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A Tetragonal Core with Asymmetric Iron Environments Supported Solely by
Bis(µ-OH){µ-(O–H···O)} Bridging and Terminal Pyridine Amide (N, O)

Coordination: A New Member of the Tetrairon(III) Family

Akhilesh K. Singh,[a] Wilson Jacob,[a] Athanassios K. Boudalis,[b][‡] Jean-Pierre Tuchagues,[b]

and Rabindranath Mukherjee*[a]

Keywords: Iron / Hydroxido bridges / Pyridine amide ligands / Magnetism / Mössbauer spectroscopy

Room-temperature aerobic reaction of [Fe(MeCN)4][ClO4]2

with 1,3-bis(2-pyridinecarboxamido)propane (H2bpp) yields
the tetrairon(III) complex [Fe4(H2bpp)4(µ-OH)2(µ-OHO)]-
[ClO4]7·2H2O·xMeCN (1·xMeCN, 0�x�3). Crystal structure
determination reveals that 1·3MeCN is a new member of the
tetrairon(III) family, bridged solely by two hydroxido ligands
and a localized {O–H···O}3– bridging unit. The properties of
the “tetragonal” core [Fe4(µ-OH)2{µ-(O–H···O)}]7+ have been
investigated by variable-temperature magnetic and Möss-

Introduction

There has been continued interest in the development of
the coordination chemistry of peptide ligands containing
the pyridine-2-carboxamide[1–5] and pyridine-2,6-dicarbox-
amide[1,6–8] functionality in their deprotonated form. Many
such complexes act as bioinorganic models[9] and catalysts
for selective organic transformations.[4i,4j,10] From the
standpoint of exploring the coordination chemistry of de-
protonated pyridine amide ligands, we[2,6] and others[3–5,7,8]

have synthesized, structurally characterized, and investi-
gated properties of a large variety of interesting transition-
metal complexes.

In our efforts to synthesize dinuclear/polynuclear com-
plexes of iron(III), taking into account the oxophilicity of
iron(III), we directed our attention to a potentially tetra-
dentate pyridine amide ligand, 1,3-bis(2-pyridinecarbox-
amido)propane (H2bpp)[11,12] (Scheme 1), which is capable of
providing pyridine N and amide O donor atoms in its neu-
tral form.[12a–12c,13] Due to chelate-ring flexibility, it is inter-
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bauer spectroscopic measurements. Successful modeling of
the data has revealed asymmetric iron environments and
three types of magnetic exchange interactions [through µ-
OH and µ-O/µ-OH of µ-(O–H···O) bridges]. This tetragonal
core is a valuable addition to the tetrairon(III) cluster family
from inorganic and bioinorganic perspectives.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

esting to note here the structural diversity of H2bpp-coordi-
nated transition-metal complexes (Scheme 2).[12a–12c] In
Scheme 2, the coordination ability of bpp2– is also in-
cluded.[12d] We reasoned that initial reaction between equi-
molar [FeII(CH3CN)4][ClO4]2[14] and H2bpp would provide
coordination to at least two metal ions due to two pyridine
amide moieties present in a H2bpp ligand and that such a
coordination would trigger in each metal ion a search for
additional coordination. This in turn would initiate nucle-
ation of a dinuclear/polynuclear species utilizing oxide/hy-
droxide ions, formed as a result of the reduction of di-
oxygen with concomitant oxidation of iron(II). The present
contribution is the outcome of such an endeavor. Herein we
report our results on the synthesis and structural characteri-
zation of a tetrairon(III) complex [(H2bpp)4Fe4(µ-OH)2(µ-
OHO)][ClO4]7·2H2O·xMeCN (1·xMeCN, 0�x�3; crystal
structure: 1·3MeCN) with a “tetragonal” {FeIII

4(µ-OH)2(µ-
OHO)}7+ core (see below). This compound exhibits an aes-
thetically pleasing structure, distinct from other exam-
ples,[15] and also exhibits notable magnetic and Mössbauer

Scheme 1. The 1,3-bis(2-pyridinecarboxamido)propane (H2bpp) li-
gand.
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Scheme 2. Structurally verified coordination modes of H2bpp and bpp2– reported so far. The one observed in this work is also included.

behavior. It is appropriate to mention here that a consider-
able number of discrete tetrairon(III) complexes have been
synthesized and spectroscopically and structurally charac-
terized.[15–17] Notably, all known Fe4O4 cores (charges are
disregarded), which are either of the dimer-of-dimer type,
e.g. [{Fe2(OR)(RCO2)}2(O)2],[16] or of the tetragonal type,
e.g. [{Fe2(OR)(OCO2)}2(OHO)],[15a] [{Fe2(OR)(RCO2)}2-
(OHO)],[15b–15e] [{Fe2(OR)}2(RCO2)(OHO)],[15e] [{Fe2-
(OR)}2(OHO)],[15e,15f] [{Fe2(OH)(RCO2)2}2(OHO)][15g,15h]

(OR–: alkoxido) and [{Fe2(OR�)(RCO2)}2(OHO)][15i]

(OR�–: phenoxido) have been assembled by using (i) endog-
enous alkoxido/phenoxido bridging ligands with or without
additional carboxylate bridges and (ii) carboxylate bridges.

