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The complex [Mn""(HL)(L)(py)(CH;OH)]- CH;0H (H,L = 2-ortho-hydroxyphenylbenzimida-
zole, py = pyridine), 1, has been characterized spectroscopically and by X-ray crystallography.
The complex is triclinic, space group Pi with a=10.396(2), b =10.7340(10), ¢ =15.193(2) A,
a="73.193(4)°, B=76.283(8)°, y=061.400(40)°, V=1415.1(4)A*, Z=2, D.=1.445Mgm~>,
M,.=615.56, u:O.SlSmm", F(000)=640, R=0.0631, wR=0.1525. Manganese is Six-
coordinate in an N3Oj; ligand sphere created by two bidentate H,L ligands and solvent
molecules with a slightly distorted, axially elongated octahedral geometry. Electronic
absorption spectra show 7—7* and Ligand Metal Charge Transfer (LMCT) transitions in the
UV region and d—d transitions in the visible region. Solvent molecules coordinated to the
Mn(III) ion in the crystal are thought to retain their coordination in solution. It is shown
that 1 has reaction activity with the superoxide ion, as indicated by inhibition of pyrogallol
autoxidation and by spin trapping electron paramagnetic resonance (EPR) spectroscopy.
The N;O; ligand set in 1 is similar to that in native MnSOD (superoxide dismutatase) in the
substrate-bound state. The correlation between the ligand set in 1 and its reaction with the
superoxide ion is discussed.

Keywords: Manganese(I11); 2-0-Hydroxyphenylbenzimidazole; Pyridine;

X-ray structure; Superoxide dismutase; Superoxide ion reactivity;
2,2-Dimethyl-3,4-dihydro-2 H-pyrrole-1-oxide; Spin trap; Pyrogallol autoxidation

1. Introduction

Superoxide dismutase (SOD) is a group of ubiquitous metal-containing enzymes
that catalyzes the dismutation of the superoxide radical anion, O;, a damaging
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Scheme 1. Structure of H,L.

physiological by-product, to molecular dioxygen and hydrogen peroxide. These
enzymes serve a vital role in protecting oxygen-utilizing life from oxidative damage
[1, 2]. Inadequate SOD Ilevels lead to overproduction of radical by-products and
hence to varies diseases. Studies of native SOD and SOD mimics have long served as
guides for drug development, and synthetic complexes that possess SOD-like activity
for potential pharmaceutical applications have been explored [3, 4].

The transition metals Cu, Zn, Fe, Ni and Mn are utilized in natural SOD enzymes
[5-7]. Among synthetic complexes, however, Mn has been favoured [8] due to its
inertness to the Fenton reaction that involves free metal ion reacting with hydrogen
peroxide to generate hydroxyl radicals. Transition metals such as Fe and Cu in
complexes often encountered in many SOD mimics have high Fenton reaction activity.
Since hydrogen peroxide is one of the products of superoxide dismutation, synthetic
complexes that contain Cu or Fe have high risk of toxicity as drug candidates, even
though they may be good SOD mimics [9-14]. However, low molecular weight synthetic
complexes are advantageous in terms of assimilability, an important consideration
in drug design.

At the active site of native MnSOD, the Mn ion is five-coordinate with an N3O,
ligand set, with trigonal bipyramidal coordination geometry [15-18]. One of the ligands
is a water molecule. It has been suggested that upon substrate binding the metal centre
accommodates the substrate oxygen as the sixth ligand without displacing the
coordinated water molecule [19]. Accordingly, a detailed reaction mechanism that
involves alternation of coordination number and geometry of the metal centre in
response to substrate binding and product dissociation during the catalytic cycle has
been suggested [19]. Moreover, an extended hydrogen bond network on the outside
of the first coordination sphere has been suggested to play an important role in control-
ling the enzyme’s catalytic activity [20-22]. H-bonds also assemble the functional
enzyme (dimers or tetramers) in native SOD. The hydrogen bond network is thought
to aid mobility of protons that are involved in the dismutation, and thus to be essential
for SOD function.

In this article, the synthesis and characterization of a monomeric manganese
complex, [Mn'"(HL)(L)(py)(CH;OH)]- CH;0H (H,L = 2-ortho-hydroxyphenylbenzi-
midazole (scheme 1), py =pyridine), 1, is reported. We show that 1 possesses reaction
activity with superoxide anion. The correlation between the ligand set in 1 and the
SOD-like activity is discussed.

