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Two Mn'V complexes of general formula [Mn(salbutO)X]
[HzsalbutO = 1,4-bis(salicylidenamino)butan-2-ol, 1: X = Nj,
2: X = SCN] have been prepared and structurally charac-
terized. The crystal structure of 1 shows that salbutO®" acts
as a pentadentate ligand through the two phenolato-O, two
imino-N, and one alcoholato-O atoms, and the sixth coordi-
nation position is occupied by the azido-N atom, resulting in
a slightly distorted N3O5 donor set around the Mn!Y ion. ESI-
MS, UV/Vis, and 'H NMR spectroscopy were used for solu-
tion studies. In methanol and dmf, the starting complexes are
converted into [Mn"(salbutO)] and its dimeric form. The
E,/, of Mn"/Mn!V (ca. 0.4 V vs. Ag/AgCl) allows this couple

to efficiently catalyze the dismutation of O, with catalytic
rate constant and ICs, values of 1.91X10°M's! and
1.43 pM, respectively, which were obtained through the nitro
blue tetrazolium photoreduction inhibition SOD assay, in
aqueous solution of pH 7.8. The Mn-salbutO complexes also
show catalase activity in methanol and dmf, with k.., = 1.6
M2s7! and 5.6 M's™!, respectively, an advantageous prop-
erty for acting as scavenger of reactive oxygen species (ROS).
This valuable conjunction of properties results from the con-
version of [Mn'V(salbutO)X] into [Mn!"!(salbutO)], in equilib-
rium with its monomer [Mn"(salbutO)].

Introduction

Manganese is known to be an essential element in many
biological systems, and its oxidation-reduction chemistry is
especially important for the electron-transfer reactions of
mitochondrial superoxide dismutase, bacterial catalases,
and photosystem II in green plant photosynthesis.! Cata-
lases (CATs) and superoxide dismutases (SODs) efficiently
catalyze disproportionation of intracellular O, and O,
and provide a vital biological defense against these toxic
oxygen metabolites through a mechanism involving cyclic
oxidation and reduction of the metal cofactor. In MnSODs,
the active site contains one pentacoordinate Mn ion in a
N30, environment,[>3] whereas MnCATs catalyze the dis-
proportionation of H,O, by using a bis[p-oxido(hy-
droxido)]-p-carboxylatodimanganese structural unit as the
active site.[*3] Owing to their potential application as thera-
peutic agents against oxidative stress, various mononuclear
Mn complexes have been selected for pharmaceutical uses
as O, scavengers,[® and a number of dinuclear manga-
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nese-based complexes has been investigated as low-molecu-
lar-weight catalytic scavengers of H,0,.['%!3] Particularly
attractive are complexes exhibiting combined CAT and
SOD activity, because they offer a possible therapeutic ad-
vantage arising from their multiple mechanism of ac-
tion.'® 18] Here, we report the synthesis, structure, proper-
ties, and combined SOD and CAT activity of two novel
manganese complexes, [Mn(salbutO)N;] (1) and [Mn(sal-
butO)SCN] (2), based on the asymmetric Schift base ligand
1,4-bis(salicylidenamino)butan-2-ol (HjsalbutO). Further,
we compare their structure/activity with that of Mn com-
plexes of symmetric Schiff base ligands with different ali-
phatic bridges, as a means to evaluate the effect of the
length and symmetry of the aliphatic unit on the properties
and activity of Mn complexes.

e
o O

HjsalbutO

Results and Discussion
Solid State Characterizations

Crystal structure of [ Mn(salbutO)(N3)] (1)

The lattice consists of discrete Mn(salbutO)N3; molecules.
The molecular structure of complex 1 is illustrated in Fig-
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ure 1, together with relevant bond lengths and angles. The
asymmetric unit consists of crystallographically indepen-
dent Mn complex molecules in which salbutO? acts as a
pentadentate ligand through the two phenolato-O, two
imino-/, and one alcoholato-O atoms, and the sixth coordi-
nation position is occupied by the azido-N atom, resulting
in a N3Oj3 donor set. The coordination environment around
the Mn center can be described as slightly distorted octahe-
dral. Most cis and trans angles at the metal center are in
the range 88.54-92.28° and 177.53-178.24°, respectively.
The 02-Mnl1-0O1, O2-Mn1-N2, and O2-Mn1-03 angles
differ by 4-8° from the ideal ones because of ligand con-
straints imposed by the adjacent five- and six-membered
chelate rings. In this compound, the Mn'Y cation accommo-
dates the pentadentate ligand forming four adjacent six-six-
five-six-membered chelate rings. The different bite angles
and flexibilities of the methylene and ethylene bridges sus-
tain the observed distortion of the coordination octahe-
dron.

Figure 1. Plot of the asymmetric unit of [Mn(salbutO)Ns] (1) at the
30% probability level with atom numbering. Hydrogen atoms have
been omitted for clarity. Selected bond lengths (A) and angles (°):
Mnl1-N1 2.008(2), Mn1-N2 1.983(2), Mn1-N3 1.991(2), Mn1-O1
1.8619(17), Mnl1-O2 1.8482(18), Mn1-O3 1.8926(18), N1-Mnl-
N3 178.24(10), N2-Mn1-O1 177.53(8), O3-Mn1-02 171.94(8),
NI-Mnl-N2 92.28(9), N3-Mnl-N2 89.43(10), N1-Mn1-0O3
88.70(9), N3-Mn1-03 90.85(9), N2-Mn1-03 90.36(8), N1-Mn1-
O1 88.87(8), N3-Mnl-O1 89.44(9), O3-Mn1-O1 91.86(8), N1-
Mnl-02 88.54(9), N3-Mn1-02 92.1(1), N2-Mn1-02 82.19(8),
O1-Mn1-02 95.65(8).

