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ABSTRACT: The work in this paper presents syntheses, characterization, magnetic
properties (experimental and density functional theoretical), catecholase activity, and
electrospray ionization mass spectroscopic (ESI-MS positive) studies of two mixed-
valence dinuclear Mn'"'Mn" complexes, [Mn"'Mn'L(x-0,CMe)(H,0),]-
(Cl0,),H,0-MeCN (1) and [Mn™Mn"L(u-0,CPh)(MeOH)(ClO,)](ClO,) (2),
and a Mn"Mn"Mn"Mn™ complex, [{Mn™Mn"L(u-O,CEt)(EtOH)},(u-O,CEt)]-
(ClO,); (3), derived from the Robson-type macrocycle H,L, which is the [2 + 2]
condensation product of 2,6-diformyl-4-methylphenol and 2,2-dimethyl-1,3-diamino-
propane. In 1 and 2 and in two Mn""Mn" units in 3, the two metal centers are bridged
by a bis(u-phenoxo)-p-carboxylate moiety. The two Mn" centers of the two Mn"™'Mn"!
units in 3 are bridged by a propionate moiety, and therefore this compound is a dimer |
of two dinuclear units. The coordination geometry of the Mn™ and Mn" centers are  ctechalase Activity
Jahn—Teller distorted octahedral and distorted trigonal prism, respectively. Magnetic

studies reveal weak ferro- or antiferromagnetic interactions between the Mn'" and Mn" centers in 1 (J = +0.08 cm™), 2 (J =
—0.095 cm™"), and 3 (J; = +0.015 cm™"). A weak antiferromagnetic interaction (J, = —0.20 cm™") also exists between the Mn"
centers in 3. DFT methods properly reproduce the nature of the exchange interactions present in such systems. A magneto-
structural correlation based on Mn—O bridging distances has been proposed to explain the different sign of the exchange
coupling constants. Utilizing 3,5-di-tert-butyl catechol (3,5-DTBCH,) as the substrate, catecholase activity of all the three
complexes has been checked in MeCN and MeOH, revealing that all three are active catalysts with K, values lying in the range
7.5—64.7 h™". Electrospray ionization mass (ESI-MS positive) spectra of the complexes 1—3 have been recorded in MeCN
solutions, and the positive ions have been well characterized. ESI-MS positive spectrum of complex 1 in presence of 3,5-
DTBCH, has also been recorded, and a positive ion, [Mn"'Mn"L(y-3,5-DTBC*")]*, having most probably a bridging
catecholate moiety has been identified.
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B INTRODUCTION general important due to the presence of the ions in different

oxidation states in metallo-biomolecules such as superoxide

The research area of mixed-valence metal complexes has been a 69 Shc
S ’

frontier field over a few decades.'™” The major foci in this area
include the understanding of the role of the ligand environment
to affect the extent of electron localization/delocalization
resulting in Class I/II/IIl systems and the possible use of
mixed-valence systems in molecular electronics and molecular
computing. In this sense, several mixed valence metal

dismutase,*** catalase,” photosystem II® of green plants, etc.

Catechol oxidase is a copper enzyme having a hydroxo-
bridged dicopper(II) center in the active site. This enzyme
catalyzes the oxidation of a wide range of o-diphenols
(catechols) to the corresponding o-quinones coupled with
2e/2H" reduction of O, to H,O, in a process known as

complexes are also known to exhibit slow magnetic catecholase activity.'”"> Extensive biomimetic studies have
relaxation.*® It is worth mentioning that the reported single been carried out taking dicopper(II) complexes, derived from
molecule magnets are dominated by mixed-valence manganese nitrogen-containing dinucleating ligands, as the model com-
clusters.” Another key aspect of mixed-valence complexes is

related to the presence of such systems in a number of metallo- Received: April 13, 2013

biomolecules.”"® The studies of manganese compounds are in Published: June 10, 2013
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pounds. While the metallo-enzyme contains hydroxo-bridged
dicopper(Il), activity has been observed for dicopper(1l)
systems having hydroxo'®'* or various other bridging
moieties.' 12! Again, although the active site contains
dicopper(II) center, some mononuclear, oligonuclear, and
polymeric copper(II) complexes have also been found to
show the activity.lo’”’lza Moreover, mononuclear, dinuclear,
and oligonuclear complexes of other metals such as manganese,
iron, and cobalt are also known to behave as catalysts,lsf20
indicating the importance of the exploration of catecholase
activity by new types of complexes. Because extensive studies
have been made with dicopper(Il) compounds, some
structure—activity correlations have been determined in these
systems.' #2129 Op the other hand, it has not been
possible to propose a correlation in the complexes of other
metal ions because of the limited number of studies.

Regarding manganese compounds acting as catalysts for
catecholase activity, some mononuclear, dinuclear, and
oligonuclear systems are known.'®™'* However, there is no
example of the dinuclear Mn"'Mn"" catalyst. Because the native
enzyme contains a dinuclear active center, new dinuclear types
of complexes of even the other metal ions, Mn"Mn", for
example, deserve more importance in model studies than
mononuclear or oligonuclear systems. Dinuclear Mn"'Mn"
complexes having new types of bridging cores should also be
important to explore their magnetic properties.

Robson-type diimino/aminodiphenolate macrocycles are
well explored ligands. While a few mixed-valence Fe''Fe'
compounds having both phenoxo and carboxylate bridges
have been reported derived from such macrocycles®** and with
those interesting results on localization/delocalization have
been obtained, no dinuclear Mn™Mn" compound having both
phenoxo and carboxylate bridges derived from Robson-type
macrocycles is known. Because carboxylate is a suitable leaving
group for incoming catecholate moiety to show catecholase
activity, such catalytic aspect may be explored with the
dinuclear Mn"Mn" compounds having both phenoxo and
carboxylate bridges. With the above-mentioned aims, we have
prepared three bis(u-phenoxo)-u-carboxylate Mn™Mn" com-
pounds, [Mn"™Mn"L(x-0,CMe)(H,0),](ClO,),-H,0-MeCN
(1), [Mn™Mn"L(u-0,CPh)(MeOH)(ClO,)](ClO,) (2), and
[{Mn"™Mn"L(u-0,CEt)(EtOH)},(u-0,CEt)](ClO,); (3), de-
rived from the Robson-type macrocycle H,L (Chart 1), which

Chart 1. Chemical structure of H,L

| |
XX
l\i OH

4

is the [2 + 2] condensation product of 2,6-diformyl-4-
methylphenol and 2,2-dimethyl-1,3-diaminopropane. Herein,
we report the syntheses, crystal structures, magnetochemistry
and theoretical study of the magnetic properties, catecholase
activity, and spectroscopy of these three compounds 1-3.
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B EXPERIMENTAL SECTION

Materials and Physical Measurements. All the reagents and
solvents were purchased from commercial sources and used as
received. 2,6-Diformyl-4-methylphenol was prepared according to the
reported procedure.”’ Elemental (C, H, and N) analyses were
performed on a Perkin-Elmer 2400 II analyzer. IR spectra were
recorded in the region 400—4000 cm™" on a Bruker-Optics Alpha-T
spectrophotometer with samples as KBr disks. Electronic spectra were
obtained by using a Shimadzu UV-3600 spectrophotometer. The
electrospray ionization mass (ESI-MS positive) spectra were recorded
on a Micromass Qtof YA 263 mass spectrometer. Molar conductivity
(Ay) of 1 mM solution in MeCN and MeOH were measured at 25 °C
with a Systronics conductivity bridge. Magnetic susceptibility measure-
ments between 2 and 300 K were carried out in a SQUID
magnetometer Quantum Design magnetometer, model MPMP, at
the “Unitat de Mesures Magnétiques (Universitat de Barcelona)”. Two
different magnetic fields were used in all the measurements, 0.05 T
(2—30K) and 1.0 T (2—300 K) for 1 and 3 and 0.02 T (2—30 K) and
0.3 T (2—300 K) for 2, with superimposable graphs. Pascal’s constants
were used to estimate the diamagnetic corrections for the compounds.

Syntheses of [Mn"'Mn'"L(z-0,CMe)(H,0),1(ClO,),*H,0-MeCN
(1), [Mn"'Mn"L(z-0,CPh)(MeOH)(C10,)1(CIO,) (2), and
{Mn"'Mn"L(12-O,CEt)(EtOH)}, (u-O,CEt)I(CIO,); (3). These three
compounds were prepared following a general procedure as follows: A
MeOH solution (S mL) of 2,2-dimethyl-1,3-diaminopropane (0.102 g,
1 mmol) was added dropwise to a stirred mixture in MeOH (15 mL)
containing 2,6-diformyl-4-methylphenol (0.164 g, 1 mmol),
manganese(II) perchlorate hexahydrate (0.362 g, 1 mmol), and
sodium carboxylate (1 mmol; acetate for 1, benzoate for 2, and
propionate for 3). The mixture was stirred for 30 min. The brown
colored solution was kept at room temperature for slow evaporation.
After a few days, a brown compound that appeared was collected by
filtration and dried in vacuum. Recrystallization was done on diffusing
diethylether to a solution of 1 in acetonitrile, 2 in methanol, and 3 in
ethanol to produce crystalline compounds containing diffraction
quality single crystals.

