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The use of di-2-pyridyl ketone ((py)2CO)/3,5-di-tert-butylcatechol (H2dbcat) “blend” in iron() chemistry has
yielded a cationic tetranuclear cluster and an anionic trinuclear complex. Both complexes were prepared under
anaerobic conditions. The Fe(ClO4)3�6H2O–(py)2CO–H2dbcat–NEt3 (1 : 1 : 1 : 2) reaction system in MeOH gives
[Fe4{(py)2C(OMe)O}2{(Hpy)(py)C(OMe)O}2(dbcat)4](ClO4)2 1, whereas reaction of Fe(ClO4)3�6H2O with (py)2CO,
H2dbcat and NEt3 (1 : 1 : 1 : 3) in MeCN gives (HNEt3)[Fe3{(py)2C(OH)O}2(dbcat)4]�MeCN 2�MeCN. The
centrosymmetric tetranuclear cation of 1 contains a zigzag array of six-coordinate FeIII ions. The inner FeIII ions are
bridged by two catecholate oxygen atoms from two η1:η2:µ2 dbcat2� groups, while one η1:η2:µ2 dbcat2� group and one
η1:η2:η1:µ2 (py)2C(OMe)O� ligand bridge each inner FeIII to its outer FeIII neighbour. Each outer metal is chelated by
a single bidentate (�Hpy)(py)C(OMe)O� zwitterion. The trinuclear anion of 2�MeCN consists of a triangular unit, in
which the Fe2 edges are bridged by two η1:η2:µ2 and one η1:η2:µ3 dbcat2� groups, and one η1:η2:η1:µ2 (py)2C(OH)O�

ligand. Two FeIII ions are six-coordinate, while the third is five-coordinate. One six-coordinate FeIII centre is chelated
by a bidentate dbcat2� group and the other one by a bidentate (py)2C(OH)O� ligand. Variable-temperature magnetic
susceptibility studies in the 2–300 K range reveal antiferromagnetic exchange interactions in both complexes.
Variable-temperature Mössbauer spectra of 1 analyse as two quadrupole-split doublets which were assigned to the
two different high-spin iron() sites in the complex, while those of 2 analyse as one (averaged) quadrupole-split
doublet.

Introduction
Dinuclear and polynuclear iron() complexes have been of
interest from a variety of viewpoints and have thus been
intensely explored for many years. One field to which they are
relevant is bioinorganic chemistry. Hydroxo- and oxo-bridged
dinuclear complexes represent synthetic models of the active
sites of various non-heme iron proteins, such as hemerythrin,
methane monooxygenase and ribonucleotide reductase, the
active sites of which have been shown to contain diiron
cores bridged by oxo or hydroxo ligands.1 The protein ferritin,
which is involved in the storage and recycling of iron, has also
received a great deal of attention.2 It contains a symmetrical
spherical cell consisting of 24 polypeptide units and can
encapsulate up to ca. 4500 Fe ions in an iron oxide hydroxide
core. A variety of polynuclear iron complexes have thus
been prepared and studied as models for the buildup of the
ferritin core.3

Another attractive aspect of polynuclear iron complexes is
their potential to possess large spin (S ) values in their ground
state,4 leading to the possible identification of iron-containing
single-molecule magnets (SMMs).5 SMMs 6 are molecular
species which show a slow relaxation rate of the magnetization
(of the order of months below 2 K) below a “blocking” tem-
perature and they thus can function as tiny magnets of
nanoscale dimensions. The unusual properties associated with
SMMs require a combination of a relatively large S in the
ground state with a considerable negative magnetic anisotropy;
the origin of the latter is zero-field splitting (ZFS) in the ground

† Electronic supplementary information (ESI) available: Mössbauer
spectra of complex 2 at 80, 150 and 293 K. See http://www.rsc.org/
suppdata/dt/b3/b305873e/

state of a SMM arising from single-ion ZFS at the individual
metal ions in the molecule. Although most complexes that
function as SMMs identified to date are mixed-valence Mn
species,6,7 there are also a few iron() SMMs.5 Iron() is an
interesting metal ion to investigate in this field due to the five
unpaired electrons (S = 5/2), a property which, for certain
topologies, offers the potential to form high-spin clusters.4 For
the most intensively investigated iron() SMM, [Fe8O2(OH)2-
(tacn)6]Br8 (S = 10, tacn = 1,4,7-triazacyclononane), the origin
of the magnetic anisotropy responsible for the observed ZFS is
a mixture of dipolar and single ion contributions.6

For both the above reasons we have recently developed an
interest 8 in Fex cluster chemistry. In the present report, we
describe two new FeIII complexes, one trinuclear and one tetra-
nuclear, isolated from the reaction of Fe(ClO4)3�6H2O with a
ligand “blend” containing di-2-pyridyl ketone, (py)2CO and
3,5-di-tert-butylcatechol, H2dbcat, see Scheme 1.

