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This study describes the synthesis, crystal structure and antioxidant activity of manganese(III) complexes
with Schiff-base ligands obtained from condensation of pyridoxal with alkyl diamines: [Mn(pyr2en)
(H2O)2]Cl�4H2O, [Mn(pyr2en)(H2O)(CH3OH)]Cl, [Mn(pyr2pn)(H2O)2]ClO4 and [Mn2(pyr2bn)3]�4H2O, where
H2pyr2en = 1,2-bis(pyridoxylidenamino)ethane, H2pyr2pn = 1,3-bis(pyridoxylidenamino)propane and
H2pyr2bn = 1,4-bis(pyridoxylidenamino)butane. The four complexes catalyze the dismutation of super-
oxide efficiently with IC50 values in the range of 1.22–2.15 lM, evaluated through the nitro blue tetra-
zolium photoreduction inhibition superoxide dismutase assay, in aqueous solution of pH 7.8. The
length of the alkyl spacer in the diamine fragment plays a key role in the antioxidant activity of these
complexes, with [Mn(pyr2pn)(H2O)2]ClO4 showing the lowest IC50 value.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The vast majority of living organisms need oxygen during their
life cycles. During aerobic respiration, harmful reactive oxygen
species (ROS) are formed [1–4]. In response, nearly all of the aero-
bic organisms have developed several defense mechanisms aimed
at directly or indirectly minimizing the formation or spread of ROS.
One of them involves antioxidant enzymes, such as superoxide dis-
mutase (SOD) [5].

Numerous types of SOD have been found, with some of them
being located in mammals. These enzymes dismutate O2

�� radical
into O2 and H2O2 according to the Scheme 1, and contain metals
such as Cu/Zn, Ni, Fe or Mn in their active sites [6]. The Mn-SOD
enzyme is considered to be essential for mammals. Its catalytic
cycle consists of a ‘‘ping-pong” type mechanism [7,8]. Its active site
contains one manganese ion in a distorted trigonal bipyramidal
geometry coordinated to three histidine residues, one aspartate,
and one OH– ion or H2O molecule, with a tyrosine residue in the
second coordination sphere, at a distance close to 5.6 Å.

In the event of inflammatory and degenerative diseases, the
production of ROS overwhelms the activity of endogenous defense
systems [9]. Such an imbalance can be altered or minimized by the
administration of antioxidant molecules capable of increasing cel-
lular defense, as is the case of low molecular weight compounds
able to mimic the catalytic antioxidant activity of SOD (and possi-
bly other pharmacological requirements) [10,11].

Within this context, low molecular weight catalysts with SOD
activity such as manganese complexes of the SALEN class – com-
monly known as EUKs – have proven to be effective in treating
various types of oxidative stresses, such as ischemia reperfusion,
apoptosis, and cell death of dopaminergic neurons [12,13].
Although EUKs are not the most efficient SOD-like catalysts, this
class of compounds is known to have both SOD and CAT (catalase)
activities in in vitro tests [14–16]. Such a unique characteristic
renders these complexes very attractive as ROS scavengers for
pharmaceutical purposes.

In this study, we report the synthesis, structural characteriza-
tion and SOD activity of novel Mn complexes containing H2pyr2en,
H2pyr2pn and H2pyr2bn ligands (Scheme 2), which are Schiff
base ligands obtained by condensation of aliphatic diamines and
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Scheme 1. Half reactions for the dismutation of superoxide radical mediated by
Mn-SOD enzyme.
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pyridoxal [17–19]. We assess the influence of the pyridoxal moiety
and the role of the aliphatic spacer on the structure–activity rela-
tionship of the Mn complexes, and establish a comparison with
other Mn complexes.

2. Experimental

2.1. Materials

Unless otherwise indicated, all chemicals were of the highest
purity available from Sigma–Aldrich, and used without any further
purification. Solvents were purified by standard methods.