The average Mn-O/N distance of 1.931 in complex 1
compares well with those reported for another Mn'VO;N;
Schiff base complex (Mn—O/N,, 1.934 A),[% the Mn—N,q0
length of 1.991 A in 1 is shorter than those found for Mn'!
complexes (2.21-2.35 A),2%21 and the Mn-Oppenoxo and
Mn—N;ino distances in 1 lie within the respective ranges
of 1.82-1.92 and 1.981-2.01 A found for other structurally
characterized Mn'V complexes of Schiff base ligands.[>*>2°]
It is important to notice that, although there is a marked
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decrease in metal-ligand bond lengths when Mn!Y Schiff
base complexes are compared with those of Mn'! (i.e. Mn'-
Ophenoxo 2:054, M Njpino 2.258 A),P% there is little dif-
ference from metal-ligand bond lengths of Mn'! Schiff
base complexes (Mn'"™-Oppenoxo 1.855-1.902 and Mn''-
Nimino 1.987-2.044 A).131-35 However, like most Mn'Y com-
plexes with octahedral coordination environment,[26-28.29-361
the pseudo-octahedral O3;N;Mn polyhedron in 1, although
showing a slight axial elongation along N1-N3 (average
values of 2.000 and 1.896 A for the axial and equatorial
bonds, respectively), does not show the Jahn—Teller distor-
tion typical of Mn',

The crystal packing of complex 1 (Figure 2) may be de-
scribed as an extended 3D network due to numerous inter-
molecular hydrogen-bonding contacts (20 for each complex
molecule) involving the oxygen atoms from coordinated
alkoxide and phenoxide groups, both terminally coordi-
nated and uncoordinated azido nitrogen atoms, and imino,
phenolic, and aliphatic carbon atoms. A more detailed de-
scription is of interest: As shown in Figure 2, the unit cell
(z = 4) includes four symmetry-related molecules, where the
basic one (A, x, y, z) and its congener through the inversion
center (D, 1-x, 1 — 3, 1 — z) are connected to molecules C
12+ x, 12—y, -12+z)and B(1/2 - x, 1/2 + y, 1.5 - 2),
respectively, through four contacts (CI1H-+O1 3.248,
CI2H--02 3.176, C14H--02 3.302, and CI14H--CI10,
3.588 A). These two pairs of complex molecules are inter-
connected through C5H-+*N5 (A---C) and N5---HCS5 (B--°D),
3.497 A, contacts. In addition, each complex molecule of
the unit cell is connected to seven molecules of adjacent
units. As an example, for A, the contacts involved are
{C3H-+N3 and N3--HC3}, 3.265A (E, —x, -y, 1 — 2),
N5-+HC5 (G, -1/2 + x, 1/2 — y, 1/2 + z), N5---HC16 (I, 1/2
+x,1/2 -y, 112 + z), CI6H-N5 (J, -1/2 + x, 1/2 — y, -1/2
+ z), {Cl15-HC8 3.467, Cl6---HC8 3.593, C17--HC8
3814A} (F -1 + x, y z), {C8H--Cl5, C8H--Cl6,
C8H--C17} (K, 1 + x, y, z), and {O1--HCI11, O2---HC12,

Figure 2. Crystal packing diagram for 1, emphasizing the intermo-
lecular hydrogen-bonding interactions.
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02-+-HC14, C10--HC14} (L, 1/2 — x, -1/2 + , 1.5 — 2). As
a result, the supramolecular network is made of complex
molecules of 1 tightly associated in one-dimensional (1D)
chains through the C11H---O1, C12H---O2, C14H---O2, and
C14H---C10 contacts; these chains are in turn more loosely
interconnected to yield a 3D network through the
C3H---N3, C5H---N5, C16H--N5, C8H---C15, C8H---C16,
and C8H---C17 contacts described above (Table S1).

Magnetic Properties

The room-temperature magnetic moment (i) of com-
plexes 1 and 2 in the solid state is 4.04 and 4.09 BM, respec-
tively, close to the spin-only magnetic moment expected for
a d3 ion (uso = 3.87 MB for g = 2). Variable-temperature
magnetic susceptibility measurements on 1 and 2 were per-
formed in the 2 to 300 K temperature range on cylindrical
pellets of 3 mm diameter pressed from ground microcrys-
tals. Plots of the inverse corrected molar susceptibility vs.
temperature yielded straight lines, indicating Curie—Weiss
behavior. The temperature intercept of these plots gave ex-
perimental Weiss constants (0) of —1.84 K for 1 and 6.6 K
for 2. The Curie constant (C) values of 2.05 (1) and 2.2 (2)
are also close to the expected value for one non-interacting
Mn'Y ion (S = 3/2 and g = 2), and the negative 0 value
suggests the operation of weak antiferromagnetic interac-
tions in these complexes. Considering the mononuclear na-
ture of 1 and 2 and the molecular structure of 1, their mag-
netic behavior may originate from antiferromagnetic inter-
molecular spin-spin interactions and/or single-ion zero-
field-splitting (zfs) of Mn!Y, the latter effect being usually
weak in the case of Mn'Y. In view of the minute axial elong-
ation of the coordination octahedron along N1--N3 in 1,
we neglected the possible operation of axial zfs. Taking into
account the 1D chains formed through CI11H--Ol,
CI12H---02, C14H---02, and C14H:---C10 contacts, we fitted
the magnetic data by considering chain interactions. As
shown in Figure S1 and Figure 3 for 1 and 2, respectively,
the fits obtained when computing the magnetic suscep-
tibility with the assumption of a Heisenberg chain of § =
3/2 spinst*”! were fairly good for the parameter values g =