We 9,10 and others 11 have found that the anions of the gem-
diol form of (py)2CO are excellent sources of polynuclear MnII,
MnII/III, CoII, NiII and CuII complexes with aesthetically
pleasing structures, rare nuclearities (M5, M7, M8, M9, M12,
M14) and interesting magnetic properties (e.g. high-spin
molecules). The immense structural diversity displayed by the
complexes reported stems from the ability of the doubly and
singly deprotonated ions of the gem-diol form of (py)2CO,
(py)2CO2

2� and (py)2C(OH)O�, respectively, or the monoanion
of the hemiacetal form of the ligand, (py)2C(OR)O�, to exhibit
no less than nine distinct coordination modes; these three
anions (Scheme 1) do not exist as free species but exist only
in their complexes. It is noteworthy that only one mononuclear
iron() complex containing the tridentate chelating (py)2C-
(OH)O� ligand, namely [Fe{(py)2C(OH)O}2](NO3)�2H2O, has
been structurally characterized to date.12D
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Interest in the chemistry of transition metal catecholate
complexes has greatly increased in recent years.13 One reason
for this has been the charge distribution in metal o-benzo-
quinone systems.14 The localized quinonoid (quinone, semi-
quinone or catechol) electronic levels in metal complexes are
close in energy to the metal electronic levels. The ordering of
these levels affects the oxidation state of the metal and the
quinone via the intramolecular transport scheme represented
by eqn. (1),

where Q = benzoquinone, SQ� = benqosemiquinonate and
Cat2� = catecholate.15,16 Another reason for the great research
activity in the coordination chemistry of catechols and semi-
quinones has been the recognition of the important roles of
these ligands in biology.17 In particular, iron() catecholate
chemistry has been extensively studied because of its relevance
to bacterial siderophores, biologically important catechol-
amines, the intradiol-cleaving enzyme catechol 1,2-dioxygenase
and to DOPA containing proteins.18,19 Catecholate(�2) ions
normally act as bidentate chelating ligands,20 but doubly- 13,15,16

or triply-bridging 15 coordination behaviours are by no means
rare, thus favouring cluster formation.15,16

The great coordinative flexibility and versatility of the
(py)2CO-based anionic ligands (presumably due to the presence
of dissimilar atoms within the ligands), and the µ2 or µ3 poten-
tial of catecholate(�2) ligands, prompted us to combine the
two ligand systems to aim for new polynuclear complexes. Our
belief was that the simultaneous employment of both classes of
ligands in high-nuclearity 3d-metal chemistry would give an
extraordinary structural flexibility in the mixed ligand systems
(“blends”). The loss of a degree of the synthetic control 21

would be more than compensated for by the vast diversity
of structures expected using the combination of ligands. The
present report represents our first effort along this line. This
work is a next step in a broad programme 8–10,22 concerned with
developing synthetic routes to, and studying the magnetic
properties of, polynuclear complexes of 3d metals at inter-
mediate oxidation states.

Experimental

Syntheses

All reagents were used as received. All complexation reactions
and sample preparations for physical measurements were
carried out in a purified nitrogen atmosphere within a glovebox
(Vacuum Atmospheres H.E.43.2) equipped with a dry train
(Jahan EVAC 7). All solvents were degassed prior to use.

[Fe4{(py)2C(OMe)O}2{(Hpy)(py)C(OMe)O}2(dbcat)4](ClO4)2

(1). A solution of (py)2CO (0.184 g, 1.00 mmol) in MeOH

Scheme 1 Some of the ligands discussed in the text; note that
(py)2CO2

2�, (py)2C(OH)O� and (py)2C(OR)O� do not exist as free
species but they exist only in their metal complexes.

Mn�1(Q0)  Mn(SQ�)  Mn�1(Cat2�) (1)

(5 mL) was added to a solution of Fe(ClO4)3�6H2O (0.462 g,
1.00 mmol) in the same solvent (5 mL). The resulting orange
solution was stirred while a methanolic solution (5 mL) con-
taining H2dbcat (0.222 g, 1.00 mmol) and NEt3 (0.278 mL, 2.00
mmol) was added. A noticeable colour change to dark blue
occurred and the reaction solution was allowed to stand
uncovered at room temperature. After 2 days, blue–black cubic
crystals of 1 of crystallographic quality were separated by
filtration from the dark solution, washed with MeOH and
dried in vacuo. The yield was 60%. Anal. Calc. (Found) for
C104H126Cl2Fe4N8O24: C, 57.66 (57.30); H, 5.86 (5.98); N, 5.17
(5.04)%. IR data (KBr, cm�1): 3091m, 2950vs, 2904m, 2865s,
1604s 1519w, 1471m, 1460m, 1439m, 1408w, 1386w, 1359w,
1278m, 1255m, 1227m, 1108vs, 1090vsb, 1060vs, 1049vs, 1025s,
974s, 861w, 833w, 788m, 765s, 686m, 624m, 572w, 482m, 467m,
420w.

(HNEt3)[Fe3{(py)2C(OH)O}2(dbcat)4]�MeCN (2�MeCN). An
orange solution of Fe(ClO4)3�6H2O (0.277 g, 0.60 mmol) and
(py)2CO (0.110 g, 0.60 mmol) in MeCN (8 mL) was treated with
a solution of H2dbcat (0.133 g, 0.60 mmol) and NEt3 (0.250
mL, 1.80 mmol) in the same solvent (8 mL) to give a colour
change to dark blue. After being stirred for 10 min, the resulting
solution was allowed to stand covered at room temperature for
one week and blue–black, parallelepiped-shaped crystals of
2�MeCN were obtained. The crystals were collected by
filtration, rinsed with a small amount of MeCN and dried
in vacuo. The yield was 45%. The crystals turn to powder on
drying; a fully dried sample analysed as solvent-free. Anal.
Calc. (Found) for C84H114Fe3N5O12: C, 58.40 (58.27); H, 4.32
(4.40); N, 6.28 (6.19)%. IR data (KBr, cm�1): 2950vs, 2903s,
2866s, 1603w, 1570w, 1476m, 1438s, 1410m, 1360w, 1281m,
1236mb, 1207m, 1157m, 1126s, 1090s, 1045s, 985s, 860w, 830w,
763s, 688m, 651m, 589m, 491m.

