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ABSTRACT: Two new tri-Mn"" complexes of general formula ® 40
[Mn,L,(4-OH)(0Ac)]CIO, (H,L = 1-[N-(2-pyridylmethyl),N- ’,/‘

(2-hydroxybenzyl)amino]-3-[ N’-(2-hydroxybenzyl),N’-(4-X- /] 30
benzyl)amino]propan-2-ol; 1ClO,, X = Me; 2ClO,, X = H) have PN Z 50 A

been prepared and characterized. X-ray diffraction analysis of ? PY o {F CATALASE
1ClO, reveals that the complex cation possesses a Mn;(u- PO \ &2 08 ACTIVITY
alkoxo), (u-hydroxo) (u-phenoxo)*" core, with the three Mn atoms \ H.O 0

bound to two fully deprotonated N;O; chelating L*~, one ™ 2¥2 o 200, 400 600

exogenous acetato ligand, and one hydroxo bridge, the structure of

which is retained upon dissolution in acetonitrile or methanol. The three Mn atoms occupy the vertices of a nearly isosceles
triangle (Mn1-+-Mn3 = 3.6374(12) A, Mn2---Mn3 3.5583(13) A, and Mn1--Mn2 3.2400(12) A), with one substitution-labile site
on the apical Mn ion occupied by terminally bound monodentate acetate. Temperature-dependent magnetic susceptibility
studies indicate the presence of predominant antiferromagnetic intramolecular interactions between Mn' ions in 1ClO,.
Complexes 1ClO, and 2ClO, decompose H,O, at comparable rates upon initial binding of peroxide through acetate substitution,
with retention of core structure during catalysis. Kinetic and spectroscopic studies suggest that these complexes employ the
[Mn— (u-oxo/aquo)—Mn]*" moiety to activate peroxide, with the additional (u-alkoxo)(u-phenoxo)Mn(u-alkoxo) metallobridge
carrying out a structural function.

1. INTRODUCTION symmetrical and afford synthetic models with pairs of
chemically equivalent manganese ions. Among them, sym-
metrical polydentate ligands derived from 1,3-diamino-2-
propanol and terminal N/O-donor sites (R'R*NCH,CH(OH)-
CH,NR'R?) afford mono-%°"'* and bis—alkoxo—bridge<:16’13
dinuclear and tetranuclear complexes with [Mn,(u-
O)z](6_8)+;14’15 [Mn4(ﬂs'o)z]8+/16 and [Mn,(u-OMe),]*" v
cores, all with paired Mn ions. However, there is no precedent
for manganese complexes with unsymmetrical ligands of the
type R'R*®NCH,CH(OH)CH,NR’R*. We wanted to explore
the possibility of generating unsymmetrically ligated manganese

Control of structural arrangements and oxidation states of
metal ions in multinuclear metal complexes continues to attract
interest in the development of metal-based materials. Designing
of oligonuclear manganese compounds stems from the
recognition of oligonuclear manganese centers in several
redox enzymes like Photosystem II (PSII) found in green
plants’ and catalases.” Aimed at obtaining functional mimics of
these enzymes, great efforts have been made in attempts to
correlate the structural characteristics of polynuclear manganese
complexes to their chemical properties.®”

A number of polydentate diamino and diimino ligands with a clusters using this kind of ligands. To achieve this goal, we
central bridging alcohol group have been used to access employed two hexadentate N;O; ligands: 1-[N-(2-pyridylme-
complexes containing di- and tetranuclear manganese clus- thyl),N-(2-hydroxybenzyl)amino]-3-[N'-(2-hydroxybenzyl),N'-
ters.”>’ Even when unsymmetrical structures in the poly-
nucleating environment are of crucial importance to modulate Received: November 13, 2013
the reactivity of each metal center,” most used ligands are Published: February 17, 2014

W ACS Publications  © 2014 American Chemical Society 2545 dx.doi.org/10.1021/ic402843y | Inorg. Chem. 2014, 53, 2545-2553


pubs.acs.org/IC

Inorganic Chemistry

Scheme 1. Preparation of the Trinuclear Manganese Complexes 1 (R = Me) and 2 (R = H)
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(4-methylbenzyl)amino]propan-2-ol (H;L') and 1-[N-(2-pyr-
idylmethyl),N-(2-hydroxybenzyl)amino]-3-[ N’-(2-hydroxyben-
zyl),N’-(benzyl)amino propan-2-ol (H;L?) (Scheme 1).'* In
basic medium, H;L'™* led to complexes with a triangular
[Mn;(u-OR),]°* core topology distinctly different from the
[Mn;(u, O](6 7% oxo-centered triangular geometry found in
many Mn; compounds.>'®™>* The synthesis, structure, redox
properties, and catalase-like activity of two trinuclear
complexes, [Mn;L'7%,(u-OH)(OAc)]ClO, (L', 1ClO, L7
2Cl0O,), obtained with these ligands are described in this work.

2. EXPERIMENTAL SECTION

2.1. Materials. All reagents were used as purchased without further
pur1ﬁcat10n Ligands H;L' and H;L* were prepared as previously
described.'® Solvents were purified by standard methods.