T 420
15 —~
N 2
E 2
o 10 o
§ §
~ =
<

05

0.0

T(K)

Figure 3. Temperature dependence of yy (O) and y\ 7T (A) for com-
pound 2. The solid lines show the best fit based on the Heisenberg
chain model (see text).

Eur. J. Inorg. Chem. 2010, 965-974

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal

Eur|IC
of Inorganic Chemistry

2.065 (1), 2.04 (2); J (cm™") = —0.05 (1), —0.30 (2); Par (para-
magnetic contribution) = 0.6% (1), 0.05% (2), agreement

factor R = z“[(/A'(M’Z—')obs - (XMT)calc]z/E[(XMT)obs]z =47 1075
1), 1.3 104 (2).

FTIR Spectroscopy

Comparison of the IR spectra of 1 and 2 evidences the
“fingerprint” pattern of salbutO*  coordinated to the Mn
ion and confirms their analogous structures. The IR spectra
of complexes 1 and 2 (Figure 4) exhibit strong imine and
phenolato absorptions at 1618 and 1605 cm™!, downshifted
by approximately 15 cm™! from those in the free ligand be-
cause of the coordination of the metal to these groups, and
one strong band at 2031 (1) [2058 (2)] cm™! attributable to
coordinated N3~ [SCN], in agreement with their molecular
structure. Powder samples of both compounds display a
broad band at approximately 34503400 cm™! assigned to
non-coordinated water molecules. Except for the voy ab-
sorption, the powder and crystalline samples of 1 show
identical IR spectra.

Zp
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Figure 4. FTIR spectra of complexes 1 and 2.

Solution Studies

UVIVis Spectra

The UV/Vis spectrum taken immediately after preparing
a dmf solution of complex 1 [Figure 5(a)] is characterized
by three absorption bands at 340 nm (8680 M 'cm™),
400 nm (6730 M 'em™!), and 490 nm (4000 M 'cm™!). The
electronic spectrum of this complex is in agreement with
those reported for other mononuclear Mn!Y Schiff base
complexes.*>?8 The strong absorbance at 340 nm can be
assigned to a ligand-centered transition, while the other two
intense absorptions of lower energy are likely to be phen-
olato-to-Mn'V charge-transfer transitions, as observed for
other Mn' complexes with phenoxido ligands.?>-24.26]
These strong charge-transfer transitions probably obscure
the low-intensity (¢ = 200 M 'cm ') absorption bands ex-

pected for the Mn' #A,, — 4T, and *A,, — T, d-d
transitions (octahedral approximation).
www.eurjic.org 967
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Figure 5. Electronic spectra of 1 (a) immediately (black line) and
30 min (gray line) after dissolution in dmf; (b) in methanol.

The initial spectrum of a 5X 10~ M solution of 1 in dmf
gradually changed to the gray line spectrum shown in Fig-
ure 5(a) as time passed. After 30 min, the spectrum did not
exhibit any further change. The spectrum of the new species
formed in solution is characterized by three absorption
bands at 315nm (6300 M'cm™), 365 nm (5300 M 'cm™),
and 500 nm (645 M 'cm™"), which can be assigned to intrali-
gand n-1*, phenolato—M charge-transfer, and d-d transi-
tions, respectively. The energy and intensity of the LMCT
and d-d transitions are in agreement with those reported
for related Mn™™ complexes.*?-33-381 These results indicate
that the Mn"Y(salbutO)N; complex is not stable in solution
and converts to a Mn'"! complex. The stability of the Mn'Y
complex in solution is significantly decreased by the pres-
ence of trace HCI or increased amounts of H,O in the sol-
vent. More concentrated dmf solutions of 1 require longer
times for complete conversion to the reduced Mn™™ form.
Water substitution of the azide anion followed by oxidation
of coordinated water could be responsible for the Mn'V re-
dox instability in solution. The lower water to complex ratio
in the more concentrated solutions of 1 would explain the
slower reduction. Alternatively, the redox instability of 1
could be due to the presence of trace amounts of methanol
or dimethylamine, which are difficult to avoid in dmf.

Diluted 5% 1075 M solutions of 2 in dmf rapidly convert
to the Mn™" species, and the first electronic spectrum taken
after mixing corresponds to the Mn'™! complex, thus indi-
cating the lower stabilizing effect of SCN™ vs. N5 .

