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Abstract

The chiral triplesalen ligand HschandRR has been used to synthesize the chiral
heptanuclear complexes [{(chand™?)Mn'"'5},{Fe"(CN)e}](CIOs)2 (RR[Mn"¢Fe"|(CI04)2) and
[{(chand"®)Fe'";},{Fe"(CN)e}1(CIO4)2 (RR[Fe"¢Fe"](CI04)2), which have been characterized
by single-crystal X-ray diffraction, mass spectrometry, elemental analysis, FT-IR,
Mossbauer, and UV-vis spectroscopies, electrochemistry, as well as DC and AC
magnetic susceptibility measurements. The half-wave potential of the Fe''/Fe" couple in
RRIMn"¢Fe"]** and RR[Fe"¢Fe'"1** is E,;, = +0.21 and +0.75 V vs Fc'/Fc, respectively,

which (i) corresponds to a strong stabilization of the reduced Fe' species compared to
1
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the redox couple of free [Fe""(CN)s]*"* and (i) indicates a significant difference of the
electronic coupling with the {(chand"?)M}** units (M' = Mn", Fe"). Analysis of the DC
magnetic data (w5 vs T, VTVH) of both complexes by a full-matrix diagonalization of the
spin-Hamiltonian including isotropic exchange, zero-field splitting with full consideration
of the relative orientation of the D tensors and Zeeman interactions reveals ferromagnetic
interactions of Jy,y, = +0.17 + 0.02 cm™ for RR[Mn"gFe"** with Dy, =-3.4 + 0.3 cm™ and
Jrere = +0.235 + 0.005 cm™ with Dp, = 0 for [Fe"sFe"**. The comparison of the
molecular structures of "R[Mn"¢Fe"?* and RR[Fe"sFe"]** to those of the heptanuclear

complexes [MsM°]™ using the achiral triplesalen ligand (talen®"2)®

reveals significant
differences in the ligand folding, smaller C-C bond distances in the central phloroglucinol
ring and larger HOMA values. This indicates more aromatic character and less
heteroradialene contribution in RR[Mn"gFe"1** and RR[Fe"¢Fe'"1?*, which explains the
switching from antiferromagnetic coupling in [M%sM°]™ to ferromagnetic coupling in
RRIM%M°]™ by a stronger contribution of the spin-polarization mechanism. This

establishes a magnetostructural correlation between the structural parameters describing

the aromaticity of the central phloroglucinol unit and the observed exchange couplings

JMn-Mn-

Introduction

Since the discovery of the single-molecule magnet (SMM) behavior of Mn,, in 1993,’
strong efforts have been devoted to the study of the magnetic properties of SMMs,? to the
understanding of their basic physics,3 to the synthesis of improved SMMs,* and to their
applications.> SMMs exhibit a slow relaxation of the magnetization at low temperatures
due to an energy barrier U for spin reversal. For a complex of given spin ground state S;

and zero-field splitting Ds, the energy barrier is given by U = Dy, - SZ (or U= Ds, - (S2 -
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1/4) for half-integer spin ground states S;). There are two mechanisms to overcome this
energy barrier: (/) a thermal pathway over the top of the barrier and (i/) a tunneling
pathway through the barrier. Besides other effects introducing a transversal field
component, the probability for the quantum mechanical magnetization tunneling p is

related to p o 1 - exp(ESt/DSt)St with Eg/Ds, being the rhombicity.® The latter is zero for

molecules with at least a C; axis. Thus, a rational approach to new SMMs must include
these three necessary requirements: (/) a high-spin ground state S,;, which decreases

both the thermal and the tunneling relaxation, (/i) a strong negative zero-field splitting D,

and (iii) a control of the molecular topology to enforce a symmetry of at least Cs.

In order to establish a recipe to ensure high spin ground states S; by ferromagnetic
interactions, we have started a program7 to utilize the spin-polarization mechanism?® that
is well established in organic chemistry.9 E. g., the meta-phenylene bridging unit is a
robust ferromagnetic coupling unit. In this respect, we have successfully employed 1,3,5-
trihnydroxybenzene A (phloroglucinol)10 as a ferromagnetic coupling unit between three
Cu" ions.” As this bridging unit already possesses C; symmetry, we only needed to add
a source for magnetic anisotropy, which was done by introducing a salen-like
coordination environment (B)." This resulted in the ligand triplesalen C (Scheme 1).”>'2
Trinuclear triplesalen Cu's complexes exhibit indeed ferromagnetic interactions.”
Moreover, irrespective of the metal ions, the trinuclear complexes [(talent'E“”)Mg]”+ of the
substituted triplesalen ligand Hgtalen™®" (Scheme 1) exhibit a certain degree of ligand
folding, with all three terminal ‘metal-phenolate units’ bending to the same site with
respect to the central phloroglucinol plane.’'* This results in an overall bowl-shaped
molecular structure, which pre-organizes the three metal ions for binding to three
nitrogen atoms of a hexacyanometallate in a facial fashion.™ In this way, two trinuclear

triplesalen complexes [(talen"B“Z)Mg]”" are able to encapsulate a hexacyanometallate in a
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supramolecular assembly to heptanuclear [M%sM°]™ (=[{(talen"®“2)M'5},{M°(CN)e}]™")
complexes by molecular recognition. The strong driving force for this assembly allows the
synthesis of several heptanuclear complexes: [Mn"sCr"]**"® [Mn"gFe"]** "
[Mn"Fe"2* 7 [Mn"sCo"**,"® [Mn";0s"**!® [Mn"s0s"?*"® and [Mn"gMn"]**2°
[Mn"eCr"]** is an SMM with anisotropy barriers up to 28 K depending on the counterions
and on the solvate,'® while [Mn"gMn"]** is an SMM with a record hysteretic opening up
to + 10 T.2% However, despite our efforts to follow a rational approach, the blocking
temperatures of these SMMs do not exceed 2 K due to the moderate heights of their
anisotropy barriers U°".