2.2. Synthesis of ligands and complexes

2.2.1. Synthesis of 1,2-bis(pyridoxylidenamino)ethane hydrochloride
(H2pyr2en�2HCl)

This ligand was prepared by modification of earlier reported
synthetic procedures [20]. Pyridoxal hydrochloride (0.404 g,
2.0 mmol) dissolved in anhydrous methanol (50 mL) was reacted
with 1,2-diaminoethane (0.067 mL, 1.1 mmol). The bright yellow
solution was stirred during 15 min under Ar atmosphere. After
evaporation of the solvent, the product was recrystallized from a
mixture of methanol/water (98:2 v/v), resulting in a yellow solid.
Yield = 82%. Anal. Calc. for C18H24N4O4Cl2: C 50.12; H 5.61; N
12.98. Found: C 50.11; H 5.70; N 12.81%. Melting point: dec.
209–211 �C. IR (KBr, cm�1): mm(O–H) 3283, ms(C–H)ar2950–2900,
ms(C@N) 1629, ms(C–N)ar1261, ms(C–O)ar1411, ms(C–O)alkoh 1024.1H
NMR (200 MHz, DMSO-d6): d 8.94 (s, 2H, Py), 7.91 (s, 2H, iminic
CH), 5.38 (broad s, 2H, Ar–OH,), 4.63 (s, 4H, CH2–OH), 4.04 (s, 6H,
CH3), 3.33 (s, 2H, aliphatic OH), 2.35 (s, 4H, CH2).
Scheme 2. Synthesis of ligands by condensat
2.2.2. Synthesis of 1,3-bis(pyridoxylidenamino)propane (H2pyr2pn)
This ligandwas synthesized through slightmodification of a pre-

viously reported procedure [17,21]. Pyridoxal hydrochloride
(0.404 g, 2 mmol) dissolved in dry methanol (50 mL), was reacted
with potassium hydroxide (0.112 g, 2.0 mmol) and 1,3-diamino-
propane (0.084 mL, 1.13 mmol). The bright yellow solutionwas stir-
red during 15 min under Ar atmosphere. After evaporation of the
solvent the product was recrystallized from a mixture of metha-
nol/ethanol (90:10 v/v), resulting a yellow–orange solid.
Yield = 89%. Anal. Calc. for C19H24N4O4: C 61.29; H 6.45; N 15.05.
Found: C 61.71; H 6.42; N 14.89%. Melting point: dec. 198–200 �C.
IR (KBr, cm�1): mm(O–H) 3490, ms(C–H)ar2964–2940, ms(C@N)
1631, ms(C–N)ar1310, ms(C–O)ar1477, ms(C–O)alkoh1016. 1H NMR
(200 MHz, DMSO-d6): d 8.91 (s, 2H, Py), 7.85 (s, 2H, iminic CH),
5.45 (broad s, 2H, Ar-OH), 4.62 (s, 2H, aliphatic OH), 3.80 (t, 4H,
J = 6.6 Hz and13.0 Hz, CH2–OH), 2.34 (s, 6H, CH3,), 2.16 (m, 6H, CH2).

2.2.3. Synthesis of 1,4-bis(pyridoxylidenamino)butane (H2pyr2bn)
This ligand was prepared through a slight modification of an

earlier reported synthetic procedure [22]. Pyridoxal hydrochloride
(0.404 g, 2 mmol) dissolved in dry methanol (50 mL) was reacted
with potassium hydroxide (0.112 g, 2.0 mmol) and 1,4-diaminobu-
tane (0.10 mL, 1.13 mmol). The bright yellow solution was stirred
during 15 min under Ar atmosphere. After evaporation of the sol-
vent, the product was precipitated resulting a yellow solid.
Yield = 81%. Anal. Calc. for C20H26N4O4: C 62.17; H 6.73; N 14.50.
Found: C 62.01; H 6.88; N 14.49%. Melting point: dec. 188–
190 �C. IR (KBr, cm�1): mm(O–H) 3483, mm(C–H)ar2912–2847,
ms(C@N)1632, ms(C–N)ar1258, ms(C–O)ar1398, ms(C–O)alkoh1020. 1H
NMR (200 MHz, DMSO-d6): d 8.95 (s, 1H, Py), 8.03 (s, 1H, Py),
7.83 (s, 2H, iminic CH,), 4.66 (broad s, 2H, Ar–OH,), 2.43 (s, 9H,
CH3), 2.39 (s, 3H, CH2-OH and aliphatic OH), 1.77 (m, 4H, CH2),
1.22 (m, 4H, CH2). (In the Supplementary information section is
the crystal structure of the ligand H2pyr2bn.)