The electronic spectra of solutions of complexes 1 and 2
in methanol showed immediate conversion to the corre-
968
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sponding Mn" complex. In this solvent, the electronic

spectrum [Figure 5(b)] is characterized by two strong ab-
sorptions at 215nm (7590M 'cm!) and 233 nm
(6980 M 'cm™!), corresponding to ligand-centered transi-
tions: one phenolato-to-metal charge-transfer at 298 nm
(2820 m'cm™') and a weak d-d transition at 480 nm
(700 M 'em™') with the characteristic intensity of Mn'!!
complexes.*233:381 The protic solvent probably facilitates
the loss of the coordinated azide anion (as observed in the
ESI mass spectra) resulting in the decrease of the redox
stability of the Mn'Y complex that converts to the Mn!!!
species.

ESI Mass Spectrometry (ESI-MS)

ESI mass spectra of complexes 1 and 2 in methanol or
acetonitrile confirmed their chemical composition in solu-
tion. For both complexes, the main peak is observed at m/z
= 365 (100% intensity) in the positive mode ESI mass spec-
tra [see Figure 6(a) for the spectrum of 2] and originates
from the [Mn(salbutOH)]" monocation. In the whole set
of mass spectra registered at different times and complex
concentrations, two other peaks are observed at m/z = 728
and 729, the isotopic pattern of which matches very well
the simulated spectra for dimers [Mn,(salbutO),]* and
[Mn,(salbutO),H]* (Figure S2). Since the Mn!'"Mn!Y
mixed-valence species [Mn,(salbutO),]" is not observed by
EPR spectroscopy, it must be generated within the spec-
trometer from the neutral [Mn,(salbutO),] dimer. The coex-
istence of neutral and cationic [Mn(salbutO(H))]”* and
[Mn'",(salbutO(H)),]”* species in solution could be the
cause of the low molar conductivity value measured for
these compounds in methanol. The intensity of the peaks
at m/z = 728 (729) relative to the monomer (m/z = 365)
decreases from acetonitrile to methanol [Figure 6(a) and
Figure S3]. Moreover, addition of HCIO,4 (1 um) to the
methanol solution of the complex causes further decrease
in the intensity of the peak at m/z = 728 to around 5% of

@
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Figure 6. ESI mass spectrum of 2 in acetonitrile (a) and "H NMR
spectrum of 2 in [D4Jmethanol (ca. 10 mm) (b).
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the main peak with m/z = 365. The peaks belonging to the
dimeric species disappear when [HCIO4]=0.10 mm (Fig-
ure S4), thus showing that protons disfavor dimer forma-
tion.

TH NMR Spectroscopy

NMR spectroscopy has proved to be a useful probe of
the ligand conformation for Schiff base complexes of Mn
in solution. In Mn-salicylidenamino complexes, the reso-
nances of the protons ortho to the O-phenoxide (H3) and
imino (H6) groups of the ligand are normally too broad to
be detected because of their closeness to the Mn center.[*]
Therefore, 'H NMR spectra of tetragonal mononuclear Mn
complexes with Schiff base ligands symmetrically posi-
tioned in the equatorial plane show two up-field resonances
around 20 to —-25 ppm assigned to H4 and HS5 protons of
the phenolato ring.1**-43 However, a more complex pattern
is observed in the 'H NMR spectra of Mn complexes in
which the ligand is not symmetrically positioned around
the Mn ion.31®4% The paramagnetic '"H NMR spectra of
complexes 1 and 2 in [D4]Jmethanol show a common pattern
with five signals ranging from +24 to —13 ppm [Figure 6(b)].
Resonances observed at 24, 16, -7, and —13 ppm may arise
from two pairs of nonequivalent H4, HS ring protons, while
the signals at 20 and 21 ppm may arise from the methylene
protons of the butane backbone.’'® The magnetic non-
equivalence of the phenolato protons may be the result of
the different extent of spin delocalization over the protons
of the phenolato trans to the imine group vs. that of the
phenolato frans to the alcoholato-O atom. Therefore, 'H
NMR spectra indicate that the arrangement of the ligand
in the solid state is retained in solution, in both the mono-
mer and dimer forms of the complex.

Electrochemical Studies

The electrochemical properties of complexes 1 and 2
were investigated by cyclic, linear, and square-wave voltam-
metry in methanol and dmf solutions containing 0.1 M
BuyNPF,. In methanol, the two complexes show the same
electrochemical behavior, in agreement with the analogous
spectroscopic pattern they exhibit in this protic solvent. The
cyclic voltammograms of 1 and 2, taken 30 min after the
preparation of their methanol solutions, display one quasi-
reversible oxidation wave at E;, = 425 mV, with a peak-to-
peak separation of 110 mV (at 100 mV/s scan rate), slightly
above the value expected for a one-electron electrochemi-
cally reversible process, and a nonreversible reduction at
—450 mV [Figure 7(a)]. Voltammetry at a rotating electrode
confirmed that the waves at 425 mV and —450 mV corre-
spond to an oxidation and a reduction process, respectively.
Wi, values of approximately 130 mV in the square-wave
voltammetry experiments suggest that they correspond to
one-electron processes attributed to the Mn"/Mn' and
Mn/Mn! redox couples. The irreversibility of the re-
duction process suggests that reduction to Mn'! results in a
chemically transformed species generated at the electrode.
The additional peak at 880 mV observed in the anodic scan
corresponds to the oxidation of the SCN ™ anion.
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Figure 7. Cyclic voltammogram of (a) 2 in methanol, (b) 2 in dmf
at various scan rates between 50 and 1000 mV, and (c) 1 in dmf a
few minutes after dissolution. Conditions: Pt/Pt/Ag/AgCl; conc.:
1 mm; supporting electrolyte: BuyNPF¢. Scan rate in (a) and (c):
100 mVs™t.

