fe PLAGð ÞCl3½ 

�
! FeCl2½ 
 þ PLAGþ Cl�,

I=I0 FeCl2½ 
 þ 2Cl� � e� $ FeCl4½ 

�:

A similar behavior was reported for a series of Fe(III) complexes with
thiosemicarbazone-based Schiff bases under the same experimental conditions [6, 30–33].

The peak potentials and current functions are given in table 4. Potentials of II0 are
not discernible at this v and are not reported. However, at 1000mVs�1, where effects of
the following chemical reactions are diminished, both II0/II and I0/I behave quasi-
reversibly, with DEp 88 and 82mV, respectively. Peak currents show the distribution of
particular species in solution, domination of [FeCl4]

� in 1, and [Fe(PLAG)Cl3] in 2. In
both solutions the bis(ligand) complex [Fe(PLAG)2]

3þ
� � �Cl is present only in ‘‘residual’’

amounts, 10% (1) and 20% (2).

3.4.3. Addition of HY. To study the effects of protons on species present in solutions
of both complexes in chloride medium, we added up to four equivalents of Hþ (as
HClO4)/PLAG in successive steps. The protonation can be followed by the disappear-
ance of particular peaks (Supplementary material). The complexes proved to be
sensitive to protons in the order �0.6V!peaks II/II0 ! peaks I/I0. By comparing
particular peak currents it is possible not only to follow the protonation course, but also
to evaluate the composition of the starting solution. After addition of 1Hþ/PLAG to 1,
the peak I doubles its height, indicating about 50% of the initial complex was [FeCl4]

�

Table 4. Voltammetric characteristics of 1 and 2 in DMF (0.1mol L�1 LiCl) at v¼ 0.1V s�1.

Complex Ep(I)
a DEb

p Ep(II) IcpðIÞ=c v1=2 IcpðIIÞ=c v1=2

1 �0.070 79 �0.373 34.2 21.7
2 �0.062 74 �0.370 11.0 30.2

aPeak potentials (V). bEp(I
0) � Ep(I) (mV). cPeak current function (mA (mmolL�1)�1 (V s�1)�1/2).
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(the other half was mainly [Fe(PLAG)Cl3]). For 2, the current is finally about 10 times
higher, which means that [FeCl4]

� was initially present at only 10%. The new peak
observed in the voltammogram is characteristic of ligand protonated with one proton
[18]. Further protonation follows the course of the ligand itself.

The studied Fe(III) compounds exhibit voltammetric behavior similar to that which
has already been described, involving complex solution equilibria and electrode
processes accompanied by chemical reactions.

4. Conclusion

The article is concerned with the synthesis, X-ray crystallographical and electrochemical
characterization of two complexes of Fe(III) with biologically relevant Schiff-base
PLAG, [Fe(PLAG)Cl2(H2O)]Cl (1) and [Fe(PLAG)2](NO3)3 (2) as the first complexes
of PLAG with metal other than copper. In both complexes, PLAG is coordinated in the
usual tridentate manner, i.e. through oxygen of phenol and nitrogen atoms of
azomethine and imino groups of the aminoguanidine fragment. Electrochemical data in
DMF in the presence of excess chloride point to instability of reacting species. The
results presented, as well as those obtained earlier [35–38] reporting Fe(III) complexes
with Schiff bases of different denticity, indicate that this field deserves further
investigation.

Supplementary material

CCDC-855935 (1) and 855607 (2) contain the supplementary crystallographic data.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif. Supplementary data associated with
this article can be found in the online version.
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[30] L. Bjelica, Lj. Jovanović. J. Electroanal. Chem., 213, 85 (1986).
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