2.2.4. Synthesis of [Mn(pyr2en)(H2O)2]Cl�4H2O (1)
H2pyr2en�2HCl (0.430 g, 1 mmol) was dissolved in methanol

(8.0 mL) and mixed with manganese(II) acetate tetrahydrate
ion of pyridoxal with aliphatic diamines.
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(98%, 0.245 g, 1 mmol). The mixture was stirred for 1.0 h at 60 �C.
The precipitate was removed by filtration. Solvent evaporation
yielded brown needle crystals after a few days. Yield = 48%. Melt-
ing point: 154–156 �C. Anal. Calc. for C18H32ClMnN4O10

(554.87 g mol�1): C 38.92; H 5.76; N 10.09. Found: C 38.6; H 5.7;
N 9.59%. IR (KBr, cm�1): mm(O–H)water3384–3200, mm(C–H)ar
2940–2924, ms(C@N) 1622, ms(C–O)ar 1391. UV–Vismax (in
dimethylformamide): 420 nm (e = 9932.6 M�1 cm�1).

2.2.5. Synthesis of [Mn(pyr2en)(H2O)(CH3OH)]Cl (2)
H2pyr2en�2HCl (0.430 g, 1 mmol) was dissolved in methanol

(8 mL) and mixed with manganese(II) chloride tetrahydrate (99%,
0.198 g, 1 mmol). The mixture was stirred for 20 min at 60 �C.
The precipitate was removed by filtration, and solvent evaporation
yielded brown crystals after two days. Yield = 50%; melting point:
162–165 �C. Anal. Calc. for C19H26ClMnN4O6 (496.8 g mol�1): C
45.89; H 5.23; N 11.27. Found: C 44.9; H 4.92; N 10.98%. IR (KBr,
cm�1): ms(O–H)water 3424–3150, mm (C–H)ar,2960–2922, ms(@N)
1640, ms(C–O)ar1492. UV–Vismax (in dimethylformamide): 422 nm
(e = 14464 M�1 cm�1).

2.2.6. Synthesis of [Mn(pyr2pn)(H2O)2]ClO4 (3)
H2pyr2pn (0.372 g, 1 mmol) was dissolved in methanol (15 mL)

and mixed with manganese(II) perchlorate hydrate (97%, 0.254 g,
1 mmol) (only small amounts of material should be prepared and
this should be handled with care). The mixture was stirred for
10 min. at 50 �C. The solution was reserved, and solvent
evaporation yielded black crystals after one day. Yield = 32%;
melting point: 158–160 �C. Anal. Calc. For C19H26ClMnN4O10

(560.83 g mol�1): C 40.65; H 4.63, N 9.98. Found: C 40.27; H
4.58, N 9.71%. IR (KBr, cm�1): ms(O–H)water 3540–3474, mm(C–H)ar
2925–2850, ms(C@N) 1619, ms(C–O)ar 1391. UV–Vismax: (in
dimethylformamide): 367 nm (e = 8523 M�1 cm�1).

2.2.7. Synthesis of: [Mn2(pyr2bn)3]�6H2O (4)
H2pyr2bn (1.158 g, 3 mmol) was dissolved in methanol (25 mL)

and mixed with manganese (II) acetate tetrahydrate (98%, 0.245 g,
2 mmol). The mixture was stirred during 2 h at 65 �C. The precipi-
tate was removed by filtration, and solvent evaporation yielded
black crystals after one week. Yield = 25%. Melting point: dec.
146–149 �C. Anal. Calc. for: C60H80Mn2N12O16 (1270.28 g mol�1).
C 56.72; H 6.30; N 13.23. Found: C 55.81; H 6.38; N 12.99%. IR
(KBr, cm�1): ms(O–H)water 3490–3306, mm(C–H)ar 2921–2840,
ms(C@N) 1613, ms(C–O)ar1389. UV–Vismax (in dimethylformamide):
335 nm (e = 2294 M�1 cm�1).

2.3. X-ray crystallography

Data were collected with a Bruker APEX II CCD area-detector
diffractometer and graphite-monochromatized Mo Ka radiation.
The structures of the compounds 1, 2, 3, 4, and H2pyr2bn were
solved by direct methods using SHELXS-97 [23]. Subsequent
Fourier-difference map analyses yielded the positions of the non-
hydrogen atoms. Refinements were carried out with the SHELXL-97
package [24]. All refinements were made by full-matrix least-
squares on F2 with anisotropic displacement parameters for all
non-hydrogen atoms. Hydrogen atoms were included in the refine-
ment in calculated positions except those who are commentaries
by hydrogen bonds. Drawings were made with the DIAMOND for
Windows [25]. Crystal data and more details of the data collections
and refinements are contained in Table 1.