2.2. Synthesis of the Complexes. 2.2.1. [Mn;L',(u-OH)(OAc)]-
Cl0,4H,0 (1ClO,4H,0). To a solution of H,L' (0.130 g; 0.26 mmol)
in methanol (1.5 mL) was added neat triethylamine (0.120 mL; 0.8S
mmol). Later, solid Mn(ClO,),-6H,0O (0.135 g; 0.53 mmol) was
added, and the reaction mixture was stirred at room temperature for 2
h. Then, a solution of sodium acetate (0.355¢; 2.6 mmol) in methanol
(1.0 mL) was added, and the reaction mixture left to stir for 8 h. The
solvent was partially removed under reduced pressure, and the brown
precipitate was collected by filtration, washed with water and diethyl
ether, and dried over P,O;. Yield: 0.216 g (0.15 mmol, 86%). Anal.
Caled for Cg,CIMnyHegNO,34H,0: C, 54.8; H, 5.5; Mn, 11.8; N,
6.0. Found: C, 54.6; H, 5.1; Mn, 10.9; N, 6.1. ESI-MS: m/z = 1229.3
[Mn;L',(OH)(OAc)]". Significant IR bands (KBr, v cm™): 3434,
3038, 2924, 1595, 1569, 1478, 1453, 1268, 1084, 882, 759, 621, 567,
410. UV—vis A, nm (¢, M~ em™) in CH,CN 210 (18 730), 270
(9070), 360 (7310), 497 (4785), 634 (1950); in MeOH 330 (7630),
380 (5010), 495 (2575). Single brown crystals of [MnsL';(u-
OH)(0Ac)]ClO,1.5CH,CN (1ClO,-1.5CH,CN) suitable for X-ray
diffraction were obtained from hexane vapor diffusion into a CH;CN
solution of 1ClO,-4H,0.

2.2.2. [Mn;L2,(u-OH)(OAC)ICIO-8H,0 (2CIO,-8H,0). To a solution
of H;L? (0.038g; 0.079 mmol) in methanol (2.0 mL) was added neat
triethylamine (36 uL; 0.25 mmol). Then, solid Mn(ClO,),-6H,0
(0.042 g; 0.165 mmol) was added, and the solution turned deep brown
immediately. After stirring at room temperature for 2 h, a solution of
sodium acetate (0.115 g; 0.84 mmol) in methanol (0.5 mL) was added
to the mixture and left to stir for 4 h. The solvent was partially
removed under reduced pressure, and the brown precipitate was
collected by filtration, washed with water and diethyl ether, and dried
over P,0O;. Yield: 0.043 g (0.030 mmol, 38%). Anal. Calcd for
Ce,CIHg,Mn;NO,5-8H,0: C, 51.5; H, 5.6; Mn, 11.4; N, 5.8. Found:
C, 51.1; H, 4.9; Mn, 12.1; N, 5.9. Significant IR bands (KBr, v cm™"):
3435, 3059, 2924, 1595, 1567, 1477, 1452, 1265, 1085, 881, 753, 621.
UV—vis A, nm (¢, M™! em™) in CH;CN 210 (22 000), 280 (10
600), 390 (6840), 472 (3350), 580 (1540); in MeOH 380 (8200), 470
(3160).

2.3. Analytical and Physical Measurements. Infrared spectra
were recorded on a Perkin-Elmer Spectrum One FT-IR spectropho-
tometer. Optical spectra were recorded on a Jasco V-550 UV—visible
spectrophotometer with thermostatted cell compartments. ESI-mass
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spectra were carried out with a Q-TRAP AB SCIEX instrument,
employing ~10™° M solutions of the complexes, in methanol or
acetonitrile. Cyclic voltammetry was recorded with an Autolab
PGSTAT20 potentiostat. The counter electrode was a Pt wire, the
reference electrode was a Calomel electrode isolated in a fritted bridge,
and the working electrode was a glassy carbon disk. Studies were
carried out under Ar, in dry acetonitrile solutions using 0.1 M
tetrabutylammonium hexafluorophosphate (TBAPF) as a supporting
electrolyte. Temperature was regulated with a Julabo circulation bath.
The working electrode was carefully polished before each voltammo-
gram with a 1 ym diamond paste, sonicated in an ethanol bath, washed
carefully with ethanol, and dried with compressed air. Magnetic
susceptibility data (2.0—300 K) were collected on powdered samples
with a Quantum Design MPMS SQUID susceptometer under an
applied magnetic field of 0.5 T. The powder sample was pressed in a
pellet to avoid preferential orientations with the magnetic field. All
data were corrected for the contribution of the sample holder and
diamagnetism of the samples estimated from Pascal’s constants.”

2.4. Crystallographic Data Collection and Structure Deter-
mination. Crystallographic data for compound [Mn;L',(u-OH)-
(OAc)]ClO,41.5CH;CN (1ClO, 1.5CH3CN) were collected at
180(2) K on an Bruker Kappa APEX II Quazar Diffractometer,
using a 30 W air-cooled microfocus source with Mo Ka radiation (4 =
0.71073 A) and equipped with an Oxford Cryosystems Cryostream
cooler device. Unit cell determination, data collection, and reduction
were carried out using the Bruker APEX2 package and associated
integration program SAINT.** The structure was solved by direct
methods with SHELXS-97 and refined by full-matrix least-squares on
F? data with SHELXL-97”° using anisotropic displacement parameters
for non-hydrogen atoms. Molecular plots were drawn using the
ORTEP program, ¢ with 50% probability displacement ellipsoids.
Crystal data collection and refinement parameters are summarized in
Table 1.

