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Abstract: In low-molecular-weight Mn superoxide dismutase (SOD) mimics, the ligand plays a
key role in tuning the reactivity of the metal center with O2

•−. We used three ligands differ-
ing in their donor sites, flexibility and/or charge, to compare the redox properties and SOD ac-
tivity of the resulting Mn complexes: 1,3-bis[(pyridin-2-ylmethyl)(propargyl)amino]propane (py-
papn), 1,3-bis(pyridin-2-ylmethyleneamino)propane (py2pn) and 1,4-bis(salicylidenamino)butane
(H2salbn). These ligands afford Mn complexes that, in aqueous solution, exist as mononuclear species
[Mn(II)(pypapn)(H2O)2]2+, [Mn(II)(py2pn)(H2O)2]2+ and [Mn(III)(salbn)(H2O)2]+. The relative re-
activity of these compounds with O2

•− at pH 7.8, [Mn(pypapn)(H2O)2]2+ > [Mn(salbn)(H2O)2]+ >
[Mn(py2pn)(H2O)2]2+, is independent of the redox potential but strongly depends on the ligand
flexibility which becomes a critical feature when the reaction occurs through an inner-sphere electron-
transfer mechanism. Immobilization was used to isolate and protect the catalyst from dissociation or
dimerization during catalysis. [Mn(pypapn)(H2O)2]2+, with the alkyne group, was covalently grafted
to azide functionalized mesoporous silica through click chemistry, while [Mn(py2pn)(solv)2]2+ and
[Mn(salbn)(solv)2]+ were encapsulated in SBA-15 mesoporous silica through ionic exchange. The
retention or enhancement of the SOD activity and the improved stability of the covalently attached
catalyst and the doubly charged complex encapsulated in the silica pores, make them suitable for use
in aqueous media.

Keywords: Mn bioinspired catalysts; mesoporous silica; click chemistry; encapsulation; SOD activity

1. Introduction

Superoxide radical (O2
•−) is produced as a by-product of oxygen metabolism under

normal physiological conditions. To prevent O2
•− from reacting with exposed targets, large

amounts of highly efficient O2
•− scavengers are loaded in cells [1]. In healthy organisms,

the intracellular O2
•− production is balanced by its scavenger-mediated decomposition.

Superoxide dismutase enzymes (SODs) are the frontline defense to remove O2
•−, catalyzing

its conversion into O2 and H2O2 at extremely high rates, with catalytic constant near the
diffusion-controlled limit [2]. Among them, MnSOD is present in the mitochondrial matrix
of eukaryotes and various prokariotes. The active site of MnSODs contains one Mn ion in a
trigonal bipyramidal geometry, bound to N3(his)O(Asp), and OH− or H2O, in the Mn(III) and
Mn(II) forms of the enzyme, respectively [3]. In a number of pathologies such as cancer, mul-
tiple sclerosis, Alzheimer’s or Parkinson’s diseases, the O2

•− overproduction exceeds the
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capacity of endogenous defenses to suppress it, giving rise to oxidative stress and cell dam-
age [4]. The limited success of the therapeutic treatment of these disorders with exogenous
SODs has stimulated the search for low molecular weight catalytic scavengers of O2

•− [5–8].
Inspired by the active site of MnSOD, a number of mononuclear Mn complexes, with differ-
ent types of ligands and geometry around the metal center have been tested as MnSOD mim-
ics [9–11]. However, in most cases these complexes are poorly soluble in aqueous solution
or suffer metal dissociation and/or oligomerization during reaction [12–14]. The immobi-
lization on mesoporous supports, either by covalent anchoring or encapsulation, has proven
to be effective in protecting the catalyst, improving its stability and increasing the catalytic
efficiency in terms of turnover numbers [15–19]. Among mesostructured inorganic solids,
mesoporous silicas are excellent candidates for biomedical applications due to their biocom-
patibility, high specific surface area, controlled pores and particles size, excellent chemical
and mechanical stability, and modifiable surface properties [20,21]. In this work, two
N4-tetradentate ligands, 1,3-bis[(pyridin-2-ylmethyl)(propargyl)amino]propane (pypapn)
and 1,3-bis(pyridin-2-ylmethyleneamino)propane (py2pn), and the N2O2-tetradentate lig-
and 1,4-bis(salicylidenamino)butane (H2salbn) (Scheme 1), were chosen to evaluate the
influence of the flexibility of the ligand and the nature of the donor sites (amine/pyrine,
imine/pyridine, and imine/phenolate) on the redox properties and SOD activity of their
Mn complexes. Besides, with the intention of lengthening the lifetime and efficiency of
the catalyst, the Mn complex of pypapn, which contains the propargyl group, was cova-
lently attached to azido functionalized mesoporous silica through “click reaction”, while
the Mn complexes formed with the Schiff base ligands were inserted into the channels
of mesoporous SBA-15 silica by ionic exchange, and the effect of covalent grafting and
encapsulation on the catalytic activity of the MnSOD mimics was assessed.
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Scheme 1. Ligands and their Mn complexes in solution.

2. Materials and Methods

The reagents and the solvents used in this study were commercial products of the
highest available purity and were further purified by standard methods, as necessary.

2.1. Synthesis of Ligands, Complexes and Hybrid Materials

N,N′-bis(2-pyridylmethylen)propane-1,3-diamine (py2pn) [22], and N,N′-bis(salicy
lidene)butane-1,4-diamine (H2salbn) [23], were prepared according to literature procedures.

2.1.1. Synthesis of 1,3-Bis[(2-Pyridilmethyl)(Propargyl)Amino]Propane (Pypapn)

The synthesis of pypapn was adapted from the previously reported procedure for a
similar ligand [19]. An excess of sodium borohydride was added to a methanolic solution
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(16 mL) of N,N′-bis(2-pyridinylmethylen)propane-1,3-diamine (0.425 g, 1.7 mmol), and the
mixture was stirred for 2 h at room temperature. Afterwards, the solvent was evaporated,
and the product was redissolved in a water/methanol (35:65, 20 mL) mixture. Three
extractions with dichloromethane (3 × 12 mL) were performed. The organic phases were
washed with water (12 mL) and dried over anhydrous sodium sulphate. The mixture was
filtered, the solvent was evaporated and the solid was dissolved in THF (8 mL). After
the addition of potassium carbonate (0.892 g, 6.4 mmol), propargyl bromide (0.350 mL,
3.34 mmol) was added dropwise to the stirred mixture. The reaction was left for 20 h at
50 ◦C. Then, the solvent was evaporated, and the product dissolved in dichloromethane
before performing a filtration through a potassium carbonate pad. A light brown oil was
obtained after evaporation of the dichloromethane. Yield: 0.458 g (1.38 mmol, 81%). ESI-MS
(methanol): m/z = 333.2 [C21H24N4 + H]+. 1H NMR (CDCl3, δ, ppm): 8.55 (dt, 2H, H2, J = 1;
5 Hz), 7.62 (td, 2H, H4, J = 1.9; 7.9 Hz), 7.39 (d, 2H, H5, J = 7.9 Hz), 7.14 (ddd, 2H, H3, J = 1;
5; 7.9 Hz), 3.79 (s, 2H, H6), 3.39 (d, 4H, H7, J = 2.4 Hz), 2.64 (q, 4H, H10, J = 7.4 Hz), 2.21 (t,
2H, H9, J = 2.4 Hz), 1.73 (qint, 2H, H11, J = 7.4 Hz). 13C NMR (CDCl3, δ, ppm): 158.09 (C1),
148.23 (C2), 135.42 (C4), 122.06 (C5), 121.00 (C3), 77.38 (C8), 72.21 (C9), 58.71 (C6), 50.43
(C10), 41.05 (C7), 24.49 (C11). Significant IR bands (NaCl, ν, cm−1): 3300, 2945, 2832, 2099,
1591, 1571, 1475, 1433, 760 (Figures S1 and S2a).

