Inorganic Chemistry

pubs.acs.org/IC

Multireversible Redox Processes in Pentanuclear Bis(Triple-Helical)
Manganese Complexes Featuring an Oxo-Centered triangular
{Mn",Mn" (15-0)}>* or {Mn"Mn"",(u5-0)}°* Core Wrapped by

Two {Mn",(bpp)s}~

Sophie Romain," Jordi Rich,” Cristina Sens,” Thibaut Stoll,§ ordi Benet-Buchholz," Antoni Llobet,*™
Montserrat Rodriguez,*”k Isabel Romero,** Rodolphe Clérac, * Corine Mathonii::re,'r Carole Duboc,§
Alain Deronzier,§ and Marie-Noélle Collomb*®

MInstitute of Chemical Research of Catalonia (ICIQ), Av. Paisos Catalans 16, E-43007 Tarragona, Spain
*Departament de Quimica, Universitat de Girona and Serveis Tecnics de Recerca, Campus de Montilivi, E-17071 Girona, Spain

SUniversité Joseph Fourier Grenoble 1/CNRS, Département de Chimie Moléculaire, UMR-5250, Laboratoire de Chimie Inorganique
Redox, Institut de Chimie Moléculaire de Grenoble FR-CNRS-2607, BP-53, 38041 Grenoble Cedex 9, France

HDepartament de Quimica, Universitat Autonoma de Barcelona, Cerdanyola del Valles, E-08193 Barcelona, Spain

lCNRS, UPR 8641, Centre de Recherche Paul Pascal (CRPP), Equipe “Matériaux Moléculaires Magnétiques”,
115 avenue du Dr. Albert Schweitzer, Pessac, F-33600, France

*Université de Bordeaux, UPR 8641, Pessac, F-33600, France
'TCNRS, Université de Bordeaux, ICMCB, 87 avenue du Dr. Albert Schweitzer, Pessac, F-33600, France

eSuppurting Information

ABSTRACT: A new pentanuclear bis(triple-helical) manga- (& [ o) @ @ [=)
nese complex has been isolated and characterized by X-ray S 1s @ 1_'{;‘ leoms ;E_e)“
diffraction in two oxidation states: [{Mn"(u-bpp);},Mn",- / N £ N ‘@
MnIH(‘ll—O):|3+ (13+) sl [{Mnn(ﬂ—bpp)3}ZMHHMHHIZ(/J— o - - ..
0)]* (1*"). The structure consists of a central {Mn;(u3-O)}
core of Mn",Mn™ (1**) or Mn"Mn™, ions (1**) which is wMn' N

connected to two apical Mn"" ions through six bpp~ ligands. T T P
Both cations have a triple-stranded helicate configuration, and a '1'U<r * 19 13 Bv
pair of enantiomers is present in each crystal. The redox

properties of 1" have been investigated in CH;CN. A series of five distinct and reversible one-electron waves is observed in the
—1.0 and +1.50 V potential range, assilgned to the Mn",Mn"™/Mn", Mn"sMn™,/Mn",Mn™, Mn",Mn™,/Mn"sMn"™,
Mn"Mn"™,/Mn",Mn";, and Mn""s/Mn"Mn", redox couples. The two first oxidation processes leading to Mn";Mn™, (1*)
and Mn",Mn"™; (1°") are related to the oxidation of the Mn'" ions of the central core and the two higher oxidation waves, close in
potential, are thus assigned to the oxidation of the two apical Mn'" ions. The 1** and 1°* oxidized species and the reduced Mn,"
(17*) species are quantitatively generated by bulk electrolyses demonstrating the high stability of the pentanuclear structure in four
oxidation states (1°" to 1°*). The spectroscopic characteristics (X-band electron paramagnetic resonance, EPR, and UV—visible) of
these species are also described as well as the magnetic properties of 1°* and 1** in solid state. The powder X- and Q-band EPR
signature of 1°* corresponds to an § = 5/2 spin state characterized by a small zero-field splitting parameter (|b] = 0.071 cm 1)
attributed to the two apical Mn"" ions. At 40 K, the magnetic behavior is consistent for 1°* with two apical S = 5/2 {Mn" (bpp)3} ~
and one S =2 noninteracting sPins (11.75 cm® Kmol ), and for 1** with three S = 5/2 noninteracting spins (13.125 cm® K mol ')
suggesting that the {Mn",Mn""(3-0)}** and {Mn"Mn"™,(43-0)}* cores behave at low temperature like S = 2 and S = 5/2 spin
centers, respectively. The thermal behavior below 40 K highlights the presence of intracomplex magnetic interactions between the
two apical spins and the central core, which is antiferromagnetic for 1°* leading to an St = 3 and ferromagnetic for 1** giving thus an
St = 15/2 ground state.
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B INTRODUCTION interaction between paramagnetic centers.” "> Hundreds of
such complexes have been isolated in the last decades in various

Polynuclear manganese complexes have attracted much atten- s
7 & P nuclearity, core topology, and oxidation levels."">~'* Their

tion because of their relevance to the active centers of biological
systems as the oxygen-evolving complex of photosystem II,'
and also for the design of single-molecule magnets owing to their Received: ~ May 12, 2011

remarkable magnetic properties which result from the exchange Published: August 03, 2011
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synthesis still relies on serendipitous self-assembly with appro-
priate ligands. Although carboxylates, Schiff base derivatives,
alkoxides, and more recently oximes have been widely
employed'® ** as bridging ligands for the formation of these
molecular manganese compounds, the use of pyrazole-based
ligands is still limited.”* 3"