Data for 1. Yield: 0.327 g (71%). Anal. Calcd for
C;,Hy6NOsCLMn,: C, 41.71; H, 5.03; N, 7.60. Found: C, 41.60;
H, 5.25; N, 7.69. Selected FT-IR data on KBr (cm™): v(H,0),
3425m; v(C=N), 1633s; v,.(CO,), 1570m; 1,(CO,), 1435m;
v(ClO,), 1120vs and 626w.

Data for 2. Yield: 0.313 g (68%). Anal. Calcd for
C3H,3N,0,,CLMn,: C, 4697; H, 4.71; N, 6.09. Found: C, 47.10;
H, 4.50; N, 6.01. Selected FT-IR data on KBr (cm™): v(C=N),
1630s; v,(CO,), 1567m; v,(CO,), 1407m; v(ClO,), 1121vs and
631w.

Data for 3. Yield: 0.341 g (78%). Anal. Calcd for
CeoHosN5O,,CLMn,: C, 47.45; H, 548; N, 6.42. Found: C, 47.30;
H, 5.60; N, 6.55. Selected FT-IR data on KBr (cm™): v(C=N),
1633s; 1,(CO,), 1564m; v,(CO,), 1433m; v(ClO,), 1121vs and
625w.

Crystal Structure Determination of 1—-3. The crystallographic
data for 1, 2, and 3 are summarized in Table 1. X-ray diffraction data
were collected on a Bruker-APEX II SMART CCD diffractometer at
296 K using graphite-monochromated Mo Ka radiation (4 = 0.71073
A). For data processing, the SAINT*** packages were used. All data
were corrected for Lorentz-polarization effects. Multiscan absorption
correction were made for all three cases using the program
SADABS.*® Structures were solved by direct and Fourier methods
and refined by full-matrix least-squares based on F* using SHELXTL>*¢
and SHELXL-97 packages.?*

During the development of the structures, it became apparent that a
few atoms in 1 and 3 were each disordered over two sites or three
sites. These disordered atoms were three oxygen atoms, O13, O14,
and O1S5, of a perchlorate moiety in 1 and the following atoms in 3:
two carbon atoms, C33 and C69, of two ethanol molecules; one
carbon atom, C36, of a propionate moiety; three oxygen atoms, O13,
014, and O16, of a perchlorate moiety; two oxygen atoms, O18 and
019, of another perchlorate moiety. Except O18 in 3, which was
disordered over three sites, all other disordered atoms were disordered
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Table 1. Crystallographic Data for 1-3

1
empirical formula C;3,HN;OsCl,Mn,
fw 921.52
cryst color dark red
cryst syst monoclinic
space group P2,/c
a (A) 19.4432(10)

b (A) 18.4292(10)

c (A) 11.7788(6)

a (deg) 90.00

B (deg) 104.100(2)

y (deg) 90.00

Vv (A%) 4093.5(4)

Z 4

T (K) 296(2)

20 (deg) 2.16—54.70

u (mm™) 0.819

Peied (g em™) 1.495

F(000) 1908

absorp correction multiscan

index ranges -25<h<24
-22<k<23
-15<1<15

reflns collected 61914

indep reflns (Ry,)
R, wR,® (I > 26(I)) 0.0486, 0.1497
R,® wR,” (for all data) 0.0751, 0.1705

“R, = [SNE,| — IFI/YIFI]. PwR, = [Yw(F,2 — F2)/ Y wF, ]V

9226 (0.0493)

2 3
C36Hy3N,013CLMn, CeoHgoN50,,ClMn,
920.52 1731.52
brown dark red
monoclinic monoclinic
P2,/n P2,/n
10.233(4) 12.0581(5)
31.236(11) 34.9133(13)
12.640(4) 19.5573(7)
90.00 90.00
96.002(5) 96.6960(10)
90.00 90.00
4018(2) 8177.2(5)

4 4

296(2) 296(2)
2.60—52.70 2.34—56.54
0.830 0.777

1.522 1.406

1900 3572
multiscan multiscan
-12<h<12 -16 <h<14
-38<k<38 —46 <k < 46
-15<1<15 -26<1<22
40156 110381

8034 (0.1084) 19833 (0.0472)
0.0644, 0.1270 0.0597, 0.1712

0.1568, 0.1636 0.0969, 0.1928

over two sites. The disorder was fixed allowing each individual atom to
refine freely, and the final occupancy parameters were set as follows:
0.50 and 0.50 for O13, O14, and O15 in 1 and C33, C69, and C36 in
3; 0.55 and 0.45 for O19 in 3; 0.65 and 0.35 for O13, O14, and O16 in
3; 0.50, 0.25, and 0.25 for O18 in 3.

The following hydrogen atoms were located from difference Fourier
maps: six hydrogen atoms of the three water molecules in 1, one
alcoholic hydrogen atom of the methanol molecule in 2, and two
alcoholic hydrogen atoms of the two ethanol molecules in 3. Because
of the disorder problem, it was not possible to insert the following 15
hydrogen atoms in 3: 10 hydrogen atoms of two ethanol molecules; $
hydrogen atoms linked with C3S and C36 of one propionate moiety.
All the other hydrogen atoms for the compounds 1—3 were inserted
on geometrical calculated positions with fixed thermal parameters.

All the nonhydrogen atoms were refined anisotropically. On the
other hand, all hydrogen atoms which were either located or inserted
were refined isotropically. The final refinement converged at the R, (I
> 20(I)) values of 0.0486, 0.0644, and 0.0597 for 1, 2, and 3,
respectively.

Computational Details. The use of electronic structure
calculations based on density functional theory provides an excellent
estimation of the exchange coupling constants taking into account the
tiny involved energy differences.” Since a detailed description of the
computational strategy used to calculate the exchange coupling
constants in dinuclear and polynuclear complexes is outside the
scope of this paper, we will focus our discussion here to its most
relevant aspects. Previously, we have published a series of papers
devoted to such purpose where more details can be found.**™*” At a
practical level, for the evaluation of the n different coupling constants
J;; present in a polynuclear complex, we need to carry out calculations
for at least n + 1 different spin distributions. Thus, solving the system
of n equations obtained from the energy differences, we can obtain the
n coupling constants. In case that more than n spin distributions were
calculated, a fitting procedure to obtain the coupling constants must be
used. In the specific case of dinuclear Mn™Mn" complexes 1 and 2,
the 2] value is directly obtained from the energy difference between
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the high-spin state (parallel alignment of the local spins) and the
single-determinant low-spin solution (antiparallel alignment of the
local spins), usually called broken-symmetry, divided by 2S,S, + S,
term (S; = 2, S, = 5/2). For the tetranuclear Mn"™,Mn", complex 3,
four spin configurations have been calculated the high spin one, two S
= § solutions by the inversion of the Mnl and Mn4 (see Figure 3),
respectively, and finally, an S = 0 solution due to the inversion of Mn1
and Mn2.

In previous studies, we analyzed the effect of the basis set and the
choice of the functional on the accuracy of the determination of the
exchange coupling constants. Thus, we found that the hybrid B3LYP
functional,”® together with the basis sets proposed by Schaefer et al,*
provide J values in excellent agreement with the experimental ones.
We have employed a basis set of triple-{ quality proposed by Schaefer
et al. The calculations were performed with the Gaussian09 code®
using guess functions generated with the Jaguar 7.0 code 2

B RESULTS AND DISCUSSION

Syntheses and Characterization. The macrocyclic mixed-
valence Mn""Mn"' complexes [Mn""Mn"L(u-O,CMe)(H,0),]-
(Clo,),-H,0-MeCN (1), [Mn™Mn"L(u-O,CPh)(MeOH)-
(c10,)](c1o,) (2), and [{Mn"Mn"L(x-O,CEt)-
(EtOH)},(u-0,CEt)](ClO,); (3) are readily obtained from
the reaction in which 2:2 template condensation of 2,6-
diformyl-4-methylphenol and 2,2-dimethyl-1,3-diaminopropane
takes place in presence of 2:2 manganese(II) perchlorate
hexahydrate and sodium carboxylate (acetate for 1, benzoate
for 2, and propionate for 3). The presence of one Mn"" and one
Mn" center in 1 and 2, and two Mn™ and two Mn" centers in 3
are evidenced from the elemental analyses accompanied by the
balancing of charges. While similar reaction conditions have
been maintained in the syntheses of the three compounds, it is
interesting that dinuclear compounds have been stabilized
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when the carboxylate is acetate (1) or benzoate (2) but
tetranuclear when the carboxylate is propionate (3). However,
it is difficult to explain why such diferrence takes place; this
depends on some subtle effects.

