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Reaction of sodium picolinate with FeIII oxo-centered carboxylate triangles in MeCN in the presence of
PPh4Cl yields (PPh4)[Fe4O2(O2CR)7(pic)2] (R = Ph (1), But (2)). Omitting the phosphonium cation produces
[Fe8Na4O4(O2CPh)16(pic)4(H2O)4] (3), which contains two Fe4Na2 units bridged by two picolinate ligands.
X-ray crystal structures of 1 and 3 are reported.

Voltammetric profiles in MeCN show four one-electron reduction steps for complexes 1 and 2. Vari-
able-temperature magnetic susceptibility measurements in polycrystalline samples of 1 and 3 reveal
strong antiferromagnetic couplings leading to S = 0 ground states.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction groups. In this respect, the ligand blend RCO �/L–L (L–L = bidentate
Polynuclear FeIII compounds with oxygen donor ligands have
received a great attention mainly due to their relevance in bioinor-
ganic chemistry and in molecular magnetism. Iron-oxo and
-hydroxo complexes have been studied as synthetic models of
the active sites of various non-heme metalloenzymes, such as
hemerythrin and ribonucleotide reductase [1], and as model
systems for iron storage proteins, as ferritin [2]. In addition, some
iron clusters can possess large total spin values in their ground
state, and can even behave occasionally as single-molecule
magnets (SMMs) [3], which is relevant to the field of molecular
magnetic materials. SMMs are molecules that can function as sin-
gle-domain magnetic particles of nanoscale dimensions, exhibit a
slow relaxation rate of the magnetization, and present magnetic
hysteresis below a certain blocking temperature [4].

The exchange interactions between FeIII centers within multi-
nuclear iron-oxo or -hydroxo clusters {Fex} are normally antiferro-
magnetic. However, in some {Fex} topologies, large spin ground
states can arise even when all the pairwise Fe2 interactions are
antiferromagnetic because of the occurrence of competing ex-
change interactions that frustrate the preferred spin alignments
[5]. Nuclearity and topology of the polynuclear metal complexes
depend strongly on the ligands that complete the peripheral coor-
dination of the cluster, acting as bridging or chelating terminal
ll rights reserved.
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ligand) have been intensely studied and several Fex cluster types
have been reported [6]. When L–L = picolinate (pic, the anion of
the 2-pyridinecarboxylic acid), the up to now structurally charac-
terized members of this family are [NBu4][FeIII

4O2(O2CMe)7(pic)2]
[7], [FeIIFeIII

3O2(O2CBut)7(Hpic)1.5(Kpic)0.5] [8] and [FeIII
6Na2O2-

(O2CPh)10(pic)4(EtOH)4(H2O)2](ClO4) [9]. The first two of them
have the well-documented bent (‘‘butterfly’’) arrangement of four
iron sites in [Fe4(l3-O)2] units, while the third consists of two sym-
metry-related [Fe3O] triangles.

We have thus revisited the reaction system consisting of FeIII

and RCO2
�/picolinate, and tried to investigate the effects of a

change in the carboxylate ligand or in the counterion on the
nuclearity and/or the topology of the iron cage. In this paper, we
describe the synthesis and characterization of complexes (PPh4)-
[Fe4O2(O2CR)7(pic)2] (R = Ph (1), But (2)) and [Fe8Na4O4(O2CPh)16-
(pic)4(H2O)4] (3). The electrochemical properties of compounds 1
and 2 in acetonitrile solution are reported. In addition, we
also present X-ray crystal structures and magnetic properties of 1
and 3.

2. Experimental

2.1. General procedure

All chemicals were of reagent grade and used as received.
Na(pic)�3/4H2O was prepared from picolinic acid (Hpic) and NaOH
as described [10]. [Fe3O(O2CPh)6(H2O)3](O2CPh) was prepared
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from FeCl3�6H2O and benzoic (PhCO2H) acid following the litera-
ture procedures [11]. [Fe3O(O2CBut)6(H2O)3]Cl�H2O was obtained
similarly but starting from pivalic acid (ButCO2H) (Anal. Calc. for
C30H60Fe3ClO16�H2O: C, 40.1; H, 7.0. Found: C, 40.0; H, 7.2%).

Infrared spectra were recorded with a Bomen MB 102 FTIR spec-
trophotometer as KBr pellets in the 4000–200 cm�1 region. Ele-
mental analysis was accomplished on a Carlo Erba model 1108
elemental analyzer. The negative-ion ESI mass spectra of 1 and 2
in MeCN solution were performed using a Q-TOF (Bruker Dalto-
niks) mass spectrometer equipped with an ESI source.