Crystallographic data collection and structure determination for
1 and 2

The crystallographic data together with the refinement details
for 1 and 2�MeCN are summarized in Table 1. The selected
crystals of 1 (black block, 0.25 × 0.25 × 0.15 mm) and 2�MeCN
(dark-blue parallelepiped, 0.35 × 0.25 × 0.20 mm) were
mounted on a Stoe Imaging Plate Diffractometer System
(IPDS) equipped with an Oxford Cryosystems cooler device

Table 1 Crystallographic data for complexes 1 and 2

 1 2�MeCN

Formula C104H126Cl2Fe4N8O24 C86H117Fe3N6O12

Mw 2166.43 1594.41
Crystal system Triclinic Monoclinic
Space group P1̄ (no. 2) P21/c (no. 14)
a/Å 11.2904(11) 21.495(2)
b/Å 15.3440(17) 18.6521(13)
c/Å 17.2747(16) 23.326(3)
α/� 99.013(12) 90.0
β/� 101.928(11) 112.586(14)
γ/� 108.254(12) 90.0
V/Å3 2700.6(5) 8634.8(16)
Z 1 4
F(000) 1136 3396
T/K 180 160
λ/Å 0.71073 0.71073
Dc/Mg m�3 1.332 1.226
µ(Mo-Kα)/mm�1 0.649 0.558
Meas./indep. refl. 26615/9838 67360/17043
Obs. refl. [F > 4σ(F )] 7159 10336
wR(F 2) b 0.0691 0.0932
R a [F > 4σ(F )] 0.0351 0.0436
Goodness of fit on F 2 0.878 0.854
∆ρmax, min/e A�3 0.595, �0.290 0.685, �0.513
a R = Σ| |Fo| � |Fc| |/Σ|Fo|. b wR = [Σw(|Fo

2| � |Fc
2|)2/Σw|Fo

2|2]1/2. 
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at 180 K for 1 and 160 K for 2�MeCN using a graphite
monochromator (λ = 0.71073 Å). The crystal-to-detector
distance was 70 mm (max 2θ value 52.1�). Data were collected
with a φ oscillation movement (φ = 0.0–249.0�, ∆φ = 1.5� for 1,
φ = 0.0–200.2�, ∆φ = 1.4� for 2�MeCN). 26615 Reflections
of which 9838 independent (Rint = 0.0381) for 1 and 67360
reflections of which 17043 independent (Rint = 0.0535) for
2�MeCN were collected. Numerical absorption 23 corrections
were applied for 1 (Tmax = 0.8319, Tmin = 0.6806). The structures
were solved by direct methods using SHELXS-97 24 and refined
by full-matrix least-squares on Fo

2 with SHELXL-97 25 with
anisotropic displacement parameters for all non-hydrogen
atoms. H atoms were introduced in calculations using the riding
model with isotropic thermal parameters 1.1 times higher than
those of the riding atom. Scattering factors were taken from
ref. 26. The molecular plots were obtained using the ORTEP32
program.27

CCDC reference number 211396 for 1 and 211397 for
2�MeCN.

See http://www.rsc.org/suppdata/dt/b3/b305873e/ for crystal-
lographic data in CIF or other electronic format.

Physical measurements

Elemental analyses (C, H, N) were performed by the
Microanalytical Laboratory of the Laboratoire de Chimie de
Coordination du CNRS at Toulouse. Infrared spectra were
recorded in the solid state (KBr pellets) on a Perkin-Elmer
16PC spectrometer in the 4000–400 cm�1 range. Variable-
temperature (2–300 K) magnetic susceptibility measurements
were performed on a Quantum Design MPMS SQUID
susceptometer at magnetic fields of 1.0 (complex 1) and 0.75 T
(complex 2). Samples were 3 mm diameter pellets moulded
in the glovebox from ground crystalline samples. Pascal’s
constants were used to estimate the diamagnetic corrections.
The magnetic susceptibility has been computed by exact calcu-
lation of the energy levels associated with the spin Hamiltonian
through diagonalization of the full matrix with a general
program for axial symmetry.28 Least-squares fittings were
accomplished with an adapted version of the function-
minimization program MINUIT.29 Mössbauer measurements
were recorded on a constant acceleration conventional
spectrometer with a 50 mCi source of 57Co (Rh matrix). The
absorber was a powdered sample enclosed in a 20 mm diameter
cylindrical, plastic sample-holder, the size of which had been
determined to optimize the absorption. Variable-temperature
spectra were obtained in the 6–300 K range, by using a MD 306
Oxford cryostat, the thermal scanning being monitored by an
Oxford ITC4 servocontrol device (± 0.1 K accuracy). The
Recoil program package 30 was used to fit the Mössbauer
parameters and determine their standard deviations of
statistical origin (given in parentheses). Isomer shift values (δ)
are reported relative to iron foil at 293 K.

Results and discussion

Syntheses

Complexes 1 and 2 were obtained using the Fe(ClO4)3�6H2O–
(py)2CO–H2dbcat–NEt3 reaction system in MeOH (1 : 1 : 1 : 2)
and MeCN (1 : 1 : 1 : 3), respectively. Their formation can be
summarized in balanced eqns. (2) and (3). 