2.1.2. Synthesis of [Mn(Pypapn)Cl]Cl·0.5 H2O (1)

A solution of MnCl2 tetrahydrate (0.119 g, 0.60 mmol) in methanol (1 mL) was slowly
added to a solution of ligand pypapn (0.210 g, 0.63 mmol) in methanol (1 mL). The reaction
mixture was stirred at room temperature for 4 h. Then, hexane was added, and the mixture
was left overnight at 4 ◦C. The light beige solid was filtered, washed with cold methanol,
dichloromethane and hexane, and dried under vacuum. Yield: 0.156 g (0.34 mmol, 57%).
Anal. calcd. for C21Cl2H24MnN4·0.5H2O: C 54.0, H 5.40, N 12.0%. Found: C 54.3, H 5.5,
N 11.9%. UV-vis, λmax nm (ε M−1 cm−1) in methanol: 261 (13,200). Significant IR bands
(KBr, ν, cm−1): 3429, 3228, 3058, 2958, 2937, 2872, 2105, 1608, 1574, 1479, 1449, 1094, 1019,
782, 707, 641. ESI-MS (methanol): m/z = 440.1 [Mn(pypapn)(H2O)Cl]+. Conductivity:
145 Ω−1 cm2 mol−1 in methanol.

2.1.3. Synthesis of [Mn2(Py2pn)3(ClO4)2](ClO4)2·2H2O (2)

A deoxygenated solution of Mn(ClO4)2 hexahydrate (0.215 g, 0.60 mmol) in ethanol
(2 mL) was added to a previously deoxygenated solution of ligand py2pn (0.152 g, 0.60 mmol)
in dichloromethane (2 mL). The reaction mixture was stirred at room temperature, under
an N2 atmosphere and light-protected for 6 h. The yellow precipitate was filtered, washed
with ethanol, dichloromethane and hexane, and dried under vacuum. Yield: 0.130 g
(0.1 mmol, 33%). Anal. calcd. for C45Cl4H48Mn2N4O16·2H2O: C 41.6, H 4.03, N 12.9, Mn
8.4%. Found: C 41.2, H 3.94, N 12.8, Mn 8.2%. UV-vis, λmax nm (ε M−1 cm−1) in MeCN:
280 (4660). Significant IR bands (KBr, ν, cm−1): 3423, 3062, 2929, 2853, 1645, 1596, 1569,
1478, 1440, 1145, 1119, 1083, 782, 637, 626. ESI-MS (DMF): m/z = 406 [Mn(py2pn)(ClO4)]+,
153.5 [Mn(py2pn)]2+. Conductivity: 246 Ω−1 cm2 mol−1, in MeCN:MeOH 3:7.

2.1.4. Synthesis of [Mn2(Salbn)2OH]ClO4 (3)

An aqueous solution of NaOH (0.450 mL, 5.13 M) was added to a solution of ligand
H2salbn (0.68 g, 2.4 mmol) in a methanol/ethanol mixture (1:1, 18 mL). Subsequently, a
solution of Mn(II) perchlorate hexahydrate was added dropwise (0.892 g, 2.4 mmol) in the
same solvent mixture (3.0 mL). The reaction mixture was stirred for 2 h at reflux temperature
and overnight at room temperature. The green solid was collected by filtration, washed
with cold methanol and hexane, and dried under vacuum. Yield: 0.741 g (0.91 mmol, 76%).
Anal. calcd. for C36ClH37Mn2N4O9: C 53.1, H 4.6, N 6.9, Mn 13.5%. Found: C 53.6, H 4.9,
N 7.0, Mn 13.0%. UV-Vis, λmax nm (ε, M−1 cm−1) in MeOH: 277 (11,560), 306 (8218), 393
(3760), 610 (196); in CH3CN: 279 (15,914), 302 (11,190), 382 (4695), 614 (308). Significant IR
bands (KBr, ν, cm−1): 3452, 3063, 2936, 2874, 1650, 1608,1288, 1093, 774, 623. Conductivity:
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98.6 Ω−1 cm2 mol−1, in DMF. The addition of 4.8 mmol of NaOH maintaining constant
all the other conditions, yielded [Mn(salbn)O]2 (4), as a brown solid. Anal. calcd. for
C36H36Mn2N4O4: C 59.2, H 5.0, N 7.7%. Found: C 58.8, H 5.1, N 7.5%.

Caution! The perchlorate salts used in this study are potentially explosive and should be handled
with care.

2.1.5. Synthesis of “Click” Modified Silica Pypntriazole@OP-MS

The azidopropyl functionalized silica, N3pn@OP-MS, was prepared by co-condensation
of TEOS (tetraethylorthosilicate) and AzPTES (3-azidopropyltriethoxysilane), with Pluronic
P-123 as a structure-directing agent, following a recently reported procedure [19]. The ob-
tained material (300 mg) was suspended in a methanol/acetonitrile mixture (75:25, 72 mL)
and stirred for 10 minutes. Afterwards, a solution of the ligand pypapn (30 mg, 0.09 mmol)
in the same solvent mixture (9 mL) was added. The reaction mixture was stirred for 1 h,
and then the solid catalyst CuBr(PPh3)3 (84 mg, 0.09 mmol) was added. The mixture
was left to stir at 60 ◦C until the complete disappearance of the azide stretching band at
2114 cm−1 in the IR spectrum. The product was filtered, washed using Soxhlet extrac-
tion with dichloromethane, and the solid was dried at 60 ◦C. A solution of MnCl2·4H2O
(32 mg, 0.16 mmol) in methanol (1 mL) was added to a suspension of the obtained material
(50 mg) in methanol (5 mL). The mixture was stirred for a week at room temperature. The
product was filtered, washed with methanol and dichloromethane, and dried at 60 ◦C, to
afford 45 mg of Mn-pypntriazole@OP-MS. Anal. (wt.%): N 1.3, Mn 0.7. Catalyst’ content:
13 mmol/100g. Significant IR bands (KBr, ν cm−1): 1640 (δ, H-O-H), 1080 (νas, Si-O), 795
(νs, Si-O), 463 (δ, Si-O-Si).

2.1.6. Encapsulation of Complexes 2 and 3 in Mesoporous Silica SBA-15

Mesoporous silica SBA-15 was synthesized as previously reported [24]. Compound 2
(83 mg, 0.07 mmol) was dissolved in a mixture of acetonitrile/methanol (1:2, 7 mL) and
slowly added to silica SBA-15 (60 mg). The mixture was stirred at room temperature
for 24 h and filtered. Then, the solid was suspended in methanol (1 mL) and stirred for
5 h. The resulting material was filtered and washed with methanol and dichloromethane
and dried at 60 ◦C for 48 h, yielding 55 mg of 2@SBA-15. Anal. (wt.%): N 0.85, Mn 0.8.
Catalyst content: 15 mmol/100 g. Following the same procedure, 140 mg of 3@SBA-15 were
obtained, with a catalyst content of 4 mmol/100 g. Significant IR bands (KBr, ν cm−1): 1640
(δ, H-O-H), 1080 (νas, Si-O), 795 (νs, Si-O), 463 (δ, Si-O-Si).

2.2. Analytical and Physical Measurements
2.2.1. Analytical Measurements

Metal content was determined with an Inductively coupled plasma mass spectrometer
(ICP-MS) Perkin Elmer NexION 350× (PerkinElmer, Waltham, MA, USA). CHN analyses
were performed on a PERKIN ELMER 2400 series II Analyzer.