2. Experimental

2.1. Materials and methods

All experiments were carried out under ambient conditions. Pyrogallol, KO,, DMPO
(2,2-dimethyl-3,4-dihydro-2 H-pyrrole-1-oxide) and Mn(OAc),-4H->O (from Aldrich)



12: 34 23 January 2011

Downl oaded At:

Six-coordinate monomeric Mn(1II) complex 121

were used as purchased. N(n-Buy)MnO4 and H,L were prepared as previously reported
[23, 24]. All other chemicals of analytical grade were used without further
purification. CAUTION: Appropriate care should be taken in the use of organic
permanganates.

2.2. [Mn"'(HL,)(L,;)(py)(CH;0H)]-CH;0H (1)

Mn(OAc), - 4H,0 (166 mg, 0.7mmol) in 3cm® of methanol was added to H,L (409 mg,
1.9 mmol) in 8 cm?® of pyridine. After mixing for 10 min, solid N(#-Bus)MnO, (97 mg,
0.27 mmol) was added in small portions during approximately 10 min. The resulting
solution was stirred for 20 min at room temperature and then allowed to evaporate
in air. Dark green crystals of 1 were obtained with 42.3% yield (based on
Mn(OAc), -4H,0). Melting point (m.p.) 230°C. Molecular empirical formula of 1:
Anal. Caled for C33H30MnNsOy4 (%): C, 64.33; H, 4.87; N, 11.37. Found: C, 64.41;
H, 4.95; N, 11.35.

2.3. X-ray crystallography

Single crystals of 1 were selected and mounted on a Rigaku R-AXIS RAPID
imaging plate diffractometer. Diffraction data were collected at 293 K with graphite-
monochromated Mo-Ka radiation ()»:0.71071&). The detector swing angle was
5.00°. Readout was performed in the 0.100 mm pixel mode. Absorption corrections
were applied by correlation of symmetry-equivalent reflections using the ABSOR
program. Data reduction was performed using SHELX97 [25]. The structure was
solved by direct methods and difference Fourier syntheses, and was refined on F?
by full-matrix least-squares techniques using SHELXL97. Data collection and
refinement parameters are listed in table 1. Crystallographic data for the
structure have been deposited with the Cambridge Crystallographic Data
Centre (CCDC) as supplementary publication number CCDC 200196. Copies of
the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (Tel: (+44) 1223-336-408; Fax: (+44)
1223-336-003; E-mail: deposit@ccdc.cam.ac.uk). Website link: www.ccde.cam.ac.uk/
data.request/cif.

2.4. Spectroscopic measurements

Electronic absorption spectra of complex 1 in dimethylsulfoxide (DMSO), methanol or
a mixture of acetonitrile and dichloromethane were recorded on a Pharmacia Biotech
Ultrospec-3000 spectrophotometer in the wavelength range 250-800 nm. Spectra of
a solution containing the free ligand and a solution of the free ligand and pyridine at
a mol ratio of 2:1 in DMSO were also taken for reference. The reaction of 1 with
superoxide was determined through inhibition of pyrogallol autoxidation [26, 27]
in the presence of 1. Pyrogallol (1,2,3-benzenetriol) reacts with dioxygen to form
several products that are electrochemically active and can be monitored, for example,
at 318 nm. Superoxide is one of the intermediates and the method is used as an
assay of SOD activity [26, 27]. Pyrogallol autoxidation was monitored through the
absorption of a 0.9 uM pyrogallol solution at 318 nm on a Shimadzu UV-160 spectro-
photometer at 25.0 £ 0.1°C. For measurements of inhibition of pyrogallol autoxidation,
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Table 1. Crystallographic data for [Mn""(HL)(L)(py)(CH;OH)]- CH;0H (1).