2.4. Physical measurements

IR spectra were measured as KBr pellets on a Shimadzu FTIR-
spectrophotometer in the 4000–400 cm�1region. 1H NMR spectra
of ligands were acquired on a Bruker DPX 200 (1H at 200 MHz)
in DMSO-d6/TMS (DMSO, dimethyl sulfoxide; TMS, tetramethylsi-
lane) solutions at 298 K. Electronic spectra were registered with
Shimadzu UV 2600 spectrophotometer in the range 200–800 nm
(DMF solution).

2.5. XAS experiments

X-ray absorption spectroscopy (XAS) measurements were car-
ried out using the XAFS2 beam line at the National Synchrotron
Light Laboratory (LNLS, Campinas, Brazil), which was equipped
with a Si (111) single channel-cut crystal monochromator. X-ray
energy was calibrated using a Mn foil (6540 eV) [26] placed after
the sample. XANES spectra of Mn K-edge were recorded in air, at
room temperature in transmission mode with two ion chambers
as detectors located before and after the sample. Compounds as
fine powder (30 mg) were mixed with boron nitride (100 mg)
pressed to produce 1.0-mm thick pellets which were packed inside
Kapton foils. Compounds [Mn(II)(acac)2], [Mn(II)(OAc)2], [Mn(III)
(OAc)3], Mn(IV)O2 of the highest purity were used as reference in
this study.

2.6. Superoxide dismutase activity

The superoxide dismutase activity (SOD activity) of complexes
1–4was determined bymeasuring the inhibition of nitro blue tetra-
zolium chloride (NBT) photoreduction, according to a procedure
already described [27–30]. The reaction mixture consisted of
2.4 mL of a sodium phosphate buffer solution (pH 7.8) containing
9.53 � 10�3 M methionine and 3.8 � 10�5 M NBT. Temperature
was set to 25 �C. A 50 lL aliquot of a dilute solution containing com-
plex 1–4 in dimethylformamidewas added to the solutions, followed
by addition of riboflavin (final concentration = 3.2 � 10�6 M). All
experiments were done by triplicate – this included blank samples
(only solvent, no added complex). The solutions were illuminated
with a fluorescent lamp at constant light intensity. NBT reduction
was monitored spectrophotometrically at 560 nm as a function of
the illumination period (t). NBT reduction rate in the absence
and in the presence of complex were determined for a range of
complex concentrations. Inhibition percentage was calculated
according to {(DAbs/t)without complex � (DAbs/t)with complex} � 100/
(DAbs/t)without complex. The IC50 values represent the concentration
of the SOD mimic that induces a 50% inhibition of NBT reduction.
The catalytic rate constants were calculated as kMcCF = kNBT [NBT]/
IC50, where kNBT (pH 7.8) = 5.94 � 104 M�1 s�1 [10].
3. Results and discussion

3.1. Structural analysis of complexes 1–4

3.1.1. Complexes 1 and 2
Reaction of H2pyr2en�2HCl with Mn(OAc)2 or MnCl2 in metha-

nol, afforded pure complexes [Mn(pyr2en)(H2O)2]Cl�4H2O (1) and
[Mn(pyr2en)(H2O)(CH3OH)]Cl (2), respectively. Instead of the
unique product obtained in neutral methanol, reaction of
H2pyr2en�2HCl with Mn(OAc)2 in basic methanol (Et3N) was
reported to yield a mixture of 1 and [Mn(pyr2en)(EtOH)Cl] after
crystallization from MeOH/EtOH [31]. X-ray diffraction analysis
showed that the single-crystal structures of complexes 1 and 2
are very similar to each other (as seen in Figs. 1 and 2) and were
substantially similar to the structures of EUK-8 and EUK-134
[13,32–36]. Table 1 provides additional information about the
data collection and refinement of the crystal structures of
complexes 1 and 2, and the most relevant bond lengths and angles
are listed in Table 2.