2.2.2. Spectroscopy Measurements

Infrared spectra were recorded in the 4000–400 cm−1 range on a Perkin-Elmer Spec-
trum One FTIR spectrophotometer provided with a DTGS detector, resolution = 4 cm−1

and 10 accumulations. FT-IR spectra were registered from KBr sample pellets. UV–visible
spectra were recorded on a Jasco V-550 spectrophotometer (Jasco, Tokyo, Japan). Electron
Paramagnetic Resonance (EPR) spectra were obtained at 115 K on an Elexsys E 500 Bruker
spectrometer (Bruker, Billerica, MA, USA), operating at a microwave frequency of approx-
imately 9.5 GHz and on a Bruker EMX-Plus spectrometer for measurements at Q-band.
Electrospray ionization (ESI) mass spectra were obtained with a Thermo Scientific LCQ
Fleet (Thermo Scientific, Waltham, MA, USA). The solutions for electrospray were pre-
pared from solutions of complex diluted with methanol to a final ~10−5 M concentration.
1H NMR spectra were recorded on a Bruker AC 300 NMR spectrometer at ambient probe
temperature (ca. 25 ◦C). Chemical shifts (in ppm) are referenced to tetramethylsilane and



Inorganics 2023, 11, 359 5 of 22

paramagnetic NMR spectra were acquired employing a superWEFT sequence, with an
acquisition time of 80 ms.

2.2.3. Conductivity and Electrochemical Measurements

Conductivity measurements were performed on 1.0 mM solutions of the complexes
using a Horiba F-54 BW conductivity meter (Horiba, Kyoto, Japan). The electrochemical
experiments were performed with a Princeton Applied Research potentiostat (AMETEK,
Berwyn, PA, USA), VERSASTAT II model, with the 270/250 Research Electrochemistry
Software. Studies were carried out under Ar, in N,N-dimethylformamide, acetonitrile or
methanol solution using 0.1 M Bu4NBF4 as a supporting electrolyte and ≈10−3 M of the
complex. The working electrode was a glassy carbon disk, and the reference electrode was
a calomel electrode isolated in a fritted bridge with a Pt wire as the auxiliary electrode.
Under these conditions, E(ferrocene/ferrocenium) = 474 mV in DMF; 409 mV in MeOH;
388 mV in MeCN, at room temperature.

2.2.4. Electron Microscopy Measurements

The size and morphology of the solid materials were analyzed using an AMR 1000 Leitz
scanning electron microscope (SEM) (Leitz, Stuttgart, Germany) operated at variable accel-
erating voltages and with EDX detector NORAN System SIX NSS-200 (Thermo Scientific,
Waltham, MA, USA). Samples for SEM observation were prepared by dispersing a small
amount of powder of dry silica and hybrid samples on double-sided conductive adhesive
tabs on top of the SEM sample holders. Then, the samples were covered by a thin layer of
gold deposited by sputtering to avoid charge accumulation on the surfaces. The selected
accelerating voltage used in the showed images were 20 kV at high vacuum condition.
Transmission electron microscopy (TEM) analysis was performed with a TEM/STEM JEM
2100 Plus with an operational voltage of 200 kV (variable), with a LaB6 filament. SEM and
TEM images were processed using the public domain ImageJ program.

2.2.5. N2 Adsorption-Desorption Measurements

N2 adsorption-desorption isotherms were obtained at 77 K on a Micrometric ASAP
2020 V4.02 (V4.02 G) apparatus (Micrometric, Lincoln, UK). The samples were degassed
at 10−3 Torr and 200 ◦C for 6 h prior to the adsorption experiment. Surface area (SBET)
was calculated using the Brunauer-Emmett-Teller (BET) [25] equation over the pressure
range (p/p◦) of 0.05–0.20. The volume of micropores and mesopores (VµP and VMP) was
determined by the alpha-plot method using the standard Licrospher isotherm. The total
pore volume (VTP) was determined with the Gurvich rule [25] at 0.98 p/p◦. The pore size
distributions were calculated using the Villarroel–Bezerra–Sapag (VBS) model [26], on the
desorption branch of the N2 isotherms.

2.3. Indirect SOD Assay

The SOD activity of the free and immobilized complex was tested by an indirect
method measuring the inhibition of the photoreduction of nitro blue tetrazolium (NBT) [27].
The reaction mixture was prepared in phosphate buffer (pH 7.8), containing riboflavin
(3.35 µM), methionine (9.52 mM), NBT (38.2 µM) and the complex either free (diluted
aliquots (50 µL) of the complex solution in DMF were added to the reaction mixture)
or immobilized, in different concentrations (final volume = 3.2 mL). Riboflavin was the
last added and the reaction was initiated by illumination of the mixtures with a 16 W
led lamp placed at 30 cm, at 25 ◦C. The reduction of NBT was measured at 560 nm after
an illumination period of 15 min. The IC50 values were determined from concentration-
dependent plots. Control reactions confirmed that the compounds did not react directly
with NBT or riboflavin. The inhibition percentage was calculated according to:

IC =

[
(∆Abs/t)without catalyst − (∆Abs/t)with catalyst

]
× 100

(∆Abs/t)without catalyst
(1)
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The IC50 values were used to calculate the McCord-Fridovich second-order rate con-
stant (kMcF) [28]. On the basis of competition with NBT, at 50% inhibition, the rates of the
reactions of O2

•− with NBT and the mimic are equal, kMcF [complex] = kNBT [NBT], where
kNBT (pH = 7.8) = 5.94 × 104 M−1 s−1.

2.4. Preparation of Potassium Superoxide Solutions

For EPR measurements, stock KO2 solution in anhydrous dimethylsulfoxide (DMSO)
was prepared by mixing 9.3 mg of KO2 in DMSO (5 mL) and sonicated for 15 min, followed
by centrifugation at 6000 rpm for 25 min. The concentration of KO2 in the supernatant
was estimated by using its extinction coefficient 2686 M−1 cm−1 in deoxygenated DMSO
solution [29] and confirmed by the horseradish peroxidase assay.

3. Results and Discussion
3.1. Characterization of Complexes

The reaction between pypapn and MnCl2 in methanol leads to the formation of an
Mn(II) complex, [Mn(pypapn)Cl]Cl·0.5 H2O (1), that precipitates from the reaction mixture
as a light beige solid after addition of hexane, at 4 ◦C. The FT-IR spectrum (Figure S2a)
evidences the fingerprint pattern of pypapn displaying two absorption bands characteristic
of the alkyne group: an intense band at 3227 cm−1, corresponding to the C-H stretching of
the terminal alkyne, and a weaker band at 2105 cm−1, attributed to the C≡C stretching,
besides the strong bands of the pyridine ring shifted by ≈10 cm−1 from those in the free
ligand due to metal coordination, and a broad band at 3420 cm−1 due to the presence of
water. In addition, the ring breathing band observed at 998 cm−1 in the free ligand, is
replaced by two new bands at 1033 and 1017 cm−1, reinforcing the coordination of pyridine
to Mn(II). The X-band EPR spectrum recorded on the powdered complex shows broad
absorptions on the full magnetic field, far from geff ≈ 2 (Figure 1a,b). At 120 K the main
transition is observed at geff = 2.9 flanked by two minor ones at geff = 5.7 and 1.5, with little
effect of temperature variation from 120 K to 291 K on the main spectral features except
for an additional minor line observed at geff = 14 at 291 K. A similar EPR spectrum was
obtained for the diluted DMSO frozen solution of the complex (Figure 1c), suggesting the
large linewidth is not the result of spin-spin intermolecular interactions. However, in this
spectrum, an additional signal is observed at geff = 2.02, which might correspond to the
complex formed by the substitution of bound chloride by a solvent molecule, in agreement
with conductivity results (see below).

