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Three new trinuclear hetero-metallic complexes, [(NiL®),Fe(N3)s] (1), [(NiLR(H,0)),Fe(CsHsCH»CO5),]-
(HSO4) (2) and [(NiLR(H,0)),Fe(CgHsCO,)2]-(HSO4)-(H20)-(CH,Cl,) (3) have been synthesized using
[NiL®] as a “metalloligand” (where H,L® = N,N’-bis(2-hydroxybenzyl)-1,3-propanediamine). All com-
plexes have been characterized by elemental analysis, spectroscopic methods, single crystal XRD and
magnetic study. In the angular trinuclear units of 1, the two terminals [NiL}] coordinate through double
phenoxido bridges to the central Fe'" ion which is penta-coordinated having terminally coordinated azide
ion. The two terminal Ni" centers are connected to each other and also to neighbouring units through
11 3-azido bridges to form an alternating chain. On the other hand, complexes, 2 and 3 are linear discrete
trinuclear species [Ni"-Fe'"-Ni'"] in which two terminal octahedral [NiL?] units coordinate to the central
octahedral Fe' ion, located on a crystallographic centre of symmetry, through a p,-phenoxido oxygen
atom and a bridging carboxylato ion. Variable temperature magnetic susceptibility measurements show
the presence of antiferromagnetic exchange interactions in 1 mediated through the phenoxido bridges
(Ji=-33.2cm™',) and u;3-N3 single bridges (J=—19.9cm™! and J3=—16.7 cm™!). On the other hand,
compounds 2 and 3 show ferromagnetic coupling interactions mediated through the double phenoxido
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bridges with J values of +4.9 and +3.0 cm~! for 2 and 3, respectively.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The design and synthesis of polynuclear metal complexes have
become a very popular research topic in the last decades not only
for their attractive structures but also for their diverse applications
such as optical materials, magnetic materials and catalysts for
organic reactions [1-4]. The knowledge of the magnetic properties
and the factors governing them in polynuclear complexes is a key
factor for the design and development of polynuclear complexes
with interesting and pre-defined magnetic properties in order to
prepare SMM or magnetic MOFs with interesting applications in
magnetic sensors, memory devices, low density magnets, separa-
tion of magnetic molecules etc.

The majority of these complexes have been synthesized with
first row transition metals (3d) [5], although complexes of other
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transition metals (4d,5d) [6,7] as well as rare earth metals (4f, 5f)
[8,9] are also well known. An important subgroup of the complexes
is formed by the hetero-metallic complexes, where almost all pos-
sible combinations of transition metals [10] and/or rare earth met-
als [11,12] are known. For the designed synthesis of such
complexes the choice of ligands is the most important issue. The
salen type di-Schiff base ligands offer a very straight forward
way for such synthesis as the two oxygen atoms of their neutral
mononuclear complexes of divalent metal ions can coordinate
easily to another metal ion to produce hetero-polynuclear com-
plexes [13,14]. Among the divalent 3d transition metal ions, com-
plexes of Cu(Il) [15] and Ni(ll) [16] are the most stable and
therefore have been widely exploited for this purpose. Recently,
we found that complexes of reduced Schiff bases can also be used
as “metalloligands” as efficiently as their unreduced analogues
[17]. Moreover, they can bring about interesting variations in the
structures due to increased flexibility of the ligand backbone and
potential formation of hydrogen bonds [18]. A recent search in
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the CCDC database for hetero-metallic complexes where Schiff
base complexes of Cu(II) or Ni(Il) are connected to any transition
metal atom through the phenoxido bridge locates several dinuclear
[19] and trinuclear, [20] and a few polynuclear [21] species. Among
these, the trinuclear MCu, [22] or MNi; [23] (where M = any tran-
sition metal atom other than Cu or Ni) species are the most abun-
dant, especially with salen type Schiff bases. However, when iron is
the hetero-atom (M = Fe), only one trinuclear [24] and one trinu-
clear-based chain structure [25] with Cu(Il) but no trinuclear
phenoxido bridged NiyFe complex with salen type Schiff base are
reported till date. Although there is one similar trinuclear Ni,Fe
complex but that is derived from a tripodal hexadentate Schiff base
ligand [26].