Results and Discussion

Synthesis and General Characterization

The synthesis of the title compound is based on the fol-
lowing considerations: (i) H2bpp is a potentially tetraden-
tate ligand in its deprotonated form.[12d] (ii) H2bpp can hold
two metal ions, each utilizing a 2-pyridinecarboxamide moi-
ety in its neutral form (Scheme 2).[12a–12c,13] Notably, in
such a situation the ligand can afford discrete or polymeric
compounds containing at least two metal ions. (iii) Aerobic
reaction between an iron(III) salt, H2bpp, and a base could
give rise to an intractable polymeric material.[18] Keeping
these points in mind, we directed our attention to the aero-
bic reaction between [Fe(MeCN)4][ClO4]2 and H2bpp in a
1:1 molar ratio in MeCN. This led to the formation and
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isolation of the complex [Fe4(H2bpp)4(µ-OH)2(µ-OHO)][-
ClO4]7·2H2O·xMeCN (1·xMeCN). The formation of 1
could be rationalized by the stoichiometric reaction shown
in Equation (1).

4[FeII(MeCN)4][ClO4]2 + 4H2bpp + O2 + 2H2O � [FeIII
4(H2bpp)4-

(µ-OH)2(µ-OHO)][ClO4]7 + HClO4 + 16MeCN (1)

It is reasonable to assume that the source of OH– and
{O–H···O}3– ions is the trace amount of H2O present in
MeCN. The ligand coordinates in its neutral form, as evi-
denced by the ν(NH) vibration in its IR spectrum. The exis-
tence of OH– and {O–H···O}3– is supported by IR spec-
troscopy [two medium broad bands at ca. 3580 and
3070 cm–1 (Figure S1, Supporting Information) due to the
O–H stretching mode of the bridging OH–/solvent of
crystallization and {O–H···O}3– groups, respec-
tively].[15g,15h] Single-crystal X-ray crystallography authenti-
cated the composition of compound 1 (see below). Orange
MeCN/MeOH solutions of 1 display strong OH–/
{O–H···O}3– � FeIII charge-transfer transitions at 360/
330 nm (Figure S2, Supporting Information).

Crystal Structure of [Fe4(H2bpp)4(µ-OH)2(µ-OHO)]-
[ClO4]7·2H2O·3MeCN (1·3MeCN)

Compound 1·3MeCN crystallizes in the noncentrosym-
metric orthorhombic space group Fdd2, and hence it does
not have a crystallographically imposed symmetry. Com-
pound 1 consists of a cationic tetrairon species, seven per-
chlorate counteranions, two H2O and three MeCN solvate
molecules. Given the crystallographically established pres-
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ence of seven perchlorate ions and the fact that the four
metal centers are clearly FeIII atoms, charge considerations
require that three core oxygen atoms be formally proton-
ated (see below). The molecular structure of the heptacation
depicts (Figure 1) a novel {FeIII

4(µ-OH)2(µ-OHO)}7+ core
assembled solely by four terminally coordinated H2bpp li-
gands and bridged by two hydroxide ions and a {O–
H···O}3– bridging unit (see below). Each H2bpp ligand pro-
vides a pyridyl N and an amido O to two FeIII ions. As a
consequence, each FeIII center has an N2O4 donor set in a
distorted octahedral geometry (Table 1). The two bridging
angles, Fe(1)–O(12)–Fe(4) and Fe(2)–O(10)–Fe(3), are
132.8(3) and 133.0(3)°, respectively. On the basis of this in-
formation, we can assign the bridges between Fe(1)/Fe(4)
and Fe(2)/Fe(3) as hydroxido ligands. The Fe–O distances
Fe(1)–O(12), Fe(4)–O(12), Fe(2)–O(10), and Fe(3)–O(10)
[1.942(6)–1.980(6) Å] in the Fe(1)–O(12)–Fe(4) and Fe(2)–
O(10)–Fe(3) units fall within the range reported (1.93–
1.98 Å) for complexes containing the {Fe2(µ-OH)(µ-
O2CR)2}2+ unit.[19,20] Notably, the two other bridging
angles, Fe(1)–O(9)–Fe(2) and Fe(3)–O(11)–Fe(4), are
149.2(4) and 150.3(4)°, respectively.

It is worth mentioning here that the hydrogen atoms of
the bridging units as well as those of the two water mole-
cules present in the crystal lattice of 1·3MeCN were not
located from difference Fourier maps. However, the follow-
ing observations are noteworthy. The Fe(1)–O(9), Fe(2)–
O(9), Fe(3)–O(11), and Fe(4)–O(11) bond lengths are in the
range 1.841(6)–1.882(6) Å. They are significantly longer
than those of µ-oxido diiron(III) complexes (1.76–1.82 Å),
including complexes containing the {Fe2(µ-O)(µ-O2CR)2}2+

unit,[20–23] but shorter than FeIII–(µ-OH) distances (1.93–
1.98 Å; see above). Thus, the “hydroxido” and “oxido” li-
gands of the {O–H···O}3– unit can be distinguished on the
basis of the Fe–O bond lengths. Moreover, the O···O dis-
tances between O(9) and O(11) and between O(10) and
O(12) are 2.4874(2) and 4.9854(17) Å, respectively (Fig-
ure 1). The former distance indicates the presence of a
strong hydrogen bond.[15g–15i,24,25] The possibility exists that
oxygen atoms O(9) and O(11) are differently protonated,[15e]

as evidenced by their bond lengths to FeIII atoms [Fe–O(9):
1.841(6) and 1.858(6) Å; Fe–O(11): 1.873(6) and 1.882(6) Å]
(Table 1). Differences in Fe–O(H) distances of similar mag-
nitude due to localized O–H···O hydrogen bonding were ob-
served before for Fe4 complexes with endogenous alkoxido/
phenoxido bridging ligands with[15i] and without[15e] ad-
ditional carboxylate bridges. Considering the facts men-
tioned above, we are inclined to believe that the Fe(1)···
Fe(2) and Fe(3)···Fe(4) bridges are provided by the {O–
H···O}3– unit and that the proton is bound to O(11). The
calculated O(11)–H and O(9)–H distances are 0.95 and
1.543(1) Å, respectively. Similar distances are known for O–
H···O hydrogen-bonding interactions.[15c,15d,15f–15h,17] It is
interesting to note that the O(9)···O(11) distance is slightly
longer than those observed for similar {O···H···O}3– bridg-
ing units (2.394–2.426 Å)[15a–15d] but shorter than that re-
ported for the rectangular {FeIII