The fine structure pattern of the EPR spectra of powdered 1 is characteristic of low
symmetry Mn(II) complexes where the magnitude of the zero field splitting (zfs) of the
spin states of the high spin d5 metal ion compete with the Zeeman interaction [30–34]. For
high-spin Mn(II) complexes, the shape of the EPR spectra mainly depends on the zfs terms
since the anisotropy of the Zeeman interaction is very small and leads to g values close to
2. In particular, for chloro-Mn(II) complexes, zfs is mostly governed by the anionic halide
ligand with the major contribution originating from the interference between metal and
halide spin-orbit coupling, while is less sensitive to the coordination number or the nature
of the other ligands [33,35]. Nevertheless, the analysis of the X-band EPR spectra is difficult
because of the mixture between the Zeeman levels.
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Figure 1. X-band EPR spectra of 1 (a) powder at 291 K (ν = 9.88 MHz), (b) powder at 120 K
(ν = 9.31 MHz), (c) frozen DMSO solution at 120 K (ν = 9.31 MHz), and (d) Q-band EPR spectrum of
powdered 1 at 291 K (ν = 33.97 MHz).

In the Q-band EPR spectrum of powdered 1 recorded at room temperature (Figure 1d),
the magnitude of the zfs is smaller than the energy of the microwave provided by the
spectrometer, transitions are better resolved, and an estimation of the D and E values
(the axial and rhombic zfs parameters, respectively) could be done [36]. At room tem-
perature, the features present in the Q-band EPR spectrum around geff = 2, associated
with the |5/2, −1/2>→ |5/2, +1/2 > transitions along the x, y and z magnetic axes, be-
come prominent to the detriment of the side signals corresponding to transitions between
±5/2 and ±3/2, and ±3/2 and ±1/2 Zeeman levels. D = 0.11 cm−1 and rhombicity
E/D = 0.29 values were estimated for 1 as described elsewhere [36], which are in the range
of other chloro-Mn(II) complexes [33,37–39]. The retention of bound chloride in solution
is inferred by the similar EPR spectra in the solid and in frozen solution, except for the
signal at g = 2, probably due to a minor amount of solvated Mn(II) complex formed through
ligand exchange, only observed in the frozen DMSO solution. The variations between the
two signatures (in the solid versus frozen solution) are attributed to a slightly different
structure in the solution due to the release of solid-state constraints. Therefore, the fine
structure in the EPR spectra must be due to a distorted mononuclear chloro-Mn(II) species
in the solid state as well as in solution, as confirmed by ESI-MS measurements (see below).

Precipitation of AgCl after the addition of AgNO3 to a solution of the complex in
methanol corroborates the presence of chloride anion as counterion. The molar conductivity
of the complex in methanol is 145 Ω−1 cm2 mol−1, a value somewhat higher than expected
for a 1:1 electrolyte [40], suggesting slight ligand exchange occurs upon dissolution of the
complex affording a mixture of [Mn(pypapn)Cl(solvent)]+ (1+) and a minor proportion of
[Mn(pypapn)(solvent)2]2+ (12+), as already observed for other chloro-Mn(II) complexes [41].
The positive mode ESI-mass spectrum of the complex in methanol confirms its chem-
ical composition in solution, with the parent peak at m/z = 440.1 (100%) and a minor
one at m/z = 454.1 (8%), which originate from the monocations [Mn(pypapn)Cl(H2O)]+

and [Mn(pypapn)Cl(CH3OH)]+, respectively (Figure 2a). The isotopic pattern of these
peaks matches the simulated spectra well. Two other intense peaks originating from
ligand fragmentation and exchange are observed at m/z 395.1 (95%) and 430.1 (90%),
whose mass and isotope distribution patterns correspond to [Mn(pypapn—C2H3)Cl]+ and
[Mn(pypapn—C2H3)Cl2]+, respectively. Besides, no dimeric species are observed in the
mass spectra of freshly prepared solutions of the complex in any solvent.
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Figure 2. (a) ESI-mass spectrum of 1 in methanol. (b) 10–7 ppm region of the 1H NMR spectra of 1 in
D4-methanol (blue line) and pypapn in Cl3CD (light blue line). *: solvent. (c) UV-vis spectrum of
5 × 10−5 M 1 in MeOH.

Further evidence of the coordination of the ligand to Mn(II) is provided by the 1H
NMR spectrum of the complex (Figure S2b) that shows the broadening of the resonances of
the pyridine ring protons as well as those from the methylene groups bound to the amino-N,
with halfwidths of 100 to 200 Hz, as a result of the paramagnetic relaxation induced by
Mn(II) [42,43]. In addition, the signals of the pyridine ring protons shift between 0.1 and
0.2 ppm compared to the free ligand (shown in Figure 2b), while the methylene protons
undergo broadening but keep their original chemical shift (Figure S2b). Three strong
intraligand π→π* transitions at 256, 261 and 267 nm prevail in the electronic spectrum of
1 in methanol (Figure 2c) and prevent observation of the charge transfer band. For the
diluted complex solutions (<1 × 10−4 M) employed in this work, the electronic spectrum is
featureless at wavelengths longer than 300 nm, as expected for a Mn(II) complex.

Complex 2, was obtained as a light yellow solid after a reaction of equimolar amounts
of py2pn and Mn(ClO4)2, in a 1:1 EtOH:Cl2CH2 mixture, at room temperature and anaerobic
conditions. From elemental analysis, the obtained solid can be formulated as [Mn2(py2pn)3
(ClO4)2](ClO4)2. A comparison of FT-IR spectra of py2pn and the complex (Figure S3a) pro-
vides some clues on the ligand binding in 2. The C=N stretching band at 1648 cm−1 in the
ligand shifts to 1645 cm−1 in 2 as a result of metal coordination to the imino-N. The pyridine
ring stretching vibrations of the ligand at 1588, 1567, 1469 and 1437 cm−1 shift to 1596, 1569,
1478 and 1440 cm−1 and undergo variations in their relative intensities. The last has been
observed when different pyridine groups bind Mn with distinct strength [22]. Additionally,
the strong bands observed in the ranges of 1145–1074 cm−1 and 637–626 cm−1 evidence
the presence of bound and free perchlorate. The ligand to metal stoichiometric ratio in
the solid suggests one of the ligands might bridge the two Mn(II) ions like in the diMn(II)
complex, [Mn2(py2en)3(ClO4)2](ClO4)2, obtained with the corresponding Schiff-base ligand
having an ethylene bridge (py2en = N,N′-bis(2-pyridylmethylen)ethane-1,2-diamine) [22].
In [Mn2(py2en)3(ClO4)2](ClO4)2, each one of the two terminal py2en ligands is bound to
one Mn(II) ion, two of the perchlorate ions are coordinated to the two metal ions as capping
ligands, while the third py2en acts as compartmental binucleating ligand with each Mn(II)
ion bound to one of the Nim,Npy donor sets. Curiously, in that previous work, the reaction
of py2pn and Mn(ClO4)2, afforded the mononuclear complex, [Mn(py2pn)(H2O)2](ClO4)2,
in the same solvent mixture as the one used in the present work, but in aerobic conditions.
Conductivity and ESI-MS studies reveal that upon dissolution the compartmental bridg-
ing py2pn dissociates and 2 converts into the mononuclear [Mn(py2pn)]2+ (22+) complex.
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The molar conductivity of the complex in acetonitrile/MeOH is 246 Ω−1 cm2 mol−1, a
value expected for a 1:2 electrolyte in this solvent mixture [40]. ESI-mass spectra regis-
tered in either protic or aprotic solvents confirm the presence of mononuclear species
in the solution. In DMF, the positive mode ESI-mass spectrum registered with a cone
voltage of 30 V, (Figure 3a) exhibits one peak at m/z 153.5 (80%), whose mass and iso-
topic distribution pattern correspond to the [Mn(py2pn)]2+ dipositive cation. Two other
minor peaks belonging to complex monocations are observed at m/z 307.1 (10%) and 406.0
(35%), and can be assigned to [Mn(py2pn)]+ and [Mn(py2pn)(ClO4)]+, respectively. The
[Mn(py2pn)(CHO2)]+ adduct, generated with formate present in the spectrometer, is also
observed at m/z 352.1 (70%).
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When a cone voltage of 50 V is used, the major peak (m/z = 307.1, 100%) corre-
sponds to [Mn(py2pn)]+, while [Mn(py2pn)]2+ is much less abundant or not observed
(Figure S3c). Therefore, the relative proportion of [Mn(py2pn)]+ and [Mn(py2pn)]2+ species
in the spectra depends on the cone voltage employed in the ESI-MS measurements [44],
suggesting [Mn(py2pn)]+ should be generated by the reduction of the parent [Mn(py2pn)]2+

in the spectrometer. The negative mode ESI-mass spectrum is dominated by the peaks
at m/z = 98.95 and 100.95 (M + 2) of the perchlorate anion. The presence of free ligand
(Hpy2pn+: m/z = 253.1, 100%) in the spectra reinforces the proposed structure for the solid
compound, since the formation of [Mn(py2pn)]2+ (22+) upon dissolution of 2, implies the
release of free ligand to the solution.