2.5. Catalytic Activity Determination. The catalase-like activity
of the complexes was tested by volumetric determination of molecular
oxygen evolved after addition of H,O, to a solution of the complex in
acetonitrile or methanol. A vial flask capped with a rubber septum,
containing a degassed solution of the complex, was thermostatted at
20 °C and connected through a cannula to a gas-measuring buret
(precision of 0.1 mL). A solution of H,0, ([H,0,]:[complex] ratio in
the range 100—200:1) was injected through the septum to the stirred
complex solution, and the resulting volume of oxygen was measured
with the buret.

3. RESULTS AND DISCUSSION

3.1. Syntheses of Complexes [Mn3L“22(y-OH)(OAc)]-
ClO,. Diamines H;L' ™ can act as dinucleating ligands through
the central alkoxo bridge. Besides, asymmetry provides these
ligands with two chemically different adjacent coordination
chambers with N,0O, and NO, donor sets. Thus, the use of
these ligands was conceived as a convenient strategy to induce
asymmetrical vacant or labile sites for reactivity of dinuclear
manganese complexes. However, treatment of HyL'™? with 2
equiv of Mn(ClO,), in basic medium afforded trinuclear Mn,
complexes (instead of the expected dinuclear ones) isolated as
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Table 1. Summary of Crystal Data for 1ClO,'1.5CH;CN

empirical formula Cg4ClHgMn3N¢O,5-1.5(C,H;N)

M 1391.09
temp. 180(2) K
wavelength 0.71073 A

monoclinic, C2/c

a =29.7225(15) A, a = 90°

b =26.7796(14) A, B = 125.972(2)°
¢ = 20.8404(11) A, y = 90°

cryst syst, space group
unit cell dimens

v 13424.8(13) A3

Z, P 8, 1.377 Mg/m’*

Hno 0.663 mm™!

F(000) 5784

cryst size 0.12 X 0.08 X 0.04 mm

1.14-25.35°
—35<h<35-32<k<32,-25<1<25
reflns collected/unique 90924/11 103 [R(int) = 0.1234]
completeness to § = 25.35  90.3%

0.9749 and 0.9380

full-matrix least-squares on F*
data/restraints/parameters 11 103/372/959

goodness-of-fit on F* 1.019

final R indices [I > 26(I)] R, = 0.0690, wR, = 0.1787

R indices (all data) R, = 0.1509, wR, = 0.2253
largest diff. peak and hole ~ 0.949 and —0.569 ¢ A

0 range for data collection

limiting indices

max and min transmission

refinement method

[Mn;L' 2,(u-OH)(OAc)]ClO, (1ClO, and 2CIO,) after
addition of NaOAc.

Complexation occurs immediately after mixing the Mn" salt
with the deprotonated ligand, as evidenced by the observed
change of color of the reaction mixture. In the absence of base,
no color changes were observed. Therefore, the base facilitates
formation of Mn" and deprotonation of the ligand for
coordination to the metal”’~* Tt must be stressed that use
of Mn(OAc); or MnCl, (the last followed by addition of
NaOAc) or NaMeO instead of Et;N also led to the trinuclear
complexes.

3.2. Crystal Structure of [MnsL';(u-OH)(OAC)ICIO,
1.5CH3CN (1Cl04:1.5CH3CN). Compound 1ClO,:
1.SCH;CN crystallizes in the C2/c space group with the
asymmetric unit containing a trinuclear complex cation, one
perchlorate anion, and one and a half acetonitrile solvent
molecules. The molecular structure of complex cation 1% is
illustrated in Figure 1. In the complex, the three Mn atoms are
six coordinated and bound to two fully deprotonated L'¢~)
acting as hexadentate chelating ligands through the N;O; donor
set and exogenous terminal acetato and bridging hydroxo
ligands.

The three manganese atoms in 1" occupy the vertices of a
nearly isosceles triangle (Mn1--Mn3 = 3.6374(12) A, Mn3--
Mn2 = 3.5583(13) A, and Mn1---Mn2 = 3.2400(12) A). One of
the Mn atoms (Mn3) is linked to the other two (Mn2 and
Mnl) by single p-hydroxo (O7) and p-alkoxo (O4, from one
ligand) bridges, respectively. Mn1 and Mn2 are doubly bridged
by a p-alkoxo (O1) and p-phenoxo (OS) from the two ligands
defining a Mn,O, unit with angles Mn(2)—O(1)—Mn(1) =
114.33(19)°, Mn(2)—0(5)—Mn(1) = 96.81(15)°, O(1)—
Mn(1)—0(S) = 72.12(15)°, and O(1)-Mn(2)-0(S) =
75.04(15)°. The O4 and O7 atoms are coplanar with the
three Mn centers (O4 and O7 are displaced slightly out of the
plane defined by the three Mn ions, by 0.096 and 0.002 A,
respectively), while the segment defined by O1 and OS of the

Figure 1. ORTEP drawing of [Mn,L',(u-OH)(OAc)]* (1*). Hydro-
gen atoms are omitted for clarity except the one on O7.