We have analyzed the magnetic properties of all [M%M€]™ complexes with the
appropriate spin-Hamiltonian including HDvV exchange, Zeeman-effect, zero-field

splitting, and the relative orientations of the zero-field splitting tensors. Surprisingly, the

1] 1l 16,17,18,19,20,21

coupling between the Mn™ ions in the trinuclear Mn™; triplesalen subunits
turned out to be slightly antiferromagnetic in the range of -1.2 < J<-0.2 cm’’ despite the
envisioned ferromagnetic interactions by the phloroglucinol coupling unit (as observed in
the Cu'; complexes). We have analyzed the molecular and electronic structures of our
extended phloroglucinol ligands and complexes and established by NMR, IR, and
electronic absorption spectroscopies as well as by analysis of high-resolution molecular
structures that the ligands have to be described as the N-protonated tautomer E with a
non-aromatic heteroradialene electronic structure instead of the anticipated O-protonated
aromatic tautomer D (Scheme 2).913¢13¢13622 This heteroradialene structure is also
prevalent in the complexes. As the spin-polarization mechanism requires a delocalized
aromatic central 7~system, the heteroradialene formation prevents an efficient spin-

polarization mechanism and is thus responsible for the occurrence of the observed

antiferromagnetic interactions.*
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Here, we present the application of the chiral triplesalen ligand Hgchand™® (Scheme 1) for
the synthesis of analogous heptanuclear complexes. This ligand and its enantiomer

Hechand®S

were initially synthesized based on the success of metal complexes of chiral
salen ligands in enantioselective catalysis. In this respect, we have employed
[(chand®™®)}{Mn"'CI}5] and [(chand®®){Mn"'CI}s] in the enantioselective epoxidation of

olefing?™

and [(chand"®){Fe''Cl};] in the enantioselective sulfoxidation of thioethers.??
Their molecular structures differ from those of the Hgtalen'B* complexes in that the
terminal phenolate rings and the central phloroglucinol ring are bent to opposite sites with
respect to the MN,O» coordination plane, which results in a molecular structure that might
be described as ‘soup plate-shaped’.

The reaction of [(chand™)}{Mn"(solv),};** and [(chand"R){Fe"(solv),}.]**  with
[Fe"(CN)]> directly results in the formation of the heptanuclear complexes
K{(chand™)Mn"3}.{Fe"(CN)e}?*  (RRIMn"gFe"]**) and [{(chand®R)Fe"s}x{Fe"(CN)e)**
(RR[Fe"¢Fe'"1?*) with unprecedented Ci-symmetric structures. RR[Fe"sFe"]** represents

the first heptanuclear triplesalen complex not bearing terminal Mn"

ions. Unexpectedly,
both complexes exhibit ferromagnetic interactions within the trinuclear subunits, and
RRIMn""¢Fe"]** even shows a slow relaxation of the magnetization indicative of SMM
behavior. The structural changes by going from [M%sM°]™ to RR[M'Fe"]?* are analyzed in

detail and related to the exchange interactions. A magneto-structural correlation for the

change of the sign of exchange coupling is presented.

Experimental Section

Materials. All reagents were obtained from commercial sources and used as supplied,
unless otherwise noted. The synthesis of 2,4,6-tris{1-[(1R,2R)-2-(3,5-di-tert-
butylsalicylaldimino)cyclohexylimino]ethyl}-1,3,5-trihydroxybenzene  (Hechand™®)  was

reported previously.?™
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Preparation of [{(chand®?)Mn"'3(C4Hg0.)2.5}2{Fe"(CN)s}](C104)222C,H;0,*2H,0, 1a. A
solution of Hechand™® (333 mg, 0.280 mmol), Mn(CIO4)2*6H-0 (345 mg, 0.953 mmol),
and EtsN (0.15 mL, 1.1 mmol) was heated to reflux in MeOH (30 mL) for 20 min. The
resulting dark-brown solution was cooled to room temperature and treated with a solution
of Ks[Fe(CN)s] (46 mg, 0.140 mmol) and 18-crown-6 (188 mg, 0.711 mmol) in MeOH (5
mL). The reaction mixture was stirred at room temperature for 10 min and filtered using
filter paper for extremely fine precipitates. Addition of 1,4-dioxane (6 mL) to the filtrate
followed by slow evaporation of solvent caused the deposition of dark-brown crystals (1)
suitable for single-crystal x-ray diffraction. Crystals were filtered off, washed with 1,4-
dioxane, and air-dried. Yield: 156 mg (30%). IR (KBr): #/cm™ = 2951m, 2862m, 2041s,
1618s, 1541s, 1499s, 1437m, 1389m, 1346m, 1254s, 1207w, 1177w, 1121m, 1098m,
870w, 841w, 750w, 623w, 598w, 571w, 546w. MS-ESI (+ve, MeOH): m/z = 1454.7
[{(chand™)Mns}{Fe(CN)s}]*; MALDI-TOF-MS (matrix DCTB): m/z = 3209.3
{[{(chand™)Mn3}{Fe(CN)e}](CIO,)s}. [a]*°p = -2524.0 (+ 5.0), C = 1.03 mg / 100 mL,
MeOH. Anal. Calcd for 1a (C1gaH264N18036CloMngFe): C 58.77, H 7.08, N 6.70. Found: C
58.85, H 6.98, N 6.36.

Preparation of [{(chand"?)Fe"'3(C4Hs02)1.5(MeOH)}{Fe"(CN)c}](ClO4)2, 2a. A solution
of Hechand™® (230 mg, 0.193 mmol), Fe(ClO4)3¢10H,0 (220 mg, 0.412 mmol), and Et;N
(0.08 mL, 0.6 mmol) were heated to reflux in MeOH (20 mL) for 15 min. After cooling to
room temperature, the resulting deep-blue solution was treated with a solution of
Ks[Fe(CN)s] (32 mg, 0.097 mmol) and 18-crown-6 (131 mg, 0.496 mmol) in methanol (5
mL). The solution mixture was further heated at reflux for a moment and then filtered at
room temperature using filter paper for extremely fine precipitates. 1,4-Dioxane (10 mL)
was added to the filtrate (40 mL). Slow evaporation of solvent led to the deposition of a
crystalline solid, which was further recrystallized from a MeOH (50 mL)/1,4-dioxane (8

mL) mixture to give brown crystals (2) suitable for single-crystal X-ray diffraction. Crystals
6

Page 6 of 45



Page 7 of 45

Dalton Transactions

were filtered off, washed with 1,4-dioxane, and air-dried. Yield: 140 mg (59%). IR (KBr):
7lcm™ = 2951m, 2866m, 2046s, 1622s, 1539s, 1508s, 1435m, 1391m, 1360m, 1350m,
1254s, 1240s, 1207w, 1175w, 1123s, 1109m, 1051w, 864w, 843w, 820w, 781w, 750w,
596w, 565w, 544w. MS-ESI (+ve, MeOH): m/z = 2912.7 [{(chand™®)Fes},{Fe(CN)s)]",
1457.1 [{(chand"?)Fes}»{Fe(CN)s)]*"; MALDI-TOF-MS (matrix DCTB): m/z = 2914.9
[{(chand™®)Fes}{Fe(CN)}]*, 3015.0 {[{(chand®R)Fes},{Fe(CN)e}]CIO}". [0l = -2059.0
(x 5.0), C = 1.02 mg / 100 mL, MeOH. Anal. Calcd for 2a (C470H236N1802sCl>Fe7): C

59.33, H 6.91, N 7.32. Found: C 59.26, H 6.79, N 7.70.

X-Ray Crystallography.