(2)

The iron()-mediated addition of solvent (MeOH, H2O
involved in MeCN and starting materials) to (py)2CO to give the
neutral zwitterionic, (�Hpy)(py)C(OMe)O�, and monoanionic,
(py)2C(OMe)O�, forms of the hemiacetal (py)2C(OMe)(OH)
(Scheme 1, R = Me) in 1 and the monoanion (py)2C(OH)O�

(Scheme 1) in 2 involves a nucleophilic attack of the ROH
molecule (R = Me, H) on the carbonyl group.9 The electrophilic
character of the carbonyl carbon atom of (py)2CO is increased
by coordination of the carbonyl oxygen to the metal ion (direct
polarization) or/and by coordination of the more remote
2-pyridyl sites (induced polarization).31

The “wrong” stoichiometry employed for the preparation
of 2 compared to that required by eqn. (3) obviously did not
prove detrimental to the formation of the anionic Fe3 product.
With the identity of 2 established crystallographically, a higher-
yield (∼60%) preparative route (not reported in Experimental
section) was devised by adjusting the FeIII : (py)2CO : H2dbcat :
NEt3 reaction ratio to 1.5 : 1 : 2 : 5.

A final point of synthetic interest is the strict absence of
oxygen from the reaction mixtures that lead to 1 and 2. The
anaerobic conditions aimed at protecting the dbcat2� ligand
from an intradiol cleavage caused by a possible iron() active
intermediate that might form in solution in the presence of
oxygen.13,15,17

Description of structures

ORTEP representations of the ions of complexes 1 and
2�MeCN are shown in Figs. 1 and 2, respectively. Selected
interatomic distances and angles are listed in Tables 2 and 3.

Complex 1 crystallizes in triclinic space group P1̄. Its struc-
ture consists of the centrosymmetric tetranuclear [Fe4{(py)2-
C(OMe)O}2{(Hpy)(py)C(OMe)O}2(dbcat)4]

2� cation and
ClO4

� anions; the latter will not be further discussed. The
cation contains an almost linear array of FeIII atoms and has
an [Fe4(µ2-OR)4(µ2-OR�)2]

6� core (R = OC6H2(CMe3)2–; R� =
(py)2C(OMe)–). The core can be conveniently described as
consisting of two {Fe2(µ-OR)(µ-OR�)}4� units doubly bridged
by two catecholate oxygen atoms. The bridging system
comprises four η1:η2:µ2 (or 2.12 using Harris notation 32)
dbcat2� groups and two η1:η2:η1:µ2 (or 2.211 using Harris
notation 32) (py)2C(OMe)O� ligands. According to Harris
notation,32 the binding mode of a ligand is referred to as
X.Y1Y2Y3 � � � Yn, where X is the overall number of metals

(3)

Fig. 1 ORTEP representation of the cation of complex 1 with the
atoms drawn at the 30% probability level. Primes are used for
symmetry-related atoms. Most hydrogen atoms and all methyl carbon
atoms of the tert-butyl groups have been omitted for clarity.
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bound by the whole ligand and each value of Y refers to the
number of metal ions attached to the different donor atoms.
The ordering of Y is listed by the Cahn–Ingold–Prelog priority
rules, hence here O before N. The inner FeIII atoms (Fe(1),
Fe(1�)) are bridged by two catecholate oxygen atoms ((O4),
O(4�)), while one dbcat2� group and one (py)2C(OMe)O� ligand
bridge each inner FeIII to its outer FeIII neighbour. Each outer
metal ion (Fe(2), Fe(2�)) is chelated by a single (�Hpy)(py)-
C(OMe)O� zwitterion bound in a bidentate (η1:η1, 1.11)
fashion and forming a five-membered ring. The coordination
modes of the ligands present in 1, and the Harris notation to
describe these modes, are shown in Scheme 2.

The central Fe(1)O(4)Fe(1�)O(4�) core is strictly planar due
to the presence of an inversion centre in the middle of the
core, with an Fe(1)–O(4)–Fe(1�) angle of 107.7� and an
Fe(1) � � � Fe(1�) separation of 3.298 Å. The external {Fe2-
(µ-OR)(µ-OR�)}4� units exhibit smaller Fe–O–Fe angles
(Fe(1)–O(1)–Fe(2), 101.2�; Fe(1)–O(2)–Fe(2), 102.4�) and a
slightly shorter metal–metal separation (Fe(1) � � � Fe(2),

Fig. 2 ORTEP representation of the anion of complex 2�MeCN with
the atoms drawn at the 30% probability level. Hydrogen atoms and
methyl carbon atoms of the tert-butyl groups have been omitted for
clarity.

Table 2 Selected bond lengths (Å) and angles (�) for complex 1 a

Fe(1)–O(1) 2.0820(14) Fe(2)–O(1) 2.0570(14)
Fe(1)–O(2) 2.0363(13) Fe(2)–O(2) 2.0698(14)
Fe(1)–O(3) 1.9020(13) Fe(2)–O(5) 1.8923(14)
Fe(1)–O(4) 2.0791(14) Fe(2)–O(6) 1.9460(15)
Fe(1)–O(4�) 2.0045(13) Fe(2)–N(2) 2.1576(17)
Fe(1)–N(1) 2.1576(16) Fe(2)–N(3) 2.1444(17)
Fe(1) � � � Fe(2) 3.1992(5) Fe(1) � � � Fe(1�) 3.2983(7)