(u-alkoxo) (p-phenoxo) double bridge forms an angle of 85.83°
with the Mn104Mn307Mn2 plane. The Mn,(y-alkoxo)(u-
phenoxo) moiety is also almost planar with a dihedral angle
between the planes MnlO1OS and Mn20O10S equal to
168.07° and between Mn1O1Mn2 and Mnl1OSMn2 planes of
163.91°. A schematic picture of the Mn; core is shown in
Figure 2, and relevant bond lengths are collected in Table 2.

N6

Figure 2. Schematic representation of the trinuclear core of 1°.

Table 2. Selected Bond Lengths for Compound 1CIO,
1.SCH;CN (Angstroms)

Mnl1-01 1.965(4) Mn2—-N3 2.110(5)
Mn1-02 1.851(4) Mn3—NS$ 2.148(5)
Mnl-04 1.906(4) Mn3—N6 2.263(5)
Mnl-05 2.199(4) Mn3-04 2.138(4)
Mn1-N1 2.447(5) Mn3-06 1.878(4)
Mnl-N4 2.108(5) Mn3-07 1.923(4)
Mn2-01 1.890(4) Mn3—08 1.932(4)
Mn2-03 1.849(4) Mnl---Mn2 3.2400(12)
Mn2-05 2.134(4) Mnl---Mn3 3.6374(12)
Mn2—-07 1.978(4) Mn2---Mn3 3.5583(13)
Mn2—-N2 2.228(5)
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The hydroxo bridging anion and terminal acetato are associated
through the H bond, as shown by the O7—H---09 (OAc) short
contact in Figure 2, with distances O7—H 0.835 A and H--09
(OAc) 2.055 A.

All Mn atoms are six coordinate with distorted octahedral
geometry and N,O, first coordination sphere. Charge balance
considerations, bond valence sum (BVS) calculation® (Table
S1, Supporting Information), and inspection of the metric
parameters indicate that the complex can be best described as
Mn"™,. The three Mn™ ions exhibit Jahn—Teller axial
elongation, as expected for high-spin d* ions in the distorted
octahedral geometry, with Jahn—Teller axes O5—Mnl—N1
(Mn1-0/N,, 2.32 A), 05—Mn2—N2 (Mn2—-0/N,, 2.17 A),
and 04—Mn3—-N6 (Mn3—O/N,, 2.20 A) being remarkably
longer than those on the other two axes of each octahedron
(Mn—O/N,, 1.96 A). The lack of signal in the EPR spectrum,
the magnetic behavior (see below), and the intense stretching
band at 3435 cm™ observed in the IR spectrum of crystals of
1Cl0,-1.5CH;CN (Figure 3), corresponding to the bridging
OH group, also support charge assignments.

4000 3000 1500
v (cm’1)

1000 500

Figure 3. FT-IR spectra of free ligand HyL' (gray line) and 1CIO,
(crystals, red line).

To our knowledge, this geometrical motif for the Mn; unit
had only been observed in triangular oxo-bridged manganese

clusters containing the [Mn';0,]*" core.**’ Mn"Mn™, and
Mn"; complexes usually contain an oxo-centered triangular
[Mn,(p5-0)]8/7+ 21223532 or [Mn,(u;-OMe)]%,*® as well as
linear or bent open trinuclear units.””""

Recently, a trinuclear Mn";;(4-OR); complex with a chairlike
structural motif has been successfully employed to access the
[Mn,;Ca0,]%" core as a model for the Mn,Ca subsite of the
OEC in PSIL*”*® In line with this, the trimetallic [Mn,(u-
OR),J°* structure of 1* can be envisaged as a precursor for
synthesis of the heterometallic tetranuclear core through
incorporation of Ca to the Mn; core via the acetate bridge,
thus highlighting the interest in this unique and peculiar
structural unit.

3.3. IR Spectroscopy. The IR spectra of 1ClO, (powder
and crystals) and 2ClO, evidence the “fingerprint” pattern of
the ligand coordinated to the Mn ions and support the
analogous structures of both compounds (Figure SI,
Supporting Information). The two complexes exhibit strong
phenoxo and pyridyl ring absorptions in the region of 1595—
1560 cm™', which are shifted from the values observed in the
free ligands (~11 cm™) as a consequence of coordination to
the metal and absorption peaks at 1605 and 1450 cm™
assigned to the antisymmetrical and symmetrical stretching
vibrations of terminally bound acetate (shown for 1ClO, in
Figure 3).*>** In the IR spectra of the free ligands, the O—H in-
plane bending vibration occurs at 1375 cm™'; this peak is
absent in the spectra of 1ClO, and 2ClO,, indicating that
phenol groups are deprotonated in these complexes. Com-
pounds 1ClO, and 2ClO, (powdered samples and crystals)
show a peak at 3400 cm™' corresponding to the O—H
stretching vibration of the hydroxo bridge. Powdered samples
of the two complexes exhibit additional broad bands at ~3500
cm™ assigned to noncoordinated water molecules. In addition,
both complexes display two peaks at 1085 and 621 cm™
corresponding to the antisymmetrical stretching and bending
vibration modes of noncoordinated tetrahedral ClIO,” ion.