The 3,5-bis(pyridin-2-yl)-pyrazole ligand (Hbpp, Chart 1) is
an attractive ligand of this family, which has led to the isolation of
several dinuclear complexes with ruthenium® >* and various
first row transition metal ions (Ni**, Cu®*, Fe**, Co®*, Zn>")
either homo-2">"*° or heterobimetallic (Cr™-M"™ with M =
Fe?*, Ln**, Mn>*, and Ni2+)).46749 Very recently, some larger
complexes having intriguinﬁ triple-helical structure have been
also obtained, namely [Fe"s(u3-O)(bpp)s)** and [M"s(us—
OH)(bpp)s]*" (M = Ni**, Zn**, or Cu®").>*>* In these penta-
nuclear complexes, a central {M"5(u3-0O)}*" or {M";(us—
OH)}** core is wrapped by two terminal {M" (bpp);} ~ units,
forming rare examples of helicates, in which metal cores define
the helicate axis.”> " This [M"5(t3-O)(L)s]*" helicate struc-
ture was also reported with two related L ligands, 3,5-bis-
(benzimidazol-2-yl)pyrazole (Hzbbp, with M = Zn®" and
Cd**)*” and 3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt, for
M = Fe**) (Chart 1).°* The magnetic properties of the
[Cu"s(3—OH)(bpp)s]** and [Fe"s(15-O) (bpt)s]** complexes
have been deeply investigated. It has been shown that the helicate
arrangement introduces peculiar magnetic properties such as spin-
frustation in the case of the copper complex,>* while for the iron
complex the spin state of the two terminal iron(1I) can be tuned by
the nature of the counterion.”

Nevertheless, the use of the Hbpp ligand for the design of
manganese compounds is restricted to the heterobimetallic
dinuclear Cr'™'-M".* In addition, the solution stability of the
isolated [M'5(13-0)(L)s]*" and [M"5(u3—OH)(bpp)s]**
compounds has been poorly investigated and limited to ESI-
MS and 'H NMR analyses®>>” and their redox properties remain
unexplored so far.

The aim of this work was to explore the formation of such
polynuclear compounds with redox active manganese ions. In
this line, we report here on the isolation of the first manganese
pentanuclear bis(triple-helical) complex, namely [Mng(u3-O)-
(bpp)s]®***, in which a {Mn;(u3-0)}>*/* core is wrapped by
two terminal {Mn"(bpp);} " units. An X-ray structure has been
obtained in two oxidation states: [{MnH(/A-bgg%}zMnHzMnm-
(u-0)]7" (1) and [{Mn"(u-bpp)s},Mn"Mn ", (u-0) " (177).
These manganese complexes are the first examples of such helicates
that contain trivalent metal ion(s). Although many 1Lt3—O trinuclear
complexes have been reported in the Mn"Mn'", and Mn,™
oxidation states,1’12’19’21’24’3’1’63771 to the best of our know-
ledge, 1°* contains the first example of an oxo-centered

{Mn",Mn""(15-O)}*" trinuclear unit. In addition, we report on
the redox properties of this type of complex. Interestingly, the
electrochemical study reveals that the manganese complex under-
goes a series of reversible one-electron reduction and oxidation
processes. Remarkably, the pentanuclear structure is perfectlﬁr stable
in the following four oxidation states: Mn"s (1**), Mn",Mn™
(1**), Mn";Mn™, (1*), and Mn",Mn™; (1°*). As a con-
sequence, this kind of polynuclear oxo-bridged manganese system
might represent interesting potential catalysts for the oxidation of
organic compounds, as recently demonstrated by Christou et al.”*
for the well-known Mn;, family, [Mn;,0,,(OCR) ,(H,0),] (R=
Et, Ph, etc.), which also displays multiple one-electron reversible
processes. Finally, the spectroscopic characteristics (X- and Q-band
electron paramagnetic resonance, EPR, and UV —visible) and the
magnetic properties of 1°* and 1** in solid state have been
investigated.

B EXPERIMENTAL SECTION

Materials. The electrolytes tetra-n-butylammonium perchlo-
rate, [BuyN]ClO,, tetra-n-butylammonium tetrafluoroborate,
[Bu,N]BE,, and acetonitrile (CH3CN, Rathburn, HPLC grade)
were used as received and stored under an argon atmosphere in a
glovebox. The tetra-n-butylammonium hydroxide ([Bu,N]OH,
40% in water, Fluka) and the ligand 3,5-bis(pyridin-2-yl)-pyr-
azole (Hbpp) (98%, TCI) were used as received.

Synthesis of [{Mn"(u-bpp)s},Mn,"Mn" (4-0)1(Cl0,);, 1-
(ClOy4)s. Method A. A solution of Mn(ClO,),*6H,0 (120 mg,
0.33 mmol) in methanol (30 mL) was added to a stirred solution
of Hbpp (106 mg, 0.47 mmol) and NaOH (19 mg, 0.47 mmol) in
methanol (120 mL). The reaction mixture was refluxed for 2 h
under air. To the resulting brown solution was added a saturated
aqueous solution of NaClO,. The precipitate formed was then
filtered, redissolved in dichloromethane, and washed with water.
The organic phase was then dried over Na,SO, and the solvent
was evaporated to dryness. The brown—black powder obtained
was reprecipitated in CH3;CN/diethyl ether. Black single crystals
of 1(ClO,);2.5CH;CN-C,H,,0+0.5H,0 were obtained by
slow vapor diffusion of diethyl ether into an acetonitrile solution
of the complex (yield: 80 mg, 61%). Elemental analysis calcd (%)
for CrgHs4sMnsO13N,,Cly-3.5H,0 (1979.52 g mol '): C
47.32; H, 3.10; N, 16.98. Found: C, 47.47; H, 2.96; N, 16.61.
ESI-MS: m/z (%) 1187.1 (2) [{Mn"(u-bpp);}>,Mn," " Mn™ (u-
0)(ClO,),]", 858.1 (25) [{Mn"(u-bpp)s},Mn, " Mn" (4-0)-
(Cl04)T*, 539.0 (100) [{Mn" (u-bpp)s},Mn, "Mn™ (1-0)]*".

Method B. A solution of Mn(ClO,),:6H,0 (135 mg, 0.37
mmol) in acetonitrile (10 mL) was added to a stirred solution of
Hbpp (100 mg, 0.45 mmol) and Buy,NOH (0.4 mL, 0.54 mmol)
in acetonitrile (15 mL). The reaction mixture was refluxed for 4 h
under air which led to the complete dissolution of the white
precipitate formed initially. The resulting brown solution was
then cooled to room temperature and filtered. Slow vapor
diffusion of diethyl ether into this solution afforded black
crystals of 1(ClO,);. To obtain a pure sample of the complex,
this recrystallization procedure was repeated several times (yield:
70 mg, 47%).