O(1)–Fe(1)–O(2) 76.57(5) O(1)–Fe(2)–O(2) 76.39(5)
O(1)–Fe(1)–O(3) 104.29(6) O(1)–Fe(2)–O(5) 149.13(6)
O(1)–Fe(1)–O(4) 168.15(5) O(1)–Fe(2)–O(6) 103.79(6)
O(1)–Fe(1)–O(4�) 103.91(5) O(1)–Fe(2)–N(2) 106.63(6)
O(1)–Fe(1)–N(1) 74.99(6) O(1)–Fe(2)–N(3) 75.36(6)
O(2)–Fe(1)–O(3) 88.28(6) O(2)–Fe(2)–O(5) 81.61(6)
O(2)–Fe(1)–O(4) 114.98(5) O(2)–Fe(2)–O(6) 164.37(6)
O(2)–Fe(1)–O(4�) 100.55(5) O(2)–Fe(2)–N(2) 87.66(6)
O(2)–Fe(1)–N(1) 148.79(6) O(2)–Fe(2)–N(3) 109.50(6)
O(3)–Fe(1)–O(4) 79.61(5) O(5)–Fe(2)–O(6) 103.20(7)
O(3)–Fe(1)–O(4�) 151.69(6) O(5)–Fe(2)–N(2) 93.68(6)
O(3)–Fe(1)–N(1) 86.52(6) O(5)–Fe(2)–N(3) 92.23(6)
O(4)–Fe(1)–O(4�) 72.27(6) O(6)–Fe(2)–N(2) 77.26(6)
O(4)–Fe(1)–N(1) 94.27(6) O(6)–Fe(2)–N(3) 85.36(6)
O(4�)–Fe(1)–N(1) 98.50(6) N(2)–Fe(2)–N(3) 162.51(7)
Fe(1)–O(1)–Fe(2) 101.24(6) Fe(1)–O(2)–Fe(2) 102.36(6)
Fe(1)–O(4)–Fe(1�) 107.73(6)   
a Symmetry code: (�) = 1 � x, 1� y, 1� z. 

3.199 Å); in addition, these units are not planar, the torsion
angle Fe(1)–O(1)–Fe(2)–O(2) being 14.0�.

The FeIII ions are both octahedrally coordinated, their
chromophores being Fe(1)NO5 and Fe(2)N2O4. Inspection of
the bond angle values listed in Table 2 clearly shows that
deviation from octahedral geometry is more pronounced in the
case of Fe(1).

The Fe–N and Fe–O bond lengths agree well with values
expected for high-spin iron().20 The bridging Fe–O distances
are asymmetric. The Fe–O bond distances for the bridging
catecholate oxygen atoms are longer than the Fe–O distance
exhibited by the terminal oxygen atom from the same cate-
cholate unit. For example, the Fe(1)–O(4) and Fe(1�)–O(4)
bond distances are 2.079 and 2.004 Å, respectively, while the
Fe(1)–O(3) distance is 1.902 Å. The increase in bond length
upon bridging relative to terminal ligation has been observed
previously 13,15 in many complexes containing catecholate(2�)
ligands with one bridging oxygen, including the complex
[Fe4(dbsq)4(dbcat)4], which exhibits three coordination modes
for the catecholate oxygen, viz., terminal, µ2 and µ3 with average
bond lengths of 1.868, 2.000 and 2.183 Å, respectively.16

Scheme 2 The crystallographically established coordination modes
of the ligands present in complexes 1 and 2�MeCN, and the Harris
notation 32 that describes these modes.

Table 3 Selected bond lengths (Å) and angles (�) for complex 2�MeCN

Fe(1)–O(1) 2.0486(13) Fe(2)–O(1) 1.9811(13)
Fe(1)–O(2) 2.0992(14) Fe(2)–O(2) 2.0490(14)
Fe(1)–O(3) 1.9280(14) Fe(2)–O(7) 2.1364(14)
Fe(1)–O(4) 1.9915(14) Fe(2)–O(8) 1.9250(14)
Fe(1)–O(5) 1.9104(14) Fe(2)–O(9) 1.9547(14)
Fe(1)–N(1) 2.1999(17) Fe(2)–N(2) 2.1373(16)
Fe(3)–O(4) 2.0226(14) Fe(3)–O(11) 1.8603(14)
Fe(3)–O(7) 2.0015(12) Fe(3)–O(12) 1.9103(13)
Fe(3)–N(3) 2.1980(18) Fe(1) � � � Fe(2) 3.2799(3)
Fe(2) � � � Fe(3) 3.4409(3) Fe(1) � � � Fe(3) 3.4107(3)