4(µ-OH)2(µ-OHO)}7+ core
supported by additional acetate bridges [2.525(9) Å][15g,15h]
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Figure 1. (a) A perspective view of the heptacation [Fe4(H2bpp)4(µ-
OH)2{µ-(O···H–O)}]7+ of [Fe4(H2bpp)4(µ-OH)2(µ-OHO)][ClO4]7·
2H2O·3MeCN (1·3MeCN). The hydrogen atoms are omitted for
clarity. (b) A view of connectivities within the FeIII

4O4 core.

Table 1. Selected bond lengths [Å] and bond angles [°] for
[Fe4(H2bpp)4(µ-OH)2(µ-OHO)][ClO4]7·2H2O·3MeCN (1·3MeCN).

Fe(1)–O(1) 2.014(6) Fe(3)–O(5) 2.022(6)
Fe(1)–O(3) 2.074(7) Fe(3)–O(7) 2.048(6)
Fe(1)–O(9) 1.858(6) Fe(3)–O(10) 1.980(6)
Fe(1)–O(12) 1.971(6) Fe(3)–O(11) 1.873(6)
Fe(1)–N(1) 2.204(9) Fe(3)–N(9) 2.224(9)
Fe(1)–N(5) 2.149(7) Fe(3)–N(13) 2.168(7)
Fe(2)–O(2) 2.072(6) Fe(4)–O(6) 2.029(6)
Fe(2)–O(4) 2.021(6) Fe(4)–O(8) 2.028(5)
Fe(2)–O(9) 1.841(6) Fe(4)–O(11) 1.882(6)
Fe(2)–O(10) 1.969(6) Fe(4)–O(12) 1.942(6)
Fe(2)–N(4) 2.137(7) Fe(4)–N(12) 2.161(7)
Fe(2)–N(8) 2.222(9) Fe(4)–N(16) 2.221(8)
N(1)–Fe(1)–O(1) 75.9(3) N(9)–Fe(3)–O(5) 75.6(3)
N(1)–Fe(1)–O(9) 173.2(3) N(9)–Fe(3)–O(11) 170.0(3)
O(1)–Fe(1)–N(5) 158.4(3) N(13)–Fe(3)–O(7) 76.5(2)
O(3)–Fe(1)–O(12) 168.6(3) O(5)–Fe(3)–N(13) 161.0(3)
O(3)–Fe(1)–N(5) 76.8(3) O(7)–Fe(3)–O(10) 166.7(2)
N(4)–Fe(2)–O(2) 76.1(3) N(12)–Fe(4)–O(6) 75.0(3)
N(8)–Fe(2)–O(4) 75.1(3) N(16)–Fe(4)–O(8) 75.8(3)
N(8)–Fe(2)–O(9) 171.9(3) N(16)–Fe(4)–O(11) 169.5(3)
O(2)–Fe(2)–O(10) 165.9(3) O(6)–Fe(4)–O(12) 164.5(3)
O(4)–Fe(2)–N(4) 159.6(3) O(8)–Fe(4)–N(12) 160.6(3)
Fe(1)–O(9)–Fe(2) 149.2(4) Fe(2)–O(10)–Fe(3) 133.0(3)
Fe(1)–O(12)–Fe(4) 132.8(3) Fe(3)–O(11)–Fe(4) 150.3(4)
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Table 2. Fe···Fe distances [Å] in tetranuclear iron(III) complexes having Fe–(OHO)–Fe bridging.

Structural type Fe···Fe distances [Å] Ref.

I 3.483(1), 3.566(1), 3.640(3), and 3.671(2) [15e]

II (R = O) 3.397(2) and 3.755(2) [15a]

II (R = Me) 3.451(1), 3.474(1), 3.675(1), and 3.709(1) [15b,15c]

3.440(2) and 3.7236(9); 3.4553(5) and 3.707(1) [15d]

3.424(1) and 3.704(1); 3.464(1), 3.485(1), and 3.730(1) [15e]

II (R = H3NC2H4NH) 3.336(1), 3.411(1), 3.677(1), and 3.730(1) [15e]

III 3.250(2), 3.261(2), 3.687(2), and 3.694(2) [15g,15h]

IV 3.561(1) and 3.625(1); 3.486(6), 3.581(6), 3.690(6), and 3.786(6) [15e]

V Fe(1)···Fe(2): 3.567(2), Fe(1)···Fe(4): 3.585(1); this work
Fe(2)···Fe(3): 3.622(1), Fe(3)···Fe(4): 3.630(2) this work

VI 3.507, 3.575, 3.591, and 3.608 [15i]

and {FeIII
4(µ-RCO2)2(µ-OHO)}7+.[15i] The µ-oxido di-

iron(III) character in the Fe(1)–O(9)–Fe(2) and Fe(3)–
O(11)–Fe(4) units is appreciably reduced as a result of an
unsymmetrical protonation of the {O–H···O}3– group. In
essence, each of the Fe(1)/Fe(4) and Fe(2)/Fe(3) pairs is
bridged by a single OH– group and a {O–H···O}3– group.