Crystal data for 1: M = 3900.70 g mol™, C192H276CloFeMngN+1503s, orthorhombic, space
group C222;, a = 23.1459(10), b = 28.1670(12), ¢ = 31.7049(13) A, V = 20670.0(15) A®,
Z=4, p=1.253 g/cm3, u=0.518 mm™, F (000) = 8272, crystal size = 0.30 x 0.24 x 0.19
mm?®. A total of 62676 reflections (2.37 < © < 25.00°) were collected of which 17687
reflections were unique (Rint = 0.0394). R = 0.0488 for 14792 reflections with I > 2 o(/), R
= 0.0618 for all reflections, Flack parameter = -0.011(12); max/min residual electron
density 0.754 and -0.399 eA™.

Crystal data for 2: M = 3858.12 g mol™, CigsHa76CloFe7N1503s, orthorhombic, space
group C2224, a = 23.4878(16), b = 28.214(2), c = 31.304(2) A, V= 20745(3) A%, Z=4, p
=1.235 glcm®, = 0.573 mm™, F (000) = 8200, crystal size = 0.40 x 0.20 x 0.20 mm®. A
total of 220880 reflections (2.26 < ® < 25.00°) were collected of which 18218 reflections
were unique (Rint = 0.0423). R = 0.0582 for 15962 reflections with / > 2o (/), R = 0.0643
for all reflections, Flack parameter = 0.009(14); max/min residual electron density 0.870
and -0.435 eA”.

Crystals of 1 and 2 were removed from the mother liquor and immediately cooled to

7
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100(2) K on a Bruker AXS Kappa Apexll diffractometer (four-circle goniometer with 4K
CCD detector, Mo-Ka radiation, graphite monochromator). Empirical absorption

1:% solution and refinement

correction using equivalent reflections with SADABS 2008/
with SHELXS/L.**

The dioxane molecules (and MeOH molecules in 2), which complete the coordination
sphere of the manganese and iron atoms could be located and refined (with distance
restraints for the dioxane molecules). The thermal ellipsoids of some t-butyl groups (the
coordinated MeOH molecule in 2) and the perchlorate anion indicate the presence of
different types of disorder, which, however, could not be resolved and refined. Some
restraints for the thermal parameters were used for better convergence for these
molecules.

The not coordinating solvent molecules could be partially located but were strongly
disordered so that they could not be properly refined. Thus, they were removed from the
coordinate set and their scattering contribution determined and removed from the data
set using the “SQUEEZE’® routine. The results from the original refinement of these
positions and from “SQUEEZE” are in good agreement: The unit cell contains four
solvent dioxane molecules (and two MeOH molecules in 2) per formula unit, which are
disordered over a volume, which would allow approximately the double amount of solvent
molecules to be placed there.

CCDC-962786 and 962787 contain the supplementary crystallographic data for this

paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Other physical measurements. Infrared spectra (400-4000 cm™") of solid samples were
recorded on a Shimadzu FT-IR 8400S as KBr disks. ESI and MALDI-TOF mass spectra

were recorded on a Bruker Esquire 3000 ion trap mass spectrometer and a PE
8
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Biosystems Voyager DE mass spectrometer, respectively. Elemental analyses were
carried out on a LECO CHN-932 or a HEKAtech Euro EA elemental analyzer. °’Fe
Mdssbauer spectra were recorded on an alternating constant-acceleration spectrometer.
The sample temperature was maintained constant in a bath cryostat (Wissel MBBC-
HE0106). °"Co/Rh was used as the radiation source. Isomer shifts were determined
relative to a-iron at room temperature. UV/Vis/NIR absorption spectra of solutions were
measured on a Shimadzu UV-3101PC spectrophotometer in the range 190-1200 nm at
ambient temperatures. The electrochemical experiments were performed on Ar-flushed
MeCN solutions containing 0.1 M (NBu4)PFg in a classical three-electrode cell. The
working electrode was a glassy carbon disk electrode, the counter electrode a platinum
wire, and the reference electrode was Ag/0.01 M AgNO; MeCN. All potentials are
referenced to the ferrocenium/ferrocene (Fc'/Fc) couple used as an internal standard.
The electrochemical cell was connected to a Princeton Applied Research
potentiostat/galvanostat model 263A. Temperature-dependent magnetic susceptibilities
were measured using a SQUID magnetometer (MPMS XL-7 EC, Quantum Design) in a
static field of 1 T in the range 2-290 K. Variable-temperature variable-field (VTVH)
measurements were performed at 1, 4, and 7 T in the range 2-10 K with the
magnetization equidistantly sampled on a 1/T temperature scale. For calculations of the
molar magnetic susceptibilities, ym, the measured susceptibilities were corrected for the
underlying diamagnetism of the sample holder and the sample by using tabulated
Pascal's constants. AC susceptibilities were measured in the range 1.8-5.0 K in zero

static field with an AC field of 3 Oe oscillating at frequencies in the range 660-1500 Hz.

Results and Discussion

Synthesis and Characterization



Dalton Transactions

The reaction of preformed solvated subunits [(chand"R){Fe"(solv),}s]** and
[(chand™®){Mn"(solv),};]** with  [Fe"(CN)sJ* resulted in single-crystals of
[{(chand™*)Mn"5(C4HgO2)2 s}2{Fe"(CN)}I(CIO4)24CaHg O (1) and
[{(chand®R)Fe'"'3(C4HgO2)1.5(MeOH)}{Fe"(CN)g}](ClO4)224C4HsO2+2MeOH (2) as
evidenced by single-crystal X-ray diffraction. As in all complexes of the type [M'eMC]”",
coordinated 1,4-dioxane and methanol molecules, which were found in the crystals
structures of 1 and 2, are not detected in ESI and MALDI-TOF mass spectra, indicating
the weakness of the M-Opeon and M-Ogioxane bonds. The samples used for magnetic and
other measurements after washing and air-drying analyzed by elemental analysis as
[{(chand™)Mn"'5(C4H5Oz)2 s}2{Fe"(CN)e}I(ClO4)2*2C4Hs022H,0 (1a) and
[{(chand"®)Fe'"'3(C4Hg02)1.5(MeOH)}{Fe'(CN)s}](CIO4), (2a). This loss of non-coordinated
solvent molecules of crystallization has also been shown to be typical for the [M';M°]™
complexes.

The FT-IR spectra of 1a and 2a exhibit the characteristic features of the coordinated
ligand  (chand™®)%>  observed already for [(chand®™®){Mn"Cl};] 2" and
[(chand"®){Fe"'CI};],%%® respectively. Additionally, 1a and 2a exhibit very strong {C=N)
stretches at 2041 and 2046 cm™, respectively. In comparison, the complexes of (talen”
Buzy6- IMn"sFe""** and [Mn"¢Fe']?* exhibit a weak band at 2139 cm™ and a strong band
at 2076 cm™, respectively.'® This provides clear evidence that [Fe"(CN)s]* has been
reduced to [Fe'(CN)s]* upon incorporation in RR[Mn"¢Fe'"]** and RR[Fe"¢Fe'"]** as has

.Fe"1(BPh,),."® This will be analyzed in more

already been observed in the case of [Mn
detail in the electrochemistry section. However, the significant decrease of C=N) in
RRIMn"¢Fe"1** and RR[Fe"sFe"1** compared to [Mn"sFe"]** is surprising. This may reflect
either different electronic structures, i. e. stronger back donation into the 7*(C=N) orbitals
dRR)S

in the (chan “ complexes, and/or significant changes in the molecular structures.