Caution! Perchlorate salts of compounds containing organic
ligands are potentially explosive. Although we have encountered no
such problems, only small quantities of these compounds should be
prepared and handled with care.

Electrochemical Synthesis of [{Mn"(z-bpp);},Mn"Mn,"-
(4-0)1(Cl04)4, 1(Cl0L)4. A solution of 1(ClO,4); (50 mg) in
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acetonitrile (10 mL) containing 0.1 M of [Buy,N]ClO4 was
oxidized at 0.35 V on a platinum plate under an argon atmo-
sphere. Addition of diethyl ether to the solution after complete
electrolysis (one electron exchanged per molecule of initial
complex) led to the precipitation of 1(ClO,), which was filtered
off and dried under air (yield: 36 mg, 70%). Elemental analysis
caled (%) for CgHg4MngO4,N,,4Cly - 3.5H,0 (2078.97 gmol ):
C 45.06; H, 2.96; N, 16.17. Found: C, 45.08; H, 3.25; N, 16.22.
Brown—black crystals of 1(ClOg4),:2CH;CN-2C,H,;,0 were
obtained by slow vapor diffusion of diethyl ether into the electro-
lyzed solution.

X-ray Structure Determination. Data collection for 1°* was
made on a Bruker-Nonius diffractometer equipped with an
APPEX 2 4K CCD area detector, a FR591 rotating anode with
Mo Ka radiation, Montel mirrors as monochromator, and
a Kryoflex low temperature device (T = —173 °C). Full-sphere
data collection was used with @ and ¢ scans. Programs used
included data collection APEX-2,”* data reduction Bruker Saint”*
V/.60A, and absorption correction SADABS.”> For structure
solution and refinement SHELXTL was used.”® Diffraction data
for 1** were collected on a Bruker Smart Apex CCD diffract-
ometer using graphite-monochromated Mo Ko radiation (4 =
0.71073 A) from an X-ray tube. Programs were for data collection,
Smart V. 5.631 (BrukerAXS 1997-02), data reduction, Saint+
Version 6.36A (Bruker AXS 2001), absorption correction, SA-
DABS version 2.10 (Bruker AXS 2001), and structure solution and
refinement, SHELXTL Version 6.14 (Bruker AXS 2000-2003).

Electrochemistry. All electrochemical measurements were
made under an argon atmosphere in a dry-glovebox at room
temperature. Cyclic voltammetry and controlled potential elec-
trolysis experiments were performed by using an EG&G model
173 potentiostat/galvanostat equipped with a PAR model
universal programmer and a PAR model 179 digital coulometer.
A standard three-electrode electrochemical cell was used.
Potentials were referred to an Ag/0.01 M AgNOj reference
electrode in CH3;CN + 0.1 M [Bu,N]ClO,. Potentials referred to
that system can be converted to the ferrocene/ferricinium couple
by subtracting 87 mV, to SCE by adding 298 mV, or to NHE
reference electrode by adding 0.548 V. The working electrodes
were a platinum disk (S mm in diameter) or a vitreous carbon
disk (3 mm in diameter) polished with 2-um diamond paste
(Mecaprex Presi) for cyclic voltammetry (Ep, anodic peak
potential; Ep,, cathodic peak potential; E,, = (Ep, + Ep.)/2;
AEp = Ep, — Ep,.). Exhaustive electrolyses were carried out on
reticulated vitreous carbon electrode 45 PPI (the electrosynth-
esis Co. Inc.; 1 cm?) or on a platinum plate (5 cm?®). The auxiliary
electrode was a Pt wire in CH;CN + 0.1 M [Buy,N]ClO,.

Spectroscopy. X- and Q-band EPR spectra were recorded
with a Bruker EMX. For the X-band, 100 K experiments, it was
equipped with an ER-4192 ST Bruker cavity and an ER-4131 VT.
For the 4.5 K experiments, an Oxford Instruments ESR-900
continuous-flow helium cryostat was used with an ER-4116 DM
Bruker cavity for the X-band and an ER-5106 QTW Bruker cavity
for the Q-band. For electrochemical experiments, electronic
absorption spectra were recorded on a Varian Cary 50 or 100
absorption spectrophotometer. Initial and electrolyzed solutions
were transferred to conventional quartz cells with 0.1 or 1 cm
path length in the glovebox. The simulation of the powder EPR
spectra of 1>* was performed with the SIM program written by
Weihe and co-workers.”” The parameters given in the text are
issued from the best-simulated spectra obtained for each
frequency.

Figure 1. Structures of the [ {Mn" (u-bpp)s},Mn",Mn"™(1-0)]** (1°*)
and [{Mn"(u-bpp)s},Mn"Mn"™,(u-0)]*" (1**) cations: left, ORTEP
drawing (30% probability thermal ellipsoids), noncoordinated atoms of the
bpp ™~ ligands omitted for clarity; right, ball-and-stick representation; Mn
ions in pink and oxygen in orange.

Magnetic Susceptibility Measurements. The magnetic sus-
ceptibility measurements were obtained with the use of MPMS-
XL Quantum Design SQUID magnetometer. This magnet-
ometer works between 1.8 and 400 K for dc applied fields
ranging from —7 to 7 T. Measurements were performed on poly-
crystalline samples of 18.73 and 13.00 mg for 1°* and 1%,
respectively, introduced in a polyethylene bag (3 X 0.5 X
0.02 cm). The ac susceptibility measurements were measured
with an oscillating ac field of 3 Oe with frequency between 1 to
1500 Hz. It is worth noting that no out-of-phase ac susceptibility
signal has been detected above 1.8 K. The magnetic data were
corrected for the sample holder (plastic bag) and the diamagnetic
contribution.