A compilation of Fe···Fe separations in 1·3MeCN along
with other Fe–(OHO)–Fe systems within the Fe4O4 family
(Scheme 3) is provided in Table 2. A closer look at the met-
ric parameters reveals that the four iron atoms in 1·3MeCN
are located at the vertices of a {FeIII

4(µ-OH)2(µ-OHO)}7+

flattened tetragon (the average Fe–Fe–Fe angle within the

Scheme 3. Structural types of tetranuclear iron(III) complexes hav-
ing Fe–(OHO)–Fe bridging.
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Fe4 core ≈ 85°), which is unique amongst all Fe–(OHO)–Fe
bridged tetrairon(III) complexes reported so far (see be-
low).

Important structural parameters to consider in Fe–
(OHO)–Fe bridged tetrairon(III) complexes are: (i) whether
all iron atoms are in one plane, (ii) the coplanarity of bridg-
ing groups with the Fe4 plane, and (iii) the coplanarity of
the {OHO}3– bridging unit with the Fe4 plane. Interestingly,
for all reported systems, all four Fe atoms are exactly or
almost exactly in the same plane (the displacements of oxy-
gen atoms from the Fe4 plane do not follow a regular trend;
see Supporting Information). At variance, large deviations
[Fe(1): 0.8803, Fe(2): –0.4246, Fe(3): 0.3965, and Fe(4):
–0.4195 Å] are observed for 1·3MeCN. The four oxygen
atoms, however, form a plane with a deviation of
�0.0452 Å. Two iron atoms are above and two are below
this plane by �0.54 Å (Figure 1). As a result, 1·3MeCN is
the first example of a nonplanar Fe4 core (tetragon) found
in {FeIII

4(µ-OH)2(µ-OHO)}7+ cluster chemistry.
At each iron site, one pyridyl nitrogen is trans to the {O–

H···O}3– unit, and the other one is trans to the amide oxy-
gen, the former Fe–N bond being the longer because of the
stronger trans effect of the {O–H···O}3– group. At the Fe(1),
Fe(2), and Fe(3) sites, the Fe–Oamide bond trans to the hy-
droxy group is longer than the other one by ca. 0.06, ca.
0.05, and ca. 0.03 Å, respectively. Notably, at the Fe(4) site,
the two Fe–Oamide distances are comparable. Generally, the
Fe–Npy (py = pyridine) distances are longer than the Fe–
Oamide ones. At the Fe(1), Fe(2), Fe(3), and Fe(4) sites the
differences are 0.13, 0.13, 0.16, and 0.16 Å, respectively.
Clearly, the distortions are larger at the Fe(3) and Fe(4)
than at the Fe(1) and Fe(2) sites.

Mössbauer Spectra

Mössbauer spectra of powdered samples of 1 have been
recorded at 293, 80, and 4.5 K. All three spectra show (Fig-
ure 2) composite quadrupole-split doublets appearing as
two very broad and asymmetric absorptions. No dipolar
splitting due to internal magnetic field was observed even
at very low temperature. As could be expected from these
partly split absorptions it was not possible to fit the Möss-
bauer spectra of 1 by considering a unique quadrupole-split
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Figure 2. Mössbauer spectra of 1 (powdered sample) recorded in
zero-field at 4.5 (lower trace), 80 (middle trace), and 293 K (top
trace). The solid lines (blue and green for the minor and major
sites, respectively, and red for the sum) represent the best least-
squares fit to the experimental data (�).

Table 3. Mössbauer spectral data for 1 and related FeIII
4 clusters.[a]

Compound/Site(s) Core/Bridges T [K] δ [mms–1][b] ∆EQ [mms–1] Γ1/2 [mms–1][c] Area ratio [%] Ref.

[Fe4(H2bpp)4(OH)2(OHO)]7+ diamond[d] 4.5 0.493(11) 0.850(98) 0.339(36) 75(19) this work
(OHO)(OH)2 0.521(18) 1.481(91) 0.231(71) 25(18)

80 0.4395(38) 0.666(16) 0.1881(88) 65.5(51)
0.4704(62) 1.186(25) 0.175(16) 34.5(53)

293 0.3319(51) 0.655(17) 0.166(10) 69.6(57)
0.3786(95) 1.163(29) 0.149(21) 30.4(60)

[Fe4(dhpta)2(O)(OH)(-ala)2]+ rectangle 293 0.36 1.21 0.38 100 [15b,15c]

(OHO)(OR)2

[Fe4(dhpta)(O)(OH)(O2CMe)2]3+ rectangle 293 0.36 1.15 0.37 100 [15d]

(OHO)(OR)2

[Fe4(phen)4(OHO)(OH)2(O2CMe)4]3+ rectangle 80 0.470(1) 0.573(4) 0.144(2) 53.6(6)
(OHO)(OH)2 0.485(2) 1.032(4) 0.144(2) 46.4(6) [15g,15h]

293 0.370(3)[e] 0.717(5)[e] 0.172(4)[e] 100[e]

[Fe4(bpbp)2(O)2(OH)2]4+ adamantane 4.5 0.490(1) 1.591(1) 0.138(1) 100 [26]

(O)2(OH)2 80 0487(1) 1.601(2) 0.138(2) 100
293 0.383(2) 1.592(3) 0.137(2) 100

[Fe4(hpba)2(O2CMe)2(O)(OH)(OH2)2]+ tetragon 78 0.51(1) 0.58(1) 0.16(1) 25 [15i]