10
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Structural Characterization

Single-crystals of 1 and 2 suited for single-crystal X-ray diffraction were obtained by slow
evaporation of MeOH/1,4-dioxane solvent mixtures. Both complexes crystallize in the
chiral space group C2224 with one half of a heptanuclear complex in the asymmetric unit.
Plots of the asymmetric unit of both complexes excluding anions and non-coordinated
solvent molecules are provided in Figure 1 including the numbering schemes used
(thermal ellipsoid plots are given in Figure S1). The second half of the heptanuclear
complexes is generated by a crystallographic C, axis that passes through the central Fe
atom of the hexacyanoferrate and bisects the angle N41-Fe1/4-N41' of two coordinated
cyanide groups. Selected interatomic distances and angles are listed in Table 1.

As the overall molecular structures of the heptanuclear complexes in 1 and 2 are closely
related, only the molecular structure of RR[Fe"¢Fe'1** in 2 is shown in Fig. 2. The
heptanuclear complexes in 1 and 2 consist of two trinuclear triplesalen complexes
bridged by a central hexacyanoferrate. The terminal metal ions, Mn"' in 1 and Fe" in 2,
are coordinated by the N,O, salen-like coordination compartment, a nitrogen of the
bridging hexacyanoferrate, and an oxygen donor from solvent molecules. In the

asymmetric unit of 1, all three Mn""

ions are coordinated by a dioxane molecule, while in
the asymmetric unit of 2 Fe1 and Fe2 are coordinated by a dioxane molecule and Fe3 is
coordinated by a methanol molecule. However, it should be mentioned that - despite the
coordinated methanol with an Fe-O distance of 2.20 A - the M-O(dioxane) distances are
extremely long in the range 2.65 to 2.88 A. In both crystal structures, the heptanuclear
complexes are bridged by one dioxane molecule, which is coordinated to Mn1 in 1 and

Fe2 in 2, leading to one-dimensional chains along the crystallographic ¢ axis (Fig. S2).

This results in angles between the approximate molecular C; axes of the heptanuclear

11



Dalton Transactions

complexes in 1 and 2 of 45.2° and 52.0°, respectively. These and other selected
structural parameters are summarized in Table 2.

In order to gain an understanding of the differences of the molecular structures of
heptanuclear complexes obtained with the ligands (talen®%)% and (chand™R)®, the
molecular structures of RR[Mn"¢Fe"]?* and RR[Fe"'sFe"]** are also compared to those of
[Mn"sFe"1?* and the oxidized complex [Mn"¢Fe"]**,'™ as an example of the tricationic
complexes [Mn"¢M°** (Table 2). The Mn"-ligand distances do not differ significantly
between RR[Mn"¢Fe"1** and [Mn"sFe"1**, but comparing RR[Mn"¢Fe"1?* to RR[Fe''sFe"*,
the distances for Fe-N°*" = 2.15 A and Fe-N"*™ = 2.08 A are significantly longer than the
corresponding values for Mn-N°"™ = 2.03 A and Mn-N*™ = 1.97 A. This difference in the
metal-nitrogen bond distances has already been observed in the mononuclear
complexes [(chand™R){MnCl};] and [(chand®®)}{FeCl};]. Moreover, the Mn-N°“N bond
distances vary significantly, and their mean value (2.13 A) is significantly higher than that
of the Fe-N“*N bond distance (2.02 A). This can be attributed to the Jahn-Teller distortion
of Mn"" (tetragonally elongated octahedron) with Mn-N“N and Mn-N°"" forming the
Jahn-Teller axis.

In contrast to this inner-sphere coordination, which exhibits no significant change when
going from (talen®2)® to (chand®®)®, the overall arrangement of the metal-salen
subunits differs strongly. Figure 3 shows different orientations of a representative Mn-
salen subunit of RR[Mn"Fe']** and [Mn"¢Fe']** to illustrate the various types of
structural distortions. In our previous work, we identified some parameters suitable to
obtain a quantitative description of the ligand folding in our triplesalen complexes. The
bent angle ¢ (introduced by Cavallo and Jacobsen for salen complexes)® is defined by ¢
= 180° - £(M—Xno—XRr) (Xno: midpoint of adjacent N and O donor atoms; Xgr: midpoint of

the six-membered chelate ring containing the N and O donor atoms) and is best suited to

12
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differentiate between a bending along an idealized line through neighboring N and O
ligands and a line perpendicular to the former resulting in a helical distortion. In the
heptanuclear complexes [Mn"sCr'"1**, [Mn"sMn"**, [Mn"¢Fe"**, and [Mn"sCo"J** of

t—BUz)

(talen™®"2)%", the terminal phenolates exhibit only a small bending (¢*™ = 8 - 10°), while

there is a significantly stronger bending at the central phloroglucinol (p*™ = 36 - 47°).

The positive sign for both angles indicates folding to the same side with respect to the

Mn"'N,O, coordination plane, resulting in the overall bowl-shaped molecular structure of

ent erm

the trinuclear triplesalen building blocks (Fig. 3b). The mean bent angles ¢ and got

are +24.6 and -22.3° for 1 and +28.6 and -21.3° for 2, respectively. The negative sign of

term cent
4 4

illustrates bending towards the opposite site with as a reference (Fig. 3a). The

" and ¢®™ for both 1 and 2 are related to the overall ‘soup plate-

different signs of
shaped’ molecular structure of the trinuclear triplesalen building blocks in these
complexes.

A parameter describing the helical distortion of the M-salen subunits, is the angle 6,
which is defined as the angle between the benzene plane of the central phloroglucinol
and the vector formed by the central phenolate O atom and the central ketimine N
atom.'® These angles are much larger for 1 and 2 as compared to the (talen'®%)®
complexes (Table 2). This different helical distortion is best illustrated in the central panel
of Figure 3.

The different distortions of the trinuclear M“-triplesalen building blocks in 1 and 2

compared to the heptanuclear complexes of the ligand (talen®'2)%

also impact the
structure of the central hexacyanoferrate, which has a stronger trigonal compression in 1
and 2 as evidenced by the larger angle C-Fe-C with the carbon atoms belonging to

cyanides bound to the same ftrinuclear triplesalen subunit (Table 2). Besides this

compression, the Fe-C=N units are less linear in 1 and 2. However, the strongest

13
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difference is in the angle C=EN-M' (Table 2), which is best illustrated in the right panel of
Figure 3.