Empirical formula
Formula weight
Crystal size (mm)

C33H30MnN;sOy4
615.56
0.46 x 0.25x 0.08

Crystal colour Dark green
Crystal system Triclinic
Space group Pi

a(A) 10.396(2)

b (A) 10.7340(10)
¢ (A) 15.193(2)

a (%) 73.193(4)
B(©) 76.283(8)

y (°) 61.400(4)
V(A% 1415.1(4)
Z 2

T (K) 293(2)

Dcalc (g Cm73) 1.445

w (mm™") 0.515
F(000) 640

6 Range for data collection (%) 2.21-27.48
Reflections collected/unique 9243/6181
Completeness to 6 =27.48 (%) 95.2
Data/restraints/parameters 6181/6/401
Goodness-of-fit on F> 0.965

Final R indices: R; wR i 0.0631; 0.1525
Largest difference peak and hole (e A~3) 0.725; —0.724

a stock solution of 1 in dimethylformamide (DMF) was first prepared. A series of
aqueous 0.9 uM pyrogallol solutions containing varying concentrations of 1 (0, 0.617,
1.234, 1.851, 3.085 and 4.319uM) in Tris-HCI buffer (50mM, pH 8.2) were then
prepared for the measurements.

2.5. Spin trapping electron paramagnetic resonance (EPR) spectroscopy

KO, was used as the O} source. The highly active O radicals were stabilized by the
spin trap DMPO to form a spin adduct DMPO-O} that is relatively stable [28-31].
DMPO-O; possesses a characteristic electron paramagnetic resonance (EPR)
spectrum. DMPO-0O}; was generated in a solution that was 14.1puM in KO, and
1.5mM in DMPO. Reaction activity of 1 with O5 was then measured in three
EPR samples where 1, in varying concentrations, was first mixed with KO,,
followed by addition of DMPO after 2s. The final concentrations of 1 were 1.5, 15
and 150 uM, while concentrations of KO, and DMPO were 14.1 uM and 1.5mM,
respectively. A series of solutions, 14.1uM KO,, 150 M complex 1, 14.1uM KO,
and 150 uM complex 1, and 50 uM complex 1 and 1.5mM DMPO were prepared
separately as controls. To check the stability of the DMPO-O spin adduct against
reaction with 1, a sample that was 14.1uM KO, and 1.5mM DMPO and into
which 1 was added (150 uM) was also prepared. DMSO was the solvent in all EPR
samples. EPR spectra were recorded on a Bruker X-band ESP300 spectrometer
at room temperature. Spectrometer settings were modulation amplitude 0.05mT,
modulation frequency 100kHz, microwave power 12.9mW and microwave
frequency 9.5 GHz.
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3. Results and discussion

3.1. Crystal structure

The single-crystal X-ray structure shows that the Mn(III) ion in 1 is six-coordinate with
a slightly distorted, axially elongated octahedral geometry. Selected bond lengths and
angles are listed in table 2. Bond angles N(1)-Mn(1)-O(3) and O(2)-Mn(1)-O(3)
deviate from 90° only by 0.59° and 0.23°, respectively, whereas N(3)-Mn(1)-N(5)
and O(1)-Mn(1)-N(5) deviate from 90° by 1.51° and 2.27°, respectively (see table 2).
Equatorial sites are occupied by two bidentate H,L ligands and the two axial sites
are oxygen and nitrogen from solvents methanol and pyridine (figure 1). The longer
axial bond lengths, 2.288 A for Mn(1)-N(5) and 2.358 A for Mn(1)-O(3), compare to
equatorial distances that range from 1.874A for Mn(1)-O(2) to 2.028 A for
Mn(1)-N(3), and are consistent with Jahn-Teller distorted, octahedral, high spin
Mn(III). Similar configurations have been observed elsewhere [32]. One of the coordi-
nated nitrogen atoms of H,L, N(1), is deprotonated whereas the other, N(3), is not. The
N(1)-Mn bond is expected to be shorter than the N(3)-Mn bond, in agreement with
the present data [Mn—N(1), 1.981; Mn(1)-N(3), 2.028 A]. The crystal structure of 1
shows N---H-N hydrogen bonds between two adjacent molecules of 1, as indicated
by dashed lines in figure 2 (N---H-N, 2.178 A; angle, 157.95°). The nitrogen
atoms involved in the H-bond network originate from deprotonated and neutral
benzimidazol rings.

In 1, two bidentate H,L ligands stabilize Mn coordination. These, together with two
solvent molecules (methanol and pyridine), create an octahedral N;O; ligand field, in
line with the intention to mimic the active site of native MnSOD. In native MnSOD,

Table 2. Selected bond lengths (A) and angles (°) for 1.