(OHO)(OR)2 0.51(1) 0.91(1) 0.16(1) 25
0.51(1) 1.14(1) 0.16(1) 25
0.51(1) 1.43(1) 0.16(1) 25

293 0.38(1) 0.78(1) 0.16(1) 50
0.38(1) 1.10(1) 0.16(1) 50

[a] Ligand abbreviations: H5dhpta = 1,3-diamino-2-hydroxypropane-N,N,N�,N�-tetracaetic acid; -ala = -alanine; phen = 1,10-phen-
anthroline; bpbp = 2,6-bis{[bis(2-picolyl)amino]methyl}-4-tert-butylphenol (Hbpbp); hpba = 2-[{2-hydroxy-5-methyl-3-[(pyridin-2-ylmethyl-
amino)methyl]benzyl}(2-hydroxybenzyl)amino]acetic acid (H3hpba). [b] Isomer shift relative to iron foil at room temperature. [c] Width
at half height. [d] Core closer to distorted trapezium than to adamantane. [e] Data could not be fitted by two doublets because of the
close proximity of the peaks.
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doublet. In order to satisfactorily fit the spectra, it was nec-
essary to consider two nested quadrupole-split doublets, i.e.
of very close isomer shift (δ), in line with a very similar
N2O4 environment for all four Fe sites, but significantly dif-
ferent quadrupole splittings (∆EQ). Two series of fittings
were carried out, both yielding satisfactory results. For li-
gand environment and symmetry reasons discussed in the
Crystal Structure section and below, the ferric sites may be
associated by two Fe(1) and Fe(2) on one hand and Fe(3)
and Fe(4) on the other hand. Consequently, we first con-
strained the area ratio of each doublet to 50%. Although
the fit obtained was satisfactory, we were able to improve
the fits by allowing for doublets with different area ratios.
This resulted in minute variation of the δ and ∆EQ param-
eters, while yielding unequal absorption areas of 70% and
30% in average. The data corresponding to these improved
fits are shown in Figure 2 and collated in Table 3. Although
the presence of two ferric doublets is not questionable, these
fits are only indicative, i.e. no unambiguous site assign-
ments can be achieved due to the overlap of the doublets
and the small Mössbauer spectral parameter dependence
on coordination environments for ferric sites.

The isomer shift values for the two sites are close to each
other (δ = 0.44 and 0.47 mms–1 at 80 K) and in agreement
with related FeIII (S = 5/2) sites.[15b–15d,15h,20b] The quadru-
pole splitting values are, however, very different (∆EQ =
0.67 mms–1 and 1.19 mms–1 at 80 K), clearly indicating
quite different local symmetries at the two FeIII

sites[15b–15d,15h,20b,25] in spite of the similar N2O4 ligand en-
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vironments. The δ values decrease with increasing tempera-
ture because of the second-order Doppler effect. There is
no significant thermal variation of the ∆EQ values. It is thus
clear that there are two different FeIII (S = 5/2) sites in 1:
the difference in local symmetry of the ligand environments
is large enough for allowing Mössbauer spectroscopy to
easily distinguish two Fe sites.

This result is supported by the distortions evidenced in
the single-crystal X-ray structure of 1·3MeCN. While the
bridges between Fe(1) and Fe(4), and Fe(2) and Fe(3), are
identical (OH– and {OHO}3–), the unique bridge, {O(···H–
O)}3–, between Fe(1) and Fe(2), is different from the bridge,
{O(–H···O)}3–, between Fe(3) and Fe(4) (Figure 1). This
difference in ligand environment between Fe(1) and Fe(2)
on one hand and Fe(3) and Fe(4) on the other hand is cor-
roborated by the Fe–O(H) distances: Fe(1)–O(9) and Fe(2)–
O(9), 1.858(6) and 1.841(6) Å, respectively, are shorter than
Fe(3)–O(11) and Fe(4)–O(11), which are 1.873(6) and
1.882(6) Å, respectively. Moreover, the Fe–O(H)–Fe angles
[°] are equivalent by pairs: Fe(1)–O(9)–Fe(2) = 149.2(4),
Fe(3)–O(11)–Fe(4) = 150.3(4) and Fe(1)–O(12)–Fe(4) =
132.8(3), Fe(2)–O(10)–Fe(3) = 133.0(3) (Table 1).

For purposes of comparison, the Mössbauer spectro-
scopic data of related tetranuclear iron(III) systems are also
included in Table 3. From a structural viewpoint, the dis-
torted “tetragonal” core of 1·3MeCN (see above) resembles
more a distorted “rectangular” than an “adamantane” core.
Indeed, not only is there only one Fe site for the reported
adamantane complex,[26] but its Mössbauer spectral param-
eters also differ significantly (Table 3). On the other hand,
the data closer to those of the present Fe4 complex are those
of the distorted “rectangular” Fe4 complex with similar
bis(µ-OH){µ-(O···HO)} bridges (structural type III,
Scheme 1),[15h] which, among the “rectangular” cores, has
two Fe sites clearly distinguished by Mössbauer spec-
troscopy (∆EQ = 0.57 and 1.03 mms–1).

The larger ∆EQ values for 1 (minor component) are no-
tably smaller than those observed for µ-oxido dimers of
FeIII,[20b,25] which may be ascribed to the less distorted oc-
tahedral coordination in 1. The µ-oxido dimers have signifi-
cantly shorter Fe–Ooxido bonds,[20–23] while the less dis-
torted octahedral structure of Fe centers in 1 is associated
to µ-OH and µ-(O–H···O)} bridges, at the exclusion of µ-
oxido bridges.