Table 1
Crystal data and structure refinement for the complexes 1, 2, 3, 4 and the ligand H2pyr2bn.

Complex 1 2 3

Formula C18 H32ClMnN4O10 C19H27ClMnN4O6 C19H26ClMnN4O10

Formula weight 554.87 496.83 560.83
T (K) 290(2) 290(2) 290(2)
k (Å) Mo Ka; 0.71073 Mo Ka; 0.71073 Mo Ka; 0.71073
Crystal system, space group triclinic, P�1 triclinic, P�1 monoclinic, P21/c
Unit cell dimensions
a (Å) 8.8107(6) 8.6719(12) 12.6194(7)
b (Å) 10.8771(6) 9.0060(13) 9.3661(6)
c (Å) 13.0656(8) 14.745(2) 19.7618(14)
a (�) 100.211(4) 98.349(3) 90
b (�) 96.462(4) 94.965(3) 95.029(5)
c (�) 91.825(4) 105.739(3) 90
V (Å3) 1222.76(13) 1087(3) 2326.7(3)
Z, Calculated density (g cm3) 2, 1.507 2, 1.518 4, 1.601
Absorption coefficient (mm1) 0.708 0.774 0.745
F(000) 580 516 1160
Crystal size (mm) 0.186 � 0.139 � 0.077 0.454 � 0.091 � 0.042 0.190 � 0.104 � 0.069
Theta range for data collection h (�) 1.60–27.27 2.39–27.53 1.62 to 27.22
Limiting indices �11 6 h 6 11 �11 6 h 6 11 �16 6 h 6 16

�13 6 k 6 14 �11 6 k 6 11 �11 6 h 6 12
�16 6 l 6 16 �19 6 l 6 19 �25 6 h 6 25

Reflections collected/unique 28295/5587 13594/4965 18497/5062
Completeness to theta 99.9% 99.7% 99.6%
Absorption correction numerical numerical numerical
Data/restraints/parameters 5587/5/307 4965/1/281 5062/1/316
Goodness-of-fit on F2 0.959 0.963 0.995
Índice (Rint) 0.0748 0.0879 0.1060
Final R indices [I > 2r(I)] R1 = 0.0591, wR2 = 0.1496 R1 = 0.0634, wR2 = 0.1362 R1 = 0.0624, wR2 = 0.1034
R indices (all data) R1 = 0.1131, wR2 = 0.1827 R1 = 0.1339, wR2 = 0.1694 R1 = 0.1364, wR2 = 0.1280
Largest diff. peak and hole (e Å3) 0.761–0.448 0.522–0.439 0.500–0.398

Complex 4 H2pyr2bn

Formula C30H40MnN6O8 C10H13N2O2

Formula weight 667.62 193.22
T (K) 290(2) 290(2)
k (Å) Mo Ka; 0,71073 Mo Ka; 0,71073
Crystal system, space group triclinic, P�1 Monoclinic, P21/c
Unit cell dimensions
a (Å) 10.6944(18) 11.1948(8)
b (Å) 13.144(3) 4.9380(3)
c (Å) 13.794(3) 18.0932(12)
a (�) 62.617(9) 90
b (�) 77.712(10) 96.436(4)
c (�) 86.725(11) 90
V (Å3) 1680.4(5) 993.89(11)
Z, Calculated density (g cm3) 2, 1.319 4, 1.291
Absorption coefficient (mm1) 0.448 0.091
F(000) 694 412
Crystal size (mm) 0.099 � 0.089 � 0.036 0.276 � 0.251 � 0.108
Theta range for data collection h (�) 2.30–26.98 2.27–27.11
Limiting indices �13 6 h 6 13 �14 6 h 6 14