Voltammograms of dmf solutions of complex 2 recorded
at different times show a quasi-reversible oxidation wave
at 360 mV that corresponds to the Mn'"/Mn'Y couple, as
confirmed by linear and square-wave voltammetry. This
process is diffusion-controlled. Cyclic voltammograms at
different scan rates are shown in Figure 7(b). An additional
nonreversible reduction wave that corresponds to the Mn'/
Mn" couple was observed at around 400 mV in the cath-
odic scan. In addition, the voltammogram displays one ad-
ditional peak in the anodic scan at E;, = 1140 mV that
corresponds to the oxidation of the SCN™ anion.

In the voltammograms recorded immediately after prep-
aration of dmf solutions of complex 1 [Figure 7 (c)], a non-
reversible reduction peak was observed at —66 mV, in ad-
dition to the quasi-reversible oxidation wave at 360 mV cor-
responding to the Mn"/Mn'V couple analogous to that ob-
served in dmf solutions of complex 2. The reduction peak
may correspond to the Mn"Y/Mn™ couple of the [Mn!V(sal-
butO)N;] complex 1, while the oxidation wave may be at-
tributed to the Mn'"/Mn!V couple of the [Mn'!(salbutO)]
complex formed upon loss of the azido ligand. The assign-
ment of the peak at —66 mV to the reduction of [Mn'Y-
969
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(salbutO)Nj] is supported by the increased intensity of the
oxidation peak of the free azide at E;» = 1130 mV upon
decrease in intensity of the peak at —66 mV.

The Mn!"V/Mn'!! redox potential of [Mn(salbutO)] is sim-
ilar to those of [Mn(salpn)(OMe)], [458 mV vs. Ag/AgCl,
Hysalpn = 1,3-bis(salicylidenamino)propane] and [Mn-
(salpn)(acac)] (523 mV vs. Ag/AgCl), which have a cis-B-tetra-
dentate salpn ligand,"*'! but much lower than those found
for the tetragonal complexes [Mn(salpn)(MeOH),]* and
[Mn(salpnOH)]* [HssalpnO = 1,3-bis(salicylidenamino)-
propan-2-ol],[4% with the ligand in the equatorial plane and
no alkoxido group bound to Mn. The latter complexes
show Mn""/Mn'" reduction at 98 and —172mV vs. Ag/
AgCl (methanol), respectively, without a metal-centered
oxidation wave in the anodic scan. The redox potential of
the Mn"/Mn'V couple of [Mn(salbutO)] is also similar to
that found for [(Mn,salpentO)(OMe)(OAc)]* [384 mV vs.
Ag/AgCl, HssalpentO = 1,5-bis(salicylidenamino)pentan-3-
ol],** in which the ligand is located in the meridional plane
affording six-membered chelate rings around each manga-
nese ion. In addition, salbutO*" stabilizes Mn'Y complexes
more poorly than other ligands with a similar donor set
that form five-membered chelate rings around Mn.[?% Thus,
the presence of the coordinated alkoxido group combined
with the ligand arrangement around the metal center and
the size of the chelate rings adjust the potential of the
Mn"/Mn'V cycle in [Mn(salbutO)] to approximately
400 mV.

SOD Activity

In order to evaluate the activity of complexes 1 and 2
toward superoxide in aqueous buffer, the nitro blue tetrazol-
ium (NBT) assay was used. This assay is based on kinetic
competition for the superoxide reaction between NBT and
the complex with SOD activity. In this way, the SOD ac-
tivity is inversely related to the amount of formazan, the
purple product formed by reaction of NBT with superoxide,
observed at 560 nm. When added to the reaction mixture,
both 1 and 2 were found to inhibit the reduction of NBT,
as shown in Figure §.

100 4

Inhibition of NBT reduction (%)

T T T T T T T
6 8 10 12 14 16 18
[catalyst] (kM)

Figure 8. SOD activity of complexes 1 and 2 in the riboflavin-
methionine-NBT assay.
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Inhibition percentages were measured for several com-
plex concentrations, and the ICs, value, graphically evalu-
ated, was 1.43 uM for the two complexes. On the basis of
competition with NBT, at 50% inhibition, the rates of the
reactions of NBT and the mimic with O, are equal, k.y
[catalyst] = knpr [NBT], where knpr (pH = 7.8) =
5.94 X 10* M 571145461 Hence, the catalytic rate constant,
keat = knpr [NBT)VICsg, was calculated to be ke, =
1.91 X 10° m's7!. This value is independent of the detector
concentration and appropriate for comparison with litera-
ture values. The SOD-like activity of the Mn-salbutO com-
plex is similar to that of Mn-salen [k, = 8 X 103, Hysalen
= 1,2-bis(salicylidenamino)ethane],[! and higher than those
of other Mn-SOD mimics with open chain ligands having
phenolato,*” pyridyl,*®) benzymidazolyl,l!”! and pyraz-
olyl*’! donor sites. These results clearly indicate that
[Mn(salbutO)] is a suitable SOD mimic.

It has been observed that the catalytic rate constants for
the dismutation of the superoxide anion are related to the
metal-centered reduction potential of Mn'™' compounds.[>°!
The closer this potential approaches the midpoint potential
between the oxidation and reduction of O, (Ej», = 0.12V
vs. Ag/AgCl) the more potent the mimic. The Mn"/Mn'!
potential of [Mn(salbutO)] is too negative to account for
any efficient redox cycling of O, . Thus, it is the accessi-
bility of the Mn'V state that enables this complex to redox
cycle O, and be a powerful SOD mimic.