Magnetic Properties

Magnetic susceptibility data of an analytically pure sam-
ple of 1 were measured by using a SQUID magnetometer.
A plot of χMT (χM is the corrected molar magnetic suscep-
tibility per tetramer) vs. temperature is displayed in Fig-
ure 3. The χMT value decreases gradually from
3.09 cm3 mol–1 K at 300 K to a narrow plateau of
0.58 cm3 mol–1 K at ca. 14 K, before reaching a value of
0.33 cm3 mol–1 K at 2 K; the plateau, along with the non-
zero value at 2 K, is the signature of a small amount of S
= 5/2 paramagnetic impurity (see below). The room-tem-

Eur. J. Inorg. Chem. 2008, 2820–2829 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2825

perature value of χMT for 1 is considerably less than that
expected for four non-interacting FeIII (S = 5/2) ions (χMT
= 17.52 cm3 mol–1 K for g = 2), indicating antiferromagnetic
exchange interactions.

Figure 3. Temperature dependence of χMT for 1. The solid line is
a least-squares fit of the experimental data using the spin Hamilto-
nian described in the text.

Due to the lack of symmetry operations, six different ex-
change-coupling parameters should be considered for the
interpretation of the magnetic properties of 1 (Scheme 4).
However, due to the structural similarities of the Fe(1)–
O(10)–Fe(2) and Fe(3)–O(12)–Fe(4) hydroxido interaction
pathways, it is assumed that they can be accounted for by
a single exchange-coupling parameter, i.e. J1 = J23 = J14. It
is also assumed that the diagonal Fe(1)–O(9)···H(11)–
O(11)–Fe(3) and Fe(2)–O(9)···H(11)–O(11)–Fe(4) pathways
are inoperant. If we invoke that H(11) is mainly localized
on O(11) and strongly hydrogen-bonded to O(9), i.e. weakly
delocalized towards O(9) (see description of the structure),
then this should induce different degrees of hydroxido char-
acter on each oxido. Therefore, taking into account that
oxido bridges provide stronger antiferromagnetic interac-
tion than hydroxido bridges, we consider that the Fe(1)···
Fe(2) magnetic interaction (J2) should be different from
the Fe(3)···Fe(4) interaction (J3). The magnetic exchange
coupling model taking into account these structural charac-
teristics is presented in Scheme 3; the corresponding ex-
change Hamiltonian considered including a zero-field split-
ting (zfs) term D common for the four iron sites (D1 = D2

= D3 = D4 = D) is given in Equation (2).

(2)

The magnetic susceptibility has been computed by exact
calculation of the energy levels associated to this spin Ham-
iltonian through diagonalization of the full-matrix with a
general program for axial symmetry.[27] Least-squares fit-
tings were accomplished with an adapted version of the
function-minimization program MINUIT.[28] Comparison
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Scheme 4. The model used for interpreting the magnetic data of 1.

of different fits carried out by setting D to zero or g to 2
show that the J1, J2, and J3 values and the quality of the
fits are very weakly affected upon setting D to zero and g
to 2. Thus, in order to avoid over-parametrization, the zfs
parameter D was set to zero and g was set to 2 in the final
fits. While the data above ca. 20 K were very nicely fitted
with this coupling model (Figure 3), the presence of a small
fraction of paramagnetic impurity precluded fitting the data
below 20 K, possibly because of the zero-field splitting of
this paramagnetic component. Exploration of the param-
eter space of the problem revealed two local minima, with
best-fit parameters: J1 = –30.9 cm–1, J2 = –96.4 cm–1, J3 =
–34.7 cm–1, g = 2 (fixed), ρ [molar percentage of mononu-
clear FeIII (S = 5/2) paramagnetic impurity] = 1.77%, with
R = 1.9�10–5 (solution A) and J1 = –44.7 cm–1, J2 =
–62.8 cm–1, J3 = –26.2 cm–1, g = 2 (fixed), ρ = 1.76%, with
R = 1.9�10–5 (solution B). Since J1 refers to hydroxido-
mediated exchange coupling, J3 to a dominantly hydroxido-
mediated exchange coupling, and J2 to a dominantly oxido-
mediated exchange coupling, we expect that |J1| � |J3| �
|J2|. Thus we rule out solution B on the basis of its lack of
physical meaning, since it is characterized by |J3| � |J1| �

Table 4. Structural parameters and magnetic exchange coupling constant (J) values for Fe–(OHO)–Fe bridged tetranuclear iron(III)
complexes.

Structural type Fe–O(H) distance [Å] Fe–O–Fe angle [°] J [cm–1] Ref.

II (R = O) Fe2(µ-alkoxido): Av. 2.053(4) Fe–(O–alkoxido)–Fe: 132.3(2) Fe–(µ-alkoxido)–Fe: –11 [15a]

Fe2(µ-OHO): 1.829(4) Fe–(OHO)–Fe: 136.4(3) Fe-(µ-OHO)(µ-OCO2)–Fe: –63

II (R = Me) Fe2(µ-alkoxido): Av. 2.019(4) Fe–(O–alkoxido)–Fe: Av. 132.2(2) Fe–(µ-alkoxido)–Fe: – 21 [15b,c]

Fe2(µ-OHO): 1.853(4), 1.862(4), Fe–(OHO)–Fe: Av. 138.1(3) Fe–(µ-OHO)(µ-O2CMe)–Fe: –42
1.850(4), 1.850(4)

III Fe–(µ-OH): 1.997(7), 1.997(7), Fe–(OH)–Fe: 135.3(4), 135.3(4) Fe–(µ-OH)–Fe: –22 [15g,h]