The voltammetric profile of 1 mM solutions of compounds 1
and 2 was evaluated in MeCN with 0.04 M NEt4ClO4 as supporting
electrolyte. Measurements were carried out in a one-compartment
conic cell, using a polycrystalline (pc) Au disk (3 mm diameter) as
working electrode, a Pt sheet as counter electrode and an Ag/
AgNO3 0.1 M in the supporting electrolyte (E = 0.60 V versus
NHE) as the reference. All potentials in the text are referred to
NHE. Voltammograms were obtained at potential scan rates v
within the range 0.0025 V s�1

6 v 6 0.050 V s�1.
The magnetic measurements on polycrystalline samples of 1

and 3 were carried out with a Cryogenics SX600 SQUID magnetom-
eter in the temperature range 2.4–300 K and under an applied
magnetic field of 0.0960 T. The device was calibrated with YFeGar-
net NIST reference samples. Diamagnetic corrections of the constit-
uent atoms were estimated from Pascal’s constants.
Table 1
Crystallographic data and structure refinements for 1�2H2O and 3�MeCN�9H2O.

Cristal data 1�2H2O 3�MeCN�9H2O

Formula C85H63Fe4PN2O20�
2H2O

C136H104Na4Fe8N4O48�
H3C2N�9H2O
2.1.1. Synthesis of (PPh4)[Fe4O2(O2CPh)7(pic)2]�2H2O (1�2H2O)
To a stirred suspension of [Fe3O(O2CPh)6(H2O)3](O2CPh)

(218 mg, 0.2 mmol) and PPh4Cl (143 mg, 0.38 mmol) in MeCN
(10 mL) was slowly added a solution of Na(pic)�3/4H2O (60 mg,
0.38 mmol) in H2O (0.20 mL). The brown solution was allowed to
evaporate very slowly, producing prismatic amber crystals of
1�2H2O in �50% yield over the course of 10 days. The solid was fil-
tered off, washed with few drops of cold MeCN and dried in vacuo
over silica gel. X-ray quality crystals were obtained directly from
the mother liquors. Selected IR data [KBr, mmax/cm�1] 1669m,
1597s, 1557s, 1539s, 1397vs, 1349m, 1292m, 1174m, 1024m,
851m, 718s, 471s, 337m. Anal. Calc. for C85H63Fe4PN2O20�2H2O: C,
59.3; H, 3.9; N, 1.6. Found: C, 59.2; H, 4.2; N, 1.7%.
Formula weight 287.13 3302.18
Crystal system monoclinic triclinic
Space group P2/n P�1
a (Å)

b (Å)
c (Å)

14.563(12)
18.876(5)
15.019(8)

14.236(3)
14.601(3)
19.320(4)

a (�)
b (�)
c (�)

90
105.21(4)
90

85.22(3)
86.73(3)
65.83(3)

V (Å3) 3984(4) 3649.9(16)
Z 2 1

3

2.1.2. Synthesis of (PPh4)[Fe4O2(O2CBut)7(pic)2]�2H2O (2�2H2O)
Compound 2�2H2O was prepared in �30% yield by a similar pro-

cedure, but starting from [Fe3O(O2CBut)6(H2O)3]Cl�H2O (177 mg,
0.20 mmol). Selected IR data [KBr, mmax/cm�1] 1656m, 1580s,
1543m, 1483s, 1417s, 1374m, 1361m, 1227m, 852m, 690m,
604m, 436m. Anal. Calc. for C71H91Fe4PN2O20�2H2O: C, 53.9; H,
6.0; N, 1.8. Found: C, 53.7; H, 6.2; N, 1.8%.
Dcalc (g/cm ) 1.436 1.502
l(Mo Ka) (mm�1) 0.81 0.877
F(0 0 0) 1772 1694
Crystal size (mm) 0.20 � 0.20 � 0.40 0.03 � 0.17 � 0.18

Data collection
Temperature (K) 293 296
Radiation [Å] 0.71073 0.71073
Theta minimum–maximum