The FT-IR spectra of 1—3 reveal the presence of C=N
moieties (1633 cm™ in 1 and 3 and 1630 cm™ in 2),
carboxylate (1570 and 1435 cm™" in 1, 1567 and 1407 cm™" in
2, and 1564 and 1433 cm™ in 3), and perchlorate (1120 and
626 cm™in 1, 1121 and 631 cm ™' in 2, and 1121 and 625 cm™!
in 3). The difference in energy, 131—160 cm™), between the
antisymmetric and symmetric carboxylate stretching freguen—
cies in 1-3 is in line with the bidentate bridging mode.?

Electronic spectra (200—1200 nm) of 1—3 were recorded in
both MeCN and MeOH. In MeCN, four characteristic
absorption signals are observed in the spectra of all three
complexes: one band at 251 or 252 nm (& = 48556—73320 M~
cm™"), one shoulder at 284 or 286 nm (& = 20520—41244 M™!
cm™!), one band at 373 or 376 nm (¢ = 8080—17160 M™!
cm™!), and one band at 562 or 565 nm (& = 376—738 M™!
cm™"). The strongly intense absorptions at 251/252 and 284/
286 nm arise due to # — 7 transition of the macrocyclic
moiety, while the band at 373/376 nm can be assigned to the
phenoxo to Mn'"/Mn™ ligand to metal charge transfer
(LMCT) transition. On the other hand, the band of least
intensity at 562/565 nm corresponds to the d—d transition
associated with the high-spin Mn™ center. In MeOH, the
shoulder at 284/286 nm is not observed. Otherwise, the spectra
in MeOH are similar to those in MeCN except that the band
intensity and maximum are slightly changed.

The molar conductance values at 298 K for 1-3 in MeCN
are 310, 300, and 410 Q' em™ mol™* L, respectively and in
MeOH 180, 180, and 270 Q7! em™ mol™ L, respectively.
These values indicate that the 2:1 electrolytic nature of 1 and 2
and 3:1 electrolytic nature of 3 in solid state are also retained in
both the MeCN and MeOH solutions.>*

Description of the Structures of [Mn"'Mn'L(z-0,CMe)-
(H,0),1(Cl04),*H,0-MeCN (1), [Mn"'Mn"L(x-0,CPh)-
(MeOH)(Cl0,)1(CI0,) (2), and [{Mn"'Mn"L(x-O,CEt)-
(EtOH)},(u-O,CE1)1(ClO,); (3). The structures of compounds
1—3 are shown in Figures 13, respectively. The selected bond
lengths and angles of 1 and 2 are listed in Table 2, while those
of 3 are listed in Table S1 (Supporting Information). Selected
bond lengths and angles and some other structural parameters
of the three complexes are compared in Table 3.

Compounds 1 and 2 are dimanganese systems containing
one tetraiminodiphenolate macrocyclic ligand L*7, while
compound 3 is a tetramanganese compound containing two
L>” ligands. In addition to the dianionic organic ligand, L*", the
presence of three monoanionic moieties, two perchlorate
anions and one carboxylate anion (acetate in 1 and benzoate
in 2), in 1 and 2 indicate that these two compounds are mixed-
valence Mn""Mn" systems. Similarly, the presence of two L,
three perchlorates, and two propionates indicate that the
tetramanganese compound 3 is a Mn'",Mn", system. As
described below, the relative bond lengths involving the metal
centers and bond valence sum calculations indicate that the
Mnl centers in 1 and 2 are in +III state, while the Mn2 centers
in 1 and 2 are in +II state. The same criteria indicate that the
Mnl, Mn2, Mn3, and Mn4 centers in 3 are, respectively, in
+III, +II, +1I, and +III states, and therefore, it is convenient to
designate 3 as a Mn"'Mn"Mn"Mn™ compound.

Each of the two N(imine),O(phenoxo), compartments of
L*" satisfy four coordination positions for a Mn™/Mn" center
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Figure 1. Crystal structure of [Mn™Mn"L(u-O,CMe)(H,0),]-
(Cl0,4),;H,0-MeCN (1). All hydrogen atoms except those of
coordinated water molecules, two perchlorate ions, one water
molecule, and one acetonitrile molecule have been deleted for clarity.

Figure 2. Crystal structure of [Mn"'Mn"L(u-O,CPh)(MeOH)-
(Clo,)](ClO,) (2). All hydrogen atoms and one perchlorate ion
have been deleted for clarity.

in 1—3. The Mn™ and Mn" ions in 1 and 2 and within one L>~
in 3 are bridged by the two phenoxo oxygen atoms of L*~ and a
H 3-carboxylate moiety (acetate in 1, benzoate in 2, and
propionate in 3); that is, these Mn"" and Mn" ions are bridged
by a bis(u-phenoxo)-u-carboxylate moiety. The Mn' center is
hexacoordinated in which the sixth coordination site is
occupied by the oxygen atom of a water, methanol, and
ethanol molecule in 1, 2, and 3, respectively. The Mn" center is
also hexacoordinated in which the sixth coordination site in 1
and 2 is occupied by the oxygen atom of a water molecule and
an oxygen atom of a perchlorate moiety, respectively, while the
sixth coordination sites of the two Mn'" centers within two 1>~
in 3 are occupied by two oxygen atoms of a bridging propionate
moiety, and therefore the compound 3 may be considered as a
dimer of two Mn™Mn" dinuclear units.

dx.doi.org/10.1021/ic400916h | Inorg. Chem. 2013, 52, 7732—-7746
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Figure 3. Crystal structure of [{Mn""Mn"L(u-O,CEt)(EtOH)},(u-O,CEt)](ClO,); (3). All hydrogen atoms and three perchlorate ions have been
deleted for clarity.

Table 2. Selected Structural Parameters (Distances in A and Angles in deg) of [Mn""Mn"L(u-0,CMe)(H,0),](ClO,),’
H,0'MeCN (1) and [Mn™Mn"L(u-0,CPh)(MeOH)(C10,)](ClO,) (2)

bond lengths bond angles
1 2 1 2
Mnl1-01 1.9290(19) 1.916(3) 01-Mn1-N2 175.63(10) 172.21(17)
Mn1-02 1.912(2) 1.900(3) 02—Mnl1-Nl1 171.94(9) 174.78(17)
Mnl1-03 2.118(2) 2.096(4) 03-Mnl1-05 175.55(9) 177.62(17)
Mn1-05 2242(2) 2.316(4) 0O1-Mn1-N1 89.56(9) 91.39(16)
Mnl-N1 1.999(2) 1.980(4) 01-Mn1-02 82.48(8) 83.41(14)
Mnl-N2 2.021(2) 1.988(S) 0O1-Mnl1-03 97.00(9) 96.15(15)
01-Mnl1-05 87.44(9) 85.98(16)
02—Mn1-N2 93.76(9) 91.70(17)
02—-Mnl1-03 90.79(9) 92.25(15)
02—Mn1-05 89.99(9) 86.93(16)
03—Mnl-N1 88.88(9) 88.74(16)
03—Mnl1-N2 85.25(9) 90.09(18)
0OS—Mnl1-N1 90.95(10) 92.27(17)
05—Mnl1-N2 90.33(10) 87.70(18)
NI1-Mnl-N2 94.23(10) 93.42(18)
Mn2-01 2.1583(19) 2.197(3) 01-Mn2—-N3 82.55(8) 81.54(14)
Mn2—-02 2.359(2) 2.355(3) O1-Mn2—N4 136.30(9) 129.34(15)
Mn2—04 2.098(2) 2.086(4) 01-Mn2-02 68.02(7) 67.71(12)
Mn2-06 2.210(3) 2.412(4) 01-Mn2—-04 97.86(8) 96.43(14)
Mn2—-N3 2.239(2) 2.234(4) 0O1-Mn2-06 115.12(11) 135.76(14)
Mn2—N4 2.161(2) 2.198(4) 02—Mn2—N3 116.93(8) 119.58(14)
02—Mn2—N4 79.18(8) 77.14(14)
Mn1--Mn2 3.1818(6) 3.1870(13) 02—-Mn2—04 82.29(8) 80.52(14)
02—Mn2—-06 160.55(9) 151.31(14)
04—Mn2-N3 158.78(10) 156.25(17)
04—Mn2—N4 105.72(9) 112.82(16)
04-Mn2—-06 78.27(10) 80.34(15)
06—Mn2—N3 82.36(10) 84.73(15)
06—Mn2—N4 105.51(12) 90.91(15)
N3—Mn2—N4 87.69(9) 85.65(16)
Mnl-0O1-Mn2 102.09(8) 101.37(14)
Mn1-02—Mn2 95.74(8) 96.42(15)
The coordination geometry of the Mn'" centers in 1-3 is nitrogen atoms and two bridging phenoxo oxygen atoms define
Jahn—Teller distorted octahedral in which the two imine the basal plane. In the coordination environment of the Mn™"
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Table 3. Comparison of the Selected Structural Parameters (Distances in A and Angles in deg) of 1-3