CAT Activity

The catalytic activity of complexes 1 and 2 toward H,O,
disproportionation was investigated in methanol and dmf
at 25 °C. Addition of H,O, to previously stabilized dmf or
methanol solutions of complexes 1 and 2 causes immediate
vigorous evolution of dioxygen. Volumetric measurements
of evolved O, showed that, in dmf, these complexes are able
to disproportionate more than 1200 equiv. of H,O, with
only slight lowering of activity. During catalytic dispropor-
tionation of H,O,, the LMCT band shifts to lower wave-
lengths, and a new electronic transition is observed at
510 nm [Figure 9 (a)]. This band, which appears at very
short reaction times and disappears when O, evolution has
ceased, may account for the formation of a catalyst—sub-
strate adduct, generated by direct binding of H,O, to the
complex through ligand-shift. Formation of this intermedi-
ate is consistent with the increase in intensity of the 510 nm
band with increasing [H,O,] or [catalyst]. The absence of a
signal in the EPR spectra taken during the reaction ex-
cludes the possibility that this intermediate corresponds to
a mixed-valence or Mn'"! species. At the end of the reaction,
the electronic spectrum and the cyclic voltammogram [inset
in Figure 9 (a)] of the final form of the catalyst are analo-
gous to those of the starting dmf solutions of the complex.
In methanol, these complexes are able to disproportionate
up to 200 equiv. of H,O,, and then they are inactivated. In
this solvent, the absorption pattern of the electronic spectra
shows only slight changes during the reaction course [Fig-
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ure 9 (b)]. In the protic solvent, the monomer/dimer equilib-
rium shifts toward the monomer, reducing the concentra-
tion of dimer available for catalase activity.
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Figure 9. Electronic spectra of 2 before (black line) and after (gray
line) addition of 300 equiv. of H>O», in (a) dmf (b) methanol. Inset:
Cyclic voltammogram at the end of the reaction in dmf.

The initial rate of disproportionation of H,O, was deter-
mined as a function of the complex and substrate concen-
trations in methanol and dmf by measuring dissolved oxy-
gen with a Clark-type electrode. It was found that, in both
solvents, complexes 1 and 2 afford identical kinetic param-
eters. In dmf, the reaction is first-order in catalyst and H,O,
(Figure 10) with a second-order rate constant (k.,), ob-
tained from the slope of ri[cat] (s!) vs. [H,O,], of
5.6+0.1 M 's!. In methanol, the reaction is second-order
in catalyst (Figure S5) and first order in H,O,, with a third-
order kg of 1.6=0.2 M 2s!. The different dependence of
the rate of H,O, disproportionation on catalyst concentra-
tion in the two solvents may be interpreted in terms of the
unfavorable effect of the protic solvent on dimer formation.
Thus, in methanol, where an equilibrium between monomer
and dimer exists (the monomer being the major form in
solution, as observed in the ESI mass spectra), the rate is
given by 7 = k Kgimer [H205] [cat]?, where Kgime, i the di-
merization equilibrium constant and k is the rate constant
for the reaction of the dimer with H,O,. Distinctly, in dmf,
the first-order dependence suggests that dimerization is ther-
modynamically more favored [Kgimeramn = Kdimer(methanon)-
Therefore, if the catalyst exists in solution as a preformed
dimer, r = k [H,O,][dimer], just as observed. The increasing
dimer/monomer ratio observed in the ESI mass spectra
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with decreasing proton donor ability of the solvent: meth-
anol + acid to methanol (dmethanot = 0.93) to acetonitrile
(Gacetonitrile = 0.19), supports that in dmf, a nonprotic sol-
vent (agme = 0), this ratio should be much higher.

[dimer] (mM)
0.00 0.01 0.02 0.03
1.8-
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i L0.02_
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Figure 10. Effect of (a) [catalyst] ([H,O,]p = 12.9 mm) and (b)
[H>O;] on the initial rate of H,O, disproportionation at 25 °C in
dmf.

The CAT-like activity of the salbutO*>~ complex, al-
though lower than those observed for other dinuclear or
dimeric catalysts, such as [Mn,(salpentO)(OMe)(OAc¢)]* or
[Mn(salpnO)],,[#+31 is significantly higher than those for
complexes of the Mn-salen® and Mn-bipyridinephen-
olatol'® series, which also show combined CAT/SOD activi-
ties. This result is probably related to the higher proportion
of dimer (required for CAT activity) in solutions of the Mn-
salbutO complex than in solutions of the Mn-salen and
Mn-bipyridinephenolato complexes. Because peroxide is
produced in vivo during oxidative stress, the ability to con-
sume H,O, is an advantageous property of the Mn-
salbutO complex to scavenge reactive oxygen species (ROS).

Conclusions

The results presented in this work show that HssalbutO
is able to stabilize Mn'V under conditions where related
symmetric Schiff bases yield Mn'" complexes: the shorter
HjsalpnO affords mononuclear Mn™" complexes, their di-
mers, or polymeric chains;[3240-33] the longer HjsalpentO
yields dinuclear Mn'" complexes.[*+>*36 Thus, the length
and symmetry of the aliphatic bridging units between the
central alcohol function and the imino-N donor sites of
salbutO*~ modulates not only the structure of the resulting
complex but also the Mn oxidation state.