(�)
2.0, 27.5 1.5, 25.0

Dataset 0:18; �4:24;
�19:18

�16:16; �17:17;
�22:18

Tot., Uniq. Data, R(int) 12148, 9135, 0.080 57909, 12802, 0.045
Observed data [I > 2.0

sigma(I)]
5049 8957

Refinement
Nref, Npar 9135, 524 12,802,988
R, wR2, S 0.0861, 0.2984,

1.07
0.0447, 0.1105, 1.03

w = 1/[r2(F2
o ) + (0.0461P)2 + 3.4901P] where P = (F2

o + 2F2
c )/3
2.1.3. Synthesis of [Fe8Na4O4(O2CPh)16(pic)4(H2O)4]�MeCN�9H2O
(3�MeCN�9H2O)

To a stirred suspension of [Fe3O(O2CPh)6(H2O)3](O2CPh)
(218 mg, 0.2 mmol) in MeCN (10 mL) was slowly added a solution
of Na(pic)�3/4H2O (60 mg, 0.38 mmol) in H2O (0.20 mL). The solu-
tion was left undisturbed for 24 h, producing dark red crystals of
3�MeCN�9H2O in �40% yield. The solid was filtered off, washed
with MeCN and dried in vacuo over silica gel. X-ray quality crystals
could be obtained directly from the mother liquor. This compound
can not be redissolved in MeCN and the drained-out solid is very
sensitive to air. Selected IR data [KBr, mmax/cm�1] 1599s, 1561s,
1541sh, 1405vs, 1357m, 1175m, 1025m, 718s, 675m, 468s.
Dried solid analyzed as 3�4H2O (Anal. Calc. for C136H104-
Na4Fe8N4O48�4H2O: C, 51.5; H, 3.6; N, 1.8. Found: C, 51.9; H, 3.4;
N, 1.9%).
2.2. X-ray data collection and structure refinement

The X-ray diffraction data for 1 was collected at 293(2) K with
an RIGAKU AFC-7S four-circle diffractometer [12] using graphite
monochromatized Mo Ka radiation (k = 0.71069 Å) in the h/2h scan
mode. In the case of compound 3, a Bruker APEXII CCD difractom-
eter was used, equiped with graphite monochromatic Mo Ka radi-
ation operating in a x scan mode. Crystal data, collection
procedures and refinement results are summarized in Table 1. In
the case of complex 1, absorption and intensity decay corrections
were applied to the diffraction data due to the observation of a sig-
nificant crystal damaging during data collection. The final residuals
indicate the existence of a number of reflections poorly fitted, and
bond lengths and angles show a slightly high standard deviation as
a consequence of the mentioned problem. Both structures were
solved by direct methods locating most of the non-H atoms using
SHELXS [13]. Fourier recycling and least-squares refinement were
used for model completion with SHELXL [13] included in the WINGX

suite of programs [14]. All non-H atoms have been refined aniso-
tropically, and all H atoms have been placed in geometrically suit-
able positions and refined riding with isotropic thermal parameter
related to the equivalent isotropic thermal parameter of the parent
atom. The geometrical analysis of interactions in the structures
was performed with PLATON [15].

Many voids appear in the structure of 3 as potential sites for
further solvent location. All these sites were evaluated, finding a
disordered CH3CN molecule sharing this region with one water
molecule represented by O(7w) which presents half site occu-
pancy. For this reason both, O(7w) and CH3CN molecule were re-
fined isotropically with the same displacement parameters for C
and N atoms in MeCN. Finally, other four oxygen atoms from non
coordinated water molecules were identified and fully refined.
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All of them presented full site occupancy. Hydrogen atoms from
the disordered MeCN molecule were positioned using two ideal-
ized methyl positions. On the other hand, hydrogen atoms from
water molecules were not included in the model due to difficulties
appeared during the refinement.

2.3. Computational details

The theoretical study of [Fe4O2(O2CPh)7(pic)2]� ion was based
on First Principles – Density Functional Theory [16,17]. The simu-
lations were performed using the SIESTA code [18–20] which adopts
a linear combination of numerical localized atomic-orbital basis
sets for the description of valence electrons and norm-conserving
non-local pseudopotentials for the atomic core. The pseudopoten-
tials were constructed using the Trouiller and Martins scheme [21]
which describes the interaction between the valence electrons and
atomic core. We selected a split-valence double-f basis set with
polarization orbitals for all the carbon atoms. The extension of
the orbitals is determined from a confinement, using an energy
shift of 50 meV due to the localization. The total energy was calcu-
lated within the Perdew–Burke–Ernzerhof (PBE) form of the gener-
alized gradient approximation GGA xc-potential [22]. The real-
space grid used to represent the charge density and wavefunctions
was the equivalent of that obtained from a plane-wave cutoff of
600 Ry. The atomic positions were kept fixed at the experimental
crystallographic coordinates. Since the model was elaborated for
an isolated ion, only Gamma-point was used to sample the full
Brillouin Zone. All these parameters allowed the convergence of
the total energy, which corresponded to the antiferromagnetic
solution in all the cases.
3. Results and discussion