O(1)–Fe(1)–O(2) 72.02(5) O(1)–Fe(2)–O(2) 74.46(5)
O(1)–Fe(1)–O(3) 80.64(6) O(1)–Fe(2)–O(7) 96.57(5)
O(1)–Fe(1)–O(4) 94.96(6) O(1)–Fe(2)–O(8) 100.41(6)
O(1)–Fe(1)–O(5) 167.62(6) O(1)–Fe(2)–O(9) 100.42(6)
O(1)–Fe(1)–N(1) 90.42(6) O(1)–Fe(2)–N(2) 163.74(6)
O(2)–Fe(1)–O(3) 152.65(6) O(2)–Fe(2)–O(7) 80.52(5)
O(2)–Fe(1)–O(4) 80.99(6) O(2)–Fe(2)–O(8) 108.95(6)
O(2)–Fe(1)–O(5) 102.58(6) O(2)–Fe(2)–O(9) 166.14(6)
O(2)–Fe(1)–N(1) 89.93(6) O(2)–Fe(2)–N(2) 90.38(6)
O(3)–Fe(1)–O(4) 101.25(6) O(7)–Fe(2)–O(8) 162.25(5)
O(3)–Fe(1)–O(5) 104.34(6) O(7)–Fe(2)–O(9) 87.41(5)
O(3)–Fe(1)–N(1) 90.82(6) O(7)–Fe(2)–N(2) 74.71(5)
O(4)–Fe(1)–O(5) 95.15(6) O(8)–Fe(2)–O(9) 84.51(6)
O(4)–Fe(1)–N(1) 167.44(6) O(8)–Fe(2)–N(2) 89.93(6)
O(5)–Fe(1)–N(1) 78.29(6) O(9)–Fe(2)–N(2) 92.98(6)
O(4)–Fe(3)–O(7) 99.15(5) O(7)–Fe(3)–O(12) 130.55(6)
O(4)–Fe(3)–O(11) 110.75(6) O(7)–Fe(3)–N(3) 77.37(6)
O(4)–Fe(3)–O(12) 81.07(6) O(11)–Fe(3)–O(12) 104.45(6)
O(4)–Fe(3)–N(3) 149.79(6) O(11)–Fe(3)–N(3) 96.16(6)
O(7)–Fe(3)–O(11) 120.76(6) O(12)–Fe(3)–N(3) 79.04(6)
Fe(1)–O(1)–Fe(2) 108.96(6) Fe(1)–O(2)–Fe(2) 104.50(6)
Fe(2)–O(7)–Fe(3) 112.48(6)   
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The dbcat2� C–O bond distances in 1 display a pattern
similar to those in [Fe4(dbsq)4(dbcat)4].

16 Thus, the terminal
C–O bond lengths in 1 (average 1.341 Å) are shorter than those
observed for the bridging groups (average 1.370 Å). The bridg-
ing oxygen O(4) has a planar coordination (Σ�O(4) = 360�),
while the coordination of the remaining bridging oxygen (O(2))
is somewhat pyramidal (Σ�O(2) = 337.5�). The average OC–CO
ring distance for the two crystallographically independent
dbcat2� ligands of 1 is 1.409 Å.

C–O distances are considered diagnostic of the oxidation
state of 1,2-benzodioxy ligands.13–15 Catecholate C–O distances
are generally in the range 1.34–1.39 Å, those of semiquinonates
are shorter at 1.28–1.31 Å, and quinone C–O distances are
shortest at ∼1.23 Å. OC–CO ring distances follow the reverse
pattern, with catecholates having much shorter C–C distances
(∼1.40 Å) than quinones (∼1.50 Å). In the present case, the C–O
and OC–CO bond distances are both characteristic for
catecholato ligation rather than semiquinonato or quinone
ligation.13,15

An intramolecular hydrogen bond is present in 1 with the
protonated 2-pyridyl nitrogen, N(4), as donor and the
uncoordinated oxygen of (py)2C(OMe)O�, O(7), as acceptor;
its dimensions are N(4) � � � O(7) (1 � x, 1 � y, 1 � z) 3.107(3)
Å, H � � � O(7) (1 � x, 1 �y, 1 � z) 2.37 Å and N(4)–H � � � O(7)
(1 � x, 1 � y, 1 � z) 141.1�.

Complex 2 crystallizes in monoclinic space group P21/c.
Its structure consists of the trinuclear [Fe3{(py)2C(OH)O}2-
(dbcat)4]

� anion, one HNEt3
� cation and one solvate MeCN

molecule; the latter two will not be further discussed. The anion
has no crystallographically imposed symmetry and consists of
a triangular unit containing a [Fe3(µ2-OR)(µ2-OR�)]5� core (R =
OC6H2(CMe3)2–; R� = (py)2C(OH)–). At first glance, one might
consider that the three FeIII ions are located at three corners of
a defective cubane (a cubane missing one vertex). However, the
Fe(3)–O(2) separation (2.573 Å) is too long to be considered as
a bonding interaction and, thus, this description is not realistic.
The Fe2 edges are bridged by a total of four groups, two of
which are dbcat2� ligands in the η1:η2:µ2 (or 2.12 using Harris
notation) manner, one is an η1:η2:µ3 (3.12) dbcat2� ligand and
the fourth an η1:η2:η1:µ2 (2.211) (py)2C(OH)O� ion. The single
µ3 dbcat2� ligand is that involving O(2) and O(11). Six-
coordination at Fe(1) and Fe(2) is completed by a chelating
η1:η1 (1.11) (py)2C(OH)O� ion and a chelating η1:η1 (1.11)
dbcat2� group, respectively, both forming five-membered rings.
The coordination modes of the ligands present in 2 are shown
in Scheme 2. The presence of two monoatomic bridges (O(1),
O(2)) between Fe(1) and Fe(2) causes the Fe3 triangle to be
vitrually isosceles with the Fe(1) � � � Fe(2) separation (3.280 Å)
being significantly shorter than Fe(1) � � � Fe(3) (3.411 Å) and
Fe(2) � � � Fe(3) (3.441 Å).

Fe(1) and Fe(2) have distorted octahedral geometries; both
are bound to an NO5 donor set. The five donor atoms within
bonding distances do not define a regular polyhedron around
Fe(3). Analysis of the shape determining angles using the
approach of Addison, Reedijk and co-workers 33 yields a value
for trigonality index, τ, of 0.32 (τ = 0 and 1 for perfect square
pyramidal and trigonal bipyramidal geometries, respectively).
Thus, the geometry about Fe(3) is significantly distorted. With
the use of the more preferred TBPY description, the axial sites
are occupied by atoms O(4) and N(3) with atoms O(7), O(11)
and O(12) making up the equatorial plane.