Although the synthesis of the complex was carried out in an inert atmosphere, 2
is stable towards oxidation as evidenced by the electronic spectrum of the complex in
acetonitrile (Figure S3b) that only shows a strong band at 280 nm and a shoulder at
292 nm assigned to intraligand π-π* transitions overlapped to charge transfer transitions
without noticeable electronic transitions at longer wavelengths. UV-vis spectra registered at
different times after preparing the solution (up to 24 h), showed identical molar absorption
coefficients, indicating that the complex is stable in solution. In this sense, the X-band EPR
spectrum of a frozen DMSO solution of 2 shows a six-line signal centered at g = 2, with
hyperfine splitting of 89 × 10−4 cm−1, characteristic of a mononuclear Mn(II) complex
(Figure 3b). The two additional signals observed at geff = 5.2 and geff = 2.8 are typical of
Mn(II) with zero fields splitting slightly weaker than the X-band microwave frequency. The
paramagnetic 1H NMR spectrum of 2 in D6-DMSO shows the line broadening of pyridine
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and azomethine protons resonances that appear shifted ≈ 0.3 ppm compared to the free
ligand (Figure 3c), confirming the Mn(II) coordination to these donor sites [43,45–47]. The
1H NMR spectral pattern of the complex in the 10–6 ppm region, shown in Figure 3c,
comprises a set of four resonances at 8.5, 8.3, 7.9 and 7.4 ppm (linewidth in the range
of 150 to 200 Hz) assigned to pyridine ring protons, and one relative sharp resonance at
8.2 ppm (w1/2 = 50 Hz) attributed to the imine proton. The methylene protons should lie in
the region of 5–2 ppm obscured by the intense solvent signal (not shown). It must be noted
that the signals of protons of the free ligand present in solution should be broadened by the
Mn(II) paramagnetism and also contribute to the observed spectrum.

The Mn(III) complex 3 was obtained as a green solid by a reaction of Mn(ClO4)2,
H2salbn and NaOH in a 1:1:1 mole ratio, in a methanol/ethanol mixture. From elemental
analysis, the solid can be formulated as Mn2(salbn)2(OH)ClO4. The strong band at 774 cm−1

(Figure S4) together with the absorption at 3420 cm−1 in the FT-IR spectrum of this complex,
suggest hydroxide may bridge the two Mn(III) ions [48,49]. The formation of the µ-OH
bridged dimer in a mildly basic medium has precedent in previous reports for related
Mn(III) complexes under similar conditions [50,51]. In line with this, the absorption
band at 1648 cm−1, corresponding to the azomethine stretching vibration, is shifted to
wavenumbers higher than in the free ligand, as also observed for other hydroxo-bridged
diMn(III) complex [52]. Besides, the intense absorption bands at 1095 and 625 cm−1, confirm
the presence of perchlorate as counterion. When the reaction was carried out employing
Mn(ClO4)2, H2salbn and NaOH in 1:1:2 mole ratio, [(salbn)Mn(IV)(µ-O)]2 (4) was obtained
as a brown solid, the FT-IR spectrum of which exhibits the characteristic four intense Mn-O
stretching bands at 650, 631, 619, 603 cm−1 of the Mn(IV)(µ-O)2Mn(IV) core [53], well
different from those of 3. Upon dissolution of 3 in a protic solvent, protonation of the
hydroxide occurs and mononuclear [Mn(salbn)]+ (3+) forms, as verified by its 1H NMR
spectrum in D4-methanol (Figure 4a). The paramagnetic 1H NMR spectrum of the complex
reveals a simple pattern of three resonances outside the diamagnetic 0–10 ppm region. One
broad resonance at 12 ppm attributed to the central –(CH2)2– protons of the aliphatic chain,
and two up-field paramagnetically shifted resonances at −25 and −26 ppm, which can be
assigned to H5 and H4 aromatic ring protons on the basis of comparison with reported
spectra for related Mn(III) complexes [54,55]. By contrast, antiferromagnetically coupled
diMn(III) species show sharper signals within or closer to the diamagnetic region [51],
absent in the paramagnetic 1H NMR spectrum of 3+. Because of their closeness to the Mn
center, protons adjacent to the donor groups of the Schiff base ligand (aromatic H3 and
H6, N=CH- and CH2-N=C) are not observed in the explored spectral window (200 to
−200 ppm) [56]. The equivalence of protons of the two aromatic rings indicates that the
tetradentate Schiff base ligand is symmetrically arranged around the Mn(III) ion [54,57,58].
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The electronic spectrum of the complex in either methanol or acetonitrile shows two
bands at 308 and 393 nm (Figure 4b), assigned to intraligand π-π* and n-π* transitions,
respectively, the last overlapping the phenolate-to-manganese charge transfer band, and
a much less intense broad band centered at 610 nm (ε = 196 M−1 cm−1) corresponding
to the d-d transition of Mn(III). The compound behaves as a 1:1 electrolyte in solution,
with a molar conductivity of 98.6 Ω−1 cm2 mol−1, in DMF. The solution behavior of
compound 3 distinguishes from 4 which behaves as a non-electrolyte in solution, exhibits
an intense ligand-to-metal charge transfer at 495 nm (ε = 7200 M−1 cm−1, Cl2CH2) in the
electronic spectrum, is slightly soluble in methanol and is reduced at −0.46 V vs. SCE in
DMSO through a two-electron process, in agreement with previously reported data for this
oxidized Mn(IV) dimer [59].

3.2. Electrochemical Studies

From the previous discussion, the three complexes exist in solution as mononuclear
species, [Mn(pypapn)Cl(solv)]+, [Mn(py2pn)(solv)2]2+ and [Mn(salbn)(solv)2]+. In these
compounds, the ligand modulates the redox potential of Mn and the geometry around
the metal center, two essential factors to control their reactivity with superoxide. Cyclic
voltammetry was used to investigate the electrochemical properties of the three complexes
(Figure 5).
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In methanol, complex 1 displays an irreversible anodic wave at Epa = 1.01 V vs.
SCE attributed to the oxidation of Mn(II) to Mn(III) (Figure 5a). This wave does not
correspond to the oxidation of the ligand or free chloride, which takes place at a higher
potential. The lack of reversibility of the oxidation process, even at higher scan rates,
is probably due to solvation and loss of bound chloride in the oxidized complex. It is
known that the value of the redox potential of the Mn(II)/Mn(III) couple of chloro-Mn(II)
complexes with polyamino/pyridine ligands is 0.3–0.5 V less positive than the solvato-
Mn(II) complex formed by ligand exchange of chloride and a solvent molecule [32,60–62].
The observation of a decrease in the intensity of the anodic wave at 1.01 V after the addition
of excess AgNO3 to the complex solution suggests this wave corresponds to the oxidation
of [Mn(II)(pypapn)Cl(solv)]+ to [Mn(III)(pypapn)Cl(solv)]2+, while the oxidation of the
solvated complex is outside the scanned potential window. A similar anodic wave observed
at Epa = 1.1 V vs. SCE has been attributed to the irreversible oxidation of the complex
[Mn(II)LCl(OH2)]+ (L = N,N′-dimethyl-N,N′-bis(2-pyridilmethyl)propane-1,3-diamine),
bearing a methyl instead of the propargyl group bound to the amine N-atom, in which
the ligand adopts a β-cis folded conformation [32]. The electrochemical behavior of 1 in
methanol is in agreement with the ESI-MS and conductivity results discussed above.