3.1. Synthesis

Compounds 1 and 2 were obtained in good yield in a single step
from [Fe3O(O2CR)6(H2O)3]+ (R = Ph, But), pic� and PPh4Cl in MeCN:
Fig. 1. Structure of the anion of 1, with the hydrogen atoms ommited for clarity. The
1.5 � z. Color code: Fe yellow, O red, N blue, C gray. (For interpretation of the references t
4=3½Fe3OðO2CRÞ6ðH2OÞ3�Xþ 2Napicþ PPh4Cl

! ðPPh4Þ½Fe4O2ðO2CRÞ7ðpicÞ2� þ RCOOHþ NaClþ NaX

þ 1=3HXþ 10=3H2O ð1Þ

The preparation of the NBu4
+ salts of [Fe4O2(O2CR)7(pic)2]�with

R = Me and Ph, has been reported some years ago by Christou and
co-workers [7], but they were synthesized by a different method
and only the crystal structure of the acetate compound was
described.

Single crystals of 2 suitable for X-ray analysis were not ob-
tained, and for this reason its magnetic properties were not mea-
sured. This compound was formulated as the pivalate analog of 1
on the basis of elemental analyses and for comparison of the ESI(�)
mass spectrum of both complexes in MeCN solution. The most in-
tense fragments [FeII

2FeIII
2O2(O2CPh)7(pic)2+2H]� (in the spectrum

of 1) and [FeII
2FeIII

2O2(O2CBut)7(pic)2+2H]� (in the spectrum of 2)
were detected centered at m/z 1349 and 1209, respectively. This
assignment is consistent with the fact that FeIII species are easily
reduced in negative ion mode [23] and also with the electrochem-
ical behavior of both compounds in MeCN described in Section 3.3.

Complex 3 is structurally related to 1 in that also contains anal-
ogous butterfly-type Fe4 cores. However, sodium atoms are incorpo-
rated not only balancing charges, but also altering the coordination
modes of the ligands and making possible an increase in the nucle-
arity. The change of PPh4

+ for Na+ as counterion provokes the forma-
tion of a different architecture in the crystalline product.

IR spectra are characterized by several strong bands in the
1540–1670 cm�1 and 1340–1420 cm�1 regions, assigned to the
mas(COO) and ms(COO) modes of the carboxylate ligands, respec-
tively. However, due to the existence of different carboxylate
groups and their coordination modes in each molecule, a more de-
tailed band assignment has not been intended.

3.2. Description of the structures

Perspective drawings of the structures of compounds 1 and 3
showing the atom numbering are depicted in Figs. 1 and 2,
symmetry related atoms were obtained applying the symmetry code i = 0.5 � x, y,
o color in this figure legend, the reader is referred to the web version of this article.)



Fig. 2. The molecular structure of [Fe8Na4O4(O2CPh)16(pic)4(H2O)4] (3), with hydrogen atoms ommited for clarity. The symmetry related atoms were obtained applying the
symmetry code i = �x, 1 � y, �z. Color code: Fe yellow, Na green, O red, N blue, C gray. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Table 2
Selected interatomic distances (Å) and angles (�) for complex 1�2H2O.

Bond distances (Å)
Fe(1)–O(1) 1.840(3) Fe(2)–O(1) 1.918(4)
Fe(1)–O(22) 1.985(4) Fe(2)–O(11) 2.068(4)
Fe(1)–O(31) 2.074(5) Fe(2)–O(21) 2.070(4)
Fe(1)–O(42) 2.054(5) Fe(2)–O(41) 2.010(4)
Fe(1)–O(51) 2.030(4) Fe(2)–O(1)i 1.940(4)
Fe(1)–N(51) 2.177(5) Fe(2)–O(32)i 2.028(5)