B RESULTS AND DISCUSSION

Synthesis of 1(Cl04); and 1(ClO,4)4. 1°* has been synthesized
in ~50% yield from a methanolic or acetonitrile medium under
aerobic conditions, by stirring a reaction mixture consisting of
Mn(ClO,),:6H,0 and bpp  in a 5/6 molar ratio at reflux for
few hours. The oxygen in air acts as an oxidant for the oxidation
of one Mn" ion of the complex into Mn"" leading to the isolation
of the Mn",Mn"™" oxidation state. This agrees with the negative
potential value of E; , = —0.58 V vs Ag+/ Ag for the MnH4MnIH/
Mn" redox couple of the complex determined by electro-
chemistry (see Electrochemistry section). The Mn';Mn'",
oxidation state (1**) is obtained by electrochemical oxidation
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of a solution of 1°* in acetonitrile (see Experimental Section).
X-ray quality crystals of 1" and 1** were obtained by slow vapor
diffusion of diethyl ether into solutions of the respective complex.

Crystal Structures of 1(ClO,4)3-2.5CH3CN-C4H;,0-0.5H,0
and 1(Cl0g4)4-2CH3CN - 2C4H;0. Based on the charge of the
cations, 1°* and 1**, and the presence of a t3-oxo bridge, the Mn
oxidation states are given as Mn",Mn™ and Mn";Mn™.,
respectively. This mixed-valent description has been confirmed
by a careful anal¥sis of the X-ray structures, which evidenced the
presence of Mn "jon(s) in the central core (see below). The
structures of 1" and 1** are shown in Figure 1 together with an

Table 1. Crystal Data and Structure Refinement for
1(C104)3 * 2.5CH3CN ° C4H100 ° 0-5H20 and
1(C104)4 * 2CH3CN * 2C4H100

1(Cl0,);-2.5CH;CN-  1(ClO,),-2CH;CN-

C4H,,0-0.5H,0 2C4H,,0

chemical formula Cg7H75 50ClsMns- CooHgoClyMns;-

N26,50014.50 N26019
formula weight 2102.26 2246.30
T, K 100 100
A 0.71073 0.71073
crystal system monoclinic monoclinic
space group P2(1)/n C2/c
a A 15.4109(7) 25.843(5)
b A 22.5910(10) 28.270(5)
¢ A 26.9272(11) 14.482(3)
a, deg 90.00 90.00
f, deg 101.9130(10) 93.709(3)
Y, deg 90.00 90.00
volume, A® 9172.7(7) 10559(3)
V4 4 4
density, mg m > 1.522 1413
t, mm " 0.836 0.759
F(000) 4288 4588
reflections collected 35236 12962
R 0.0537 0.0848
wR," 0.1253 0.1927

“Ry = Z||F,| — |F||/ZIF,|. " wRy = [(Zw(|F,| — |F.|)*/ZwF,>)]"2.

ORTEP scheme of the central cores. Crystallographic data and
selected bond distances and angles are reported in Tables 1, 2,
and 3. The five Mn ions in 1°* and 1* form a trigonal
bipyramidal motif, in which the two Mn' ions occupy the apical
positions and the three Mn ions connected by a u3-O” ion are
placed in the equatorial plane. The same topological motif
was found in the single-molecule magnet (NEt,);[Mn;O-
(salox)3(N3)sCl,] (Hysalox = salicylaldoxime)'***”® in which
the three Mn" ions are located in the equatorial position. The
central {Mn;(13-O)} core of Mn",Mn"™ (1**) or Mn"Mn",
ions (1**) is connected to the two apical Mn" ions through six
bpp ligands. Both cations have a triple-stranded helicate con-
figuration and a pair of enantiomers is present in each crgrstal as
previously observed in the other [M"s(u3-O)(L)¢]*" and
[M"s(us—OH)(bpp)s]** complexes.”*>>*7%* In contrast to
1°*, 1™ adopts a symmetric structure with a C, axis passing
through the central Mn(3) and the #3-O ions that leads to the
equivalence of the two remaining central manganese ions, Mn(1)
and Mn(1)#, and also to the equivalence of the apical Mn(2) and
Mn(2)#. In both compounds, the three Mn ions of the central
core present a distorted N4O trigonal bipyramid environment.
The oxo bridging ligand is located in the equatorial plane
together with two N-pyridine atoms of two bpp ™ ligands while
the axial positions are occupied by two N-pyrazole atoms of the
latter bpp ~ ligands. The trigonal indices for 1°* are of T = 0.83
(Mn(2)), 0.81 (Mn(4)), and 0.76 (Mn(5)), while for 1** they
are of 7 = 0.65 (Mn(1,1#)) and 0.82. (Mn(3)). The three Mn
atoms form a nearly equilateral triangle with the oxygen in the
center. For 1%, the central y3-O atom is slightly displaced from
the Mnj triangular plane (0.033 A), while for 1%, it lies on the C,
axis and exactly in the plane of the Mnj triangle. All Mn- - - Mn
distances in 1°" are significantly longer than those in 1*
(Mnoneeat® * *MDeeneat: @V, 3492 A for 1°* and 3279 A for
1 Mngentral® * * MDeerminatt av., 4403 A for 1°* and 4.281 A
for 1*).

The coordination geometry of the two apical Mn" ions
corresponds to a slightly distorted octahedron, consisting of six
nitrogen atoms from three bridging bpp ™~ ligands. Each tetra-
dentate bpp  ligand bonds one apical and one equatorial Mn ion
by one N-pyridine and one N- zlrazole. As usually observed in
complexes with bpp~ ligand,*”?**°075279%9 the Mn—N-pyr-
idine distances are longer than the Mn—N-pyrazole ones.

Table 2. Selected Bond Lengths (A) and Angles (°) for 1(Cl0,);-2.5CH;CN C,H,,0-0.5H,0

Mn(1)—N(3A)" 2.1878(19) Mn(3)—N(2B)"
Mn(1)—N(3D)" 2.1971(19) Mn(3)—N(20)*
Mn(1)-N(3E)* 2216(2) Mn(3)—N(2)"
Mn(1)—N(4E)" 2.305(2) Mn(3)—N(1B)"
Mn(1)—N(4D)" 2.3078(19) Mn(3)—N(1C)"
Mn(1)—N(4A)" 2.323(2) Mn(3)—N(1)"
Mn(2)—0O(1) 2.0442(17) Mn(4)—0O(1)
Mn(2)—N(2D)* 2.1547(18) Mn(4)—N(2A)*
Mn(2)—N(3B)* 2.1448(19) Mn(4)—N(3)*
Mn(2)—N(1D)" 2.202(2) Mn(4)—N(4)"
Mn(2)—N(4B)" 2.223(2) Mn(4)—N(1A)"
Mn(2)—Mn(5) 3.509(5) Mn(2)—Mn(4)
Mn(1)—Mn(2) 4.455(5) Mn(1)—Mn(4)
Mn(3)—Mn(2) 4.377(5) Mn(3)—Mn(4)

Mn(4)—0(1)—Mn(2) 119.59(8)
“ N-pyrazole. * N-pyridine.