Due to its poor solubility in methanol, the electrochemical properties of complex 2
were studied in DMF. Within the potential window of DMF, the cyclic voltammogram of
22+ (Figure 5b) shows only two irreversible processes in the cathodic scan, at −1.27 and
−1.40 V vs. SCE, assigned to the reduction of the Schiff base-pyridine conjugated sys-
tem [63]. The complex is electrochemically inactive in the anodic scan, indicating a high sta-
bility of the Mn(II) center. It has been shown that the change of the N-donor site from tertiary
amine to imine increases the Mn(III)/Mn(II) redox potential significantly [19,64]. Therefore,
complex 22+ should be oxidized at a potential even higher than [Mn(II)(pypapn)(OH2)2]2+.

Cyclic voltammogram of 3+ displays a weakly reversible redox process at E1/2 = 55 mV
in methanol (Figure 5c) and a quasi-reversible process at E1/2 = 142 mV in acetonitrile
(Figure S5a,b), with ∆E = 0.13 V at scan rate = 0.1 V/s, corresponding to the Mn(III)/Mn(II)
couple. The E1/2 values correlate with the donor numbers (DN) of the solvents,
DNMeOH = 19 > DNMeCN = 14, and evidence the solvent coordination to the metal cen-
ter. The ratio of the current intensity of anodic and cathodic peaks, Ipa/Ipc, is 0.6 in
methanol and 0.95 in acetonitrile, and the process is diffusion-controlled in acetonitrile
(Figure S5c). In addition, the half width w1/2 = 0.11 V observed by square-wave voltamme-
try (Figures 5c and S5a) confirms that the process is monoelectronic. The negative charge
of the two phenolate groups in [Mn(salbn)(solv)2]+ results in significant stabilization of
the Mn(III) oxidation state compared to the N4-donor set in complexes 12+ and 22+. Given
the difference in coordination geometry and radii requirements of the Mn(II) and Mn(III)
ions, the chelate ring size is another factor that modulates the stability of the Mn oxidation
state. Thereby, the Mn(III)/Mn(II) redox potentials of the [Mn(III)(salen)(solv)2]+ and
[Mn(III)(salpn)(solv)2]+ analogues (E1/2 = −0.225 V and −0.154 V, respectively) [57,58] are
both more negative than 3+ which possesses a longer and more flexible –(CH2)4– spacer
between the imine N-atoms that destabilizes the Mn(III) oxidation state with respect to
reduction [65].

3.3. Synthesis and Characterization of Modified Mesoporous Silicas

SBA-15 and azide-modified mesoporous silica were used to immobilize the Mn com-
plexes. Both silicas were synthesized employing tetraethyl orthosilicate (TEOS) as a
Si source and the triblock copolymer Pluronic P-123 as the surfactant template. SBA-
15 was prepared as previously described [19], affording an ordered mesoporous material
(Figure S6) with a pore width of 5.2 nm and high specific surface area, calculated from
the nitrogen adsorption-desorption isotherms at 77 K (Table 1, Figure 6). The azide func-
tionalized mesoporous silica (N3pn@OP-MS) was prepared by co-condensation of TEOS
with 3-azidopropyltriethoxysilane (AzPTES) in the presence of the structural director agent
Pluronic P-123. This “one-pot” method offers good control over the distribution of the
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catalyst and has proven to favor a high proportion of organic groups covalently bound to
the inner walls of the channels of the silica matrix [66], with the azidopropyl chains placed
between the surfactant chains retaining the micellar assembling structure [67].

Table 1. Textural characterization of SBA-15 and N3pn@OP-MS.

SBET
(m2 g−1)

VµP
(cm3 g−1)

VMP
(cm3 g−1)

VTP
(cm3 g−1)

wP
(nm)

SBA-15 568 0.06 0.51 0.63 5.2
N3pn@OP-MS 362 0.00 0.41 0.47 4.8

VTP = VµP + Vprimary MP + Vsecondary MP, MP = mesopore; µP = micropore.
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The two materials display typical type IV isotherms with a sharp step and an H1 hys-
teresis loop at relative pressure p/p0 = 0.5–0.7 [68] that evidences the azido functionalized
material exhibits similar mesopore structure and uniform size distribution as SBA-15
(Figure 6). N3pn@OP-MS possesses well-defined pores of similar diameter as SBA-15,
although smaller volume and BET surface area (Table 1), as a consequence of the presence
of the azidopropyl chains.

The pypapn ligand was covalently linked to N3pn@OP-MS by “click” chemistry
using (Ph3P)3CuBr as catalyst [17], to yield pypntriazole@OP-MS. This reaction was mon-
itored by IR until the azide band disappeared. Finally, the Mn complex was generated
in situ by treatment of a suspension of pypntriazole@OP-MS with MnCl2, yielding Mn-
pypntriazole@OP-MS. Based on metal and nitrogen analyses, the ligand is likely to be
attached to the pore walls at a single binding site as shown in Figure 7a.

Complexes 22+ and 3+ were successfully introduced into the framework of SBA-15
silica through the ionic exchange, being retained inside the channels through electrostatic
interactions with the negatively charged Si-O− groups of the pores’ surface. Therefore, the
loading of the divalent complex cation 22+ is three times higher than monovalent 3+. FT-IR
spectra (not shown here) of the three hybrid materials show strong bands belonging to the
Si-O-Si framework and silanol groups but no or negligible bands of functional groups of
the complexes, meaning that the compounds are essentially located inside the pores.

Low-temperature X-band EPR spectra of Mn-pypntriazole@OP-MS and 2@SBA-15 pro-
vide details on the geometry and coordination environment of the metal ions in the hybrid
materials. The spectrum of the covalently anchored complex, Mn-pypntriazole@OP-MS, is
dominated by a sextet at geff = 2.028 (hyperfine coupling of ≈ 90 G), and two additional
transitions at geff ≈ 5.2 and 2.9 (Figure 7a). These spectral features are consistent with a
high-spin Mn(II) complex with a zfs smaller than that of [Mn(pypapn)Cl(H2O)]+, denoting
that inside the pores Mn is not bound to the chloride anion but to solvent molecules that
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are ligands stronger than chloride and afford a distorted mononuclear Mn(II) center with
reduced zfs [32]. This is probably the result of the lengthy preparation process during
which the complex is in contact with the solvent. After encapsulation in SBA-15, 22+ retains
the geometry of the complex in solution affording an EPR spectrum with a six-line signal
centered at geff ≈ 2, and two additional broad signals at geff = 5.4 and geff = 2.8 (Figure 7b)
analogous to those observed in the EPR spectrum of the frozen DMSO solution of 2.
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Figure 7. Low temperature X-band EPR spectra of complexes inside the pores. (a) Mn-
pypntriazole@OP-MS and (b) 2@SBA-15. T = 120 K, ν = 9.3 MHz.