The phenoxido bridge is well known for transmitting ferro- or
anti-ferromagnetic exchange between paramagnetic metal
centres depending mostly on the bridging angle [23a,27]. The
crossover angles where ferromagnetic coupling changes to anti-
ferromagnetic have been established experimentally and
theoretically for the homo-metallic complexes by various groups
[28]. However, for hetero-metallic complexes such studies are rare,
presumably due to the paucity of synthesized complexes. If we
consider phenoxido bridged Ni"/Fe'! complexes including all kinds
of ligands, there are a total of 13 complexes [29-31], 12 of which
have been magnetically characterized [26,29-30]. Among these
twelve complexes, eleven are dimers [29,30] and the remaining
one is the previously mentioned trimer [26]. In the dinuclear com-
plexes, the Ni—O(phenoxido)—Fe bridging angles are found to vary
between 116.43° and 88.67° and the crossover angle has been esti-
mated to be 95.51° [29b]. The magnetic properties of the only
trinuclear complex [26] are rather surprising as it showed anti-
ferromagnetic coupling for a bridging angle of 86.23°, well below
the crossover angle. This surprising result and the lack of other
examples of this kind of polynuclear complexes prompted us to
synthesize some diphenoxido-bridged trinuclear Ni'/Fe" com-
plexes in order to study their magnetic coupling.

Here, we present the syntheses, X-ray crystal structures, and
magnetic properties of three new complexes formulated as
[(NiL®);Fe(N3)s] (1), [(NiL®(H,0)),Fe(CeHsCH2CO,),]-(HSO4) (2)
and [(NILR(Hzo))zFe(C5H5COZ)2](HSO4) (H20)(CH2C12) (3) (Where
H,LR = N,N'-bis(2-hydroxybenzyl)-1,3-propanediamine). These
complexes are the first examples of double phenoxido bridged trin-
uclear NiyFe units derived from salen type N,0, donor reduced
Schiff base ligands. Magnetic measurements reveal antiferromag-
netic interactions in complex 1 and ferromagnetic interactions in
complexes 2 and 3, which have been well explained considering
their respective structural parameters.

2. Experimental
2.1. Starting materials

Salicylaldehyde, 1,3-propanediamine and sodium borohydride
were purchased from Lancaster and were of reagent grade. They
were used without further purification.

Caution! Azide salts and Perchlorate salts of metal complexes
with organic ligands are potentially explosive. Only a small
amount of material should be prepared and it should be handled
with care.

2.2. Synthesis of the reduced Schiff base ligand, N,N'-bis(2-
hydroxybenzyl)-1,3-propanediamine (H,L®) and “metalloligand”,
[NiL®]

The di-Schiff base ligand from 1,3-propanediamine and sali-
cyldehyde was synthesized by a reported method [32]: 5 mmol

of 1,3-propanediamine (0.42 mL) was mixed with 10 mmol of the
salicylaldehyde (1.04 mL) in methanol (25 mL). The resulting solu-
tion was refluxed for ca. 2h and allowed to cool. Then 25 mL
(5 mmol) of this yellow methanolic ligand solution (H,L) was
cooled to 0°C, and sodium borohydride (456 mg, 12 mmol) was
added to this methanol solution with stirring. After completion
of addition, the resulting solution was acidified with concentrated
HCI (10 mL) and then evaporated to dryness on a hot water bath
[33] The reduced Schiff base ligand H,L® was extracted from the
solid mass with methanol, and this methanol solution (ca. 25 mL,
5mmol) was reacted with an aqueous solution (15mL) of
Ni(ClO4),-6H,0 (1.820 g, 5 mmol) and 10 mL of ammonia solution
(20%) to prepare the “metalloligand”, [NiL®] as reported earlier
[34].

2.3. Syntheses of the complexes, [(NiL®),Fe(N3)s] (1), [(NiL*®(H,0)).Fe
(CeH5CH,C0,),](HSO4) (2) and [(NiL"(H,0))>Fe(CsH5C02)2]-(HSO4)-
(H20)-(CHxCl) (3)

The precursor complex [NiL®] (0.684 g, 2 mmol) was dissolved
in methanol (20 mL) and then an aqueous solution (1 mL) of iron
(III) sulphate (0.399 g, 1 mmol) and an aqueous solution (1 mL)
of sodium azide (0.195 g, 3 mmol), were added to this solution.
The mixture was stirred for 1 h and then filtered. The filtrate was
allowed to stand overnight when deep red coloured micro-crystals
of 1 appeared at the bottom of the beaker. Complexes 2 (red, rhom-
bic) and 3 (red, hexagonal) were prepared using the same synthetic
methods (and the same stoichiometries) as described for 1 but
using sodium phenyl acetate (0.474 g, 3 mmol) and sodium ben-
zoate (0.432 g, 3 mmol) respectively, instead of sodium azide. All
three compounds were re-crystallised from dichloromethane solu-
tion to get X-ray quality single crystals. The crystals (1-3) were
washed with a methanol-water mixture and dried in a desiccator
containing anhydrous CaCl, and then characterized by elemental
analysis, spectroscopic methods and X-ray diffraction.

Complex 1

Yield: 1.797 g, 51%. Anal. Calc. for Cy3gH;esFesNs3NigOqg: C,
46.52; H, 4.75; N, 20.67. Found: C, 46.38; H, 4.88; N, 20.82%; UV-
Vis: /max in nm (solid, reflectance)=490 and 349. IR (KBr) in
cm~': v(N—H) 3254; v(N3) 2054.