1.984(7), 2.002(7)
Fe2(µ-OHO): 1.883(6), 1.869(6), Fe–(OHO)–Fe: 120.7(4), 119.8(4) Fe–(µ-OHO)(µ-O2CMe)2–Fe: –74
1.881(7), 1.876(7)

IV Fe2(µ-alkoxido): Av. 1.997(3) Fe–(O–alkoxido)-Fe: 130.65(2) Fe–(µ-alkoxido)–Fe: –14 [15f]

Fe2(µ-OHO): 1.864(4) Fe–(OHO)–Fe: 145.65(2) Fe–(µ-OHO)–Fe: –34

V Fe–(µ-OH): 1.942(6), 1.971(6), Fe–(OH)–Fe: 132.8(3), 133.0(3) Fe–(µ-OH)–Fe: –31 this
1.969(6), 1.980(6) work
within Fe2(µ-OHO) unit: within Fe–(OHO)–Fe unit: within Fe–(µ-OHO)–Fe unit:
Fe–(µ-O): 1.841(6), 1.858(6) Fe–(O)–Fe: 149.3(4) Fe–(µ-O)–Fe: –96
Fe–(µ-OH): 1.873(6), 1.882(6) Fe–(OH)–Fe: 150.4(4) Fe–(µ-OH)–Fe: –35

VI Fe2(µ-phenoxido): Av. 2.061(4) Fe2(µ-phenoxido): Av. 120.76(17) Fe–(µ-phenoxido)–Fe: –29 [15i]

within Fe2(µ-OHO) unit: within Fe–(OHO)–Fe unit: within Fe–(µ-OHO)–Fe unit:
Fe–(µ-O): 1.841(4), 1.819(4) Fe–(µ-O)–Fe: 146.8(2) Fe–(µ-O)–Fe: –40
Fe–(µ-OH): 1.884(4), 1.909(4) Fe–(µ-OH)–Fe: 144.0(2) Fe–(µ-OH)–Fe: –13
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|J2|. Indeed, in solution B, not only are the purely hy-
droxido-mediated interactions (J1) too strong and the domi-
nantly oxido-mediated one (J2) too weak, but also, in spite
of its partial oxido character, |J3| � |J1|, whereas the oppo-
site effect is expected. The best fit corresponding to solution
A is displayed in Figure 3. As the J1 and J3 values of solu-
tion A are close to each other, we also considered the pos-
sibility to fit the magnetic data of 1 to a two-J model (J1 ≈
J3). However, these attempts did not yield any acceptable
fit.

The observed J values for 1, structural parameters, and
coupling constants for closely related complexes are col-
lated in Table 4. Given the molecular structure of 1·3MeCN
and the model used, the calculated values of J1, J2, and J3

are reasonable (Table 4). Relative to closely similar reported
complexes,[15g,15h] the increase in the extent of antiferro-
magnetic coupling in 1 may be due to a lowering of the
effective core symmetry,[29] because of the unsupported na-
ture of the {Fe4(µ-OH)2{µ-(O–H···O)}7+ core in 1, facilita-
ting more symmetry-allowed overlap of metal d orbitals
with p orbitals of hydroxido and (OHO)3– bridges. To the
best of our knowledge, this is the second time that three
exchange interactions have been considered to fit experi-
mental data for a {µ-(O–H···O)}3– bridged Fe4 core.
Amongst the (OHO)3– bridged tetrairon(III) complexes re-
ported so far, the [{Fe2(OR�)(RCO2)}2(OHO)]1+ cation[15i]

was the first to exhibit different enough degrees of hy-
droxido character on each oxido for mediating three dif-
ferent magnetic exchange interactions. It is also worth not-
ing here that theoretical calculations at the density func-
tional theory level have been carried out very recently for
Fe4O4 “butterfly” cores by considering three magnetic ex-
change interactions.[30]
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Concluding Remarks

From the X-ray structural results for 1·3MeCN presented
here, it appears that neutral bis(2-pyridinecarboxamide) li-
gands with alkane spacers have appreciable propensity for
linking metal ions into polymetallic networks, in the present
case a discrete tetrairon(III) complex. It should be kept in
mind that the amide group, a key component of proteins,
also participates in binding metal ions in mononuclear non-
heme iron proteins.[31] The present work is an extension of
our efforts to demonstrate efficient coordination of amide
oxygen towards transition-metal ions[13a] to synthesize dis-
crete molecules and to eventually provide suitable bioin-
spired synthetic models. The “tetragonal” [Fe4(µ-OH)2{µ-
(O–H···O)}]7+ core present in 1·3MeCN, assembled without
use of an endogenous bridging ligand and/or carboxylate
bridges, qualifies as an unprecedented example of the tetra-
iron(III) family bridged solely by two hydroxido ligands
and an O–H···O bridging unit. It is a valuable addition to
the coordination chemistry of tetrairon(III) clusters in gene-
ral and bioinorganic chemistry in particular. Furthermore,
the strongly hydrogen-bonded {O–H···O}3– bridge could
provide useful structural information in relation to the
mechanism of water oxidation in photosystem II, which in-
volves a tetramanganese core, and its synthetic and theoret-
ical studies.[32] Efforts to understand the generality of this
core formation are continuing.

Experimental Section
General: All reagents were obtained from commercial sources and
used as received, unless stated otherwise. Solvents were dried/puri-
fied as reported previously.[2,6] The ligand H2bpp[11] and
[Fe(MeCN)4][ClO4]2[14] were prepared by following reported pro-
cedures.