Mn(5)—0(1)—Mn(2) 119.88(8)

2.193(2)

2.2170(19)

2.210(2)

2.316(2)

2.318(2)

2.314(2)

2.0156(17) Mn(5)—O(1) 1.9894(17)
2.121(2) Mn(5)—N(2E)* 2.077(2)
2.122(2) Mn(5)—-N(3C)" 2.084(2)
2.181(2) Mn(5)—N(1E) 2.195(2)
2.192(2) Mn(5)—N(4C)" 2.191(2)
3.491(5) Mn(4)—Mn(5) 3.476(5)
4.377(5) Mn(1)—Mn(5) 4.410(5)
4.433(5) Mn(3)—Mn(5) 4.368(5)

Mn(5)—0(1)—Mn(4) 120.45(9)
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Table 3. Selected Bond Lengths (A) and Angles (deg) for 1(Cl0,),-2CH;CN-2C,H,,0

Mn(2)—N(8)" 2.179(5)

Mn(2)—N(3)* 2.224(5)

Mn(2)—N(10)* 2.229(5)

Mn(2)-N(9)" 2.259(5)

Mn(2)-N(4)" 2.268(6)

Mn(2)- N(7)" 2.307(5)

Mn(1)-0(1)* 1.870(3) Mn(3)—0(1)
Mn(1)—-N(2)* 1.932(4) Mn(3)—N(12)*
Mn(1)—N(6)* 1.942(4) Mn(3)-N(11)"
Mn(1)-N(5)" 2.090(4)

Mn(1)—N(1)" 2.131(4)

Mn(1)—Mn(1)# 3.238(2) Mn(1)—Mn(3)
Mn(2)—Mn(1) 4.266(1) Mn(2)—Mn(1)#

Mn(1)—0(1)—~Mn(1) 120.0(3)

1.962(5)
2.024(5)
2.127(6)

3.318(2)

4268(1) Mn(2)—Mn(3) 4.294(1)

Mn(1)—0(1)—Mn(3) 120.02(13)

As expected for its lower oxidation state, the position of the
Mn" ions in the complexes can be assigned on the basis of the
longer Mn-ligand bond distances compared with the Mn'" ions.
In both systems, the two apical Mn ions are thus readily assigned
to Mn"" centers since their Mn—N bond distances are (i) longer
than those of the central core, and (ii) poorly affected by the
change of the oxidation state of the complex (in 1°": average
2.256 (0.062) A for Mn(1) and 2.261 (0.060) A for Mn(3); in 1*:
average 2.244 (0.044) A for Mn(2)). In addition, all Mn-ligand
bond distances of the central core are significantly shorter in 1**
thanin 1°*, in accordance with an additional Mn™ ion in the central
core of 1*,

Regarding the electron localization or delocalization in the
central core, in 1*', the Mn(1,1#)—0O(1) bond distances
(1.870(3) A) are notably shorter than the Mn(3)—O(1) bond
distance (1.962(5) A), and the Mn(1) - - -Mn(1)# bond distance
(3.2384(16) A) is shorter than the Mn(1,1#)- - -Mn(3) ones
(3.319 A). In fact, all bond distances to Mn(3) (average 2.053
(0.072) A) are slightly longer than those for Mn(1,1#) (average,
1.993 (0.112) A). By comparison with the structural character-
istics of the previously reported valence-trapped {Mn"Mn"",-

5-0)}°" trinuclear complexes,1’12’19’21’31’6 ~7% it can thus be
concluded that the central core in 1** is not fully localized with,
nevertheless, the Mn(3) site that possesses a dominant +II
oxidation state whereas Mn(1) and Mn(1#) have a dominant
+11II oxidation state.

Because, to our knowledge, the cation of 1** contains the first
example of an oxo-centered {Mn,"Mn"(15-0)}*" trinuclear
unit, the crystallographic characteristics of this core cannot be
compared with literature data. One can however notice that the
average of all bond distances of each Mn of the central core of 1%
(average 2.154 (0.069) A (Mn(2)); average 2.126 (0.070) A
(Mn(4)) and average 2.107 (0.087) A (Mn(5S)) are too long for a
localized Mn™ ion (expected value <2.0 A). This indicates that
the trinuclear center core of 1>* is probably a fully electron delo-
calized spin system.

Electrochemistry. The cyclic voltammogram of 1** in CH;CN
(Figure 2A) displays one reversible reduction wave at E,/, =
—0.58 Vvs Ag"/Ag (AEp = 70 mV) and four successive reversible
oxidation waves at E; ;, = +0.13 (AEp = 70 mV), +0.61 (AEp =
70 mV), +1.21 (AEp =90 mV) and +1.33 V (AEp =90 mV) at a
scan rate of 100 mV s~ . Each of the five reversible redox processes
corresponds to the exchange of one electron per molecule of
complex as evidenced by rotating disk electrode experiments