Complex 2

Yield: 0.743 g, 64%. Anal. Calc. for CsoHsgFeN4Ni»045S: C, 51.71;
H, 5.12; N, 4.82. Found: C, 51.76; H, 5.01; N, 4.89%; UV-Vis: inax in
nm (solid, reflectance)=510 and 352. IR (KBr) in cm™': v(N—H)
3261; v(C=0) 1569 and 1597.

Complex 3

Yield: 0.836¢g, 69%. Anal. Calc. for C49HsgFeN4Ni;015SCly: C,
48.23; H, 4.87; N, 4.59. Found: C, 48.41; H, 4.93; N, 4.71%; UV-
Vis: Jmax in nm (solid, reflectance) =492 and 350. IR (KBr) in
cm~': v(N—H) 3257; v(C=0), 1553 and 1594.

2.4. Physical measurements

Elemental analyses (C, H, and N) were performed using a
Perkin-Elmer 2400 series II CHN analyzer. IR spectra in KBr pellets
(4000-400 cm™') were recorded using a Perkin-Elmer RXI FT-IR
spectrophotometer. Electronic spectra in solid state (1200-
300 nm) were recorded in a Hitachi U-3501 spectrophotometer.
The DC magnetic susceptibility measurements were carried out
in the temperature range 2-300 K with an applied magnetic field
of 0.1T on polycrystalline samples of compounds 1-3 (with
masses of 30.48, 23.58 and 36.83 mg, respectively) with a Quan-
tum Design MPMS-XL-5 SQUID susceptometer. AC susceptibility
measurements were performed on compounds 2 and 3 in the
temperature range 2-10 K with an oscillating field of 3.9 Oe at



A. Hazari et al./ Polyhedron 138 (2017) 145-153 147

110 Hz. The susceptibility data were corrected for the sample
holders previously measured using the same conditions and for
the diamagnetic contributions of the salt as deduced by using
Pascal’s constant tables (ygis= —529.6 x 1076, —=531.6 x 107% and
—528.9 x 107 emumol~! respectively) [35].

2.5. Crystallographic data collection and refinement

Well formed single crystals of each complex was mounted on a
Bruker-AXS SMART APEX II diffractometer equipped with a gra-
phite monochromator and Mo Kot (2 =0.71073 A) radiation. The
crystals were positioned 60 mm from the CCD, and 360 frames
were measured with a counting time of 5s. The structures were
solved using the Patterson method through the sHeixs 97 program.
Non-hydrogen atoms were refined with independent anisotropic
displacement parameters, while difference Fourier synthesis and
least-squares refinement showed the positions of remaining
non-hydrogen atoms. The hydrogen atoms bound to carbon atoms
were included in geometric positions and given thermal parame-
ters equivalent to 1.2 (or 1.5 for methyl groups) times those of the
atom to which they were attached. Hydrogen atoms that bonded
to N or O were located in a difference Fourier map where possible
and refined with distance constraints. In 2 and 3, the free anions
were disordered and refined using distance constraints with 50%
occupancy. Successful convergence was indicated by the maxi-
mum shift/error of 0.001 for the last cycle of the least-squares
refinement. Absorption corrections were carried out using the
sapABs program [36], while all calculations were made via SHELXS
97 [37], sHerxL 97 [38], paToN 99 [39], orTEP-32 [40], and WINGX
system ver-1.64 [41]. Data collection, structure refinement param-
eters, and crystallographic data for the three complexes are given
in Table S1.

3. Results and discussion
3.1. Syntheses of the complexes

The reduced Schiff-base ligand (H,L®) and its metalloligand,
[NiL®] were synthesized using the reported procedures [32-34].
The “metalloligand”, [NiL®] on reaction with iron(Ill) sulphate
and sodium azide or sodium phenyl acetate or sodium benzoate
in 2:1:3 molar ratios in MeOH-H,0 medium (10:1, v/v) resulted
in three new trinuclear NiyFe complexes, [(NiL®),Fe(N3)s;] (1)
[(NIL*(H20)),Fe(CsHsCHC0,)]-(HSO4)  (2) and  [(NiL(H0))
Fe(C6H5C02)2](HSO4)(H20)(CH2C12) (3) (Scheme 1)

3.2. IR and UV-Vis spectra

Besides elemental analyses, all three complexes were initially
characterized by IR spectra. The appearance of moderately strong
and sharp peaks at 3254, 3261 and 3257 cm™! (due to a N—H
stretching vibration) for complexes 1-3, respectively (Figs. S1-S3,
SI) and absence of any peak at around 1620 cm™! indicate that
the imine group of the Schiff base is reduced [17,18]. The peak at
2054 cm™! proves the presence of azido coligand for 1. On the
other hand, the presence of carboxylato ligand in complexes 2
and 3 is confirmed by the appearance of strong and sharp peaks
at 1569 and 1553 cm™! along with shoulders at 1597 and
1594 cm™ !, respectively (Figs. S2 and S3, SI). The splitting of the
band is indicative of the presence of two different types (symmet-
ric and asymmetric) stretching vibrations of the carboxylato
coligands.