The Fe–N lengths of [Fe{(py)2C(OH)O}2](NO3)�2H2O
12

(average 1.951 Å) are significantly shorter than those in
2�MeCN (average 2.178 Å); similarly, the terminal Fe(1)–O(5)
length in 2�MeCN (1.910 Å) is sligthly longer than corre-
sponding parameters in the mononuclear complex (average
1.862 Å). The shortened Fe–N and terminal Fe–O bonds
in [Fe{(py)2C(OH)O}2](NO3)�2H2O vs. 2�MeCN may both
reasonably be attributed to the tridentate chelating nature of
(py)2C(OH)O� in the mononuclear complex.

The bridging Fe–O distances are all symmetric (for example,
Fe(1)–O(1) 2.049 and Fe(2)–O(1) 1.981 Å) and longer than
the six terminal Fe–O distances (1.860–1.955 Å). The three
catecholate bridging oxygens (O(1), O(2), O(4)) are essentially
planar (Σ�O = 354.4–357.8�); in contrast, the (py)2C(OH)O�

bridging oxygen is somewhat pyramidal (Σ�O(7) = 339.7�). The
dbcat2� C–O distances are shorter for the terminal oxygens
(1.327–1.361 Å) than those for the bridging ones (1.375–1.361
Å), while the OC–CO ring distances are in the range 1.406–
1.438 Å. Almost all these distances fall into the ranges expected
for the catecholate, rather than semiquinonate ligands.13,15

The crystal structure of 2�MeCN is stabilized by hydrogen
bonds involving the uncoordinated oxygen of the η1:η2:η1:µ2

(py)2C(OH)O� ligand, O(10), and the protonated nitrogen of
HNEt3

�, N(5), as donors and one of the oxygens (O(9)) of the
chelating dbcat2� group and uncoordinated atoms N(4) and
O(6) of the chelating (py)2C(OH)O� ligand as acceptors.

Ligands based on the gem-diol or the hemiacetal forms of
di-2-pyridyl ketone have been observed in numerous ligation
modes over the years,9,11 but the particular bidentate chelat-
ing (1.11) coordination modes (Scheme 2) observed for
(�Hpy)(py)C(OMe)O� and (py)2C(OH)O� in 1 and 2�MeCN,
respectively, are unprecedented.

Magnetic properties

Solid-state, variable-temperature dc magnetic susceptibility (χm)
studies were performed on powdered samples of compounds
1 and 2. Plots of the product χmT and χm vs. temperature for
1 and 2 are shown in Figs. 3 and 4, respectively.

The χmT value of 11.47 cm3 mol�1 K at 300 K for 1 is signifi-
cantly below that (17.52 cm3 mol�1 K for g = 2) expected for
four non-interacting high-spin FeIII ions. As the temperature

Fig. 3 Plots of χmT and χm vs. temperature for complex 1. The solid
lines are fits of the experimental data to the appropriate 2J model; see
the text for the fitting parameters.

Fig. 4 Plots of χm T and χm vs. temperature for complex 2. The solid
lines are fits of the experimental data to the appropriate 2J model; see
the text for the fitting parameters.
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decreases, χmT gradually decreases, reaching a value of 0.23 cm3

mol�1 K at 2.0 K. These data suggest operation of intra-
molecular antiferromagnetic interactions. The system obeys the
Curie-Weiss law down to about 30 K, with C = 15.56 cm3 mol�1

and Θ = �106.6 K.The χm value increases with decreasing
temperature, reaching a maximum at 5.9 K. Initial fitting
approaches considering either J1 = J2 or J1 ≠ J2 gave very poor
results. Since high-spin FeIII ions present no orbitally degener-
ate ground states, the possible operation of anisotropy can only
originate from the highly distorted octahedral ligand environ-
ments of the metal centres resulting in single-ion zero-field
splitting (ZFS). The effective spin Hamiltonian of the system,
presented in eqn. (4), 

 corresponds to the scheme of exchange pathways shown in
Scheme 3. Analytical expressions for eigenvalues and suscepti-
bility can not be derived due to the ZFS terms. In order to
calculate the energy levels and coupling constants, diagonaliz-
ation of the full matrix has been carried out.28 A satisfactory fit
(not shown) was obtained only when J1 ≠ J2 and D1 ≠ D2 ≠ 0; the
best fit parameters were J1 = �11.0 cm�1, J2 = �4.6 cm�1, D1 =
�3.6 cm�1, D2 = 0.8 cm�1 with g = 1.86 and a residual R = 3.67 ×
10�5. Although the molecular structure of 1 reveals a highly
distorted octahedral environment around Fe(1) and Fe(1�),
such a large D1 value seems quite unrealistic for high-spin
iron(). The magnitude of this parameter, along with the poor
quality of the fit at very low temperatures, led us to consider
the possible presence of a small percentage of paramagnetic
impurity. Fitting the experimental data with the theoretical
expression derived from the above spin Hamiltonian, and
including an additional parameter (ρ), to account for a small
paramagnetic contribution to the magnetic susceptibility,
improves the fit (R = 7.47 × 10�6), especially at very low temper-
atures, the fit parameters being: J1 = �13.0 cm�1, J2 = �4.8
cm�1, D1 = �0.9 cm�1, D2 ≈ 0, ρ = 0.24% with g = 1.89. This fit
is shown as the solid lines in Fig. 3. The exchange parameters
are almost unchanged, but the ZFS parameters have been
optimized at more reasonable values for high-spin iron(),
thus supporting the assumption of the presence of a minute
paramagnetic contribution (ρ = 0.24%). An energy-level
diagram indicates that the first paramagnetic (S = 1) excited
state is only 5.2 cm�1 above the S = 0 ground state. Thus, we
can rationalize the relatively high χm value at 2 K (despite the
diamagnetic ground state) as originating not only from the
presence of a small paramagnetic contribution, but also
from partial population of excited states, even at a very low
temperature.