The morphology and size of the particles of the hybrid materials were analyzed by
scanning electron microscopy (SEM). SEM images of Mn-pypntriazole@OP-MS (Figure 8,
left) show elongated particles of 0.8 ± 0.4 µm length and 0.5 ± 0.2 µm width, calculated
from statistical analysis over 156 particles. 2@SBA-15 and 3@SBA-15 also show oblong
particles (Figure 8, middle and right), lined up forming chains in the case of 3@SBA-15,
with an average length of 0.8 ± 0.3 µm and 1.0 ± 0.4 µm, respectively, and length to width
ratio of 2 to 1 for both hybrid materials, calculated over 142 particles of 2@SBA-15 and 95
of 3@SBA-15.
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Figure 8. SEM images of the hybrid materials.

Transmission electron microscopy (TEM) images of the hybrid materials confirmed
their highly ordered mesostructure, with a regular two-dimensional array of cylindrical
channels in a hexagonal arrangement mostly parallel to the principal axes in all MSPs.
Micrographs taken with the electron beam perpendicular to the pore direction show the
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parallel channels crossing through the whole particles (Figure 9), while the highly ordered
hexagonal mesoporous structure can be observed in the images taken when the electron
beam is parallel to the channels (Figure S6).
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Figure 9. TEM images of the hybrid materials.

These results clearly demonstrate that covalent grafting of the complex to the pores
wall or incorporation of the complexes inside the pores preserves the mesostructured
ordering of the one-dimensional straight channels and hexagonal pores arrangement. In
these materials, the pore network is exposed at the particle surface as an open porosity,
an appropriate feature for the access of the substrate to interact with the catalyst. Pore
diameter and wall thickness were calculated from statistical analysis of TEM images using
a developed protocol that takes into account integration over grey scales in sample zones
very carefully selected where the electron beam was aligned perpendicular to the channels.
The average pore diameters are 4.7 ± 0.7 nm for Mn-pyrpntriazole@OP-MS, 5.1 ± 0.8 nm
for 2@SBA-15, and 4.3 ± 0.6 nm for 3@SBA-15, with a wall thickness of 3.9 ± 0.6 nm,
3.3 ± 0.6 nm and 3.7 ± 0.5 nm, respectively.

3.4. SOD Activity

Prior to the SOD activity essays, the stability of the free and immobilized complexes in
phosphate buffer was verified. UV–Vis spectra of the complexes 12+, 22+ and 3+ registered
after incubation in phosphate buffer of pH 7.8 for 2 h (Figure S7) showed constant spectral
features and band intensities. Additionally, analysis of supernatant after centrifugation of
suspensions of the hybrid materials incubated in phosphate buffer, evidenced the absence
of complex leaching into the solution. Therefore, the activity of these materials, if any, must
be due to the immobilized complex. The SOD activity of complexes 12+, 22+ and 3+, and
the hybrid materials, was measured by the Beauchamps and Fridovich indirect assay using



Inorganics 2023, 11, 359 16 of 22

NBT in a phosphate buffer of pH 7.8 [27]. In this assay, the NBT and the catalyst compete
for the photogenerated O2

•−, thereby the SOD activity is inversely related to the amount
of formazan produced in the reaction of NBT with O2

•−, detected at 560 nm. The IC50,
the concentration of catalyst that diminishes by 50% the reduction of NBT by O2

•−, was
determined from plots of % inhibition vs. [complex], and used to calculate the McCord-
Fridovich second-order rate constants kMcF = kNBT [NBT]/IC50, which are independent of
the detector [28].

The three complexes have labile coordination positions to interact with the substrate
and exhibit SOD activity (Figure 10). The kMcF and E1/2 values for complexes 12+, 22+ and
3+ are given in Table 2 and compared to other selected Mn complexes with N/O-tetradentate
ligands (see Chart S1 for their structures) for which kMcF was reported or could be calculated
from the IC50 values [14,19,58,69–75].
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As can be observed, the Mn(II) complexes 12+ and 22+, with N4-tetradentate ligands,
show SOD activity despite the high potential of their Mn(III)/Mn(II) couple (entries 1 and 3,
Table 2). This suggests these complexes react with O2

•− through an inner-sphere electron-
transfer mechanism, since for an outer-sphere one, the redox potential of the complex must
be between the reduction and oxidation potentials of O2

•−. This is feasible because the O2
•−

nucleophilicity and the presence of labile water molecules coordinated to the metal center
favor the formation of an adduct with superoxide followed by electron-transfer [76,77]. In
such a mechanism, the SOD activity is also affected by the ligand flexibility to accommodate
geometrical rearrangements when switching between Mn(II) and the Jahn-Teller distorted
Mn(III) during catalysis. So, complex 12+ with the more flexible diamine ligand reacts faster
than complex 22+ with the Schiff-base ligand, and even faster than [Mn(III)(bpb)Cl(H2O)]
(H2bpb = N,N′-(1,2-phenylene)bis(pyridine-2-carboxamide), entry 4, Table 2) where the
phenylene moiety between the N-amide donor sites confers rigidity to the complex. The
Mn(II) complex of the tripodal amine NTB (NTB = tris(2-benzimidazolylmethyl)amine,
entry 2, Table 2) that possesses an “open umbrella” shape, with the tertiary N-amine at the
apex and terephthalate as the handle, reacts slower than 12+ owing to the steric hindrance
of the binding N-atoms of the three benzimidazolyl groups laying in the equatorial plane
of Mn(II).

Among the Mn(II) complexes of ligands bearing the N3O-donor set (entries 5–8,
Table 2), [Mn(II)(PClNOL)Cl2] (PClNOL = 1-[bis(pyridin-2-ylmethyl)amino]-3-chloropropan-2-
ol) stands out from [Mn(II)(PBMPA)Cl(H2O)] and [Mn(II)(BMPG)(H2O)]+, even when the
redox potential of the first is far away the midpoint of the reduction/oxidation potentials
of O2

•−. Here also, an inner-sphere electron-transfer mechanism seems operative, where
the apical Mn-Ool bond in [Mn(II)(PClNOL)Cl2] is weaker than the axial Mn-OCO2- bond in
[Mn(II)(PBMPA)Cl(H2O)] and [Mn(II)(BMPG)(H2O)]+. Consequently, the strongest metal-
ligand bonds weaken the Mn-superoxide bond and slower the SOD activity. This is even
more evident when terminal pyridine groups of the tripodal amine ligands are replaced by
benzimidazole groups in [Mn(II)(BIG)(H2O)2]+, resulting in a drop of reactivity (entry 8,
Table 2).
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Table 2. SOD activity of 1–3 and other Mn complexes of tetradentate ligands.

Entry Catalyst Ligand Donor
Sites 106 kMcF (M−1s−1)

E1/2 (II/III)
(V vs. SCE) Ref.

1 12+a N4 5.97 1.1 (Epa) This work
2 [Mn(II)(NTB)(terphthalate)] N4 4.3 0.059 [69]
3 22+ N4 1.40 >1 This work
4 [Mn(III)(bpb)Cl(H2O)] N4 0.93 −0.017 [70]
5 [Mn(II)(PClNOL)Cl2] N3O 9.4 0.806 [71]
6 [Mn(II)(PBMPA)Cl(H2O)] N3O 4.9 0.47 [72]
7 [Mn(II)(BMPG)(H2O)]+ N3O 4.8 0.44 (Epa) [73]
8 [Mn(II)(BIG)(H2O)2]+ N3O 1.5 0.756 (Epa) [73]
9 3+ N2O2 4.54 0.055 This work
10 [Mn(III)(hbpapn)(H2O)2]+ N2O2 3.90 0.42 (III/IV) [19]
11 [Mn(III)(pyr2pn)(H2O)2]+ N2O2 1.84 ND [74]
12 [Mn(III)(salpn)(H2O)2]+ N2O2 1.53 −0.14 [58]
13 [Mn(III)(X-salen)(H2O)2]+ N2O2 0.6 −0.237 to 0.031 [14,75]
14 MnSOD N3O 800 0.049 [2,78]