The electronic spectra of the three compounds were recorded in
the solid state (Fig. S4). Compounds 1-3 show broad absorption

bands at 490, 510 and 492 nm, respectively, while the band max-
ima for the “metalloligand” [NiL®] appear at 635 nm. These bands
are attributed to d-d transitions of Ni(Il) ions in octahedral envi-
ronment. In addition, the three hetero-metallic compounds show
a sharp single absorption maximum near 349, 352 and 350 nm
for 1, 2 and 3, respectively, and the “metalloligand” [NiLR] shows
an absorption maximum at 349 nm, attributed to ligand-to-metal
charge transfer transitions.

3.3. Description of the structures

3.3.1. Complex 1

The X-ray crystal structure shows that complex 1 is a p;3-N3
bridged 1D chain (Fig. 1) based on trinuclear [(NiL}?),Fe(N3)s] units.

The asymmetric unit consists of four equivalent trinuclear
[(NiL®),Fe(N3)s] units. The bond parameters are nearly the same
in all four equivalent trinuclear structures; hence here we describe
only one unit which is depicted in Fig. 2. Crystallographic data for
this complex is given in Table S1. Selected bond lengths and angles
are listed in Table S2. In each of the trinuclear units, the three
metal atoms (two terminals Ni and one central Fe) are in a bent
arrangement with ZNi(II)-Fe(III)-Ni(II) angles ranging from 109.4
(1) to 110.4(1)°. The terminal nickel(I) atoms present a distorted
octahedral geometry. The basal plane of the two terminal Ni(Il)
centers is formed by two uy-phenoxido oxygen atoms and two
imine nitrogen atoms of the chelated di-anionic tetradentate
reduced Schiff-base ligand (L®)?>~ and the axial positions are occu-
pied by two nitrogen atoms from two p, 3-bridging azido ligands.
The four donor atoms in the equatorial plane around the nickel
atoms show r.m.s. deviations between 0.01 and 0.05 A in the eight
independent coordination spheres while the nickel atoms deviate
in the range 0.009(3) and 0.029(3) A from the mean plane. The
two equatorial planes intersect at 83.7(1)-88.1(1)° in the four trin-
uclear molecules. The Ni—O [2.039(4)-2.074(4)A] and Ni—N
[2.032(5)-2.072(5) A] bond distances in the basal plane are very
similar but these are shorter than the axial Ni—N bond distances
[2.074(6)-2.168(6) A] (Table S2). Both the bridging and terminal
azido ligands are within 4° of being linear. The central Fe(1) atom
is penta-coordinated by four phenoxido oxygen atoms of two
reduced Schiff base ligands, and a terminal azido ligand. The dis-
tortions of the coordination geometry from the square pyramid
to the trigonal bipyramid have been calculated by the Addison
parameter (t) [42]. The value of 7 is defined as the difference
between the two largest donor-metal-donor angles divided by
60. The parameter 7 is O for the ideal square pyramid and 1 for
the trigonal bipyramid. The t values of the four Fe(1) ions range
from 0.46 to 0.54, indicating that the geometry is intermediate
between the two ideal geometries. The Fe—O bond distances
[1.927(4)-2.024(4) A.] are larger than the Fe—N ones [1.900(6)-
1.929(5) A.]. The metal-metal distances range between 3.074(1)
and 3.120(1) A.

3.3.2. Complexes 2 and 3

The linear trinuclear structures of 2 and 3 having molecular
formula [(NiL}(H,0)),Fe(CgH5CH,CO,),]-(HSO,) (2) and [(NiLR(H,0)),
Fe(CgHs5CO0,),]-(HSO4)- (H,0)-(CH,Cly) (3), respectively, are shown
in Fig. 3 together with the atomic numbering scheme. The selected
bond parameters are summarized in Table S3. Unlike 1, both struc-
tures (2 and 3) contain a crystallographic inversion center at the
central iron atom Fe(1). Thus, the asymmetric unit consists of
two metal centers [Ni(Il)-terminal and Fe(Ill)-central], one depro-
tonated reduced di-Schiff base ligand [(L%)?>~], one bridging car-
boxylato co-anion (phenyl acetato for 2 and benzoato for 3) and
one non-coordinated hydrogen sulphate anion. These free anions
are in general positions with 50% occupancy. In the case of 3 the
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1. Ni(ClOy), .6H,0
2. Fez(SO4)3
3. Na-azide

(In MeOH/water)

[HoLR]
1. Ni(ClOy4), .6H,0
2. F92(SO4)3
3. Na-Benzoate
(In MeOH/water)

1. Ni(ClOy4), .6H,0

2. Fez(SO4)3

3. Na-phenyl acetate
(In MeOH/water)

[2] [3]

Scheme 1. Syntheses of complexes 1-3.