�16 6 k 6 16 �5 6 k 6 6
�17 6 l 6 17 �23 6 l 6 23

Reflections collected/unique 24578/7293 14340/2174
Completeness to theta 99.6% 99.8%
Absorption correction numerical numerical
Data/restraints/parameters 7293/0/408 2174/0/127
Goodness-of-fit on F2 0.828 1.015
Índice (Rint) 0.1068 0.0687
Final R indices [I > 2r(I)] R1 = 0.0824, wR2 = 0.1440 R1 = 0.0649, wR2 = 0.1494
R indices (all data) R1 = 0.2584 wR2 = 0.2005 R1 = 0.1439, wR2 = 0.1867
Largest diff. peak and hole (e Å3) 0.586–0.304 0.561–0.372
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In complexes 1 and 2, the ligands are polydentate with two phe-
nolate oxygens, and two imine nitrogen atoms occupying the four
equatorial coordination sites. In complex 1, the coordination
sphere is completed by two water molecules, while in complex 2
it is completed by a water molecule and a molecule of methanol.
Results obtained from XANES experiments recorded in air at the
Mn K-edge of complexes 1 and 2 were consistent with Mn(III) cen-
ters, thus corroborating the estimated charge for the two compounds
(more details are given in the Supplementary Information section).
In the two complexes, the Mn(III) atom has a coordination num-
ber of six, adopting a slightly distorted octahedral geometry, as
shown by trans angles O(3)–Mn–N(2) (174.08(12)�), O(1)–Mn–N
(3) (172.50 (14)�), O(5)–Mn–O(6) (177.17(12)�) for 1 and O(3)–
Mn–N(2) (172.16(15)�), O(1)–Mn–N(3) (174.81(14)�), O(5)–Mn–O
(6) (171.04(13)�) for 2. For the two complexes, Mn-N/O bond
lengths and angles (Table 2) are in the range of those reported
for other of Mn(III) complexes with N2O2-donor Schiff base
ligands, with axial Mn–O distances (average Mn–Oax = 2.2405



Fig. 1. Molecular structure of complex [Mn(pyr2en)(H2O)2]Cl (1). For clarity, solvates of crystallization are not shown.

Fig. 2. Molecular structure of complex [Mn(pyr2en)(H2O)(CH3OH)]Cl (2).

Table 2
Bond distances (Å) and angles (degrees) of 1, 2 and selected Mn-salen compounds
described in the literature.

Reference Mn–O Å
(phenolic)

Mn–N Å
(iminic)

Mn–L Å
(axial)

O–Mn–O (�)
(axial)

Complex 1 (this
study)

1.862(3) 1.977(4) 2.218(4) 175.14(13)
1.872(4) 1.981(4) 2.311(4)

Complex 2 (this
study)

1.863(4) 1.972(4) 2.214(4) 170.66(11)
1.866(4) 1.981(5) 2.3207

(10)
[40] 1.875(7) 1.976(8) 2.228(7) 1 75.6(3)

1.877(7) 1.977(9) 2.216(7)
[41] 1.8718(12) 1.9780(14) 2.2405

(12)
170.10(5)

1.8725(12) 1.9783(14) 2.3257
(13)

[42] 1.894(1) 1.984(2) 2.347(2) 173.90(5)
1.886(1) 1.974(2) 2.125(2)

[43] 1.8818(6) 1.9981(7) 2.1947(7) 177.95(2)
1.8964(6) 1.9739(7) 2.2324(7)
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(6) Å) considerably longer than the equatorial ones, owing to Jahn–
Teller distortion of the high-spin Mn(III) system [37–43].
Compound 2, which contains a chloride anion but no hydration
water molecules, displays a two-dimensional supramolecular
arrangement promoted by intermolecular hydrogen bonds of
trifurcated donor type, with three receivers [44]. The distances
between the atoms involved in the trifurcated interactions (along
the crystallographic direction [010]) [45–47] in the dimers
(Fig. 3) of complex 2 are 2.845(5), 2.837(5) and 2.275(3) Å for
H8#� � �Cl, H10B� � �Cl, and H6D� � �Cl, respectively.
3.1.2. Complex 3
In the case of complex [Mn(pyr2pn)(H2O)2]ClO4 (3), shown in

Fig. 4, featuring a propylene spacer between pyridoxal moieties,
the ligand is also polydentate, with the two phenolate oxygens
and two iminic nitrogens in the equatorial positions. The coordina-
tion sphere of complex 3 is completed by two molecules of water
in the two trans-axial sites. The asymmetric unit also contains a
perchlorate as counter ion. The trans angles at the metal center
are O(3)–Mn–N(2) (177.72�), N(3)–Mn–O(1) (177.25�) and
O(6)–Mn–O(5) (176.61�), implying a slightly distorted octahedron
around the Mn ion.



Fig. 3. Trifurcated hydrogen interactions in complex 2. Symmetry operations used to generate equivalent atoms: (#) 1 � x, 1 � y, 1 � z.