(not shown). These waves are assigned to the Mn",Mn""/Mn"%,
MnMn™/Mn,Ma™ Mn',Mn™L, /Mn™,Mn',, M Mn™,
Mn",Mn"™5, and Mn™s/Mn"Mn"", redox couples, respectively.
Bulk electrolysis experiments confirm that the reduction process
and the two first oxidation processes correspond to the exchange of
one electron. The two oxidized species, Mn"3Mn"", (1*") and
Mn",Mn™; (1°*), are quantitatively generated (Figure 2B and C)
by two successive electrolyses at E = +0.35 and E = +0.90 V of a
solution of 1°*. In contrast, the reduced Mns'" species (1>*) has
partially precipitated at the end of the electrolysis (E = —0.70 V) as
an orange powder (Figure 2D). In all cases, back electrolyses
restore quantitatively 1°*, demonstrating the perfect reversibility of
the different processes and the stability of the pentanuclear
structure in four oxidation states, namel}r Mn" (1**), Mn",Mn™
(1*"), Mn"sMn"™, (1*"), and Mn",Mn""; (1°%). As verified by the
X-ray diffraction analysis of crystals of 1** (see above and Experi-
mental Section), the two first oxidation processes located at +0.13
and +0.60 V leading to 1*" and 1°*, are related to the oxidation of
the Mn" ions of the central core. The two last oxidation processes
are thus related to the oxidation of the two apical Mn" ions. The
presence of two one-electron redox processes, closed in potential
(+1.20 and +1.32 V), instead of a two-electron single wave, is in
accordance with the presence of two identical electroactive centers
in the molecule that can electronically communicate.*** This is the
case of the two apical Mn'" sites that can interact through the
conjugation of the bridging bpp ™ ligands and the central core.
Attempts to electrogenerate the Mn"Mn"™, (1°%) and Mn"™ (17%)
species have failed. Exhaustive electrolyses at E = +1.25 or +1.50 V
involve a large excess of coulometry (5.5 electrons additional
electrons per molecule of complex are exchanged) and lead to
the full decomposition of the pentanuclear structure attested by the
disappearance of the five initial waves on the resulting cyclic
voltammogram. Moreover, several new irreversible redox processes
are observed (two weakly intense, quasi-reversible, at E; ,= +1.12
and 1.02 V, and two more intense, irreversible, at Ep. = +0.38 and
0.0 V), which are not likely to correspond to a single species.
Electrolyses performed at low temperature do not allow the
stabilization of the 1°" and 1”* oxidation states.

The instability of 1°" and 17" is probably due to the decoordi-
nation of some bpp ~ ligands of the apical Mn'". Indeed, Mn""
complexes containing solely nitrogen-based ligands are usually
poorly stable and tend to form oxo-briged complexes by inter-
action with residual water in the solvent.*>”®% All electrogener-
ated solutions have also been analyzed by UV—visible (Figure 3)
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Figure 2. Cyclic voltammograms at a Pt electrode (diameter S mm) in
CH;CN, 0.1 M [BuyN]CIO, of (A) a 0.70 mM solution of 1**, (B) after
exhaustive oxidation at +0.35 V of the (A) solution (formation of 1**),
(C) after exhaustive oxidation at +0.90 V of the (B) solution (formation
of 1°*), (D) after exhaustive reduction at —0.70 V of the (A) solution
(formation of 1**); scan rate of 100 mV-s~ ",

and EPR spectrosco;)y (see below). The four stable oxidation
states, from 1°* to 1°*, have distinct UV—visible signatures. For
each oxidation process, an increase of the absorbance in the
visible region is observed consistent with the conversion of one
Mn" ion into Mn'".3%%

The exceptional stability of the pentanuclear structure in four
oxidation states (1" to 1°*) is certainly due to its bis(triple-
helical) structure that allows for maintaining the oxo-centered
manganese trinuclear core at the {Mn;"(u5-0)}*", {Mn",-
Mn'(u3-0)}>", {Mn"Mn'", (45-0)}", and {Mn3"(u5-0)}"*
oxidation states. Indeed, although many oxo-centered trinuclear
complexes have been reported in the Mn"Mn™, and Mny™
oxidation states, to our knowledge, there is no example of multi-
nuclear Mn complexes with either a {Mn;"(145-0)}*" or a {Mn",-
Mn"(15-O)}*" unit as found in 1** and in 1°". Divalent Mn ions
solely are not prompted to stabilize 0>~ ligands and the unique
example of such trinuclear structure contains a y#;—OH bridged
core, i.e., [(py)sMn;" (OAc);(us—OH)(cat)].%

EPR Spectroscopy. The powder X- and Q-band EPR spectra
of complex 1°" have been recorded between 30 and 100 K
(Figure 4 displays the spectra obtained at 30 K). In this range of
temperatures, the total intensity of the spectra decreases when

Absorbance

400 500 600 700 800 900

Absorbance

460 560 660 760 8(IJO 900
A (nm)

Figure 3. Visible absorption spectra changes during electrolyses of a
0.70 mM solution of 1°* in CH;CN, 0.1 M [BuyN]ClO,: (a) initial
solution; (b) after oxidation at +0.35 V of the (a) solution (formation of
1**); (c) after oxidation at +0.90 V of the (b) solution (formation of
1°*); (d) after reduction at —0.70 V of the (a) solution (formation of
1**); (A) I=1cm, (B) I = 1 mm.

increasing the temperature. This temperature behavior and the
shape of the spectra are consistent with an S = 5/2 spin
species.*>® ! As determined by magnetism (vide infra), the
{Mn",Mn"(15-O)}*" trinuclear unit corresponds to an S = 2
spin state below 40 K. However, no EPR signal, even in parallel
mode, corresponding to this species is observed at 30 K, certainly
due to the large zero-field splitting expected for Mn'" ions. Based
on these data, we can conclude that the S = 5/2 signal can be
assigned to the two equivalent apical Mn"" ions.

With the aim of confirming this hypothesis, simulations of the
EPR spectra have been performed using a full-matrix diagonali-
zation procedure of the spin Hamiltonian displayed in eq 1.