Fig. 1. The 1D chain of 1 formed by p; 3-N3 bridging between trinuclear units. Other H-atoms have been removed for clarity.
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Fig. 2. Ortep structure of one trinuclear complex of 1 with ellipsoids at 30%
probability. There are three other complexes with equivalent geometries in the
asymmetric unit which together form a one-dimensional polymer. The solvent
water molecules are omitted for clarity.

asymmetric unit contains a water and a dichloromethane molecule
both refined with 50% occupancy. For charge balance the anions in
2 and 3 must be HSOz though the hydrogen atom was not located.
For both complexes, the terminal nickel center [Ni(1)] presents a
distorted octahedral geometry. The basal plane of the Ni(1) in each
case is formed by the two imine N atoms and two phenoxido oxy-
gen atoms like 1 but unlike 1 the axial sites are occupied by the
coordination of two O-atoms, one from a bridging carboxylato
ligand and other from a water solvent molecule. All the bond
distances Ni—N [2.061(5)-2.063(5)A for 2 and 2.045(6)-2.079
(6) A for 3] and Ni—O [2.058(4)-2.065(4) A for 2 and 2.044(4)-
2.053(4) A for 3] are very close to each other (Table S3), as in 1.
The range of cis angles [79.3(2)-96.8(2)° for 2 and 79.1(2)-
96.3(3)° for 3] and trans angles [170.9(2)-174.7(2)° for 2 and
170.8(3)-174.9(2)° for 3] around the metal centres indicate that
both coordination spheres deviate only slightly from the ideal

octahedral geometry. The distorted octahedral geometry of the
nickel atoms in 2 and 3 is confirmed by the root mean squared
(r.m.s.) deviations of the four basal atoms from the mean plane
which are 0.008 and 0.012 A with the metal atom 0.016(1) and
0.033(1) A shifted from this mean plane, respectively.

For both structures (2 and 3), and in contrast to 1, the central
Fe(IllI) atom occupies a crystallographic inversion centre with a dis-
torted octahedral geometry being bonded to four phenoxido oxy-
gen atoms of deprotonated tetradentate reduced Schiff base
ligands and two oxygen atoms of two bridging carboxylato ligands.
The basal Fe(Il1)—0 bond distances [1.978(4)-1.980(4) A for 2 and
1.970(4)-1.980(4) A for 3] are similar but shorter than the axial
ones [2.044(4) and 2.041(4) A for 2 and 3, respectively] resulting
in an axially elongated octahedron. The slight distortion of the
octahedral geometry of Fe(Ill) is also indicated by the range of cis
angles [83.3(2)-88.1(2)° for 2 and 82.6(2)-89.0(2)° for 3]. The
Fe(1)---Ni(1) distances are 3.029(1) and 3.012(1)A for 2 and 3,
respectively.

Both structures (2 and 3) contain an intermolecular C-H---t
interaction between the centroid of phenyl ring of one unit and a
H-atom of another similar unit with the dimensions C(21)-
H(21B)-CG12, 144.1°; H(21B)-CG12, 2.88 A; CG12 = C45-C46-
C47-C48-C49-C50 for 2 and C(21)-H(21A)-CG12, 129.7°,
H(21A)-CG12, 3.13 A CG12 = C44-C45-C46-C47-C48-C49 for 3)
(Fig. 4 and Fig. S5, respectively). From the dimensions it is clear
that this intermolecular C-H---it interaction in 2 (Fig. 4) is stronger
than that in 3 (Fig. S5).

In addition, both structures (2 and 3) also contain an inter-
molecular H-bonding interaction between the O atoms [O51 and
054 for 2; 063 and 064 for 3] of the non-coordinated hydrogen
sulphate anion and the hydrogen atom (H19) of the reduced imine
moiety [N(19)-H(19)---0(51)/0(54) and N(19)-H(19)---0(63)/
0(64)] with the dimensions H19-051/054 2.37(5)/2.48(6) A and
H19-063/064 2.28(6)/2.39(9) A; N(19)-H(19)--0(51)/0(54) 156
(5)°/152(5)° and N(19)-H(19)---0(63)/0(64) 160(7)/150(4)° for 2
and 3, respectively [Figs. S6 and S7].