3.4. Magnetic Properties. Magnetic susceptibility was
measured under a 0.5 T field in the 2—300 K temperature range
on a powder sample of complex 1ClO,. As shown in Figure 4,
the yy,T value of 1ClO, is 7.73 cm® K mol™" at 300 K, which is
less than the spin-only limit for three noninteracting Mn'™

. ——

xT (cm3mof 1K)

(a)

T S T S I

0 50 100 15 200 250 300
T(K)

4

M(N)

(b)

0
0 5 10 15 20
H/T(kOe.K)

N
(6]

Figure 4. (a) Temperature dependence of yy,T for compound 1ClO,: (O) experimental data, solid line in red shows the simulation obtained with
the isotropic Hamiltonian (fitting in the range 300—50 K), solid line in blue corresponds to the best fit including a local zero-field splitting parameter
D (fitting in the range 300—2 K). (b) Magnetization vs H/T curves recorded at 2, 4, 6, and 10 K. Solid lines correspond to the curves determined

using the parameters deduced from the yyT = f(T) curve.
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(rmT = 9.00 cm® K mol ™, assuming an isotropic g value of
2.00). When lowering the temperature, the yyT product
continuously decreases from 7.73 to 2.8 cm® K mol™ at 10.0 K
and then more rapidly to 2.02. The observed behavior suggests
the presence of antiferromagnetic exchange interactions in the
trinuclear complex leading to an S = 2 spin ground state. The
decrease at low temperature (T < 10 K) could arise from
intermolecular antiferromagnetic interactions or zero-field
splitting.

The magnetic behavior of the compound was first analyzed
using the isotropic spin Hamiltonian H = —2J (S;S,) —2J (S;S;
+5,5;). Despite the presence of three different types of bridges,
the similarity of Mn1---Mn3 and Mn2---Mn3 distances allows
the use of only two exchange pathways: the first (J) through the
u-alkoxo and p-phenoxo bridges and the second (J') through
the p-hydroxo or the p-alkoxo bridge. To avoid intermolecular
interactions or zero-field splitting influence, experimental data
were fitted in the temperature range from 300 to S0 K. The
least-squares fitting*"** of experimental data gives ] = —9.3
em™, J' = =25 em™, and g = 2.01 (R = 2 X 107°).* The
associated spin ladder shows that the ground state is S = 2
separated by only 3 cm™ from the first excited state S = 1. In
Figure 4a, the red line represents the simulation resulting from
these best-fit parameters. At low temperature, the simulated
curve deviates strongly from the experimental data. To improve
the reproduction of the lowering of y\T below 10 K, a local
axial magnetic anisotropy parameter D was introduced. The
best fit of experimental data (solid blue line in Figure 4a) was
obtained with D = =3.5 cm™, J = =85 cm™, J' = —2.8 cm™,
and g = 2.01 (R= 1.3 x 107).

The variation of the magnetization with the applied field was
recorded at 2, 4, 6, and 10 K; the data are reported in the form
of magnetization vs the ratio of the field to temperature in
Figure 4b. The experimental data are satisfactory reproduced
using the parameters deduced from the yyT = f(T) fitting
process (solid lines). The magnitude of the D value found for
Mn™ is consistent with values reported in the literature.

Unlike some others metals (copper complexes for exam-
ple*?) magneto-structural correlation is not clearly established
for manganese complexes. Recent works try to summarize all
the parameters which govern the interactions in Mn'
dimers**** or in trinuclear compounds.*®*’

It is admitted that the relative orientation of the Jahn—Teller
axes of Mn'" has a major influence on the sign and strength of
the exchange; in such a way Berg** classified bis-u-alkoxo
dimers into three types: (i) if the axes are colinear and
perpendicular to the plane of the bridge the interaction is
weakly antiferromagnetic, (i) if the Jahn—Teller axes are
parallel to each other and parallel to the plane of the bridge the
interaction is very weak and can be antiferromagnetic or
ferromagnetic, (iii) if the Jahn—Teller axes are perpendicular to
each other (one in the bridging plane and the other
perpendicular to the bridging plane) the coupling is
ferromagnetic. It is always difficult to transpose results from
dinuclear to trinuclear compounds. Here, the p-alkoxo and p-
phenoxo bridges in 1ClO, cannot be assigned to one of the
types defined by Berg as the Jahn—Teller axis of Mn1 and Mn2
are in the plane of the bridge but are not parallel to each other.
Nevertheless, other magneto-structural correlations have been
found. For instance, they are based on the angle Mn—O—Mn
or the distance Mn—O. For 1ClO,, the relative strength
between J and ]’ can be explained by the number of bridges as it
has been shown that the antiferromagnetic coupling increases
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with the number of bridges.45 Likewise, the antiferromagnetic
coupling decreases with increasing of the angle Mn—O—Mn or
the average of the Mn—O distance increases. The angles
MnlO1Mn2 (114.39°) or MnlO5Mn2 (96.83°) are much
more acute than Mnl1O4Mn3 (127.98°) or Mn207Mn3
(131.56°), favoring the antiferromagnetic exchange through
the pi-alkoxo and p-phenoxo bridges between Mnl and Mn2
atoms. The influence of Mn—O distances is less clear as the
average distance in the y-phenoxo bridge is the longest (2.166
A), a value which would lead to a ferromagnetic coupling.**