H = ugH-[g]-S + D(S; — 1/38%) + E(S; - &) (1)

The first term represents the electronic Zeeman interaction with
H being the magnetic field. The last two terms define the second-
order (bilinear) zfs interaction with D and E representing the
axial and rhombic parts, respectively. For neat powder EPR
spectra, the **Mn hyperfine interaction is never resolved pre-
sumably because of the intermolecular dipole—dipole interac-
tions together with the D-strain that contribute to the broadening
of the line. Therefore, they have been omitted in eq 1. The good
agreement obtained between the experimental and simulated
spectra (Figure 4) confirms that these EPR spectra correspond to
the signature of one Mn'" complex, implying that the two apical
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Figure 4. Experimental (red line) and simulated (blue line) powder X-
and Q-band EPR spectra of 1°* recorded at 30 K. Parameters used for
the simulation: at X-band |D| = 0.073 cm ™Y, |E| = 0.008 em Y, E/D =
0.110, g.= g,=¢. = 2.0 and Q-band |D| = 0.071 cm ™", |E| = 0.009 cm ',
E/D =0.127,¢g. = g, = g. = 2.0.
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Figure 5. X-band EPR at 30 K of 0.70 mM solution of 1** in CH;CN,
0.1 M [Buy,N]ClO, and of the electrogenerated solutions of 1) 1%,
and 1°%.

Mn" units are equivalent. In addition, the |D| parameter of
0.071 cm ™" (0.102 K), issued from the Q-band EPR spectrum for
which the high field limit conditions are reached (D << hv), is
consistent with an N6 environment, when compared with the
literature (0.010 < [Dyg| < 0.175 cm ™ H).!

The X-band EPR spectra in solution of 1°* and of the
electrogenerated solutions of 1**, 1%, and 1** have been
recorded between S and S0 K (Figure S shows the EPR spectra
at 30 K). In this range of temperatures, the global intensity of the
spectra decreases with increasing temperatures for all the species,
while the relative intensity and the broadening of the lines are not
affected by the temperature. The EPR spectrum of 1** in solution
is comparable to that recorded on powder (Figure 4), demon-
strating that the structure of the complex is retained in solution,
with the two magnetic-independent apical Mn(II) ions. The
shape of the EPR spectrum of 1** drastically changes compared
to 1°* with a notable broadening of the resonance lines. This
attests that in 1*", the two apical {Mn"(bpp);}~ units are in
magnetic interaction between each other, and/or more likely
with the central core.

S

£

¥

E 8

L 4

= 4
2_
0 : : e S0, DY S
0 50 100 150 200 250 300

TIK

Figure 6. Temperature dependence of the y T products (where y = M/H
per [Mn;] complex) measured at 0.1 T and inset: field dependence of the
magnetization at 1.8 K for compound 1** (black open dots) and 1** (blue
open squares). The solid red lines are the best fits to the Heisenberg model
described in the text.

The EPR spectrum of 1°* is comparable to that 1*. Con-
cerning 1**, the EPR spectrum is significantly modified with
respect to 1°*. A unique signal centered at g = 2 is observed that
can tentatively be attributed to the sum of the spectra corre-
sponding to five Mn' ions. After the full oxidation of the solution
of the complex at E = 1.50 V, only a weak six-line EPR signal is
observed (not shown), characteristic of Mn"(CH;CN)s™*,7>%
that is formed in a very small amount.

Magnetic Properties of 1> and 1**. The magnetic proper-
ties of 1°* and 1*" have been studied on powder samples
of 1 (C104)3 * 25CH3CN * C4H100 ° Osto and 1 (C104)4 °
2CH;CN-2C4H;(O. Between 300 and 40 K, the yT products
decrease very slowly, from 13.3 and 16.3 cm® K mol ' for 1** and
1™ to a pseudoplateau around 40 K at 11.2 and 13.4 cm® K
mol ™, respectively (Figure 6). Below 40 K, the two compounds
show different magnetic behaviors: the T product is again
decreasing for 1°* but in a more abrupt fashion to reach the
value of 3.7 cm® K mol ™" at 1.8 K, while it is increasing for 1" to
reach the value of 16.5 cm® K mol ' at 1.8 K. At room
temperature, the yT products are low in comparison to the
values of 20.5 and 19.125 cm® K mol " expected for high-spin
Mn" (§=%/,, g~ 2) and high-spin Mn™ (S = 2,¢~2) centers in
4:1 and 3:2 ratio in 1°" and 1**, respectively. On the other hand,
both y T values measured at 40 K are in very good agreement with
two apical S = 5/2 {Mn"(bpp);} ~ (C = 4.375 cm> K mol " with
g=2)and one S =2 (C = 3 em® K mol ' with g = 2)
noninteracting spins (11.75 cm® K mol ") for 1°* and with
three S = 5/2 noninteracting spins (13.125 cm® Kmol ') for 1**.
This result suggests that the {Mn",Mn"(u3-O)}*" and
{Mn"Mn",(15-0)}%" cores behave at low temperature like
S§=2and S = 5/2 spin centers, respectively.

To explain the trinuclear core magnetic behavior above 40 K,
two approaches can be envisioned. The first hypothesis is to
consider electrons and thus spins localized on each manganese
site. In this case, the magnetic data above 40 K should fit with
simple Heisenberg triangular models with an S; = 5/2; 5/2; 2 set
of spins for 1>* or an S; = 5/2; 2; 2 set of spins for 1** and
intracore antiferromagnetic interactions. Unfortunately, we have
been unable to reproduce, even qualitatively, the temperature
dependence of the susceptibility above 40 K using this approach.
Therefore the observed thermal behavior has to be explained in
the frame of a delocalized model in which each trinuclear core is
considered as an “entity” with a given spin. This approach is
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indeed in good agreement with the structural analysis described
above. As mentioned previously, the magnetic data sug%est that
the ground state of the {Mn",Mn""(13-0)}** and {Mn"Mn"",-
(43-0)}°" cores are, respectively, S = 2 and S = 5/2. Then the
increase of the }T product above 40 K is simply the signature of
the thermal population of the low-lying excited spin states of the
trinuclear core as it is observed for spin-crossover complexes.