1
1.912(2), 1.9290(19)
2.1583(19), 2.359(2)
1.999(2), 2.021(2)
2.161(2), 2.239(2)

Mn"'—O(phenoxo)
Mn"—O(phenoxo)
Mn'"—N(imine)
Mn"—N(imine)

Mn"'—O(carboxylate) 2.118(2) 2.096(4)
Mn"—O(carboxylate) intradimer 2.098(2) 2.086(4)
Mn'"'—Q(water) 2.242(2)
Mn"—-O(water) 2.210(3)
Mn"'—O(methanol) 2.316(4)
Mn"'—O(perchlorate) 2412(4)

Mn''—O(ethanol)
Mn""—O(carboxylate) interdimer
Mn'™: cisoid angles

Mn": transoid angles

82.48(8)—97.00(9)
171.94(9)—175.63(10)

1.900(3), 1.916(3)
2.197(3), 2.355(3)
1.980(4), 1.988(5)
2.198(4), 2.234(4)

83.41(14)—96.15(15)
172.21(17)—177.62(17)

2 34

1.8890(19), 1.919(2); 1.903(2), 1.925(2)
2.271(2), 2.374(2); 2.297(2), 2.340(2)
1.990(2), 2.000(3); 1.997(2), 2.004(3)
2.206(2), 2.240(3); 2.188(3), 2.231(3)
2.101(2); 2.100(2)

2.124(3); 2.105(3)

2.341(3); 2.313(3)

2.136(3); 2.161(2)

85.04(9)—94.73(10); 85.15(9)—95.85(10)
173.58(10)—179.27(11); 174.25(10)—176.30(10)

Mn' angles 68.02(7)—160.55(9) 67.71(12)—-156.25(17) 67.25(7)—159.20(12); 67.88(7)—147.49(9)
Mn'l: dyo? 0.029 0.046 0.036; 0.028

Mn': dyo” 0213 0.119 0.100; 0.047

Mn™: dy,° 0.009 0.058 0.060; 0.053

Mn": dy,° 0.976 1.025 1.071; 1.025

Mn"'—O(phenoxo)—Mn" 95.74(8)and 102.09(8) 96.42(15) and 101.37(14) 96.98(8)and 99.61(9); 98.44(8) and 99.26(9)
Mn"'—0---O—Mn" —147.16 —147.88 —147.64; —150.48

Mn'..Mn" 3.1818(6) 3.1870(13) 3.2081(6); 3.2256(6)

Mn"--Mn" 5.039

8(phenyl---phenyl)? 29.5 554 60.4; 61.4

“Dimer of dinuclear units, so two different distances and angles. “Mean deviation from the least-squares N,O, planes. “Displacement from the least-

squares N,O, planes. “Dihedral angle between two phenyl rings.

centers, the average deviation (0.028—0.046 A) of the basal
atoms and also the displacement (0.009—0.060 A) of the metal
center from the corresponding least-squares N(imine),O-
(phenoxo), plane is very small. The ranges of the cisoid and
transoid angles of the Mn'"" centers are not very different in 1-3
and also not deviated much from the ideal values; considering
all the Mn™" centers in 1—3, the ranges are 82.48(8)—97.00(9)°
and 171.94(9)—179.27(11)°, respectively.

On the other hand, the coordination environment of the
Mn'" centers can be considered as trigonal prism in which the
one trigonal plane is constituted by the two phenoxo and one
carboxylate oxygen atoms (O4 in 1 and 2, and O4 and O10 in
3), while the second plane is defined by the two imine nitrogen
atoms and one oxygen atom of water (O6 in 1) or perchlorate
(06 in 2) or propionate (O6 and O7 in 3) moieties. The
dihedral angle between the two trigonal planes is 14.65°, 3.72°,
and 20.2°/3.4° in 1, 2, and 3, respectively. In the Mn"
environment, the phenoxo oxygen and imine nitrogen atoms
are less planar, the average deviation being in the range 0.047—
0.213 A, and the Mn" center is shifted significantly (by 0.976—
1.071 A) from the least-squares N(imine),O(phenoxo), plane.

As compared in Table 3, the Mnl(Mn™)—O(phenoxo)/
Mn4(Mn")—O(phenoxo) bond distances (1.8890(19)—
1.9290(19) A in 1-3) are significantly shorter than the
Mn2(Mn")—O(phenoxo)/Mn3(Mn")—O(phenoxo) bond dis-
tances (2.1583(19)—2.374(2) A in 1-3). Similar is the
difference between the metal—imine bond distances involving
the Mnl1(Mn™)/Mn4(Mn") (1.980(4)—2.021(2) A in 1-3)
and Mn2(Mn")/Mn3(Mn") (2.161(2)—2.240(3) A in 1-3)
centers. From such differences in bond lengths, it is clear that
the Mn1/Mn4 centers are in +III state, while the Mn2/Mn3
centers are in +II state. However, such significant difference
between the corresponding Mn'"'—O(carboxylate)/O(water)
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and Mn"—O(carboxylate)/O(water) bond distances does not
take place for two reasons: (i) Jahn—Teller distortion of Mn™"
centers resulting in increase of the two axial bond distances and
(ii) shifting of the Mn" centers toward the fifth and sixth
ligands resulting in decrease of these two bond lengths.

The Mn™.--Mn" distances in the dinuclear cores in 1 and 2
are almost identical, 3.1818(6) and 3.1870(13) A, respectively,
while that in 3 is only slightly greater, 3.2081(6)/3.2256(6) A.
The Mn"---Mn" distance in 3 is 5.039 A. Both the smaller and
larger Mn""'—O(phenoxo)—Mn" angles in 1 and 2 are almost
identical but different than the corresponding angles in 3:
95.74(8)° and 102.09(8)° in 1, 96.42(15)° and 101.37(14)° in
2, 96.98(8)° and 99.61(9)° in one unit and 98.44(8)° and
99.26(9)° in the second unit in 3. However, the average Mn""—
O(phenoxo)—Mn" angle in 1, 2, and both dinuclear units of 3
are very close (98.91° in 1, 98.89° in 2, and 98.29° and 98.85°
in 3). The dihedral angles between the two phenyl rings in 1
(29.5°),2 (55.4°), and 3 (60.4° and 61.4°) indicate the twisting
of the whole molecule to a different extent. The Mn™—0---O—
Mn" torsion angles in 1 (—147.16°), 2 (—147.88°), and one
unit (—147.64°) in 3 are almost identical, while that in the
second unit (—150.48°) of 3 is slightly greater.

We have also performed the bond valence sum (BVS)
calculations to assign the oxidation states of the manganese
centers.>® The BVS values are as follows: Mnl in 1, 3.06; Mn1
in 2, 3.17; Mnl in 3, 3.12; Mn4 in 3, 3.09; Mn2 in 1, 2.03; Mn2
in 2, 1.85; Mn2 in 3, 1.92; Mn3 in 3, 1.95. Clearly, the
assignment of Mn"" and Mn" centers based on bond distances
is in line with the BVS values.

Catecholase Activity. With 3,5-di-tert-butyl catechol (3,5-
DTBCH,) as the substrate, catecholase activity is usually
studied by monitoring UV—vis spectra because the oxidized
product, 3,5-di-tert-butyl quinone (3,5-DTBQ), has a character-
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istic band at ca. 400 nm. To check the ability of complexes 1—-3
to behave as catalyst for catecholase activity, a 1.0 X 10° M
solution of a complex was treated with a 100-fold concentrated
solution of 3,5-DTBCH,, and the spectra were recorded up to
60 min. Experiments were done in both MeCN and MeOH. It
may be noted here that a blank experiment without catalyst
does not show formation of the quinone up to 12 h in MeCN
and up to 6 h in MeOH.

Spectral changes of the complexes in the presence of 3,5-
DTBCH, are shown in Figure 4 for 1 in MeCN and in Figures
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Figure 4. The spectral profile showing the increase of quinone band at
389 nm after the addition of 100-fold 3,5-DTBCH, to a solution
containing complex 1 (1 X 107> M) in MeCN. The first spectrum of
the complex + 3,5-DTBCH, mixture was recorded within 1 min after
mixing. The next spectra were recorded at 3 min intervals.

S1-S5, Supporting Information, for 1 in MeOH and for 2 and
3 in MeCN and MeOH, respectively. As can be seen from these
figures, because of the addition of 3,5-DTBCH,, a band with
maximum in the region 385—390 nm is generated and its
intensity gradually increases. Clearly, the growing band is due
to the formation of 3,5-DTBQ. While the profiles are similar for
1 and 3 in MeCN and MeOH and 2 in MeOH, the profile for 2
in MeCN is different. In the latter case, the initial increase of
intensity changes only slightly up to 20 min followed by usual
steady increase. However, it is clear from the behavior that all
three complexes 1—3 show catechol oxidase activity in both
MeCN and MeOH.