Complexes [Mn(salbutO)N;] and [Mn(salbutO)SCN] are
not stable in methanol or diluted dmf solutions and convert
to [Mn(salbutO)] in equilibrium with the dimer. The li-
gand arrangement around the metal in the monomer is
close to that in the dimeric form of the Mn'' complex, as
no additional resonances are observed in the 'H NMR
spectra of the complexes. The fact that Mn-salbutO>~ shows
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better SOD and CAT activities than those of catalysts of
the Mn-salen series!!® makes this complex particularly at-
tractive as ROS scavenger for pharmaceutical purposes. The
ligand arrangement around Mn and the additional alkoxido
donor site in the Mn-salbutO*  complex shift the metal-
centered redox potentials to values lower than those in Mn-
salen. This facilitates the redox reaction through the Mn'Y/
Mn'V cycle and results in improved activity.

Experimental Section

Materials: All reagents or AR chemicals were used as purchased.
Solvents were purified by standard methods. The concentration of
H,O0, stock solution was determined by iodometric titration.

1,4-Bis(salicylidenamino)butan-2-ol (HssalbutO): HssalbutO was
prepared by Schiff base condensation of salicylaldehyde with 1,4-
diaminobutan-2-0l7 in ethanol at 60 °C, and was isolated as a
pure yellow solid by precipitation from the reaction mixture at
room temperature. Yield: 73%. C;gHyoN,O5 (312.37): caled. C
69.21, H 6.45, N 8.97; found C 69.31, H 6.34, N 8.92. 'H NMR
(200 MHz, [Dg]dmso, 25 °C, TMS): 0 = 8.66 (s, 2 H, N=CH-), 7.44
(m, 4 H, Ar), 6.99 (m, 4 H, Ar), 3.93-3.80 [m, 5 H, H-C(OH)-,
-CH,-N=C], 1.90 [m, 2 H, (OH)CH-CH,-CH,] ppm. Significant
IR bands (KBr): ¥ = 3425 (OH, broad), 3048, 2921, 2850 (CH),
1634 (C=N), 1609 (Ar), 754, 740 (CH rock) cm™'.

[Mn(salbutO)(N3)]-0.5H,O (1-0.5H,0): To a solution of freshly
prepared Mn(OAc);2H,O (86 mg, 0.32 mmol) and HjsalbutO
(0.1 g, 0.32 mmol) in methanol (8 mL) was added NaN; (42 mg,
0.64 mmol) in methanol (2mL), and the reaction mixture was
stirred for 24 h. A dark brown microcrystalline precipitate formed,
which was collected by filtration, washed with methanol, and
dried under vacuum. Yield: 75mg (0.18 mmol, 58%).
C3sHsMnN;05-0.5H,0 (415.30): calcd. C 52.06, H 4.37, Mn 13.2,
N 16.86; found C 51.91, H 4.19, Mn 13.4, N 16.53. Significant IR
bands (KBr): ¥ = 3452 (OH, broad), 3052, 3019, 2940, 2914, 2875
(CH), 2032 (N3), 1617 (C=N), 1596 (Ar), 757 (CH rock), 613, 576,
449, 410 (MnL) cm!. Molar conductivity = 69 Q'cm?m . Single
crystals of 1 suitable for X-ray diffraction were obtained from the
filtrate of the reaction mixture, which was left to stand for several
days.

[Mn(salbutO)(SCN)|-2H,O (2-:2H,0): To a solution of Mn(OAc);*
2H,0 (172 mg, 0.64 mmol) and HjsalbutO (0.10 g, 0.32 mmol) in
methanol (5 mL) was added KSCN (195 mg, 2.1 mmol) in water
(I mL), and the reaction mixture was stirred for 24 h. A dark
brown microcrystalline precipitate formed, which was collected by
filtration, washed with methanol, and dried under vacuum. Yield:
0.14 g (0.3 mmol, 94%). CoH;;MnN305S-2H,0 (458.39): calcd. C
49.78, H 4.58, Mn 12.0, N 9.17, S 6.99; found C 49.86, H 3.74, Mn
13, N 9.01, S 6.98. Significant IR bands (KBr): ¥ = 3413 (OH,
broad), 3049, 3025, 2921, 2865 (CH), 2058 (SCN), 1618 (C=N),
1598 (Ar), 757 (CH rock), 613, 577, 455 (MnL) cm™!. Molar con-
ductivity = 64 Q1 cm? M.