Below 40 K, the trinuclear core of the complex can be
considered as a single localized spin (S =2 and S = 5/2 for 1°*
and 1%, respectivelﬁr) and therefore taking into account the two
apical $=5/2 {Mn" (bpp)s} ~ motifs, the magnetic properties of
the complexes can be modeled using the following Heisenberg
spin Hamiltonian:

H = —2JSc(Spm + Swmm2) (2)

with Sc and Sy,,; being the spins of the central trinuclear core and
the apical Mn(II) metal ions, respectively. For 1**, the increase of
the T product below 40 K is clearly indicative of intracomplex
ferromagnetic interactions between S = 5/2 spins. This magnetic
exchange is well estimated at +0.05(1) K (g=2.0(1)) from the fit
of the experimental data to the analytical theoretical suscept-
ibility (see Supporting Information) in the low field approxima-
tion (red line on the blue squares, Figure 6) deduced from eq 2
and the application of the van Vleck equation.”*” The field
dependence of the magnetization for 1** at 1.8 K, shown in the
inset of Figure 6, confirms the presence of ferromagnetic inter-
actions with a rapid increase of the magnetization at low field.
Indeed, antiferromagnetic interactions would lead to an “S”
shape curve. It is worth further mentioning that the magnetiza-
tion reaches 14.9 up in very good agreement with the presence of
three S = 5/2 spins (note that the M vs H data at 1.8 K are well
fitted to a sum of three S = 5/2 Brillouin functions with g = 2.0 in
accord with very weak interactions) and thus an Sy = 15/2
ground state for this complex induced by the intracomplex
ferromagnetic couplings.

The analysis of the magnetic behavior for 1°* below 40 K is not
so straightforward. The decrease of the )T product below 40 K
highlights the presence of intracomplex antiferromagnetic inter-
actions between apical § = 5/2 spins and the central trinuclear
core considered as an effective S = 2 spin at these temperatures.
The presence of this antiferromagnetic interaction is further
supported by the M vs H plot at 1.8 K (inset of Figure 6) that
displays a clear inflection point around 3.4 T. Considering that
this field, H*, corresponds to the energy necessary to overcome
the intracomplex antiferromagnetic interactions (i.e., to have all
the spins aligned in the applied dc field), the following relation is
obtained: 8JSy;iSc = —2gupHS from eq 2 and thus the equality
between the exchange and the Zeeman energies. Therefore the
intracomplex antiferromagnetic interaction between apical S =
5/2 spins and the central trinuclear spin is estimated at —0.45 K
(with g = 2). At high field, the magnetization increases without
clear saturation and reaches 12.7 g at 7 T (inset Figure 6) in
agreement with the field alignment of two § = 5/2 and one § =2
spins (expected saturation value at 14 u43). In parallel, the y Tvs T
data (Figure 6) below 40 K have been modeled using the same
analytical approach (eq 2) as for 1°* but this time, the experi-
mental data could be reproduced only introducing additional
intercomplex magnetic interactions (in the frame of the mean
field approximation).”® The comparison between the crystal
packing of 1" and 1*' reveals that the Mn..Mn distances
between the closest ions are significantly longer in 1**, consistent

with stronger intermolecular interactions in 1°*. The best fit
shown in solid red line in Figure 6 (on the open black dots)
corresponds to J/kg = —0.40(S) K, 2]/ /kg = —0.19(3) Kand g =
2.0(1). It is worth noting that the intracomplex interactions
deduced from the M vs H and the ¥T vs T data are perfectly
consistent around —0.4 K and thus induce an St = 3 ground state
for 1** but that the intercomplex interactions, zJ, are certainly
overestimated by this modeling approach as their value also
contains phenomenologicall?r the effects of the magnetic anisot-
ropy brought by the Mn"™ metal ion. Attempts to simulate
numerically the experimental data (M vs H and ¥T vs T) for
1°" including both effects failed and lead to multiple solutions
and thus overparametrization of the simulation.

Finally, the magnetic measurements demonstrate that the
controlled oxidation of 1** in 1*" induces a change of effective
spin state of the delocalized {Mn3(u3-O)} core from S=2to S =
5/2 and convert an St = 3 [Mns] complex into an Sy = 15/2
system.

Bl CONCLUSIONS

We have isolated and structurally characterized a new penta-
nuclear manganese complex, namely [{Mn"(u-bpp);},-
Mn",Mn" (4-0)** (1*%), by reacting Mn** ions and the rigid
tetradentate bis(pyridyl)-pyrazolate ligand as well as its elec-
trO%enerated one-electron oxidized form, [{Mnn(ﬂ—bpp)3}2—
Mn"Mn",(4-0)]* (1**). These complexes join the small
family of bis(triple-helical) IPentanudear complexes featuring a
triangular oxo-centered {M"5(u3-O)}* (M = Fe’* or Cd**) or
{M";(1s—OH)}*" (M = Ni**, Zn>" or Cu®") connected to two
apical {M"(L)3}~ units (L = bpp ™~ or bpt~). In contrast to all
these previously reported helicate compounds, which contain
only divalent metallic ions, the aerobic condition used for the
synthesis of 1°* has led to its isolation in a mixed divalent and
trivalent oxidation states.

Furthermore, 1°* exhibits very rich redox behavior with five
distinct and reversible one-electron processes located between
—1.0 and +1.5 V. In addition, bulk electrolyses have evidenced
the exceptional stability of the complex in four oxidation states.
Indeed, the oxidation states of the oxo-centered trinuclear core
can switch among {Mn;"(u5-0)}*, {Mn",Mn"(u3-0)}*",
{Mn"Mn"™,(145-0)}%*, and {Mn;"(15-O)}”*, while the two
Mn apical ions remain at the +II oxidation state. The peculiar
bis(triple-helical) structure certainly allows for the unusual
stability of the {Mn;"(13-0)}* and {Mn",Mn"(us-0)}"*
oxidation levels since, to our knowledge, there is no example of
trinuclear or larger multinuclear Mn complexes presenting such
motif at these low oxidation states.

From magnetic measurements, it appears that the one-
electron oxidation of 1°* to 1** induces a change of the nature
of the magnetic intracomplex interaction between the two apical
Mn" and the {Mn;(15-O)}**/¢* central core from antiferromag-
netic to ferromagnetic coupling, converting an St = 3 into an St =
15/2 spin ground state system.

Finally, our study provides the first report on the exploration
of the redox properties of such complexes and evidenced how
rich they are with the unexpected and excellent stability in
solution of the pentanuclear manganese entity in four oxidation
states. This particular compound is thus capable to exchange four
electrons, and is a good promising candidate suitable to catalyze
oxidation reactions. Further work is in progress in our labora-
tories to test its performance in such reactions.
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