As can be seen from Figure 4 and Figures S1—SS, Supporting
Information, the spectral profiles starting from the first
spectrum of the mixture show consistent change, indicating
gradual increase of 3,5-DTBQ concentration. On the other
hand, the difference between the optical densities of the first
spectrum of the mixture and the spectrum of the complex is
rather significant, indicating that the band of 3,5-DTBQ is more
intense than the LMCT band. In line with what one can expect,
the following general trend (excluding complex 2 in MeCN;
vide supra also) is also observed: the higher the K, values (vide
infra), the greater the increase of the spectrum of the mixture in
comparison to that of the complex.

It can also be seen from Figure 4 and Figures S1-SS,
Supporting Information, that enhancement of the intensity of
the 385—390 nm band is not symmetrical; 4,,,, shifts toward
low energy with increasing intensity. This should not happen if
the increase in intensity is entirely due to increase in the
concentration of 3,5-DTBQ. As already mentioned and shown
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in Figure 4 and Figures S1—SS, Supporting Information, each
of complexes 1—3 has a LMCT transition of appreciable
intensity at 373/376 nm. In the process of catalyzing the
catechol moiety, the composition of the complex should be
changed definitely in a cyclic way, but the LMCT transition
should be there in all the complex species, and it is also
expected that the LMCT band maxima of all such species will
be close to 373/376 nm. Thus, it is more probable that both the
LMCT transition of complex species and transition of 3,5-
DTBQ takes place in the mixture, and the two types of bands
are merged since the gap between the two (3,5-DTBQ band at
385—390 nm here; LMCT band at 373/376 nm here) is only
12—17 nm. Eventually, 4., shifts toward low energy with
increasing intensity because the 3,5-DTBQ band is more
intense than the LMCT band (vide infra), and the
concentration of 3,5-DTBQ_increases gradually.

Kinetic studies were performed to understand the extent of
the efficiency. For this purpose, a 1 X 107> M solution of a
complex was treated with the substrate solution at concen-
tration between 10-fold and 100-fold that of the complex. The
experiments were done at a constant temperature of 25 °C
under aerobic conditions. For a particular complex—substrate
mixture, time scan at the maximum of the quinone band was
carried out for a period of 60 min. Because the spectral profile
for 2 in MeCN is smooth and steady after 20 min of mixing, the
time scan data after 20 min of mixing were considered as the
initial data in kinetic studies. For other cases, as usual, data just
after mixing were considered. As already discussed, the optical
density of 3,5-DTBQ is associated with that of LMCT band of
the complex species, so the optical density obtained in the time
scan was subtracted by the optical density of the corresponding
complex at the wavelength at which time scan was monitored.
This difference in optical densities was plotted against time, and
the rate constant was determined from that plot by the initial
rate method.*® The rate constants versus concentration of the
substrate data were then analyzed on the basis of the
Michaelis—Menten approach of enzymatic kinetics to get the
Lineweaver—Burk plot, as well as the values of the parameters
Viaw Ky and K. Th observed and simulated rate constant
versus substrate concentration plot and the Lineweaver—Burk
plot for complex 1 in MeCN are shown in Figure S, while the
similar plots for other cases are shown in Figures S6—S10,
Supporting Information. It may be mentioned that the rate
constant versus substrate concentration profile for 2 in MeCN
becomes very much zigzag and far from the Michaelis—Menten
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Figure S. Initial rates versus substrate concentration for the 3,5-
DTBCH,—3,5-DTBQ_oxidation reaction catalyzed by complex 1 in
MeCN. Inset shows Lineweaver—Burk plot. Symbols and solid lines
represent the observed and simulated profiles, respectively.
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Table 4. Kinetic Parameters for Catecholase Activity of 1-3

complex solvent Vwe (M min™") std. error Ky (M) std. error K, (b7
1 MeCN 3430 x 107¢ 9.339 x 107% 0.0000826 0.0000161 20.6
MeOH 1.931 x 107° 1.215 X 1077 0.0001573 0.0000370 11.6
2 MeCN 2.601 x 107¢ 3.430 x 1077 0.0006265 0.0001672 15.6
MeOH 1.246 X 107° 4730 x 107% 0.0001370 0.0000207 7.5
3 MeCN 1.079 x 1075 2,678 x 1077 0.0001149 0.0000124 64.7
MeOH 7.440 X 107° 5.178 x 1077 0.0004170 0.0000698 44.6

Table S. The Peak Position, Composition, and Empirical Formula of the Species in the ESI-MS Positive Spectra of 1-3 and
Mixture of 1 with 3,5-DTBCH,

composition of species empirical formula; m/z 1 2 3 1 + 3,5-DTBCH,
[H,L]* CysH3sN,0,; 231.31 50% 12% 40%
[Mn",L1]?>* C,3H,,N,0,Mn,; 251.16 65% 15% 55%
[Mn'VL]* C,3H3,N,0,Mn; 256.77 100% 60% 45% 95%
[H,L]* CysHyN,O,; 461.63 30% 5% 35% 50%
[Mn"'L]* C,5H3,N,0,Mn; 513.54 50% 20% 100% 20%
[Mn"'L(H,0)]* C,sH3N,O;Mn; 531.56 25% 12% 40%
[Mn"L(carboxylate)]* C3oH3,N,O,Mn for 1; 572.59 10% 100% 10%
C35sH;30N,O,Mn for 2; 634.66
C;3H3N,O,Mn for 3; 586.62
[Mn"L(ClO,)]* C,3H3,N,04CIMn; 613.00 85% 85%
[Mn",L(x-0,CMe)(H,0)]* C3oH3N,OMn,; 645.54 7%
[Mn""Mn"L(4-0,CPh)]* C;5H35N,0,Mn,; 344.80 6%
[3,5-DTBQ-Na]* C1,H,00,Na; 243.30 100%
[Mn""Mn"L(4-3,5-DTBC*")]* C4;,HgN,O,Mn,; 788.80 12%
100 ‘}u K 634.66
23131 251.16 256.77 344.80 461.63 51354 53156 |634.66
256.77 .
% 50 Obser\red
23131 251.16 256.77 344.80 461.63 ﬁ|3 54 531.56 |634.66
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Figure 6. Electrospray ionization mass spectrum (ESI-MS positive) of [Mn™Mn"L(y-0,CPh)(MeOH)(ClO,)](ClO,) (2) in MeCN showing

observed and simulated isotopic distribution pattern.

model if initial data are taken into consideration. The kinetic
parameters for all the cases are listed in Table 4.

As listed in Table 4, the turnover number (K_,) for
complexes 1—3 in MeCN (20.6, 15.6, and 64.7 h™" for 1-3,
respectively) is greater than that in MeOH (11.6, 7.5, and 44.6
h_1 for 1—3, respectively). In both the solvents, the order of

K, follows the order 3 (propionate) > 1 (acetate) > 2
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(benzoate). Largest K, value of 3 is probably related to the
presence of two dinuclear Mn™Mn" units. On the other hand,
the larger K, value of 1 than 2 is most probably due to the
larger steric hindrance of benzoate than acetate for the
incoming catechol moiety.'?***'3* The different K, values
for a particular compound in two solvents demonstrate the
solvent dependency of the phenomena.'”** The solvent
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Figure 7. Electrospray ionization mass spectrum (ESI-MS positive) of a 1:100 mixture of [Mn™™Mn"L(u-0,CMe)(H,0),](ClO,),"H,0-MeCN (1)
and 3,5-DTBCH, in MeCN recorded after 15 min of mixing, showing observed and simulated isotopic distribution pattern.

dependency is also reflected for 2, smooth and steady from the
beginning in MeOH but only after 20 min in MeCN. It may be
mentioned at this point that the K, values of the previously
reported manganese catalysts lie in a wide range, between very
small values like 1.7 h™" and appreciably high values like 1620
h™".7"'° Thus, K_, values of 1-3 lie in the ranges as observed
previously for other types of manganese catalysts.

Electrospray lonization Mass Spectral Study. ESI-MS
positive spectrum of the MeCN solutions of the complexes 1—
3 were recorded. To get insight on the nature of a possible
complex—substrate intermediate, an ESI-MS positive spectrum
of a 1:100 mixture of complex 1 and 3,5-DTBCH, in MeCN
were also recorded after 15 min of mixing. The peak positions,
relative peak intensities, and the corresponding assigned cations
are listed in Table S, while observed along with simulated
isotopic distribution patterns are demonstrated in Figures 6
(for 2) and 7 (for 1 + 3,5-DTBCH,) and Figures S11 (for 1)
and S12 (for 3), Supporting Information.