The heteroradialene nature of the triplesalen unit in [M'GM‘“‘]"+ has a structural signature in
the elongation of the mean C-C bond lengths of the central phloroglucinol ring, which
deviates from a typical benzene bond length of ~1.39 A.°® Besides this bond length
increase, there is an alternation in bond lengths. This observation indicates a decrease in
the aromatic character, which can be quantified by the HOMA value (harmonic oscillator
model of aromaticity), which takes a value of 1 for the model aromatic system benzene
and of 0 for a model non-aromatic system.?” [Mn"sFe"']** with a mean d(C-C)**" = 1.43 A
and HOMA®™ = 0.65 is a typical example of the tricationic complexes [M;M**. The
stronger C=0 double bond character of the heteroradialene unit is also reflected in the
short d(C=0) bond distance of 1.31 A. We have already observed less heteroradialene
character in the dicationic complexes [MtsM‘“‘]2+ as evident from the respective structural
parameters for [Mn"¢Fe"]?** in Table 2.""® The mean d(C-C)®™" bond lengths and the
HOMA values for 1 and 2 indicate even less heteroradialene character in the dicationic
heptanuclear complexes of (chand™R)".

6

In summary, the triplesalen ligand (chandRR) " induces a different and more significant

distortion of the M'salen subunits compared to the triplesalen ligand (talen"®")®
resulting in an overall ‘soup plate-shaped’ as compared to the ‘bowl-shaped’ molecular
structure and a stronger helical folding. This significantly different distortion also affects
the structure of the central hexacyanometallate. Most important with regard to the
magnetic properties are the variations in the structural parameters of the central

phloroglucinol unit indicating that the (chand"?)® complexes RR[M%Fe"[** exhibit less

heteroradialene character in comparison to the (talen®"2) complexes [MsM°]™.

14
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Mossbauer and UV-vis Spectroscopies

The Mossbauer spectrum of 1a exhibits a single absorption line (Fig. 4a). However,
simulations require a small but non-zero quadrupole splitting (Table 3). This small
quadrupole splitting further proves the Fe' oxidation state in 1a (Table 3) despite the use
of [Fe"(CN)¢]* in the synthesis. Complex 2a exhibits two absorption lines of different
intensities (Fig. 4b). Simulations were carried out using two quadrupole doublets. Without
using further constraints, the fitting procedure provides two quadrupole doublets whose
intensities are in accordance with the ratio Fe':Fe® = 6:1. The quadrupole doublet for the

central Fe' ion has an intensity of 13.6 %, while the six terminal Fe" ions cover an area

of 86.4 %. The central Fe' I. s. exhibits no significant variation compared to the Fe' I. s. of
[Mn"sFe"]** (Table 3). The large quadrupole splitting of 1.50 mm s™ of the terminal Fe'"
h. s. ions of 2a is even larger than that of the respective trinuclear complex
[(chand™R){Fe"'CI},;] of 1.13 mm s™ (5= 0.44 mm s™).

The UV-vis spectra of RR[Mn"sFe"]** and RR[Fe";Fe")?** are provided in Figure 5. For
comparison, the spectra of the heptanuclear complex [Mn";Fe"]?** and the respective
spectra of the trinuclear complexes are also shown. The spectrum of RR[Mn"Fe"]*
closely resembles that of [Mn"Fe"]**, including the 25000-35000 cm™ region where the
heteroradialene character of the central phloroglucinol backbone causes two strong
absorption features,” i. e. the differences in the heteroradialene contribution indicated by
the structural data (vide supra) are not detected in solution. The heptanuclear iron
complex RR[Fe";Fe'"** exhibits pronounced differences in the UV-vis spectrum
demonstrating that the main absorption features in these heptanuclear complexes
originate from the M'-salen subunits. This is also apparent from the trinuclear analogs

whose spectra coincide mostly with those of the heptanuclear complexes with half of their

intensity. The strong absorption maximum of RR[Fe"sFe"]** at 18200 cm™ (& = 38500 M’

15



Dalton Transactions

cm™) corresponds to the characteristic phenolate-to-Fe'" h. s. LMCT transition, which
appears at 19250 cm” (¢ = 17850 M' cm”) in the trinuclear complex

[(chand™R){Fe'"'Cl},].2%

Electrochemistry

The electrochemical properties of 1a and 2a were measured in acetonitrile solution by
cyclic (CV) and square-wave (SW) voltammetry. Some representative voltammograms
are shown in Figure 6. RR[Mn"sFe"]** in 1a exhibits irreversible reductions at negative
potentials and irreversible oxidations above 1 V vs Fc'/Fc, which are both typical for the
heptanuclear complexes of (talen™®%2)® with terminal Mn"' ions.'®®17°2% Additionally,
there is a reversible wave at E;, = 0.21 V vs Fc'/Fc, which closely resembles a
reversible wave in [Mn"Fe'"]** at -0.06 V that has been attributed to the reversible
Fe"/Fe" redox couple of the central hexacyanoferrate. At negative potentials,
RRIFe;Fe"1?* in 2a exhibits a larger number of irreversible reductions than RR[Mn"sFe'"]**
whereas it shows almost the same features in the oxidative range above 1 V vs Fc'/Fc,
which corroborates previous findings that these oxidations are ligand-centered.'®'"*1°
Most interestingly, a reversible wave is observed at E,, = 0.75 V vs Fc'/Fc.

The free hexacyanoferrates exhibit the redox couple [Fe"(CN)*/[Fe"(CN)s]* in
acetonitrile at E,, = -1.01 V vs Fc'/Fc. We have commonly observed a shift of
approximately +0.9 V for the redox potentials of the [M°(CN)s]™ unit as a result of its
encapsulation by two tricationic triplesalen building blocks in [Mn"¢M¢]®™* due to the
increasing tendency of a redox-active unit to be reduced when the overall positive charge
is increased.®'®192% sing the triplesalen ligand (chand"™®)® instead of (talen™®“2)®

does not influence the overall charge of the heptanuclear complex. Therefore, the shift of

the redox potential of the central hexacyanoferrate unit from -0.06 to +0.21 V vs Fc'/Fc

16
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when going from [Mn"sFe"]** to RR[Mn";Fe"]** indicates a stabilization of the reduced
central hexacyanometallate in heptanuclear complexes of the ligand (chand™®)®, which
reflects the structural changes of the hexacyanometallate induced by the stronger
distortions of the trinuclear triplesalen building blocks.

However, the shift of the redox potential of the central hexacyanoferrate to +0.75 V in

"to Fe"'is

RRIFe"sFe"]** that comes along with the change of the terminal ions from Mn
remarkable. This significant destabilization of the central oxidized Fe" I. s. ion might be
attributed to the stronger electron donation of the coordinated cyanides to the terminal

Fe' h. s. ion (d(Fe-N"*°) = 2.02 A) in comparison to the terminal Jahn-Teller distorted

Mn" (d(Mn-NN=C) = 2.13 A).