3.4. Magnetic properties of the complexes

The thermal variation of the product of the molar magnetic
susceptibility per NiyFe trimer times the temperature (y,T) for
compound 1 shows a value of ca. 6.5cm?Kmol™! at room
temperature, close to the expected value for two isolated Ni(II) ions

Fig. 3. Ortep structures of 2 (left) and 3 (right) with ellipsoids at 30% probability. Symmetry elements®*=1 —x,1 —y,1 —zand 1/2 — x,1/2 — y,1 — z for 2 and 3, respectively.
Hydrogen sulphate anions in 2 and 3 are not shown for clarity nor are the solvent water molecules.
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H21B

Fig. 4. The intermolecular C-H. - -m interaction between two trinuclear units in 2. Other H-atoms have been removed for clarity.

(ca. 2cm®Kmol™') plus one isolated Fe(lll) ion (ca. 44 cm?®
K mol~"). When the temperature is lowered, T shows a progres-
sive and continuous decrease to reach a small plateau of ca.
0.4 cm® Kmol™! in the range 3-5 K. Below ca. 3 K, T shows an
additional decrease to reach a value of ca. 0.25 cm® Kmol ™! at
2 K (Fig. 5). This behaviour suggests the presence of predominant
antiferromagnetic Ni—Fe exchange interactions in compound 1.
The structure of compound 1 shows the presence of a chain of
NiyFe trimers connected through i, 3-N3 bridges. These Ni,Fe tri-
mers present two types of bridges: (i) double phenoxido bridges
between Ni(1)-Fe and Ni(2)-Fe and (ii) a single p;3-N3 bridge
between the two Ni ions. Accordingly, we have fitted the magnetic
properties of compound 1 with a chain of isosceles triangular tri-
mers with three different coupling constants (J; and J, to account
for the intra-trimer interactions and J3 for the inter-trimer ones,
see Fig. 6) [43,44]. This model reproduces very satisfactorily the
magnetic properties of compound 1 above ca. 3 K with g=2.133,
Ji=-332cm™!, J,=-19.9cm ! and J5 = —16.7 cm™! (solid line in
Fig. 5). Note that in order to reduce the number of adjustable
parameters, we have assumed an average g value for the Ni(Il)
and Fe(III) ions.

The anti-ferromagnetic coupling found in the three exchange
coupling constants in compound 1 can be rationalized from previ-
ous magneto-structural correlations in double oxido bridges (J;)
and in p43-N3 bridges (J> and Js5). Thus, the moderate anti-ferro-
magnetic coupling corresponding to J; (—33.2 cm™!) agrees with
the values found in the reported double phenoxido-bridged Fe—Ni
complexes (Table 1). In 1 the Ni—O—Fe bond angles (in the range
98.4-102.3°) are above the crossing point (ca. 98°) between ferro-
and anti-ferromagnetic coupling and, accordingly, the coupling is

7:
_ 6]
o ,,
3 14
M 4 121
g 34 1.0
E 7 08
[—cE 2—: 0.6
= 1_5 044
1 02 : ; ,
R B
0 50 100 150 200 250 300

T (K)

Fig. 5. Thermal variation of the y,,T product per Ni,Fe trimer for compound 1. Solid
line shows the fit to the model (see text). Inset shows the low temperature region.

anti-ferromagnetic [45-53]. On the other side, J, (—19.9cm™!)
and J; (—16.7 cm™'), correspond to ; 3-N3 bridges, which are well
known to give rise to moderate-strong anti-ferromagnetic coupling
when connecting transition metal ions [54-56]. Furthermore, for
single 3-N3 bridges, the strength of this coupling strongly
depends on the M-N-N angle () (that indicates the deviation from
linearity of the L, 3-N3 bridge) in such a way that large 8 values
imply large |J| couplings [55]. This correlation agrees with our
results since the average $ angle in the 14 3-N3 bridge correspond-
ing to J, (f=57.6°) is larger than the 8 angle in the i, 3-N3 bridge
corresponding to J5 (f =36.52°) and, accordingly, |J5| is larger than
lUsl. Additionally, the J, and J; values are close to those found in
other Ni(Il) complexes with single 1;3-N3 bridges and similar g
angles [55].