3.5. Solution Studies. 3.5.7. ESI-MS and Electronic
Spectroscopy. ESI-mass spectra of complexes 1ClO, and
2ClO, confirm their chemical composition and retention of
nuclearity in solution. In CH;CN, the positive mode ESI mass
spectrum of complex 1ClO, (Figure S2, Supporting Informa-
tion) shows three main peaks at m/z = 1229.3 (15%), 1169.3
(100%), and 572.2 (35.8%), which originate from the
[Mn;L',(u-OH)(OAc)]*, [MnsL',(4-O)]" (corresponding to
the loss of AcOH), and [MnL'Na]* monocations, respectively.
The last two species are most likely to be generated within the
spectrometer during electrospray. In the case of complex
2ClO,, either in MeOH or in CH;CN (Figures S3, Supporting
Information and 8), the higher mass region of the spectra is
dominated by the peak at m/z 1141.3 ([Mn;L%(4-O)]*). The
isotopic pattern distribution of the major peaks of both
complexes matches their calculated spectra very well (see
Figures S2 and S3, Supporting Information).

The electronic spectra of complexes 1ClO, and 2ClO,
recorded in CH;CN exhibit an intense absorption at 210 nm,
attributed to 7 — #* transitions from the ligands and ligand-to-
metal charge transfer (LMCT) transitions from the phenoxo to
Mn" in the region 350—550 nm, also observed for a variety of
Mn™ complexes with phenoxo ligands (Figure 5).**%*

The broad band observed as a shoulder around 600 nm is
associated to d—d transitions.'>**3%3>>* After isolation of the
d—d band from the LMCT band, a value of 750 M~! cm™ can
be estimated for the & value, which is consistent with the
presence of three Mn™ ions per mole of complex.'”*>* In
methanol, the intense LMCT band at ~500 nm obscures the
d—d transitions (Figures S4 and SS, Supporting Information).
In the two solvents, spectra of the complexes registered at
different time lengths (during 7 h) after preparation of
solutions showed identical A,,, and molar absorbance
coefficients, indicating that 1CIO, and 2ClO, are stable in
these solvents.

3.5.2. Electrochemical Studies. Cyclic voltammetry of
complexes 1CIO, and 2ClO, was studied at a glassy carbon
electrode in CH;CN (Figure 6 and Figure S6, Supporting
Information). The cyclic voltammogram of 1ClO, (see Figure
6a) exhibits a quasi-reversible (one electron) cathodic process
(1) at E° (1) = —0.185 V vs SCE (AE, = 148 mV at a scan rate
of 0.1 V s7!) followed by a broader irreversible peak (2) at E.*
= —0.760 V vs SCE. These two processes are attributed to
successive reduction of the Mn'" ions in the cation 1*. The E°
(1) value fits with the ones reported for the Mn"Mn'!/
Mn"Mn" reduction process in dinuclear complexes with a
similar N,O, coordination sphere around the Mn"" ion.”"> The
attribution of this first reduction process to Mn1l, Mn2, or Mn3
ion is tricky, although the reversibility of the wave and the
chemical surroundings of the three Mn ions suggest the
attribution to Mnl or Mn2 over Mn3, the coordination sphere
around the latter center containing a labile acetate ion (vide
infra). The irreversibility of the second cathodic process
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Figure S. Electronic spectra in CH;CN, registered (a) before (blue
line) and after three successive additions of 200 equiv of H,0, (black
and red lines) to a 0.21 mM solution of 1ClO,, (b) before (blue line)
and after additions of 100 (black line) and 600 (red line) equiv of
H,0, to a 0.18 mM solution of 2ClO,. T =293 K, I = 1 cm.

indicates that the trinuclear structure is likely modified in the
Mn"™Mn"Mn™" oxidation state.

On oxidation, the cyclic voltammogram of 1CIO, shows two
successive anodic processes (3 and 3') at E,* = 0.420 V vs SCE
(peak 3 showing a plateau shape) and E,* = 0.860 V vs SCE
(irreversible peak), the first wave being much lower in intensity
than the second one. A plausible explanation is that in solution
cation 17 exists in equilibrium with a form in which the acetate
exogenous ligand is decoordinated from the Mn3™ ion
(Scheme 2). The first wave (3) is thus attributed to oxidation
of the Mn3™ jon in 1* and the second wave (3’) to oxidation of
the Mn3™ ion in 1" for which the acetate ion has been replaced
by a solvent molecule. The E° (3) = 0.34 V vs SCE value is
slightly higher (150 mV) than the one reported for oxidation of
dinuclear complexes with N,O, coordination sphere around the
Mn" ion (0.19 V vs SCE) for which two of the oxygen atoms

Scheme 2. Square Scheme Showing the Equilibrium of the
Two Forms of 1" In Acetonitrile Solution

E.%=0.42V vs SCE

[(AcOMN"Mn"" MR+ == [(AcOMN"Mn"Mn"}Z* + ¢
K P
[(SMAMAIMAIR* + AcOT === (S)MnVMn""Mn"[* + AcO" + &

E,®=0.86 V vs SCE

originates from bridging acetato or methoxo ligands.” Upon
addition of acetate solution the cyclic voltammetry trace of 1*
shows an increase of the intensity and reversibility of the peak
at E,* (Figure 6b), thus supporting the attribution of the two
peaks at E.> and E,*’. We note that the acetate ion could be
substituted by a residual water solvent molecule, which would
most likely be deprotonated in the Mn3" oxidation state. This
electrochemical—chemical (EC) mechanism would thus be
responsible for the irreversibility of wave 3’ as it has previously
been reported in acetonitrile solution.**™>

A third anodic reversible wave is observed at 1.06 V vs SCE
(AE, = 148 mV at 0.1 V s™*), which is attributed to the Mn™ to
Mn" oxidation process of Mnl or Mn2 ions.