Magnetic Properties

Direct current (DC) and alternating current (AC) magnetization measurements have been
performed on 1a and 2a under various experimental conditions. The DC magnetic
properties were simulated by a full-matrix diagonalization of the spin-Hamiltonian given in

equation (1).

I:I:_ZZJijéi'éj + ZDi(éi'ei(lgi:(/)i))z + ,UBZB‘gi'éi (1)

i<j
The first term reflects the isotropic exchange interaction between spins given by the spin

vector operators S, at sites i. Complexes "R[Mn"sFe"]** in 1a and RR[Fe" Fe"]** in 2a

consist of six terminal spins S; # 0, while the central metal ion is diamagnetic. We have
already analyzed this spin structure in [Mn"sCo"** '® and [Mn"¢Fe"1?*.""™ Our studies
showed that not only the coupling between the paramagnetic ions within one triplesalen
subunit (intra-triplesalen coupling) needs to be considered but also the coupling between

the paramagnetic ions within two different triplesalen subunits (inter-triplesalen coupling).

17
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By symmetry, two different inter-triplesalen couplings must be considered, which are
visualized by the coupling scheme provided in Scheme 3.
The second term in equation (1) reflects the local zero-field splitting tensors. These

tensors are parameterized by a strength factor D; as well as by unit vectors e;, which are

parameterized by polar angles 4 and ¢. The unit vectors of the six Mn"

ions point along
their local Jahn-Teller axis. Because of the approximate Sg symmetry, all six local unit
vectors e; can be parameterized by the common polar angle 4 between the Jahn-Teller
axis and the Sz symmetry axis, which has been extracted from the crystal structures and
is provided in Table 2.

The third term of equation (1) represents the Zeeman term. Isotropic g values of g = 1.98
and g = 1.99 have been used for the Mn" ions of RR[Mn";Fe"]** and the Fe'' ions of
RRIFe";Fe'"?*, respectively. In the presence of a magnetic field, we employ inversion
symmetry. Powder average has been taken into account by an orientational average

based on isotropic or Lebedev-Laikov grids with up to 50 orientations.?®

RRIMn"sFe")?*. The effective magnetic moment, s, of 1a is 11.89 15 at 287 K (Fig. 7a),

which almost coincides with the theoretical value of 11.88 5 for six uncoupled Mn™ ions

(S; = 2, g; = 1.98). By decreasing the temperature, y increases very slightly until 80 K
and then exhibits a stronger increase to a maximum of 12.64 5 at 5 K. Further

temperature decrease results in a decrease of ¢ to 10.86 15 at 2.1 K. This temperature-

dependence indicates ferromagnetic interactions between the Mn™ ions. It should be

t—Buz)

noted that the analog complex of (talen®®"2)® [Mn"Fe'"]** exhibits antiferromagnetic

ions."™ We have simulated the temperature-dependence

interactions between the Mn
of u in conjunction with the variable temperature-variable field (VTVH) measurements,
which exhibit a slight nesting behavior (Fig. 7b). The first simulations were performed

using only J; (intra-triplesalen coupling) and D,,, yielding a qualitative reproduction of the
18
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experimental data. However, in analogy to [Mn"sCo"** '® and [Mn"gFe"]**,'™® the
simulations incorporating J, and J; provide a better reproduction of the experimental
data. We thus performed several simulations varying J;, J,, J3, and Dy,. It turned out that
not only J, is ferromagnetic, but also the sum of J, and J; is slightly ferromagnetic.
Unfortunately, the exact distribution of J, and J; is not determined by the experimental
data. A small set of our simulations is provided in Figure 7, demonstrating the influence
of J,, J3, and Dy,. The careful evaluation of all simulations provides a good
understanding of the influence of each parameter on the simulated curves and allows an
estimation of the parameters including an error range: J, = +0.17+0.02 cm™ and Dy, = -
3.4+0.3 cm™. J, and J; are correlated such that their sum is smaller than 0.04 cm™.
Interestingly, 1a exhibits the onset of a frequency-dependence of »" at temperatures
below 2.3 K indicating a slow relaxation of the magnetization, which is a typical property
of a single-molecule magnet (Fig. 8). It should be noted that we do not seek to
emphasize that RR[Mn";Fe"]** is a single-molecule magnet but rather that the relatively
small change in the intra-triplesalen Mn"-Mn" coupling from J; = -0.20 to +0.17 c¢cm™
when going from [Mn"sFe"]** to RR[Mn";Fe"1?* is sufficient to provide an energy barrier
for spin reversal that can be detected by AC susceptibility measurements.

RRIFe";Fe'"1?*. Compound 2a exhibits . = 14.47 15 at 287 K corresponding well with the
value of 14.42 4z calculated for six uncoupled Fe'' h. s. ions (S; = 5/2, g; = 1.99). By
decreasing the temperature, y. increases slightly until 80 K and then increases more
rapidly to a value of 18.89 x5 at 5 K (Fig. 9a). This temperature-dependence is again
typical for ferromagnetic interactions. In analogy to RR[Mn";Fe"]** we simulated the
temperature-dependence of x4 and the VTVH data with spin-Hamiltonian equation (1)

varying Jy, J,, J3, and Dg.. As expected for Fe™ h. s., no zero-field splitting Dg, appeared

necessary. Some of our simulations are provided in Figure 9. In an analogous procedure
19
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to RR[Mn"¢Fe"]** the following values have been extracted from the simulations for
RRIFe;Fe'"?*: U, = +0.235+0.005 cm™, J, = -0.03+0.01 cm™, J; = +0.04+0.01 cm™, and

D, = 0.

I} t—Buz)G- 22b

For the trinuclear Fe" complexes of (talen and (chand"®?)® 2?2 the magnetic
measurements indicated almost no coupling between the ferric ions. Therefore, it is
interesting to note that for RR[Mn"sFe"]**, which represents the first heptanuclear

triplesalen complex with terminal Fe™ h. s. ions, a ferromagnetic coupling is observed.

Conclusions

The trinuclear complexes [(chand™?)M(solv),]** (M' = Mn", Fe) of the chiral triplesalen
ligand (chand™R)®~ can be bridged by a central hexacyanoferrate to yield the heptanuclear
complexes RR[Mn"¢Fe"1** and RR[Fe";Fe'"]?*. Although the synthetic protocol employs
ferric [Fe"(CN)g]*, encapsulation in the heptanuclear complexes results in the reduction
to a bridging ferrous [Fe"(CN)s]*. The strong stabilization of the reduced form is reflected
in the results from electrochemical measurements, which exhibit shifts of the redox
potential relative to the free [Fe""(CN)s*'* redox couple of +1.22 and +1.76 V as a
consequence of the encapsulation of the hexacyanoferrate in RR[Mn"Fe"]** and
RRIFe";Fe'"?*, respectively. The straightforward formation of the heptanuclear complexes
RRIMn"Fe"1** and RR[Fe";Fe"]** was unexpected as the heptanuclear complexes of the
achiral triplesalen ligand (talen™2)% [M%M°]™ are of S; symmetry with a center of
inversion at the central hexacyanometallate. However, the heptanuclear complexes
RRIMN"'sM°]** form from two [(chand™®)Mn".]** building blocks along with a symmetry
reduction from Sy to C, with the C, axis being perpendicular to the approximate

molecular C; axis.