Fig. 4. Molecular structure of complex [Mn(pyr2pn)(H2O)2]ClO4 (3).

Table 3
Selected bond distances (Å) and angles (degrees) for complexes 3 and 4.

3 4

Bond distances (Å)
Mn-N(2) 2.019(3) Mn–N(2) 2.230(6)
Mn–N(3) 2.035(3) Mn–N(3) 2.035(6)
Mn–O(1) 1.882(3) Mn–N(6) 2.326 (5)
Mn–O(3) 1.879(3) Mn–O(1) 1.887 (4)
Mn–O(5) 2.191(3) Mn–O(3) 1.927 (4)
Mn–O(6) 2.244(3) Mn–O(5) 1.917 (4)

Bond angles (�)
O(3)–Mn–N(2) 177.76 (13) O(5)–Mn–O(3) 176.1(2)
O(1)–Mn–N(3) 177.19 (13) N(6)–Mn–N(2) 168.3 (2)
O(5)–Mn–O(6) 176.28 (11) N(3)–Mn–O(1) 176.6 (2)
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The bond distance values from the metal center to the imine
nitrogen and the oxygen atoms of phenolate are in accordance with
those of Mn-salpn complexes [48–50]. The most relevant values for
the bond lengths and angles are listed in Table 3. For this complex,
the oxidation state of the metal determined by XANES measure-
ments is consistent with Mn(III) centers, similarly to complexes 1
and 2 shown above (see Supplementary Information section).

Pyr2pn2� possesses one additional methylene spacer in the dia-
mine fragment which confers flexibility to the ligand backbone,
compared to pyr2en2� in 1 and 2. Thus, instead of the relatively
planar conformation of the pyr2en2� ligand in 1 and 2, pyr2pn2�

adopts a dome-shaped conformation in 3 with Mn-ligand bond
lengths slightly longer than in 1 and 2. The same difference was
observed between salpn-Mn [45–47] and salen-Mn [40–43]
complexes.

The oxygen atoms of the perchlorate ion promotes an increase
in inter- and intramolecular hydrogen bonding strength between
H4� � �O10, O7� � �H06a, H05a#� � �O8, and H8#2� � �O9#2 (Fig. 5), with
distances between the atoms of 2.090(9), 2.013(9), 2.112(9), and
2.484(9) Å respectively.



Fig. 5. DIAMOND plot of complex 3 with the atom numbering. Symmetry code for the generated atoms: # x, 1 + y, z; # 2 � x, 0.5 + y, 1.5 � z. For the sake of clarity, hydrogen
atoms not involved in secondary bonds (dashed lines) are omitted.

Fig. 6. DIAMOND plot of complex 4 with the atom numbering. Symmetry code for the generated atoms: # �x, 1 � y, �z. For clarity the hydrogen atoms not involved in
secondary bonds (dashed lines) are omitted.

Table 4
Selected H-bond distances and intramolecular bond angles for compound 4.

(D–H� � �A) D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (�)

O6–H6� � �N4# 0.820(7) 2.046(8) 2.790(13) 150.62(35)

Table 5
IC50 values and rate constants for complexes 1–4.

Complex/reference IC50 (lM) kMcCF (M�1 s�1) � 106

1 2.11 1.06
2 2.15 1.04
3 1.22 1.84
4 1.78* 1.26*

[28] 1.14 2.4
[16] 1.43 1.91
[59] 1.33 11.05
[60] 2.93 4.6
[61] 3.73 not reported
[64] 1.26 1.7

* Per Mn site.
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3.1.3. Complex 4
The structure of complex 4 is shown in Fig. 6, and is well