Synthesis of [Fe4(H2bpp)4(µ-OH)2(µ-OHO)][ClO4]7·2H2O·xMeCN
(1·xMeCN, 0 �x�3): To a stirred solution of H2bpp (0.07 g,
0.24 mmol) in MeCN (4 mL) was added solid [Fe(MeCN)4]-
[ClO4]2 (0.1 g, 0.24 mmol) portionwise. The reddish-orange solu-
tion thus formed was stirred in air for 2 h at 298 K. Ethyl acetate
(5 mL) was added, yielding a reddish-brown gummy mass. The
mass was dissolved in acetone (15 mL) by continuous stirring and
2-propanol (20 mL) was added. The resulting solution was kept at
298 K for 2 d. The crystalline orange precipitate that resulted was
filtered, washed with 2-propanol, and dried in vacuo. Yield: 0.075 g
(53%). Single crystals of 1·3MeCN were obtained by vapor dif-
fusion of diethyl ether into a MeCN solution of the complex. No-
tably, the crystals thus obtained rapidly lose solvent. 1·3MeCN
(C66H80Cl7Fe4N19O42): calcd. C 34.72, H 3.53, N 11.66; found C
34.78, H 3.24, N 11.69. IR (KBr disc; selected peaks): ν̃ = 3410
and 3072 [ν(OH)], 3340 [ν(NH)], 1640 [amide I; mainly ν(CO)] and
1555 [amide II; mainly ν(CN)], 1086 [ν(ClO4

–)] cm–1. UV/Vis
(MeCN): λ (ε, –1 cm–1) = 265 (74600), 360 (14400) nm. UV/Vis
(MeOH): λ (ε, –1 cm–1) = 260 (65 000), 330 sh (12000) nm.

Caution: Perchlorate complexes are potentially explosive and
should be handled with care. However, the small quantities used in
our studies did not pose a hazard.

Physical Measurements: Elemental analyses were obtained with a
Carlo Erba CHNSO 1110 analyzer. Spectroscopic measurements
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were made by using the following instruments: IR (KBr, 4000–
600 cm–1): Bruker Vector 22; UV/Vis: Perkin–Elmer Lambda 2 and
Agilent 8453 diode-array spectrophotometers.

Mössbauer Spectra: Mössbauer spectra were recorded with a con-
stant-acceleration conventional spectrometer with a 50 mCi source
of 57Co (Rh matrix). The absorber was a powdered sample enclosed
in a cylindrical plastic sample holder of 20 mm diameter, the size
of which was determined to optimize the absorption. Spectra were
obtained in the 4–300 K range by using a MD306 Oxford cryostat,
the thermal scanning being monitored by an Oxford ITC4 servo
control device (accuracy: �0.1 K). A least-squares computer pro-
gram[33] was used to fit the Mössbauer spectral parameters and to
determine their standard deviations of statistical origin (given in
parentheses). Isomer shift values (δ) are relative to iron foil at
293 K.

Magnetism: Variable temperature magnetic susceptibility data (5–
300 K) were collected for powdered samples with a MPMS-55
Quantum Design SQUID magnetometer in the sweeping mode
(1 Kmin–1) under an applied magnetic field of 1 T. Diamagnetic
corrections were applied by using Pascal’s constants.

Crystallography: X-ray data were collected with a Bruker SMART
APEX CCD diffractometer, with graphite-monochromated Mo-Kα

(λ = 0.71073 Å) radiation at 100(2) K. The “Bruker Saint Plus”
program[34] was used for data reduction. Data were corrected for
Lorentz and polarization effects; an empirical absorption correc-
tion (SADABS) was applied.[35] The structure was solved by direct
methods with SIR-97 and refined by full-matrix least-squares
methods based on F2 by using SHELXL-97, incorporated in the
WinGX 1.64 crystallographic package.[36] All non-hydrogen atoms
were refined with anisotropic thermal parameters. The positions of
the hydrogen atoms were calculated assuming ideal geometries, but
not refined. The hydrogen atoms of water molecules could not be
located or fixed satisfactorily. A summary of the data collection
and structure refinement information is provided in Table 5. The
high values for R and Rw are due to the poor quality of the crystals,
resulting from partial solvent loss, and to the lack of high-angle
scattering.

Table 5. Crystallographic data for [Fe4(H2bpp)4(µ-OH)2(µ-OHO)]-
(ClO4)7·2H2O·3MeCN (1·3MeCN).

Molecular formula C66H80Cl7N19O42Fe4

Mr 2283.02
Temperature [K] 100(2)
Crystal system orthorhombic
Space group Fdd2 (no. 43)
a [Å] 46.484(5)
b [Å] 54.222(5)
c [Å] 14.975(5)
V [Å3] 37744(14)
Z 16
Dc [gcm–3] 1.596
λ [Å] 0.71073
µ [mm–1] 0.901
Reflections measured 62954
Unique reflections, Rint 22902, 0.0945
Observed reflections [I�2σ(I)] 15349
Refined parameters 1243
R[a] (Rw)[b] 0.1106 (0.2420)
R[a] (Rw)[b] (all data) 0.1528 (0.2669)
Goodness-of-fit on F2 1.067

[a] R1 = Σ(|Fo| – |Fc|)/Σ|Fo|. [b] wR2 = {Σ[w(|Fo|2 – |Fc|2)2]/Σ[w(|Fo|2)2]}1/2.
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CCDC-668588 contains the supplementary crystallographic data
for 1·3MeCN. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): IR spectrum and UV/Vis spectra in MeCN and MeOH
for 1.
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