Physical Measurements: Electronic spectra were recorded with a
JASCO V550 spectrophotometer having thermostatted cell com-
partments. IR spectra were recorded with a Perkin-Elmer Spec-
trum One FTIR spectrophotometer. Electrospray ionization (ESI)
mass spectra were recorded with a Perkin—Elmer SCIEX 365
LCMSMS mass spectrometer, by using ca. 10> M solutions of the
complexes in methanol at a flow rate of 5 pLmin~!. EPR measure-
ments were made with a Bruker ESP 300 E spectrometer by using
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a microwave frequency generated by a Bruker ER 04 (9-10 GHz)
instrument. 'H NMR spectra were recorded with a Bruker AC 200
NMR spectrometer at ambient probe temperature (ca. 26 °C), with
a nominal operating frequency of 200.1 MHz. Variable-tempera-
ture magnetic susceptibility data were obtained with a Quantum
Design MPMS SQUID susceptometer, under a magnetic field of
1.0 T (1) and 0.5 T (2) in the temperature range 2-300 K. Diamag-
netic corrections were applied by using Pascal’s constants.[*®] Least-
squares fittings were accomplished with an adapted version of the
function-minimization program MINUIT°' Conductivity mea-
surements were performed by using a Horiba F-54 BW conductiv-
ity meter, on 1.0 mM solutions of the complexes in methanol. The
electrochemical experiments were performed with a computer-con-
trolled Princeton Applied Research potentiostat, model VERSAS-
TAT II, with model 270/250 Research Electrochemistry Software.
Studies were carried out under Ar, in dmf or methanol solutions
with BuyNPF, (0.1 M) as supporting electrolyte and a ca. 103 M
solution of the complex. The working electrode was a Pt wire and
the reference electrode was Ag/AgCl with Pt as the auxiliary elec-
trode. Using the described conditions, the ferrocene/ferrocenium re-
dox couple was observed at £, = 417 mV in methanol and E;;, =
491 mV in dmf.

Disproportionation of H,O,: The stoichiometry of the H,O, dispro-
portionation catalyzed by 1 and 2 was measured by volumetric de-
termination of O, evolved from reaction mixtures in dmf or meth-
anol as described previously.®”l Kinetic studies were carried out
polarographically by using a Clark-type oxygen electrode with an
YSI oxygen-monitoring system (Model 5300, Yellow Springs In-
struments Co., Inc.). The initial rate method was used to determine
the rate constants (see ref.[°” for further details). Each rate constant
reported here represents the average value of multiple determi-
nations that fall within =5%.

Indirect SOD Assay: The SOD activity of the complexes was as-
sayed by measuring inhibition of the photoreduction of nitro blue
tetrazolium (NBT), by a slightly modified version of the method
originally described by Beauchamps and Fridovich.[®!] The solu-
tions containing riboflavin (3.4 X 107 M), methionine (0.01 m),
NBT (4.6 X 10> M), and complex of various concentrations were
prepared with phosphate buffer (pH 7.8). The mixtures were illumi-
nated with a fluorescent lamp with constant light intensity at 25 °C.
The reduction of NBT was monitored at 560 nm with various illu-
mination periods (z). Rates in the absence and in the presence of
complex were determined for each concentration of complex added
and plotted against it. Inhibition percentage was calculated accord-
ing to: {(AAbS/t)without complex (AAbS/Z)with complcx} X100/
(AADS/t)yithout compiex- The ICsy value represents the concentration
of the SOD mimic that induces a 50% inhibition of the reduction
of NBT. Control experiments were performed on mixtures of NBT
+ complex, riboflavin + complex, and NBT + methionine + com-
plex, in phosphate buffer, to ensure that the complex does not react
independently with any of the components of the mixture. On the
basis of these experiments, cross reactivity of the complex with
NBT or riboflavin was disregarded. Under conditions used in this
work, the catalytic rate constant (kyecp) for MnSOD was found
to be 5.5% 108 M !s7!, a value consistent with that reported in the
literature.[6?!

X-ray Crystal Structure Determination: Crystallographic data for
compound 1, [Mn(salbutO)(N3)], were collected at 180 K with an
Oxford-Diffraction XCALIBUR CCD Diffractometer equipped
with a Cryojet cooler device from Oxford Instruments and a graph-
ite-monochromated Mo-K,, radiation source. The unit cell determi-
nation and data integration were carried out by using the CrysAlis
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package.[* The structure was solved with SIR 924 and refined
by full-matrix least-squares on F, with CRYSTALS,'®> with aniso-
tropic displacement parameters for non-hydrogen atoms. The H
atoms were all located in a difference map, but those attached to
carbon atoms were repositioned geometrically. The H atoms were
initially refined with soft restraints on the bond lengths and angles
to regularize their geometry and isotropic displacement parameters
in the range 1.2-1.5 times U,q of the parent atom, after which the
positions were refined with riding constraints. Absorption correc-
tions were applied by using Multiscan.l°® The molecular plots were
drawn with Cameron'®” and Mercury.[%® Crystal data collection and
refinement parameters for 1 at 180 K: Mo-K, (4 = 0.71073 A),
C,gH{7MnN;O;, M, = 406.297, dark brown needles, dimensions
0.1 X0.1X0.25mm, monoclinic, space group: Pl12,/nl, a =
8.0780(5) A, b = 12.2813(10) A, ¢ = 17.2752(12) A, p =97.074(6)°,
V' =1700.82) A3, Z = 4, peaa = 1.59 Mgm™3, sy = 0.807 mm!,
F(000) = 836.000, 0 range: 3 to 29°, 15798 reflections measured,
4543 unique, 244 refined parameters, GOOF for F# 1.0871,
WREW(E? — [F2DE wIEPIY2) = 0.040, REIIF,| — |FAIEIE) =
0.034.

CCDC-743344 contains the supplementary crystallographic data
for this paper. These data can be obtained from The Cambridge
Crystallographic Data Centre free of charge via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Hydrogen-bonding interactions and magnetism for complex 1,
effect of catalyst on H,O, disproportionation in methanol, simu-
lated mass spectra, and ESI mass spectra of 2 in methanol and
HClO4/methanol.
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