As listed in Table S, some species are monocationic, while
some others are dicationic for which line-to-line separation of,
respectively, 1.0 and 0.5 was observed. Seven peaks are
common in the spectra of 1—3. These are assignable to the
following species: (i) dicationic organic cation [H,L]** and
monocationic organic cation [H;L]%; (ii) mononuclear
manganese(IIT) species [Mn"L]* and [Mn"L(H,0)]*; (iii)
mononuclear manganese(IV) species [Mn™L]** and [Mn'"L-
(carboxylate)]* (carboxylate = acetate, benzoate, and propio-
nate for 1, 2, and 3, respectively); (iv) dimanganese(II) species
[Mn",L']**, where H,L' is a decomposed product of the parent
ligand and the 2:1 condensation product of 2,6-diformyl-4-
methylphenol and 2,2-dimethyl-1,3-diaminopropane. In addi-
tion to [Mn'YL]** and [Mn"L(carboxylate)]*, one more
manganese(IV) species, [Mn'"L(perchlorate)]*, also appeared
in the spectra of 1 and 3. Again, in addition to [MnL,L']**, one
more dimanganese(II) species, [Mn"™,L(x-0,CMe)(H,0)]%,
also appeared in the case of 1. As in the original compounds, a
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mixed-valence Mn™Mn" species [Mn™Mn"(4-O,CPh)]* is
observed in the spectrum of 2.

Five peaks appeared in the spectrum of 1:100 mixture of
complex 1 and 3,5-DTBCH, (Figure 7). Three among them
correspond to the three species [H,L]*, [Mn"L]*, and
[Mn'VL]**, which are among those appearing in the spectrum
of the original compound 1. One (at m/z = 243.30) of the
remaining two peaks is well assignable to the quinone-sodium
aggregate [3,5-DTBQ-Na]*. The remaining peak at m/z
788.80 is quite interesting because the peak position, line-to-
line separation, and matching of the isotopic distributions of the
observed and the simulated patterns (Figure 7) clearly indicate
that this peak arises due to 1:1 complex—substrate aggregate
[Mn™Mn"L(y-3,5-DTBC>")]".

Magnetic Properties of 1 and 2. The magnetic behavior
of 1 and 2 was recorded, and their resulting y3,T versus T plots
are depicted in Figure 8. Both compounds display weak
intramolecular interactions, which clearly differ in their nature
despite the similarities between both species. Indeed, at 300 K,
T products of 7.76 cm® mol™ K (1) and 7.54 cm® mol™* K
(2) were found, values in the range expected for dinuclear
systems containing uncoupled Mn"™ (S = 2) and Mn" centers
(S =5/2), 7.38 cm® mol™" K when g = 2.0. In the course of
cooling, y)T remains almost constant for 1 between 300 and
50 K; it is smoothly decreasing for 2 in the same range. Then,
the following main changes appear: compound 1 reaches a
maximum at 11.0 K (of 7.88 cm® mol™' K) dropping to 7.15
cm® mol™ K at 2 K, whereas yyT of compound 2 continues
falling faster arriving finally at 4.15 cm® mol™ K (at 2 K). The
faster decrease in the low temperature region for both the
compounds is due to the presence of magnetic anisotropy zero-
field splitting (quite remarkable in Mn™ centers), the effect of
intermolecular interactions, or both. However, the shape of the
graphs indicate intramolecular ferromagnetic coupling between
the Mn"™" and Mn" centers in 1 and antiferromangetic exchange
in the case of compound 2.
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Figure 8. yyT vs T plots for [Mn™Mn"L(u-O,CMe)(H,0),]-
(Cl0,),"H,0-MeCN (1) and [Mn"Mn"L(u-O,CPh)(MeOH)-
(Cl0,)](ClO,) (2) between 2 and 300 K. The experimental data
are shown as open (1) and filled (2) spheres, and the red lines
correspond to their theoretical values. Inset shows M/(Nug) vs H/G
plots of 1 and 2 following the same legend.

As discussed, both species 1 and 2 contain one Mn"" and one

Mn" center in which the Mn" center is highly distorted from
the ideal octahedral geometry, whereas the Mn"" center displays
clear Jahn—Teller elongation perpendicular to L*~, and
therefore local anisotropy of Mn™ should have a role in the
magnetic properties (anisotropic parameters for the Mn" are
normally very small). T versus T data for 1 and 2 were fitted
using the program MAGPACK-fit,*” in which the exchange spin
Hamiltonian is expressed as H = _ZZ]ijSiSj and which allows
the addition of anisotropic parameters for the Mn™ centers
(local D and E values). By this method, the best fitting
parameters were the following: 2] = +0.16 cm™, g =204 |
D™ = 3.53 em™, |Ey;, ™ = 0.48 cm™, and TIP = 288 x 107°
cm?® mol™! for compound 1 and 2] = —0.19 cm™}, g =2.00, |
D™ = 2.65 cm™, |Ey, ™l = 0.85 cm™, and TIP = 590 x 107°
cm® mol™ for compound 2. R values of 4 X 107 and 6 X 107
were found for the compounds, respectively. Based on these
parameter values, information about ground state and first
excited state have been provided in Supporting Information.

M/Nug vs H/G data for 1 and 2 are shown for comparative
reasons in the inset of Figure 8; the shape of both the graphs
resemble well other systems that show ferromagnetic (1, open
spheres) and antiferromagnetic (2, filled spheres) behavior,
where the values of 1 are always higher than 2, and no
saturation point is reached by the latter. The theoretical
saturation value for a dinuclear Mn"™"Mn" complex, without
taking into account other parameters, is calculated to be 9Ny,
In both the compounds, 1 and 2, the final values are lower and
fairly arriving to saturation. This implies the existence of D
parameters in both compounds; the values for the local D (and
also E) obtained with the fitting of the experimental data, are in
the range of the mononuclear Mn"™ clusters displaying
elongated Jahn—Teller distortion.”™*® In principle, it may be
expected to find a negative zero-field splitting parameter in 1
and 2, but in our interpretation, such a conclusion could not be
assessed.”

It should be stressed that additional factors have been
overlooked because of overparametrization. This way, inter-
molecular interactions have not been taken into account, as well
as the Dy," parameter, which in principle must be a small value,
although it depends greatly on the coordination number and
surroundings of the Mn" ion (indeed, these two species present
Mn" centers coordinated to N- and O-ligands displaying a
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remarkably distorted geometry).** Nevertheless, it is evident
from Figure 8 that the fits are quite good and calculated values
agree well with others in the literature.

Exchange couplings, ], of 1 and 2 are very similar in value
(the two species display very weak intramolecular interactions),
although they differ in sign (being in agreement with their
respective graphs, see Figure 8). In general, Mn"'Mn"
compounds display weak interactions that can be either ferro-
or antiferromagnetic in nature.’**'~* Because they have the
bis(u-phenoxo)-p-carboxylate bridging moiety, the available
magnetic pathways for both compounds 1 and 2 are through
two oxygen atoms from the phenoxo groups and two oxygens
from a carboxylate bridge. Although the syn—syn mode of
bridging carboxylate efliciently provides antiferromagnetic
interaction,® the effect of such interaction in both 1 and 2
should be reduced because the Jahn—Teller elongation of the
Mn'" center appears in the direction of the carboxylate. It has
been already discussed that the structural parameters like
Mn'""-O(phenoxo), Mn''-O(phenoxo), Mn'"'-0O-
(carboxylate), and Mn"—O(carboxylate) distances, Mn""--Mn""
distance, Mn'""—O(phenoxo)—Mn" angles, and even the
Mn""—O(phenoxo)--O(phenoxo)—Mn" torsion angles in 1
and 2 are only slightly different (Tables 2 and 3). On the other
hand, the conformation of the two compounds is slightly
different (Tables 2 and 3), modifying probably the overlap
between the orbitals involved in the exchange. Overall, the
weakness of the interactions make the assessment of the main
contribution difficult, and at this point the uncertainty of
overlooking one factor from the rest should be stressed. To
confirm and further analyze the exchange interactions, we have
also performed electronic structure calculations, as described
below.

The calculated ] values obtained using DFT methods
(B3LYP functional and triple-£ all electron basis set, see
Computational Details) reproduce properly the sign and the
weak strength of the exchange interactions found experimen-
tally. Thus, calculated 2] values are +1.2 and —1.9 ecm™" for 1
and 2, respectively, while the experimentally fitted correspond-
ing values are +0.16 and —0.19 cm™". The bridging ligands are a
double phenoxo group of the Robson-type macrocyclic ligand
and an axial carboxylate ligand. To check the role of the
carboxylate ligand in the magnetic properties, we repeated the
calculations for 1 replacing the carboxylate ligand by non-
bridging hydroxo and water ligands obtaining a 2] value of +1.3
cm™!, practically identical to that obtained in the original
complex. In these two systems, the Jahn—Teller axis of the
Mn'" cation is pointing toward one of the bridging oxygen
atoms of the carboxylate ligand (Mn—O distance around 2.1 A,
dotted line in Scheme 1). Hence, such ligands have a minor
function in the exchange coupling.