Bond lengths

Mn(1)-O(1) 1.886(2)
Mn(1)-O(2) 1.874(2)
Mn(1)-N(1) 1.981(2)
Mn(1)-N(3) 2.028(2)
Mn(1)-N(5) 2.288(3)
Mn(1)-0(3) 2.358(3)
N...H-N* 2.178
Bond angles

N(1)-Mn(1)-O(3) 90.59(10)
O(2)-Mn(1)-0(3) 90.23(10)
N(3)-Mn(1)-N(5) 88.49(10)
O(1)-Mn(1)-N(5) 92.27(10)
N(5)-Mn(1)-0O(3) 176.83(9)
O(2)-Mn(1)-O(1) 176.21(10)
O(2)-Mn(1)-N(1) 87.40(10)
O(1)-Mn(1)-N(1) 92.03(10)
O(2)-Mn(1)-N(3) 92.91(10)
O(1)-Mn(1)-N(3) 87.61(10)
N(1)-Mn(1)-N(3) 179.28(10)
O(2)-Mn(1)-N(5) 91.49(10)
N(1)-Mn(1)-N(5) 92.15(10)
O(1)-Mn(1)-0O(3) 86.03(10)
N(3)-Mn(1)-O(3) 88.77(10)
N-.-H-N* 157.95

“Intermolecular hydrogen bond.
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Figure 1. Molecular structure of complex 1 showing the atom labelling scheme.

as noted earlier, the manganese centre is five-coordinate, trigonal bipyramidal (N5O,)
and, on substrate binding accommodates the incoming oxygen as the sixth ligand
[19, 33]. Lah ef al. [19] have suggested a reaction mechanism that involves alternating
5-6-5 coordination at the active site for FeSOD enzymes, though this is applicable to
MnSOD as well. According to the proposal, the octahedral and trigonal bipyramidal
geometries play important roles in the catalytic reaction. In a following section it is
demonstrated that 1 shows reaction activity with superoxide. It is proposed that
similarities to MnSOD in the ligand set and coordination arrangement in 1 is
responsible for the SOD-like activity. Other six-coordinate Mn complexes that manifest
similar SOD activity have been reported only in a few cases [34, 35].

3.2. Electronic spectroscopy

Figure 3 shows the electronic spectrum of 1 in DMSO. Change of solvent did not affect
the spectrum. Table 3 lists absorption wavelengths and corresponding molar extinction
coefficients for 1, together with data for a mixture of free ligand and pyridine (at a
molar ratio of 2:1) for comparison. In the UV region strong absorptions at 259,
291, 302, 317, 332 and a shoulder at 371 nm were observed for 1. Bands at 259, 291,
317 and 332 nm are present in the spectrum of the free ligands, taking minor wavelength
shifts into account. Accordingly, those bands can be attributed to 7—n* transitions of
the ligand aromatic rings. It is noted, however, that absorption at 290 nm is much
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Figure 2. Molecular packing of 1, viewed along the [111] direction. Dotted lines represent N-H---N
H-bonds. Hydrogen atoms and solvent molecules are omitted for clarity.

Figure 3.

e (x10°M"'ecm™")

T T T
500 600 700
Wavelength (nm)

T T T T T
300 400 500 600 700

Wavelength (nm)

Electronic absorption spectrum of 1 in DMSO. Inset is the spectrum of 1 in the visible region.
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Table 3. Electronic absorption data for 1, compared to free H,L and pyridine.

Free ligands and

Complex 1 pyridine (molar ratio 2: 1)

Transition Transition
A (nm) eM 'em™) assignment A (nm) eM 'em™! assignment
259 2.07 x 10* T 258 1.75 x 10* T
291 2.37 x 10* 7-7* + LMCT 292 1.37 x 10* -1
302 2.24 x 10* LMCT
317 2.3 x 10* ¥ 317 2.22 x 10* ¥
332 2.08 x 10* - 332 2.12 x 10* T
371 5.92 x 10° LMCT
600 5.92 x 10? d-d

stronger (¢=2.37x10*M'cm™') for 1 than that in the free ligands spectrum
(e=137x10*M~'em™). It is thus concluded that both ligands and 1 (~40%)
contribute to the spectrum at 291 nm. Absorptions at 302nm and the shoulder at
371 nm are not observed in the ligand and solvent spectrum. Consequently, they are
assigned to LMCT transitions [32, 36, 37]. A summary of transition assignments is
listed in table 3.