different from those discussed above. It consists in a neutral mole-
cule composed of three pyr2bn2� ligands and two Mn ions. The
pyr2bn2� ligand binds the metal through two phenolate oxygen
and two imine nitrogen atoms. The coordination sphere of Mn in
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complex 4 is completed by one phenolate oxygen atom and one
imine nitrogen atom from a second molecule of the ligand that is
shared by the two metal centers. The Mn ion shows a distorted
octahedral coordination geometry, as evidenced by the angles O
(5)–Mn–O(3) (176.28�), N(6)–Mn–N(2) (167.32�), and N(3)–Mn–
O(1) (176.84�). Mn–N/O equatorial distances (Mn–O/Neq 1.928 Å)
are shorter than axial Mn–N bond lengths (Mn–Nax = 2.217 and
2.323 Å), in agreement with values reported for other Mn(III) com-
plexes [48,51–53]. Table 1 summarizes information on the data
collection and refinement of the crystal structure of complex 4.
Additional bond lengths and angles are listed in Table 3. In this
case, the butylene spacer between the two imino nitrogen atoms
imparts this ligand with enough flexibility to assume a b-cis folded
configuration [16]. This arrangement allows a second ligand mole-
cule to occupy two cis sites in the coordination sphere of the Mn
ion.

The strength of hydrogen interactions in complex 4 is moderate
as judged from bond distances shown in Table 4. Bond distances
and angles (close to 150�) are in agreement with the models pro-
posed by Steiner and Jeffrey [42,54].

3.2. SOD activity

SOD activity of complexes 1–4 was determined at pH 7.8 by the
NBT photoreduction method. The four complexes inhibited the
reduction of NBT with increasing inhibition as the concentration
of complexes increased. IC50 values summarized in Table 5 reveal
that their antioxidant activity is in the range of other MnSOD mim-
ics with open chain ligands, including salen and salpn-type Mn
complexes [10,28,13,32–36,40,55–60] and is clearly higher than
that of well-known stoichiometric antioxidants such as mannitol
and vitamin C [62,63].

Complexes 1 and 2 showed essentially the same antioxidant
activity, as expected from the fact that their molecular structures
are similar. In both cases, the complexes have short equatorial
Mn–N and Mn–O bonds and longer axial Mn–O bonds, occupied
by two water molecules in 1 or by water and methanol in 2, afford-
ing labile substitution sites to interact with the substrate. There-
fore, complexes 1 and 2 are analogous in solution, as the IC50

data clearly reflect.
Replacing the ethylene spacer between pyridoxal units with a

propylene chain resulted in complex 3with 25� deviation from pla-
narity of the central polyhedron and the pyridoxal molecules.
Whilst still maintaining two water molecules coordinated to the
metallic center at the axial positions, complex 3 revealed a notice-
ably lower IC50 value of 1.22 lM as compared to 1 and 2
(IC50 � 2.1 lM). The higher reactivity of 3 can result from its
dome-shaped octahedral geometry, in which one of the axial
ligands is very weakly coordinated, thus favoring ligand exchange
and interaction with the substrate.

In complex 4, the six coordination sites of the metal are occu-
pied by donor sites of the ligand. Thus, initial binding to the sub-
strate must occur through ligand shift, the most probable being
the shift of the weakly bound N6-imino group. This ligand replace-
ment should slow down the SOD rate (compared to complexes
where a solvent molecule is replaced). However, the high flexibility
of the butylene moiety facilitates the ligand shift affording an IC50

lower than for complexes 1–2 (with a more rigid C2 unit) and
similar to that observed for other Mn complexes of hexadentate
N3O3 ligands [64].

Values of the catalytic rate constants for superoxide dispropor-
tionation shown in Table 5 clearly indicates that these complexes
can be used as superoxide scavengers. Comparison of kMcCF of com-
plexes 1–4 reveal that the geometry around Mn contributes to
modulate SOD activity, with 3 being the best suited to react with
superoxide.
4. Conclusions

The condensation of 1,n-diamines with pyridoxal afforded
Schiff bases, which were very efficient for coordination to man-
ganese(III).

The results indicated that, with the increasing length of the
organic spacers, the coordination geometry of complex 4 was sig-
nificantly modified, forming a neutral complex with the six coordi-
nation positions of Mn occupied by ligand donor sites; whereas the
other complexes (1, 2, and 3) were positively charged with coordi-
nated solvent molecules.

The four complexes are effective SOD mimics with catalytic aci-
tivity in the range of other Mn complexes with open chain ligands.
In Mn-py2pn (3) the bending of the tetradentate ligand leads to a
weakly coordinated exchangeable axial solvent molecule which
facilitates substrate binding. Thus, this complex is the best suited
to react with superoxide and shows the lowest IC50 value among
the compounds evaluated in this study. These results emphasize
the role played by the geometry around the metal ion in the reac-
tion with superoxide.
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