Usually, the main structural parameter in phenoxo-bridged
complexes that controls the exchange coupling interactions is
the bridging M—O—M angles; however, in this case as
mentioned above, the values are almost identical (see Table
6), and they cannot justify the different nature of the exchange
interactions in 1 and 2. In these two systems, Mn"' cations have
a long Mn—O distance with one of the bridging oxygen atoms
of the phenoxo ligands (Mn—O distance longer than 2.3 A,
hashed line in Scheme 1). The analysis of the two structures
reveals some differences: (i) In 1 there are two water terminal
ligands, while in complex 2, one water molecule is replaced by a
methanol molecule and the second water molecule is replaced
by a perchlorate anion. The bridging ligand is acetate in 1 but
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Scheme 1. Jahn—Teller Axis (Dotted Line) of Complex 1 or
2

benzoate in 2. In order to check which modification is
responsible for the different sign in the exchange interactions,
the complex 2 was calculated by replacing both the perchlorate
anion and methanol molecule by water molecules and the
benzoate ligand by an acetate ligand, leading to an even more
antiferromagnetic 2J value of —2.2 cm™". Thus, these ligand
changes cannot justify the ferromagnetic coupling found in 1.
(i) The Robson-type macrocycle adopts a more planar
conformation in complex 1 than in complex 2. This fact can
be evidenced by the O---O—C angles of the bridging ligands,
being 151.7° and 177.1° for 1 and 150.5° and 155.5° for 2.
However, this large O--O—C angle (177.1°) of the bridging
ligand present in 1 corresponds to the phenoxo bridging ligand
showing a long Mn"—O distance (2.359 A); hence, we can
expect that will have a small influence in the exchange coupling
(vide infra also, discussion of magnetic properties of compound
3). (iii) There are some differences in the phenoxo Mn™-0
distances, 1.929 and 1.916 A for 1 and 2, respectively, in the
exchange pathway with shorter Mn"—O distances (2.158 A for
1 and 2.197 A for 2; see Scheme 1 and Table 6). The larger
Mn"-0 distance in 1 (1.929 A) could be in agreement with
the ferromagnetic coupling, and the reduction of such distance
will result in complex 2 (1.916 A) in a larger overlap between
the magnetic orbitals in concordance with the antiferromag-
netic coupling found experimentally.

The spin density for the ferromagnetic state of complex 1 is
shown in Figure 9. The Mn" cation (right in Figure 9) shows

Figure 9. Spin density map for the more stable spin distribution of the
ferromagnetic ground state of complex 1, calculated with the B3LYP
functional. The isodensity surface represented corresponds to a value
of 0.005 e~ /bohr® (white regions indicate positive spin populations;
negative values are in blue color).

an almost spherical spin distribution, and the presence of
unpaired electrons in all the d orbitals leads to a predominance
of the spin delocalization resulting in all the neighboring
coordinated atoms having spin density with the same sign.***

However, in the Mn'"' cation (left in Figure 9), the spin
distribution is less spherical. The axial Jahn—Teller effect causes
the the d,2_ > orbital to be empty; thus, in the equatorial plane,
the first neighboring atoms have the opposite sign because spin
polarization is the predominant mechanism.

Magnetic Properties of Compound 3. This system
exhibits a behavior characteristic of very weakly coupled Mn
species (Figure S13, Supporting Information). The yy, T value
at 300 K was found to be 14.60 cm® mol ™" K, very close to the
expected value (14.75 cm® mol™ K) for an uncoupled
tetranuclear Mn",Mn", system with S(Mn™) = 2 and
S(Mn") = 5/2 assuming g = 2.00. The yyT value varies
slightly from the highest temperatures until approximately 50 K
(14.00 cm® mol™ K), then dropping faster to a value of 8.45
cm® mol™! K at 2 K. In 3, in addition to the interaction between

Table 6. Structural Parameters (Distances in A and Angles in deg) and Experimental and Calculated Mn"™'Mn" Exchange
Coupling Constants (cm™) of Macrocyclic Mn""Mn" Compounds 1—3 and Those of the Previously Reported Compounds I

and I
longer Mn"-0O pathway
Mn"-0O Mn"-0 0-+-0-C Mn—O—Mn Mn'™.--Mn" Mn—0--O—Mn

1 2.359 1912 177.1 95.7 3.182 147.2

2 2.355 1.900 15858.5 96.4 3.187 147.9

3, unit I 2.374 1.889 153.6 97.0 3.208 147.6

3, unit II 2.340 1.903 150.9 98.4 3.226 150.5

I 2.386 1.941 163.2 93.6 3.168 145.8

I 2.435 1.905 164.9 97.8 3.290 170.2

shorter Mn"'—O pathway
Mn"-O Mn"-0O 0--0-C Mn—O—Mn Jew Jeate
1 2158 1.929 151.7 102.1 +0.08 +0.60
2 2.197 1916 150.5 101.4 —0.095 —-0.95
3, unit [ 2.271 1.919 146.9 99.6 +0.015 —-1.95
3, unit II 2.297 1.92§ 147.7 99.3 +0.018 +0.45
I 2.129 1.931 161.8 102.5 —-1.8 —-0.99
1I 2.355 1911 158.3 100.4 +1.47 +3.45
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the Mn™ and Mn" centers in two dinuclear units, interaction is
also possible between the two dinuclear units (interaction
between the two Mn" centers) through the carboxylate bridge
in a syn—anti conformation.>® The experimental magnetic data
were fitted using the same program mentioned before, taking
into account two intramolecular interactions, J; for the
exchange within each dinuclear unit and ], for the magnetic
interaction between the two dinuclear units. The best fit
parameters for the studied molecule are 2, = +0.03 cm ™', 2], =
—0.40 cm ™', g = 1.99, and IDy;,"™ = 0.05 cm™), and R = 3 X
10™*. Based on these parameter values, information about
ground state and first excited state have been provided in
Supporting Information.

For the tetranuclear Mn"™,Mn", complex 3, employing the
same theoretical approach as for dinuclear complexes (see
Computational Details), the exchange coupling constants have
been determined. We considered three different J values, two
Mn'™..Mn" interactions (see Figure 3, ], with d(Mn™.-.Mn") =
3208 A and J; with d(Mn™--Mn") = 3.226 A), taking into
account the lack of symmetry of the complex, and the central
Mn".--Mn" interactions J,. The calculated 2J value for the two
first interactions are —3.9 cm™ (2J;) and +0.9 cm™ (2],") for
the Mn"™--Mn" interactions, while the syn—anti carboxylate
Mn™-Mn" 2], value is —0.98 cm™'. The DFT calculated
Mn"---Mn" ] value agrees with the weak antiferromagnetic
coupling experimentally found. Concerning the Mn"":-Mn"
interactions, theoretical methods easily allow us to consider two
different interactions giving two exchange constants of different
nature. However, in the fitting procedure, the inclusion of an
additional ] value complicates the process and increases the
possibility of an overparametrization taking into account the
small | values involved in such interactions. Thus, from the
fitting with a single average J value for the two Mn'"--Mn"
interactions, a weak ferromagnetic interaction was obtained.

The structural analysis indicates for the two Mn™---Mn"
exchange pathways in 3 that the O---O—C angles are closer to
those of complex 2 (see Table 6, 146.9° and 153.6° for ], and
147.7° and 150.9° for J,'). Thus, the presence of similar
O--0O—C angles seems to corroborate that such structural
parameter is not crucial to explain the different sign found in
the interactions in 3. Also, a large O---O—C angle is present in
the ferromagnetic complex 1. However, the analysis of the
differences in the phenoxo Mn™—O distances, 1.919 and 1.925
A for J; and ], respectively, for exchange pathways with
shorter Mn"—O distances (2.271 and 2.297 A, respectively; see
Table 6) is in agreement with the results found for 1 and 2.
Thus, it seems that the nature of the exchange interaction is
mainly controlled by the exchange pathway including the
shorter Mn"—O distances.