Cyclic voltammetry recorded for cation 2" in acetonitrile
(Figure S6, Supporting Information) displays a behavior similar
to cation 1* with two cathodic peaks at E.' = —0.175 and E.* =
—0.700 and two anodic peaks at E,* = 0.505 and E,*’ = 0.962 V
vs SCE.

3.5.3. Catalytic Activity Study. Numerous and diverse diMn
complexes of binucleating ligands involving either alkoxo or
phenoxo bridges have been reported as catalase (CAT)
functional models.® Kinetic and mechanistic studies have
shown that the catalytic activity of these diMn compounds
depends on structural factors, such as Mn--Mn distance,
bridging motif, ligand flexibility, vacant sites, that, in turn, are
key points for controlling the peroxide binding mode.” Solution
studies show that the structural features of 1ClO, are retained
upon dissolution and that 1ClO, and 2ClO, have the same
signatures both in CH;CN and in MeOH (see Figure S7,
Supporting Information for the electrochemical fingerprint in
MeOH). Thus, compounds 1ClO, and 2ClO, possess three
potential Mn"!, moieties to react with H,0,: Mn3—pu-
hydroxo—Mn2, Mn3—p-alkoxo—Mnl, and Mnl—py-alkoxo-u-
phenoxo—Mn2, affording a unique way to compare the CAT

20 =
10
0]
-10 3
] E2 VE, E(Vvs. SCE)
‘20 T T T CI T T T T T T T

-15 10 05 00 05 10 15

-
o

[¢,]

o

E(V vs. SCE)
-5 Illlllll|l|ll|l[lll

0.0 0.5 1.0 15

Figure 6. Cyclic voltammetry at 0.1 V5™, T = 293 K, on glassy carbon electrode in CH;CN + 0.1 M NBu,PF; of (a) 1* (0.8 mM) and (b) 0.6 mM
tetraethylamonium acetate (dotted black line), 1* (0.6 mM) (black line), and 1* (0.6 mM) in the presence of 0.6 mM of tetraethylamonium acetate
(red line). E° (1) and E° (3) are calculated as the mean value of E,' and E.' and E,* and E_, respectively.
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Figure 7. Time dependence of O, evolution upon reaction of 1ClO, and 2ClO, with 80 mM H, 0, in CH;CN at 293 K. After one addition of H,O,:
[1ClO,] = 0.44 mM, r; = 1.81 s7%; [2ClO,] = 0.42 mM, r; = 1.76 s™* (a) and after three successive additions of 80 mM H,0, over a 5 mL solution of

1ClO, (b) and 2ClO, (c).

activity of the three bridging motifs and establish the role of the
additional metallobridge on the CAT activity. Addition of H,0,
to a solution of complexes 1ClO, and 2ClO, in CH;CN or
methanol caused the immediate vigorous evolution of dioxygen
coupled to color changes: from brown to orange in CH;CN
and from brown to yellow in methanol. The relative CAT
activity of the complexes in these solvents was determined by
the volumetric measurement of evolved O,. As shown in Figure
7a, in CH;CN, the two complexes disproportionate H,O, at a
similar rate.

In this solvent, initial rates vary linearly with [catalyst], and
[H,0,], and the two complexes convert more than 600 equiv
of H,0, to O,. Successive additions of excess H,0, to the
catalyst solution yielded a stoichiometric amount of O, but the
initial rate of H,0, dismutation gradually decreased after each
new addition (Figure 7b and 7c).

Monitoring of the catalytic reaction of 2ClO, by ESI-MS
gave a valuable indication on the nuclearity of the catalyst
during the catalytic cycle. The positive ESI-mass spectra of
190:1 H,0,:2ClO, mixtures in CH;CN, taken during and at
the end of the O, evolution, are dominated by the peak at m/z
= 1141 (corresponding to ([Mn,L%(u-O)]*) (Figure 8),

——2ci0,

l 2CI0, + H,0,

500 550 . 1140 1150
m/z

Figure 8. ESI-mass spectra taken before and at the end of the reaction
of 2ClO, with 190 equiv of H,0, in CH;CN.

providing a clear indication that the Mn™; core persists during

H,0, disproportionation. This was confirmed by UV—vis
spectra taken at the end of O, evolution, which shows that the
initial spectral pattern of the complexes is retained. However,
after each new H,0, addition, the intensity of the LMCT
absorption bands decreased (Figure S), as did the peaks of the
starting complex in the ESI-mass spectra, denoting gradual loss
of catalyst. Consequently, after successive additions of excess
H,0,, the rate of O, evolution diminished (Figure 7b and 7c)
as the [catalyst] in the reaction mixture decreased. For the two
complexes, the lack of a lag period and the first-order
dependence of reaction on catalyst imply that the starting
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complex is the true catalyst or it converts into the active form
upon fast reaction with H,O,.