Selected angles (�)
Fe(1)–O(1)–Fe(2) 123.8(2)
Fe(2)–O(1)–Fe(2)i 95.19(14)
Fe(1)–O(1)–Fe(2)i 134.0(2)
O(1)–Fe(1)–O(22) 95.90(17) O(1)–Fe(2)–O(11) 89.37(15)
O(1)–Fe(1)–O(31) 92.52(19) O(1)–Fe(2)–O(21) 88.22(15)
O(1)–Fe(1)–O(42) 93.76(19) O(1)–Fe(2)–O(41) 98.34(16)
O(1)–Fe(1)–O(51) 170.98(16) O(1)–Fe(2)–O(1)i 84.42(16)
O(1)–Fe(1)–N(51) 94.27(16) O(1)–Fe(2)–O(32)i 169.52(16)

Metal to metal distances (Å)
Fe(1)���Fe(2) 3.315(2)
Fe(2)���Fe(2)i 2.849(3)
Fe(1)���Fe(2)i 3.480(2)

Symmetry code: i = ½ � x, y, 3/2 � z.

Table 3
Selected hydrogen bonds [Å and �] for complex 1�2H2O.

D–H���A D–H (Å) H���A (Å) D���A (Å) D–H���A (�)

Ow1–Hw1���O52ii 0.91(7) 2.06(7) 2.874(8) 148(6)
Ow1–Hw2���O51i 0.90(7) 2.10(7) 2.994(9) 173(6)

Symmetry transformations used to generate equivalent atoms: ii = x, y, 1 + z and
i = ½ � x, y, 3/2 � z.
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respectively. Selected bond lengths and angles are summarized in
Tables 2 and 4.

Compound 1�2H2O crystallizes in the centrosymmetric mono-
clinic space group P2/n. Its structure consists of discrete
[Fe4O2(O2CPh)7(pic)2]� anions, PPh4

+ cations and water molecules.
Each anion displays C2 symmetry and contains a ‘‘butterfly’’ tetra-
nuclear [Fe4(l3-O)2]8+ core. Fe(2) and Fe(2i) are located along the
‘‘body’’ of the butterfly, while the other two, Fe(1) and Fe(1i) are
positioned at the tip of the ‘‘wings’’ [(i) = 0.5 � x, y, 1.5 � z]. The
Fe3 wings are bridged by pyramidal l3-O2� ions (O(1) and O(1i)
atoms). These ions lie out of the plane of the Fe3 triangles by
0.280(3) Å, and are on the same side of the non planar Fe4 rhombus
(Type I conformation). The sum of the Fe–O–Fe angles around the
l3-O2� group is 353.1(2)�. The dihedral angle between the two Fe3

planes is 145.28(3)�.
Six carboxylate groups from benzoate bridge the body-wingtip

Fe2 pairs in its common syn, syn l2-binding mode or 2.11 using
Harris notation [24] and a seventh carboxylate bridges the hinge
Fe atoms. Six-coordinated, near-octahedral geometry at each FeIII

is completed by two terminal picolinate chelate groups attached
to the wingtip Fe centers.

The O(52) atom, from the carboxylic group of the picolinate, is
free to act as hydrogen bond acceptor with water molecules. Also,
the O(51) atom from pic�which is bonded to Fe(1) participates in a
slightly weaker hydrogen bond. Both connect the Fe4 clusters,
establishing an infinite chain along the [0 0 1] crystallographic
direction (Fig. S1). All the relevant hydrogen bonds parameters
are listed in Table 3.

Compound 3�MeCN�9H2O crystallizes in the triclinic space
group P�1. The structure consists of neutral dodecanuclear {Fe8Na4}
entities and solvent molecules. Two picolinate ligands, both bridg-
ing in a 3.2121311 mode (Scheme 1), hold together two equivalent
{Fe4Na2(l4-O)2(O2CPh)8(pic)(H2O)2} subunits related by an inver-
sion center (Fig. 3). In this way, the shortest distance between Fe
atoms located in these separated fragments is 8.729(3) Å for
Fe(1)���Fe(1i) [(i) = �x, 1 � y, �z]. The four FeIII atoms in each sub-
unit belong to a similar, but not identical core to that of 1, with
Fe(2) and Fe(3) along the body connected by two oxygen bridges
to Fe(1) and Fe(4) at the wingtips. However, in this case the bridges
are tetrahedral l4-O2� ions, the fourth position being occupied by
NaI ions. The sum of the Fe–O–Fe angles around the l4-O2� groups
are 347.0(1)� for O(1) and 346.5(1)� for O(2), and the dihedral angle
between the two Fe3 planes is 139.12(3)�.