The thermal variation of the product of the molar magnetic sus-
ceptibility per NiyFe trimer times the temperature (y,T) for com-
pound 2 shows a room temperature value of ca. 6.7 cm®> K mol~’,
close to the expected value for two isolated Ni(Il) ions (ca. 2.0 cm®
K mol~') plus a Fe(Ill) ion (ca. 4.4 cm® K mol~') (Fig. 7). When the
sample is cooled, the y,T product increases and reaches a maxi-
mum of ca. 8.2 cm® Kmol™! at ca. 8.2 K. Below this temperature
«mT sharply decreases to reach a value of ca. 5.8 cm® Kmol ™! at
2 K. This behaviour indicates the presence of predominant ferro-
magnetic Ni—Fe exchange interactions in the trimer whereas the
sharp decrease at low temperatures has to be attributed to the zero
field splitting (ZFS) of the resulting S = 9/2 ground spin state in the
cluster. Since this cluster is a centro-symmetric linear trimer with
no interactions between the terminal Ni centers (Fig. 7), we can fit
the magnetic properties of compound 2 to a simple linear
Ni—Fe—Ni trimer model with the symmetric magnetic scheme
shown in Fig. 7 with only one coupling constant (J) and one average
g value, using the hamiltonian: H= —] (5;S; + S,S3) with S; =S3=1
and S, = 5/2 [43,44]. This model reproduces very satisfactorily the
magnetic properties of compound 2 above the maximum with
g=2.045, J=+49 cm~ ! and a 3.0% of paramagnetic contribution
that may be due to the presence of defective clusters or monomeric
species formed from the trimeric Ni,Fe cluster (solid line in Fig. 7).

The weak ferromagnetic coupling found in compound 2 is the
expected type given the Ni—O—Fe bond angles in compound 2
(97.02(15)° and 97.18(15)°) which are slightly below the crossing
point (ca. 98°) between ferro and antiferromagnetic coupling for
double oxido bridged metal complexes (Table 1) [45-53].

The thermal variation of the product of the molar magnetic sus-
ceptibility per NiyFe trimer times the temperature (¥,,T) for com-
pound 3 is very similar to that of compound 2: it shows a room
temperature value of ca. 6.7 cm® Kmol~, as in 2, and close to the
expected value for two isolated Ni(Il) ions and a Fe(Ill) one
(Fig. 8). When cooling the sample y,T increases to reach a maxi-
mum of ca. 9.7 cm®> Kmol™! at ca. 4.4 K. At lower temperatures
ymT sharply decreases and reaches a value of ca. 8.3 cm® K mol ™!
at 2 K. As for 2, the increase in y,T indicates the presence of pre-
dominant ferromagnetic Ni—Fe exchange interactions in the trimer
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Fig. 6. View of the chain of NiyFe triangles in 1 showing the magnetic exchange scheme used to fit the magnetic data.

Table 1

Selected structural parameters of previously reported phenoxido-bridged Ni"-Fe'" complexes and of compounds 1-3.

Complexes” INiqin-re(in bridging moiety Ni—O—Fe NiO,Fe dihedral Refs.
(exptl)/cm™! ©) angle (°)

1 —-33.2 bis(p,-phenoxido) 100.75 13.82 Present work

[Fe""Ni"(IPCPMP)(OAC), -11.20 (12-phenoxido) and bis(p-acetato) 116.43 - [30b]
(CH30H)][PF]

[Fe™(N3),(L")Ni'(H,0),](Cl04) -9.22 bis(p,-phenoxido) 99.70 0.02 [29b]

[Fe"'(L2)(BNPP)Ni"(H,0) -7.10 bis(p-phenoxido) and p-{bis(4-nitrophenyl)- phosphato} 98.79 8.14 [30a]
(1-BNPP)](ClO4)

[Fe"(N3),(L*)Ni"(H,0) -3.14 bis(p,-phenoxido) 97.33 0.93 [29c]
(CH3CN)](Cl04)

[Fe™(Ni"L*),]NO5-C,Hs0H -1.85 tris(pp-phenoxido) 86.23 — [31]

[Fe"(benzoato)L'Ni"(H,0) 0.50 bis(p,-phenoxido) and p-benzoato 95.24 8.73 [29b]
(p1,3-benzoato)](ClO4)

[Fe™(H,0)L°Ni"(0Ac) 1.7 bis(p,-phenoxido) and pi-acetato 92.80 — [29a]
(1-0AQ)](C104)-2H,0

3 3.0 bis(-phenoxido) and p-benzoato 97.00 16.16 Present work

2 4.9 bis(p,-phenoxido) and p-phenylacetato 97.10 13.96 Present work

[Fe™(benzoato)LSNi"(H,0) 5.65 bis(j,-phenoxido) and p-benzoato 93.35 7.04 [29b]
(p1.3-benzoato)](ClO4)

{[Fe"(OACc)(L*)Ni"(H,0) 7.36 bis(1,-phenoxido) p-acetato; bis(p-phenoxido)bis(pi-acetato) — 90.88 4.87 [29c¢]
(1-0Ac)]0.6-[Fe(L3)Ni"
(11~ OAC),]0.4)(CI0,4)-1.1H,0

[Fe"(L®)Ni"(nOAC), ] 13.00 bis(j1,-phenoxido) and p-acetato 89.40 3.00 [29b]
(Cl04)-H,0