20
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Although the inner-sphere coordination does not change significantly upon going from the
achiral ligand (talen®“2)® to the chiral ligand (chand™R)®, the second coordination sphere
of the M'-salen subunits differs strongly. While the two phenolate rings in the (talen"®*2)*
complexes are bent to the same side of the central M'N,O, plane resulting in bowl-
shaped structures of the trinuclear subunits, the two phenolate rings in the (chand®?)*
complexes are bent to opposite sides of the central M'N,O, plane, which leads to “soup
plate-shaped” molecular structures of the trinuclear building blocks. Besides this different
ligand folding, there is a stronger helical distortion in the M'-salen subunits of the
(chand™R)® complexes. These significant differences in the structure of the trinuclear
triplesalen building blocks also affect the structural details of the central
hexacyanoferrate. On the one hand, the central hexacyanoferrate octahedron is more

compressed along the approximate molecular C; axis in the (chand™R)°

" complexes; on
the other hand, the Fe-C=N-M' unit deviates more from linearity with smaller Fe-C=N and
C=N-M' angles. These distortions are also reflected in the infrared spectra by values of
2041 vs 2076 cm™ for the YC=N) modes in RR[Mn"sFe"]** and [Mn"sFe"]?*, respectively.
A significant difference between RR[Mn"¢Fe"** and RR[Fe"sFe"]?** is in the M'-N"=¢ bond
distance, which is much longer (2.13 A) in *R[Mn"sFe"1?** due to the Mn" Jahn-Teller axis
in this direction, while it is much shorter (2.02 A) in RR[Fe"sFe"]**.

Interestingly, these differences in the molecular structures are also reflected in the redox
potential of the central hexacyanoferrate unit, which shifts from -0.06 V in [Mn"sFe"]** to
+0.21 V in *Mn" Fe"]** indicating further stabilization of the reduced species. This
effect is even more pronounced in RR[Fe"sFe"]** (E,, = +0.75 V), which can be attributed
to the stronger electron donation of the coordinated cyanides to the terminal Fe" h. s.
ions due to the shorter Fe-N"-° bond distances compared to d(Mn-N“=€) in

RR[MnIIIGFeII]2+.
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d"®)® exhibit less heteroradialene

Interestingly, the complexes of the chiral ligand (chan
character than their achiral counterparts. This is evidenced by a decrease of the C-C
bond lengths of the central phloroglucinol unit in conjunction with an increase of the
HOMA value.

Most significant, however, is the strong impact of the weaker heteroradialene contribution
in RRIMn" Fe"1** and RR[Fe";Fe"]?* on the magnetic properties of these compounds as it
induces a switching from the antiferromagnetic intra-triplesalen coupling observed for the
(talen™®“2)® compounds to a ferromagnetic coupling in the (chand®®)® compounds. The
weaker heteroradialene character and therefore increased aromatic character of the
central phloroglucinol backbone should give rise to a more efficient spin-polarization
contribution to the overall coupling between the M’ ions in a trinuclear building block.

ions and a

Comparing all our available heptanuclear complexes with six terminal Mn
central Fe ion, there seems to be almost a magnetostructural correlation: upon going
from [Mn"Fe"** to [Mn"Fe"[** and further to RR[Mn"Fe'"]**, the HOMA value
increases from 0.65 to 0.79 and to 0.85, which correlates with a change in Jy,.m, from -
1.00 cm™ to -0.20 cm™ and to +0.17 cm™". Importantly, the very small absolute change in
Junn When going from [Mn"sFe"1?* to RRIMn"Fe"]** is sufficient to provide a magnetic
anisotropy barrier for slow magnetic relaxation indicative of single-molecule magnet
behavior of RR[Mn"sFe']**.

As we have realized that the spin-polarization mechanism is not efficient in our
triplesalen-based complexes due to heteroradialene formation,” we have started two
independent projects involving elaborate organic syntheses to suppress this

heteroradialene formation.?® These projects are synthetically very demanding, but we are

convinced that they are worthwhile as we could demonstrate that even a small reduction

22
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of the heteroradialene contribution is sufficient to switch the exchange coupling from

antiferromagnetic to ferromagnetic.
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The heptanuclear complexes [(chand™),M{Fe'(CN)s}]** (M = Mn", Fe'') exhibit
ferromagnetic interactions due to a more efficient spin-polarization mechanism compared

to the complexes [(talen"®"2),Ms{M°(CN)}]"* with antiferromagnetic interactions.

24



Page 25 of 45

Table 1. Selected interatomic distances [A] and angles [°] in 1 and 2.
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1, M = Mn 2, M=Fe
M1-O11 1.875(3) 1.889(3)
M1-012 1.883(3) 1.893(4)
M2-021 1.877(2) 1.887(3)
M2-022 1.900(2) 1.890(3)
M3-031 1.879(2) 1.897(3)
M3-032 1.879(3) 1.908(3)
M1-N11 2.030(3) 2.137(4)
M1-N12 1.969(3) 2.075(4)
M2-N21 1.877(2) 2.142(3)
M2-N22 1.970(3) 2.076(4)
M3-N31 2.027(3) 2.160(4)
M3-N32 1.960(3) 2.091(4)
M1-N41 2.116(3) 2.003(4)
M2-N42 2.154(3) 1.990(3)
M3-N43 2.117(3) 2.059(3)
Fel/Fe4-C41L! 1.909(4) 1.904(4)
Fe1/Fe4-C42P! 1.933(4) 1.887(4)
Fe1/Fe4-C43 1.910(4) 1.918(4)
C41-N41 1.173(4) 1.151(6)
C42-N42 1.146(4) 1.177(5)
C43-N43 1.153(5) 1.158(5)
C1-C2 1.419(5) 1.397(7)
C2-C3 1.406(5) 1.420(7)
C3-C4 1.408(6) 1.388(6)
C4-C5 1.418(5) 1.415(6)
C5-C6 1.409(5) 1.414(6)
C1-C6 1.411(6) 1.416(6)
C1-011 1.334(4) 1.327(6)
C101-012 1.320(5) 1.309(6)
C3-021 1.324(5) 1.336(5)
C201-022 1.321(4) 1.323(6)
C5-031 1.326(5) 1.333(5)
C301-032 1.306(5) 1.305(5)
C2-C11 1.454(6) 1.485(6)
C4-C21 1.482(5) 1.478(6)
C6-C31 1.481(5) 1.477(7)
C19-C102 1.445(5) 1.416(9)
C29-C202 1.431(5) 1.446(6)
C39-C302 1.429(6) 1.457(7)
C11-N11 1.306(5) 1.301(6)
C21-N21 1.288(5) 1.298(6)
C31-N31 1.306(5) 1.305(6)
C19-N12 1.288(5) 1.261(7)
C29-N22 1.297(5) 1.276(6)
C39-N32 1.281(5) 1.291(6)
M1eeeM2 6.5691(3) 6.5069(4)
M1eesM3 6.6137(2) 6.4757(3)
M2+++M3 6.5614(2) 6.5439(4)
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M1eesFe1/Fe4l 4.932(1) 4.868(1)
M2eeeFe1/Fe4! 4.983(1) 4.844(1)
M3eesFe1/Fe4l! 4.935(1) 4.964(1)
N12-M1-O11 161.75(12) 153.53(15)
N11-M1-012 159.13(11) 153.49(15)
N22-M2-021 164.66(13) 154.29(14)
N21-M2-022 164.89(11) 154.84(13)
N32-M3-031 162.50(12) 162.88(14)
N31-M3-032 162.17(12) 162.73(13)
Fe1-C41-N41 172.8(3)