The Na atoms also modify the arrangement of the peripheral li-
gands around the metal cage in each subunit. Six benzoate groups
bridge the body-wingtip Fe2 pairs, but there are two other benzo-
ate ligands binding in a 3.21 mode that bridge each body iron with



Table 4
Selected interatomic distances (Å) and angles (�) for complex 3�MeCN�9H2O.

Bond distances (Å)
Fe(1)–O(1) 1.852(2) Fe(3)–O(1) 1.967(2) Na(1)–O(1) 2.814(3)
Fe(1)–O(11) 2.023(3) Fe(3)–O(2) 1.939(2) Na(1)–O(1w) 2.370(4)
Fe(1)–O(31) 2.034(2) Fe(3)–O(10) 2.062(3) Na(1)–O(21) 2.485(3)
Fe(1)–O(60) 2.016(2) Fe(3)–O(21) 2.009(3) Na(1)–O(41) 2.343(3)
Fe(1)–O(100) 2.022(2) Fe(3)–O(71) 2.100(3) Na(1)–O(100) 2.349(3)
Fe(1)–N(100) 2.170(3) Fe(3)–O(81) 2.015(2) Na(1)–O(101) 2.262(3)
Fe(2)–O(1) 1.924(2) Fe(4)–O(2) 1.856(2) Na(2)–O(2) 2.595(3)
Fe(2)–O(2) 1.977(2) Fe(4)–O(51) 2.056(2) Na(2)–O(3w) 2.284(5)
Fe(2)–O(30) 2.024(2) Fe(4)–O(70) 2.006(3) Na(2)–O(20) 2.212(3)
Fe(2)–O(40) 2.023(3) Fe(4)–O(80) 2.037(2) Na(2)–O(40) 2.334(3)
Fe(2)–O(50) 2.047(3) Fe(4)–O(90) 2.021(3) Na(2)–O(90) 2.295(3)
Fe(2)–O(61) 2.073(3) Fe(4)–N(90) 2.191(3)

Selected angles (�)
Fe(1)–O(1)–Fe(2) 119.85(12)
Fe(2)–O(1)–Fe(3) 97.09(11)
Fe(1)–O(1)–Fe(3) 130.08(14)
Fe(3)–O(2)–Fe(4) 122.11(13)
Fe(2)–O(2)–Fe(3) 96.26(11)
Fe(2)–O(2)–Fe(4) 128.08(13)

Metal to metal distances (Å)
Fe(1)���Fe(2) 3.268(2) Fe(1)���Fe(1)i 8.729(3)
Fe(1)���Fe(3) 3.462(2) Fe(1)���Fe(2)i 9.912(3)
Fe(1)���Fe(4) 5.706(3) Fe(1)���Fe(3)i 9.511(3)
Fe(2)���Fe(3) 2.916(1) Fe(1)���Fe(4)i 12.441(5)
Fe(2)���Fe(4) 3.446(3) Fe(2)���Fe(2)i 11.902(4)
Fe(3)���Fe(4) 3.321(3) Fe(2)���Fe(3)i 11.255(5)

Symmetry code: i = �x, 1 � y, �z.

 M1 = Fe M2, M3 = Na 

 

 

 

           3.2121311                    2.201  

N

O

O
-

M1
M2

M3 N

O

O
-

M1
M2

Scheme 1. Coordination modes of picolinate found in complex 3. The numbers below each bonding mode refer to the Harris notation.
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both sodium atoms. This fairly unique disposition of eight bridging
carboxylate groups around a [Fe4Na2(l4-O)2]10+ core has been pre-
viously observed in the structures of [Fe4Na2O2(O2CMe3)10(-
MeCN)(Me2CO)] and [Fe4Na2O2(O2CMe3)10(HO2CMe3)2]�4CH2Cl2

[25]. An additional difference with 1 is that the terminal picolinate
bridges the wingtip Fe(4) with Na(2) in a 2.201 mode. Coordination
around Na(2) is completed by one water molecule leading to a dis-
torted trigonal bipyramidal geometry, with O(90) from pic and
O(20) and O(40) from two benzoates equatorial, and O(3w) and
l4-O(2) axial donor atoms. Unlike Na(2), a highly distorted six-
coordinated geometry at Na(1) is provided by oxygen donor atoms
O(21) and O(41) from two benzoates, O(1w) from a water mole-
cule, O(1) from the l4-O2� ion and O(100) and O(101) from the
two picolinates that join both subunits.