In methanol, complexes 1CIO, and 2CIO, disproportionate
H,0, with initial rates r; = 1.48 and 1.51 s™', respectively, using
the same conditions as in CH;CN. Immediately after addition
of a 190:1 excess of H,O, to the methanolic solution of catalyst,
the intensity of the LMCT and d—d bands decreased down to
60% of the initial value (shown for complex 1 in Figure S4,
Supporting Information). As the reaction progressed, the initial
spectral pattern was restored but the intensity was still lower
than for the starting complex. After completion of the reaction,
absorbance had reached 85% of the initial value (Figure S4,
Supporting Information). These absorption changes occurred
with an isosbestic point at 622 nm, suggesting rapid conversion
of the initial complex into the reduced form of the catalyst
during reaction, which then reoxidizes slowly, as observed for
diMn complexes of 1,3-bis[(2-hydroxybenzyl)(2-
pyridylmethyl)amino]propan-2-ol,” 1,3-bis(salicylideneamino)-
propan-2-ol,>” and N,N,N’,N'-tetrakis(2-methylenebenzimida-
zolyl)-1,3-diaminopropan-2-ol,*® which cycle between Mn',/
Mn", oxidation states and for which oxidation of the catalyst is
the slow turnover-limiting step (peroxide reduction) in the
reaction. A second addition of a 190:1 excess of H,0, over
catalyst evolved O, at essentially the same initial rate (Figure
S8, Supporting Information).

A possible mechanism including an active trinuclear Mn
[Mn;L'"%,(u-O)]* species is presented in Scheme 3. It is
proposed that initial reaction of H,O, with the starting complex
yields AcOH, O,, and the two-electron-reduced active form of
catalyst [Mn;L'"%(4-OH,)]*. Binding of peroxide to the
starting complex might take place through an acetate shift with
the endogenous p-hydroxo ligand acting as internal base to
assist deprotonation of the terminally bound HO,™ coupled to
its two-electron oxidation, without a change in the total formal
charge of the catalyst. The so-formed Mn",Mn" complex
participates in the slow reductive half-reaction (turnover-
limiting step) to yield the oxidized active form of the catalyst:
[Mn;L'7%,(u-0)]* and water. The oxidized Mn''; catalyst
reacts with another H,0, molecule in the fast oxidative half-
reaction to yield O, and restore [Mn,L'"%,(u-OH,)]*, thus
closing the cycle. Binding of H,0, to [Mn;L'%,(4-0)]" might
occur at the vacant coordination site on Mn3 coupled to proton
transfer to the oxo bridge. This mechanistic scheme is fully
consistent with the kinetic and spectroscopic studies of H,O,
disproportionation by complexes 1ClO, and 2CIO,.

Initial rates of H,O, disproportionation by complexes 1ClO,
and 2ClO, are in the same range as for diMn complexes of
alkoxo-bridging ligands, which in turn are much higher than for
complexes with phenoxo-bridged diMn cores (Table 3). In

I

dx.doi.org/10.1021/ic402843y | Inorg. Chem. 2014, 53, 2545—2553



Inorganic Chemistry

Scheme 3. Proposed Catalytic Cycle for the H,O,
Disproportionation by Complexes 1ClO, and 2CIO,
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H202
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202 0,
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2 H,O H,0,

Oxidized Active Form

particular, the catalytic behavior of complexes 1ClO, and
2ClO, closely resembles that of [Mn,(u-OAc)(u-OH,)-
(benzimpnO)]** (Table 3, entry 4), which has an intermetallic
distance similar to Mn3--Mn2(Mnl), binds peroxide as a
terminal ligand through acetate shift, and uses an oxidized oxo-
bridged Mn'", species in the catalytic cycle.’® The present
complexes should employ the Mn3—p-ox0/aquo—Mn2 moiety
to activate peroxide, with the additional bridges (Mn3—u-
alkoxo—Mn1 and Mn1—g-alkoxo-u-phenoxo—Mn2) contribu-
ting to stabilize the metal cluster. The last is particularly evident
in methanol, a protic solvent where p-alkoxo/oxo-diMn
complexes inactivate after a few cycles except if an exogenous
base is added.**>

4. CONCLUDING REMARKS

Unsymmetrical HyL'™* ligands yield a new type of trinuclear
Mn complexes with a core structure that is distinctly different
from those seen before with symmetrical ligands derived of 1,3-
diaminopropan-2-ol. The resulting Mn complexes are stable in
solution and react with hydrogen peroxide employing the

Mn3—p-oxo/aquo—Mn2 moiety, with the additional metal-
lobridges carrying out a structural function. Interestingly, the
catalytic [Mn,L'~%,(1-O)]" core resists conditions employed in
the CAT test in methanol, a protic solvent where most diMn
complexes lose activity by metal dissociation. On the basis of
their triangular [Mn;(#-OR),]" core structure and robustness,
the trinuclear core of these compounds can be envisaged as
precursor of the heterometallic tetranuclear [MnyCaO,]%*
subsite of the oxygen-evolving center of PSIL. This highlights
the interest in the use of the present unsymmetrical ligands in
the synthesis of manganese complexes with a unique and
peculiar structural core.
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