The electronic spectrum of 1 in the visible region shows a broad, weak absorption
band, e=592M~'em™!, centred at 600 nm. An estimation using the Tanabe-Sugano
energy level diagram [38] for a d* ion in an octahedral environment, given that
the Racah parameter B=1140cm ™' for Mn(III), reveals a Ligand Field Stabilization
Energy (LFSE) of 18240cm™' for 1, in good agreement with the value of
17,900cm ™" for Mn(acac); (Hacac = 2,4-pentanedione) [39]. In addition, extinction
coefficients for spin-only allowed transitions of six-coordinated complexes of low
symmetry are typically 10°~10° [39]. The extinction coefficient for 1, e=592M'em™',
fits nicely with this description. This implies that 1 remains six-coordinate in solution,
with retention of solvent molecules in the coordination sphere. The broad feature of the
600 nm transition is rationalized as being due to the low symmetry (D»q) of 1, by which
the 5Eg and 5T2g terms of free Mn(III) split into A, + °B; and °B, + °E terms, respec-
tively. Similar transition probabilities contribute to the broadness of the absorption
band at 600 nm. Although solvent molecules probably remain coordinated to the
Mn(III) ion in solution, the coordination sphere is labile as indicted by long bond
lengths in the solid state. Since 1 is aimed at producing superoxide reactivity, lability
of solvent coordination is an advantage for superoxide binding.

3.3. Reaction of 1 with superoxide

3.3.1. Inhibition of pyrogallol autoxidation. Pyrogallol autoxidation generates a
variety of intermediates, including superoxide, that can be monitored at 318 nm. It
has been shown that autoxidation is inhibited if superoxide formation is quenched,
for example in the presence of SOD, and this has been used to assay SOD-like activity
[26, 27]. SOD-like activity of 1 was evaluated by measuring inhibition of pyrogallol
autoxidation. Kinetics of pyrogallol autoxidation showed a linear increase of absorp-
tion at 318 nm with time (figure 4, inset) in the presence of 30 uM pyrogallol. The
autoxidation rate, V,, was determined to be 1.71 x 10>s~!. Autoxidation slowed in
the presence of 1. The reaction rate in the presence of 1, V, was also measured
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Figure 4. Inhibition of pyrogallol autoxidation in the presence of 1. Inhibition, I (%), is calculated as
mentioned in the text. Inset shows pyrogallol autoxidation rate, measured in absorption units (A =318 nm)
vs. time in seconds, mediated by Tris-HCI buffer (S0 mM, pH 8.2).
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Figure 5. EPR spectra of spin adduct DMPO-0O5 radical (a) generated by K,O and DMPO in DMSO
solution, (b) as for (a) but in the presence of 1 (1.5 uM).

with varying concentration of 1. Inhibition, /, can then be calculated according to the
equation I=(V,—Vy)/V,. Figure 4 depicts inhibition against concentration of 1.
The concentration of 1 at which the autoxidation of pyrogallol is inhibited by 50%,
IC50, was 1.6 x 107° M.

3.3.2. Spin trapping EPR. In order to obtain further evidence that 1 shows reactivity
with O}, a spin trap experiment was performed, where KO, was used as the radical
source. In the presence of the spin trap DMPO any existing free O} will be rapidly
captured to form DMPO-O}, which displays a characteristic EPR signal [28-31].
The reactivity of 1 with O} could be elucidated by comparison of the signal amplitude
in EPR spectra recorded in the absence and presence of 1. In a solution that contains
merely KO, (14.1 upM) and DMPO (1.5mM) a well-structured EPR spectrum was
observed (figure 5a). This consists of four main lines, each exhibiting hyperfine struc-
ture. These features are recognized as originating from DMPO-O35 [28-31].