Most of the free solvent is located in the intermolecular space
between the {Fe8Na4} units. Atoms O(4w), O(5w), O(6w) and
O(7w) undergo a major disorder, evidenced by the increase of their
Uij parameters, which is a reasonable consequence of the presence
of conformational disorder.

3.3. Electrochemical properties

Fig. 4 shows the voltammetric profile of Au-pc in solutions of 1
and 2 in MeCN obtained at the potential scan rate m = 0.050 V s�1.
From the obtained profiles it was possible to assess the presence
of four couples related to the FeIII/FeII pair of the iron atoms in
the core of both compounds that were better resolved working at
low m values. These four couples could be paired in two groups of
two couples each.

The first group of two couples was detected in the two analyzed
complexes showing almost the same features. The first couple was
located at E0� = �0.31 V with DEp = 0.11 V, where DEp represents
the anodic to cathodic potential peak separation (Epa � Epc), and
E0� corresponds to the formal redox potential of the couple calcu-
lated as (Epa + Epc)/2. The process was controlled by the slow trans-
ference of the electron, with a slope of 30 mV/decade for the
cathodic peak potential, in accordance with a transfer coefficient
equal to 0.5 for a one-electron exchange process. The second cou-
ple of this group had E0� = �0.45 V with DEp = 0.14 V, and Ep inde-
pendent of m.

For 1, the second group of two couples was detected at E0� = –
0.82 V and E0� = �0.92 V with DEp = 0.06 V in both cases, showing
a slow electron transfer process with a slope of 24 mV/decade for
the cathodic potential peak of the second step. For the case of 2,
the second group involves one couple at E0� = �0.85 V with
DEp = 0.06 V, for a slow transfer electron process with a slope of
22 mV/decade for the cathodic potential peak. The other couple
had E0� = �0.94 V, DEp = 0.06 V, and showed a slow electron



Fig. 3. Core structure of 3.

Fig. 4. Voltammetric profile of Au-pc in 1 mM solution of 1 (a) and 2 (b) in 0.04 M
NEt4ClO4 in MeCN.
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transfer process with a slope of 18 mV/dec for both anodic and the
cathodic potential peaks. All the processes involved the diffusion of
the electroactive species towards the electrode surface, in accor-
dance with the observed Ep versus v1/2 linear adjust.

The evaluation of the solutions at the end of the measurements
for both complexes showed the presence of a red-brown precipi-
tate. This could be attributed to the formation of iron hydroxide.
In this case, a further signal was observed (not shown in Fig. 4)
with E0� = �0.65 V, DEp = 0.01 V and Ep independent of v in accor-
dance with a quasi reversible adsorption process [26].

3.4. Magnetic properties

The magnetic properties of 1 and 3 under the form of vM versus
T plot (vM being the molar paramagnetic susceptibility) are shown
in Fig. 5. The thermal variation of vM shows a decrease on cooling
to reach a broad minimum at 15 K, and then rises again. In turn, the
corresponding vMT values of 2.6 (1) and 5.9 cm3 mol�1 K (3) at
room temperature, are significantly lower than the theoretical val-
ues for four and eight non-interacting S = 5/2 ions (17.5
cm3 mol�1 K and 35.0 cm3 mol�1 K), respectively, indicating the
presence of dominant antiferromagnetic interactions (Fig. 6). Upon
cooling, vMT decreases monotonically to reach a plateau near 0.007
(1) and 0.015 cm3 mol�1 K (3) below 15 K. This analogous behavior
observed for 1 and 3, agrees with an S = 0 ground state with a small
fraction of a paramagnetic impurity for both compounds.

The magnetic exchange interaction in the basic [Fe4O2]8+ core
structure can be described with the isotropic spin Hamiltonian of
Eq. (2) [6b,27]:

H ¼ �JwbðSASC þ SASD þ SBSC þ SBSDÞ � JbbðSASBÞ ð2Þ

In this equation only two exchange constant were considered,
Jwb between all wingtip-body Fe2 pairs and Jbb between body-body
atoms, based on symmetry considerations and in order to avoid
overparametrization. The labeling scheme for the SiSj terms is
shown in Scheme 2.