[Fe™(L®)Ni"(u-OPr),] 14.57 bis(p-phenoxido)bis(p-propionato) 88.67 2.63 [29b]
(Cl04)H,0

3 [PCPMP = 2-(N-isopropyl-N-((2-pyridyl)methyl)aminomethyl)-6-(N-(carboxylmethyl)-N-((2-pyridyl)methyl)amino methyl)-4-methylphenol; H,L' = [2+2] condensation
products of 4-ethyl-2,6-diformylphenol and 1,3-diaminopropane; BNPP = bis(4-nitrophenyl)phosphate; H,L? = tetraiminodiphenol macrocyclic ligand; H,L> = [2+2]conden-
sation product of 4-methyl-2,6-diformylphenol and 2,2’-dimethyl-1,3-diaminopropane; Hs;L* = 1,1,1-tris(N-salicylideneaminomethyl)ethane; H,L® = tetraaminodiphenol
macrocyclic ligand; H,L® = [2+2] condensation product of 4-ethyl-2,6-diformylphenol and 2,2-dimethyl-1,3-diaminopropane.

whereas the sharp decrease at low temperatures has to be attribu-
ted to the zero field splitting (ZFS) of the resulting S = 9/2 ground
spin state in the cluster. Since the geometry of the cluster in 3 is
identical to that of 2, we have used the same trimer model to fit
the magnetic data [43,44]. This model reproduces very satisfacto-
rily the magnetic properties of compound 3 above the maximum
with g=2.044,]= +3.0cm~! and a 1.2% of paramagnetic contribu-
tion that may be due to the presence of defective clusters or mono-
meric species formed from the trimeric NiyFe cluster (solid line in
Fig. 8).

As in 2, the weak ferromagnetic coupling found in compound 3
is the expected type since the Ni—O—Fe bond angles in compound
3 (96.93(18)° and 97.07(17)°) are also slightly below the crossing
point (ca. 98°) between ferro- and anti-ferromagnetic coupling
for double oxido bridged metal complexes (Table 1) [45-53].

Finally, if we compare the isostructural clusters 2 and 3, we
should expect a slightly larger ferromagnetic coupling in 3 since
the bridging Ni—O—Fe bond angles are slightly lower in 3 (96.93

(18)° and 97.07(17)°), than in 2 (97.02(15)° and 97.18(15)°). The
lower J value found in 3 (+3.0cm™! versus +4.9 cm™! in 2) may
be due to the lower dihedral angle in the NiO,Fe unit in complex
2 (159.56°) compared to complex 3 (161.82°).

None of these compounds (2 and 3) show an out of phase sus-
ceptibility in the temperature range 2-10 K, precluding the pres-
ence of a single molecule magnet behaviour or a slow relaxation
process.

4. Conclusions

The reaction of the “metalloligand” [NiL®?] (where, H,LR = N,N'-
bis(2-hydroxybenzyl)-1,3-propanediamine) with Fe'! in presence
of azido or carboxylato ion has yielded three NiJFe'' complexes
demonstrating that “metalloligand” synthetic approach is as effec-
tive for incorporating Fe'" as for other metal ions. In all three com-
plexes, the central Fe" ion is connected to two [NiL®] through
double phenoxido bridges and they reperesnt the second examples
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Fig. 7. Thermal variation of the y,,T product per Ni,Fe trimer for compound 2. Solid

line shows the best fit to the model (see text). Inset shows the linear NiFe complex
in 2 with the magnetic exchange scheme used to fit the magnetic data (similar to 3).
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Fig. 8. Thermal variation of the y,,T product per Ni,Fe trimer for compound 3. Solid
line shows the best fit to the model (see text).

of such NiJFe'" species considering all kind of ligands and the first
one with salen type reduced Schiff base ligands. Among the com-
plexes, in 1, the y; 3-azido bridge not only connects the terminal Ni"
centers within the trimer but it also joins the trinuclear units
through Ni(II) to form a very rare type of chain for this type of ligand.
On the other hand, in complexes 2 and 3, the terminal Ni" and cen-
tral Fe'" are additionally bridged by carboxylato ions which is rather
usual. In complex 1, both the phenoxido bridges and p;3-azido
bridges mediate anti-ferromagnetic coupling, in good agreement
with the magneto-structural correlations from the phenoxido bridg-
ing angles (98.4-102.3°) and M-N-N angles (for azido). The phenox-
ido bridging angles in 2 and 3 are ca. 97° and the coupling is
ferromagnetic which indicates that crossover angle is higher than
97¢ in these species. However, one should be cautious as the cross-
over angle can vary depending on other structural factors such as
the dihedral angles in the central NiO,Fe unit and the Ni—O and
Fe—O bond distances.
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CCDC 1547125—-1547127 contains the supplementary crystal-
lographic data for (1-3). These data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
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