When the EPR spectrum was recorded in a sample where 1 (1.5 uM) was first added
to a solution containing KO, (14.1 uM) followed by the addition of DMPO (1.5 mM)
in order to capture any remaining O} , a similar DMPO-O5  EPR signal (figure 5b),
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but with dramatically reduced signal intensity, was obtained. Signal intensity is
inversely correlated to the concentration of 1 added (not shown). These results indicate
clearly that the presence of 1 inhibits the formation of DMPO-O5 ", and thus implies
reactivity of 1 with superoxide. Using signal intensities in the absence (/;"") and
presence (I°°") of 1 as probe, the reaction activity of 1 with superoxide radical anion
can be determined in terms of inhibition of DMPO-O} formation. The inhibition, /,
can be expressed as I=(I;"" —I°"")/[;*". The IC50 value determined in this way
is ~1.2x 107°M and is close to the value deduced from the inhibition of pyrogallol
autoxidation. It is also comparable with other MnSOD-mimicking complexes reported
in the literature [34, 35, 40, 41].

In order to prove that only DMPO-O5 gives rise to the EPR spectrum a series of
control experiments were carried out, recording EPR spectra of KO, only, complex 1
only, KO, plus 1 and 1 plus DMPO. No combination showed any EPR signal.
It was therefore concluded that only DMPO-O; contributes to the spectra in
figure 5 and that the signal is diminished in the presence of 1. In addition, the possibility
of a reaction between DMPO-O; and 1 was examined. The EPR spectrum
was compared with that shown in figure 5(a), and no change was observed. Thus there
is no reaction between DMPO-O7 and 1 under the experimental conditions employed.

It has been established that the reaction of SOD and synthetic metal systems that
have SOD-like activity [42] involves a two-step reaction:

Mox + 027 - Mred + 02
M;eq + O5 + 2H" — Moy + H2 02

In the experiments, both inhibition of pyrogallol autoxidation and diminished DMPO-
O5 formation in the presence of 1 provide clear evidence that the former reaction takes
place. From a thermodynamic point of view, both reactions are feasible. The Gibbs free
energy change (AG) for the former reaction is —9.7 kI mol™" using redox potentials
E°(0,/07)=-0.5V (versus NHE) in DMSO [43, 44] and E°[Mn(III)/Mn(II)]=
+0.6 V (obtained from preliminary measurements, not shown); AG of the latter
reaction is —143.8kJmol™', taking E°(Oy, 2H"/H,0,)=+0.89V [43, 44]. These
negative AG values indicate that both reactions are thermodynamically favoured.

Although direct evidence for the latter reaction is not to hand, it is noted that the
former alone would lead to an EPR-visible Mn(II) species. By inspection of the EPR
spectrum recorded after allowing reaction between 1 and O} (see e.g. figure 5b), no
Mn(II) signal was found. This is taken as an indirect indication that any Mn(II)
formed was probably reoxidized rapidly through the latter reaction. It is thus suggested
that 1 undergoes a cyclic reaction showing SOD-like activity.

In 1 the coordination of solvent molecules is somewhat labile as judged from bond
lengths (see earlier). It is proposed that this lability allows the superoxide radical
anion to replace one of the coordinating solvent molecules. Comparison between the
methanol and the pyridine moieties with consideration of bond length and coordinating
properties suggests that methanol is probably more labile than pyridine. A suggested
sequence of reactions is shown in figure 6. Loss of methanol seems necessary for the
catalytic properties of 1. It not only provides a binding site for superoxide but
also resembles the 5-6-5 mechanism suggested by Lah er al. [19] for native FeSOD
and MnSOD enzymes. Moreover, this hypothesis consequently implies that the central
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Figure 6. Proposed superoxide dismutation reaction mechanism for 1.

Mn ion has an N3O, ligand sphere after loss of methanol and an N3O5 ligand set upon
superoxide addition, resembling the mechanism for native MnSOD. However,
the option that the pyridine site can accommodate superoxide cannot be excluded.
The outer-sphere H-bonding network in 1 is another interesting feature that shares
some similarities with native enzymes. It has been hypothesized that the H-bonding
network in native MnSOD functions as a proton funnel [20-22]. It is not entirely
clear that H-bonding in 1 is important with respect to its catalytic properties.
A reasonable speculation, however, is that H-bonds in 1 might play a role as a
proton pool that accommodates and delivers protons that are involved in superoxide
dismutation.
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