When the magnetic data for compound 1 were analyzed
through the theoretical expressions for the magnetic susceptibility
derived from Eq. (2), a very good fit was achieved with the param-
eters Jwb = �81.5(2) cm�1, Jbb = �20(4) cm�1, and q = 3.95(5) �
10�4 (q is the molar fraction of noncoupled species). The g factor
was fixed at 2.0, as would be expected for isotropic high-spin FeIII
ions [6b]. The goodness of the fit is reflected in the value of
R = 1.49 � 10�4, the agreement factor, defined as

P
i[(vmT)obs(i) �

(vmT)calc(i)]2/
P

i[(vmT)obs(i)]2.



Fig. 6. Thermal dependence of vMT for 1 (squares) and 3 (circles). The solid lines
correspond to the best theoretical fit (see the text for details).

FeA

FeB

FeCFeD

Jwb Jwb

Jwb Jwb

Jbb

Scheme 2. Exchange interaction model used for [Fe4O2]8+ core in 1.

Fig. 5. Plot of the molar magnetic susceptibility vs temperature for 1 (squares) and
3 (circles). The solid lines correspond to the best theoretical fit (see the text for
details).

Table 5
Calculated total energy for the five evaluated spin arrangements, in reference to the
ground state solution.

FeA FeB FeC FeD Normalized total energy (eV)

" " " " 1.090
" " " ; 0.499
" " ; ; 0.000
" ; " ; 0.447
; " " " 0.462

Fig. 7. Spin density map for the ground state S = 0 of [Fe4O2(O2CPh)7(pic)2]� ion.
Blue and red indicates negative and positive spin density, respectively. (For
interpretation of the references in colour in this figure legend, the reader is referred
to the web version of this article.)
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Additionally, we performed DFT calculations of the energy for
different spin arrangements in order to determine the theoretical
values for Jwb and Jbb in 1, following the well established
procedure described in [28]. Only three calculations are needed
in order to get completeness in the determination of the two ex-
change constants, but we followed with another two spin
arrangements in order to get optimized values for both constants.
According to the data presented in Table 5, the refined parame-
ters are Jwb = �92(3) cm�1 and Jbb = �22(9) cm�1. These values
agree quite well with the ones obtained from magnetic suscepti-
bility measurements and also show the higher uncertainty in the
Jbb parameter that was previously noted and discussed for other
similar systems [6b]. These results are also consistent with the re-
ported exchange coupling constants of other {FeIII

4} complexes
with similar spin topologies [5c] and with previous theoretical
calculations [28].

In all the cases the calculated spin density over the metal ions
corresponded to 3.9 lB, which is lower than the expected for
S = 5/2 FeIII ions. The reason for these low magnetic moments is
due to the spin-delocalization in the surrounding oxygen atoms.
This feature, as well as the isotropy of the spin density of FeIII ions
can be seen in Fig. 7.

Finally, the same spin Hamiltonian was used to described the
magnetic behavior of 3, assuming that the separation between
Fe(1) and Fe(1i) in the structure precludes any significant
interaction between them. In this approach, the {Fe8Na4} core
was simply regarded as the sum of two equivalent magnetically
isolated {Fe4} subunits. Then, an excellent fit was accomplished
with the parameters Jwb = �73.3(2) cm�1, Jbb = �29(2) cm�1, and
q = 4.39(5) � 10�4 (R = 4.91 � 10�5).

3.5. Concluding remarks

Three FeIII-oxo carboxylate/picolinate clusters have been pre-
pared by reaction of ‘‘basic iron carboxylates’’ with sodium picoli-
nate in MeCN. We have found that different precursor complexes
[Fe3O(O2CR)6(H2O)3]+ produces analogous tetranuclear complexes
of formula (PPh4)[Fe4O2(OOCR)7(pic)2] in the presence of PPh4Cl,
with R = Ph (1) so as But (2). However, a higher nuclearity
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compound [Fe8Na4O4(O2CPh)16(pic)4(H2O)4] (3) could be isolated
when Na+ is the unique cation in the reaction medium. Compound
1 contains the common [Fe4(l2-O)2]8+ core. In turn, compound 3
exhibit a [Fe8Na4(l4-O)4]20+ core, where two picolinate anions
coordinate in a fairly uncommon bridging mode. Both of them have
been found to possess S = 0 ground states. Mass spectrometry and
electrochemical studies suggested that the molecular structures of
the anions in 1 and 2 are probably retained in MeCN. Both species
are relatively easy to reduce, in a successive process which in-
volves the four iron atoms. This is of great interest for the synthesis
of partially reduced FeII

xFeIII
4�x structurally related compounds, for

which S > 0 ground states can be expected.
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