Immobilized Catalyst 106 kMcF
(M−1 s−1)

15 Mn-pypntriazole@OP-MS 8.73
16 2@SBA-15 4.45
17 3@SBA-15 4.63

NTB, tris(2-benzimidazolylmethyl)amine; H2bpb, N,N′-(1,2-phenylene)bis(pyridine-2-carboxamide); HPClNOL,
1-[bis(pyridin-2-ylmethyl)amino]-3-chloropropan-2-ol; HPBMPA, N-propanoate-N,N-bis-(2-pyridylmethyl)amine;
BMPG, N,N-bis[(6-methyl-2-pyridyl)methyl] glycinate; H2pyr2pn, 1,3-bis(pyridoxylidenamino)propane; salpn,
1,3-bis(salicylidenamino) propane; BIG, N,N-bis[(1-methyl-2-imidazolyl)methyl]glycinate; H2hbpapn, 1,3-bis[(2-
hydroxybenzyl)(propargyl)amino]propane; salen, N,N′-bis(salicylidene)-1,2-diaminoethane; X: aromatic sub-
stituents. a In the aqueous medium, [Mn(II)(pypapn)(H2O)2]2+ (12+) is proposed to form through Cl−/water
(DNH2O = 33) ligand exchange.

In inner-sphere electron-transfer the ligand donor ability affects the Mn-O bond
strength in the [MnO2]+ adduct and, consequently, the rate of O2

•− dismutation. This be-
comes evident for Mn complexes of ligands with N2O2-donor set, with two phenolate donor
sites, which react slowly despite having favorable redox potentials for O2

•− dismutation,
as exemplified by [Mn(salpn)]+, [Mn(pyr2pn)]+ and [Mn(salen)]+ in Table 2 (entries 11–13).
In the case of complexes 3+, with the longer and more flexible -(CH2)4- spacer between
the imine functions (entry 9, Table 2), and [Mn(III)(hbpapn)(H2O)2]+, with a more flexible
diamine ligand adopting a folded disposition around Mn(III) (entry 10, Table 2), the higher
donor ability of the phenolate groups is balanced by the lower ligand reorganization barrier
when switching between Mn(II) and Mn(III) oxidation states, and, consequently, the SOD
activity is higher than that of Mn-salpn and Mn-salen type complexes.

All the complexes in Table 2 are less active than the MnSOD enzyme (entry 14, Table 2),
which contains a Mn ion bound to N3(his)O(asp) donor sites of amino acid residues and one
exogenous OH− ion or a water molecule, arranged in a trigonal bipyramidal geometry [79].
The Mn site is surrounded by a hydrogen-bonded network comprising the side chains of
several residues that presumably facilitates proton transfer during reduction and oxidation
of O2

•− and could account for the relative SOD activity of the enzyme compared to the
complexes [2].

The ability of the hybrid materials to react with O2
•− was evaluated (Figure 10)

with the intention of checking the retention of the SOD activity upon immobilization
of the three catalysts. The SOD activity of Mn-pypntriazole@OP-MS, with the complex
covalently attached to the silica pores, is 1.5-times higher than 12+ in homogeneous phase
(entry 15, Table 2), while encapsulation of [Mn(py2pn)]2+ (22+) inside the pores of SBA-
15 through ionic exchange, triples the SOD activity of the free complex (entry 16, Table 2).
The significant enhancement of activity of 2@SBA-15 is probably related to the increased
distortion of the complex upon reaction with KO2 inside the pores, as could be confirmed
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by low-temperature X-band EPR spectroscopy of the hybrid material after the reaction
with KO2 in DMSO (Figure S8, left). Unlike 2@SBA-15, EPR spectra registered before and
after reaction of Mn-pypntriazole@OP-MS with KO2 in DMSO are analogous. 3@SBA-
15 is EPR silent, but after reaction with KO2 gives a very low intensity Mn(II) signal, as
shown in Figure S8 (right), suggesting the reaction involves Mn(II)/Mn(III) oxidation
states. The absence of the signal characteristic of superoxide in the EPR spectra registered
after addition of the hybrid materials to a DMSO solution containing 10-times excess of
KO2, confirmed that these materials act as catalysts for O2

•− dismutation. To verify if the
activity is retained after several cycles, the NBT conversion was measured after successive
illuminations of the reaction mixture with and without the hybrid material. In each new
illumination, the NBT concentration was kept constant by the addition of the required
amount of NBT to restore the initial concentration. Mn-pypntriazole@OP-MS and 2@SBA-
15 retain the activity after several illumination cycles, denoting the stability of the coated
catalysts. The enhanced stability of the immobilized catalysts can be interpreted as the
result of the confinement effect of the mesoporous material that plays a role similar to
that of the enzyme backbone in protecting the active site from reacting with superoxide.
Encapsulated [Mn(salbn)(solv)2]+ keeps the reactivity of the homogeneous catalyst in the
first cycle (entry 17, Table 2, Figure 10, right panel). However, after successive illuminations,
3@SBA-15 gradually loses activity due to catalyst leakage from the mesoporous matrix,
probably because the neutral reduced form of this complex, [Mn(II)(salbn)(solv)2], is poorly
retained by the silica, as already observed for the Mn-salpn system [19]. Therefore, the
charge of the Mn complex inside the silica matrix is essential to achieve a long-lived and
reusable catalyst.

4. Conclusions

Despite the high potential of the Mn(III)/Mn(II) couple, Mn(II) complexes formed with
the N4-tetradentate ligands pypapn (12+) and py2pn (22+) show SOD activity in aqueous
phosphate buffer of pH 7.8, suggesting these complexes react with O2

•− through an inner-
sphere electron-transfer mechanism. The Mn(III) complex of the N2O2-tetradentate salbn2-

(3+) that has a redox potential closer to the midpoint between O2
•− reduction/oxidation

potentials, reacts with O2
•− at a similar rate as 12+ and faster than other complexes with

more rigid N2O2-Schiff base ligands and similar redox potentials. Therefore, Mn complexes
with more flexible ligands, such as pypapn and salbn2-, react faster than those of more
rigid ones, because the ligand can rearrange more easily during switching between Mn(II)
and Mn(III) oxidation states. Ultimately, ligand flexibility appears as a much more critical
feature than the redox potential of the metal center when the reaction occurs through an
inner-sphere electron-transfer mechanism. Either covalent grafting or encapsulation of
the catalysts has shown a positive impact on the SOD activity, implying that the catalytic
conversion is not hindered by diffusion of the substrate through the silica nanochannels.
The retention or enhancement of the catalytic activity of the hybrid materials compared to
the free catalysts, and the improved stability of the covalently attached catalyst (12+) and
the doubly charged complex encapsulated in the silica pores (22+), make them suitable for
use in aqueous media.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/inorganics11090359/s1, Spectroscopic data for py2pn and H2salbn;
Figure S1: 1H and 13C NMR spectra of pypapn in CDCl3; Figure S2: FT-IR spectra of pypapn
and complex 1 and 1H NMR spectrum of 1 in D4-methanol; Figure S3: FT-IR spectra of py2pn
and complex 2, electronic spectrum of 2 in acetonitrile, positive ESI-mass spectrum of 2 in MeOH;
Figure S4: 1H NMR spectrum of H2salbn in CDCl3 and FT-IR spectrum of 3; Figure S5: Cyclic and
square wave voltammogram of 3 in acetonitrile and Ipa (and Ipc) vs. r1/2 plot; Figure S6: TEM images
of mesoporous materials; Figure S7: Electronic spectra of 1, 2 and 3 in phosphate buffer of pH 7.8 after
2 h of incubation; Figure S8: X-band EPR spectra of 2@SBA-15 and 3@SBA-15 after reaction with KO2
in DMSO; Chart S1: Structures of complexes listed in Table 2.
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