It is observed, following Table 6 and comparing compound 3
with 1 and 2, that the dinuclear units in the three compounds
present similar structural parameters. Above it has been seen
that intramolecular interactions between the Mn'" and Mn"
centers in this family of compounds are very weak and could be
ferro- or antiferromagnetic. From the fitting it can be estimated
that the intramolecular interaction between Mn"" and Mn" ions
is almost zero (J; = +0.015 cm™') the one between the two
Mn" centers being the strongest (J; < J,). Overall, compound 3
seems to share more similarities with 2 than 1; both show
antiferromagnetic interaction. Despite that, the most remark-
able difference between 3 and the other two compounds is the
low value of the local zero-field splitting parameter. In 3, this
value is quite low (<0.1 cm™) in contrast to the values found
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for 1 (3.53 cm™) and 2 (2.65 cm™). This could be nicely
explained by the opposite disposition of the Jahn—Teller axes
of the two Mn"™ centers within the system (almost
perpendicular, see Figure S14, Supporting Information)
canceling each other. In this sense, it is well-known that final
arrangements of Jahn—Teller axes can provide remarkable
changes in the magnetic behavior of molecular magnets.Sf’&48

Comparison of the Synthetic Methodology, Compo-
sition, Structure, and Properties of 1-3 with Relevant
Systems. Derived from acyclic dinucleating ligands having
monophenoxo bridging ability, a number of dinuclear u-
phenoxo-bis(u-carboxylate) Mn"™Mn" compounds have been
reported.””* These compounds have been synthesized on
reacting the preorganized dinucleating ligand with either
manganese(II) acetate and sodium perchlorate or manganese-
(II) perchlorate and sodium carboxylate. Clearly, a part of
manganese(II) undergoes aerial oxidation to yield the
Mn""™Mn" products. Regarding the dinuclear Mn"™'Mn"
compounds derived from Robson-type dinucleating macro-
cyclic ligands, there are only two structurally characterized
examples. One of them, which is derived from the symmetric
macrocyclic ligand H,L* (H,L* = 2:2 condensation product of
2,6-diformyl-4-tert-butylphenol and 1,3-diaminopropane), has
been synthesized on electrochemical oxidation of a
dimanganese(II) compound.*'* The second macrocyclic
example, on the other hand, has been prepared on template
condensation of 2,6-diformyl-4-methylphenol and N,N-bis(2-
aminoethyl) glycine in the presence of manganese(Il)
perchlorate.*”® However, the aerial oxidation of a part of
Mn" to Mn" is accompanied by the group elimination reaction
of N,N-bis(2-aminoethyl) glycine to produce ethylenediamine,
and subsequently the product is a Mn™Mn" compound derived
from an asymmetric macrocycle. In contrast, the bis(u-
phenoxo)-y-carboxylate Mn"™Mn"" compounds 1 and 2 derived
from a symmetric macrocyclic ligand, H,L, are synthesized by
template condensation of 2,6-diformyl-4-methylphenol and 2,2-
dimethyl-1,3-diaminopropane in presence of manganese(II)
perchlorate and sodium carboxylate, that is, 1 and 2 are
synthesized following basically the methodology to synthesize
u-phenoxo-bis(u-carboxylate) Mn"™™Mn" systems in acyclic
dinucleating ligands. Again, while the only two previously
reported Mn"Mn" compounds in Robson-type macrocycles
are either diphenoxo bridged or bis(u-phenoxo)-u-chloro
bridged, compounds 1 and 2 are not only the sole examples
of bis(u-phenoxo)-y-carboxylate Mn"™Mn" systems derived
from such macrocyclic ligands but also the sole examples of
dinuclear Mn"™Mn" systems having such bridging core.
Structural parameters indicate that the two manganese centers
in 1, 2, and each of the two dinuclear units of 3 belong to
different oxidation states, III for one and II for the second.
Magnetic data agree very well with the crystallographic data and
corroborate the idea of being a valence-trapped system. So,
compounds 1 and 2 represent a new family of valence-trapped
dinuclear Mn™Mn" compounds. Compound 3 may be
considered as remarkably interesting because of the formation
of a dimer of dinuclear cores.

As already mentioned, the exchange interactions between
Mn"™ and Mn" should be weak ferro- or antiferromagnetic. A
magneto-structural correlation has been previously proposed
on studying the magnetic properties of dinuclear y-phenoxo-
bis(u-carboxylate) Mn"Mn" compounds in dinucleating
acyclic ligands.® All of those compounds exhibit weak

antiferromagnetic interactions; ] lies between —4.1 and —7.7
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cm™'. According to this correlation, J is a function of
asymmetry of Mn'"'—O(phenoxo) and Mn"—O(phenoxo)
bond distances, the greater the asymmetry, the lower the
antiferromagnetic interaction.*> The magnetic exchange inter-
action between Mn™ and Mn" in the previously published
macrocyclic Mn™Mn" compounds, with ] values —1.8
(complex 1) and +1.47 cm™' (complex II),*" and also in 1
(+0.08 cm™), 2 (=0.095 cm™'), and 3 (+0.015 cm™') are
weakly ferro- or antiferromagnetic. Calculated DFT ] values
properly reproduce the different nature of these two macro-
cyclic complexes I and II (see Table 6). Due to significant
difference in the bridging core (particularly one bridging
phenoxo in the acyclic systems versus two in 1/2/3/1/1I), the
correlation in the acyclic systems should not be valid in the
macrocyclic complexes; in fact, no correlation is found between
the J values and the asymmetry in bond distances in either of
the two phenoxo routes (Table 6). There is no unique
structural parameter that controls the nature of the exchange
interaction for this family of macrocylic Mn""Mn" compounds,
and probably, there is subtle interplay of different structural
factors. Despite such difficulties, it is worth mentioning that the
Mn"-O distances of the exchange pathway including the
shorter Mn"'—O distances seem to play an important role.
Thus, the complexes showing ferromagnetic coupling have
either the long Mn"—O distances (see Table 6, IT and unit II in
3) or long Mn™—O distances (1), but in the case of the
complex I, despite the long Mn™—O distance, the shortest
Mn"—0 distance results in antiferromagnetic coupling.

As mentioned, a few dinuclear manganese compounds are
known to exhibit catecholase activity. These compounds are
bis(u-oximato)Mn",, bis(u-oxo)Mn™,, and bis(u-oxo)Mn'V,
systems, as well as Mn"', systems having no bridging ligand
between the metal centers."®'”*® Clearly, in terms of both
bridging moiety and oxidation states of the metal ions, the
dinuclear bis(u-phenoxo)-y-carboxylate Mn™Mn" compounds
1 and 2 are new examples of catalysts for catechol oxidase
activity. Being a dimer of the bis(u-phenoxo)-u-carboxylate
Mn"Mn" moieties, compound 3 can also be included in this
new family.

It is quite essential that the catechol moiety should be
coordinated to the metal center of a complex catalyst.
Complex—substrate aggregates having 1:1 stoichiometry and
having either a monodentate asymmetric coordination or a
simultaneous coordination of the substrate to both copper
centers in dinucleating bridging fashion is suggested in the two
proposed mechanisms regarding the in vivo cycle of the
dicopper(II) metallo-enzyme.''* In the model studies with the
dicopper(II) complexes, a few complex—substrate aggregates
having 1:1 or 1:2 stoichiometry have been identified
crystallo§raphically15C’d or from ESI-MS positive spectral
studies;'*® the catechol moieties in these cases are either
monodentate/chelating to one copper(Il) center or bridging
bidentate to both the copper(Il) centers. In the manganese
catalysts, only a few complex—substrate aggregates that are
known have been identified crystallographically, and those
involve mononuclear Mn/Mn™ centers; the aggregates have
1:1 stoiochiometry.ma’l7a In contrast to the previous aggregates
identified crystallographically and derived from mononuclear
catalysts only, the aggregate [Mn""Mn"L(y-3,5-DTBC*")]" in
the present investigation has been identified from ESI-MS
positive spectrum and is generated from a dimanganese catalyst
[Mn"™Mn"L(u-0,CMe)(H,0),](ClO,),-H,0-MeCN (1).
Although complex 1 is not a Cu""Cu" but a Mn""Mn" system,
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the 1:1 complex—substrate aggregate [Mn""Mn"L(u-3,5-
DTBC*")]* deserves additional importance because this
indicates clear evidence of the coordination and bridging
ability of the substrate to the complex catalyst. Moreover, the
species mimic the aggregate proposed in one mechanism, at
least in terms of stoichiometry (1:1) and coordination mode

(bridging).

B CONCLUSIONS

Having bis(y-phenoxo)-u-carboxylate bridging moiety and also
having isolated +III and +II centers, the Mn"'Mn"/Mn™,Mn",
compounds 1—3 represent a new family of valence-trapped
dinuclear or dimer-of-dinuclear compounds of manganese.
DEFT calculated ] values properly reproduce the different nature
of the Mn""Mn" exchange interactions found in 1-3 and also
in the only two previously published related compounds.
Despite the presence of many structural parameters that can
play a significant role in the magnetic properties, the lengths of
the Mn'"—O distances in the phenoxo exchange pathway
involving short Mn"—O distances allow us to explain the
changes in the magnetic properties. The relative values of single
ion anisotropy of Mn"™ centers in 1-3 could be nicely
explained here in terms of direction of the Jahn—Teller axis.

The title compounds are the first examples of dinuclear
mixed-valence compounds of manganese showing catechol
oxidase activity. The complex—substrate aggregate containing
most probably a bridging bidentate catecholate moiety mimic
the dicopper(Il)—substrate aggregate proposed in one
mechanism in terms of stoichiometry (1:1) and coordination
mode (bridging).

The synthetic methodology of template condensation of 2,6-
diformyl-4-methylphenol and a diamine in presence of
manganese(II) perchlorate and sodium carboxylate resulting
in the generation of the bis(u-phenoxo)-u-carboxylate
Mn""Mn" species derived from a symmetric macrocyclic ligand,
as described here, can be followed to get similar compounds
having variable structural parameters, and the derived mixed-
valence systems may be utilized for further exploration of
catecholase activity and magnetic properties.
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