Fe1-C42-N42 173.4(3)

Fe1-C43-N43 174.6(3)

Fe4-C41-N41 175.2(4)
Fe4-C42-N42 174.2(4)
Fe4-C43-N43 174.9(3)
M1-N41-C41 142.0(3) 147.5(4)
M2-N42-C42 143.7(3) 144.9(3)
M3-N44-C43 144.1(3) 150.3(3)

Bl Fe1 for 1, Fe4 for 2.
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Table 2. Selected structural parameters of compounds.

compound 1 2 [Mn"Fe"2* ¢ [Mn"gFe"** ¢
£(CsM,CP) @ 45.2 52.0  4.5/70.4/70.6 69.1
shortest
intermolecular 16.83 17.07 18.72 18.35
M°®...M° distance / A
shortest
intermolecular 7.89 8.00 10.86 8.63
M...M! distance / A
omber of M 6 6 50r6 6
d(M'-NEN) /AP 2.13 2.02 2.09 2.21
d(Fe-C)/A?® 1.92 1.90 1.89 1.94
d(C=N)/A® 1.16 1.16 1.16 1.15
Z(Fe-C=N)/°? 173.6 174.8 178.0 179.2
Z(C=N-M')/° P 143.3 147.6 159.3 162.2
Z(C-Fe-C)/°?® 93.1 92.9 90.0 91.2
ikl 24.6 28.6 41.5 37.3
ferm /o b -22.3 -21.3 14.8 8.8
o1°" 27.0 24.9 14.8 8.8
g1°°b 41.8 40.9 40.6 38.4
d(C-C)cem b 1.41 1.40 1.42 1.43
HOMA®" 0.85 0.86 0.79 0.65
d(C-0%™) /AP 1.33 1.33 1.33 1.31
d(M=-0%™y / A 1.88 1.89 1.89 1.89
d(Mm=-0*™) /AP 1.89 1.90 1.90 1.88
d(M-NCey 7 A b 2.03 2.15 2.00 1.98
d(M-N"™™) 7 A 1.97 2.08 1.99 1.98
d(M-0°") / A ® 2.80 2.60 2.44 2.37

@ Angle between the (approximate) molecular C; axes of the [M'g

® Mean values.

T2+

Fe']”" complexes in the crystal.

° Heptanuclear complexes in crystals of [{(talen”®*)Mn",},{Fe"(CN)s}(MeOH),](BPh,),*3MeOH-toluene.'”®
¢ Heptanuclear complexes in crystals of [{(talent'B“2)Mn'”3}2{Fe'"(CN)6} (MeOH)g](PFs),(OAc)+11MeOH."™
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Table 3. Spectroscopic, magnetic, and electrochemical properties of compounds.

compound 1a 2a [Mn"Fe"1**? [Mn" Fe"'P** P
JFe®) /mm s -0.03 -0.05 -0.09 -0.06

| AEo(Fe®)| / mm s™ 0.14 0.17 0.12 0.90
SFe')/ mms™ 0.47

| AEq(Fe")| / mm s™ 1.50

E./V vs Fc'/Fc +0.21 +0.75 -0.06 -0.06
Jye/ mm 7 +0.17 +0.02 +0.235+0.005 -0.20+0.05 -1.00+0.15
a Ref 17b
b Ref 17b
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Scheme 2.
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Figure 1. Asymmetric units of complexes a) 1 and b) 2. Non-coordinated solvents,

anions, and hydrogen atoms are omitted for clarity.
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Figure 2. Molecular structure of the heptanuclear complex [Fe"sFe"]>* in crystals of 2.

Only the coordinating oxygen atoms of the solvent molecules at the sixth positions of the

ions are shown.

terminal Fe
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Figure 3. Representative Mn"-salen subunits of a) RR[Mn"¢Fe"]?* and b) [Mn"sFe'"]?* to

6 f—Buz)6-

illustrate the different distortions induced by (chand®?)® and (talen , respectively.
Left panel: view perpendicular to the central phloroglucinol unit to illustrate the different
folding of the terminal phenolates; central panel: related to the left panel but rotated along

the molecular C; axis; right panel: view perpendicular to the best plane of the salen-like

N,O, inner-sphere coordination.
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Figure 4. >’Fe Mdssbauer spectra of a) 1a and b) 2a at 80 K. The solid lines correspond

to simulations with the parameters provided in Table 3.
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Figure 5. Electronic absorption spectra in acetonitrile solution. The spectrum of [(talen”

Dalton Transactions

Bu)Mn',(solv),]*" has been generated in situ in acetonitrile."
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Figure 6. Cyclic voltammograms of a) 1a and b) 2a in acetonitrile solution ((NBu,)PFg,

0.1 M) at 20 °C recorded at a glassy carbon working electrode.
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Figure 7. a) Temperature-dependence of u at 1 T, and b) VTVH magnetization
measurements at 1, 4, 7 T for 1a. Experimental data are given as circles. The lines
correspond to simulations performed by a full-matrix diagonalization of the spin-
Hamiltonian in equation (1) with use of the coupling scheme in Scheme 3. The legend in

a) also applies to b). Note that the simulations illustrate the variation of J,, J3, and Dyj,.
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Figure 8. Plots of the in-phase (y'y) and the out-of-phase (") components of the AC

susceptibility vs the temperature for 1a in zero-DC field with an oscillating AC field of 3

Oe. Solid lines are a guide to the eyes.
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Figure 9. a) Temperature-dependence of u at 1 T, and b) VTVH magnetization

measurements at 1,4,7 T, for 2a. Experimental data are given as symbols. The lines

correspond to simulations performed by a full-matrix diagonalization of the spin-

Hamiltonian in equation (1) with use of the coupling scheme shown in Scheme 3. Note

that the simulations illustrate the influence of J;.
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