The calculated J1 and J2 values are reasonable and consistent
with the molecular structure of 1. Fe(1) and Fe(1�) participate
in a planar [Fe2(µ-OR)2]

4� subcore and the corresponding
exchange interaction (J1) is stronger than that (J2) involving the
Fe(1) � � � Fe(2) (and Fe(1�) � � � Fe(2�)) pairs which are involved
in non-planar [Fe2(µ-OR)(µ-OR�)]4� subcores. Additionally,
Fe(1) and Fe(1�) present the larger ZFS term, in accord with the
more distorted coordination environment for these metal

Ĥ = �2J1Ŝ1Ŝ1� � 2J2(Ŝ1Ŝ2 � Ŝ1�Ŝ2�) �
D1(Ŝz1

2 � Ŝz1� 
2) � D2(Ŝz2

2 � Ŝz2�
2) (4)

Scheme 3 Exchange interaction pattern for complex 1.

centres. The antiferromagnetic coupling between Fe(1) and
Fe(1�) is weak (J1= �13.0 cm�1) but does appear to be consist-
ent with that reported for dinuclear complexes containing
planar catecholato [Fe2(µ-Ocatecholato)2]

4� cores, for example
(Ph4P)2[Fe2(cat)4(H2O)2] (J = �9.7 cm�1 with the J value derived
from a �2JSiSj Hamiltonian formalism).13 Generally the J1 and
J2 values for 1 are in the range reported for dialkoxo-bridged
iron() complexes.34

The room-temperature χmT product for complex 2 (11.55 cm3

mol�1 K) is lower than expected for three uncoupled S = 5/2
FeIII ions (13.14 cm3 mol�1 K), indicating antiferromagnetic
interactions. When the sample is cooled down, χmT decreases
continuously and does not extrapolate to zero as the temper-
ature approaches to zero. The susceptibility increases steadily
with decreasing temperature reaching a value of 0.22 cm3 mol�1

at 2.0 K and indicating a magnetic ground state, as expected
for three S = 5/2 spins. The system obeys the Curie–Weiss
law down to about 100 K, with C = 18.05 cm3 mol�1 and Θ =
�168.7 K.

From a strict structural viewpoint, the Fe3 triangle of 2 is
scalene (Fe � � � Fe = 3.280, 3.411 and 3.441 Å). From the
magnetochemical viewpoint we can consider the triangle as
isosceles, taking into account the presence of single alkoxo-type
bridges between Fe(1) and Fe(3), and Fe(2) and Fe(3),
see Scheme 4. The experimental data were fitted by the theoret-
ical equation derived from the appropriate effective spin
Hamiltonian (eqn. (5)),

 leading to a reasonable agreement; the fitting parameters were
J1 = �7.1 cm�1, J2 = �4.7 cm�1, g = 2.163 (R = 1.29 × 10�3).
Since the main superexchange pathways in 2 involve the
monoatomic bridges O(1), O(2), O(4) and O(7), the relative
J values are consistent with the molecular structure of the
complex. The exchange interaction (J2) between iron() atoms
bridged by a single OR(R�) group is weaker than that (J1)
between metal ions bridged by two alkoxo-type oxygen atoms.
The origin of the slight disagreement between the experimental
data and calculated curves at low temperatures is unclear to us,
and may stem from distortions of the iron() coordination
spheres from octahedral geometries. However, efforts to simula-
te this behaviour by introducing zero-field splitting terms in the
model, did not improve the fit.

The structure and magnetic properties of the anion of 2 are
somewhat similar to those of the previously reported anion
[Fe3(µ3-OMe)(µ2-OMe)3(OMe)3(dbm)3]

�, where the high-spin
FeIII ions are antiferromagnetically coupled with an S = 1/2
ground state.35 Assumption of a C2v point-group symmetry for
the cluster led to a satisfactory reproduction of the observed
magnetic behaviour with g = 2.0 and either J = �5.3 cm�1, J� =
�7.7 cm�1 or J = �6.5 cm�1, J� = �4.9 cm�1, where the
spin-only Hamiltonian is defined as Ĥ = Σi>j(�2Ji,jSiSj) and J� is
the unique coupling constant.

Ĥ = �2J1Ŝ1Ŝ2 � 2J2(Ŝ1Ŝ3 � Ŝ2Ŝ3) (5)

Scheme 4 Exchange interaction pattern for complex 2.
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Table 4 Mössbauer parameters for complex 1

Site T/K δ a/mm s�1 ∆EQ/mm s�1 Γ1/2
b/mm s�1 Area ratio c (%)

Fe(1) 6 0.580(2) 1.306(8) 0.172(4) 50
Fe(1) 80 0.606(4) 1.308(9) 0.151(4) 50
Fe(1) 150 0.591(5) 1.28(1) 0.139(3) 50
Fe(1) 300 0.52(2) 1.27(5) 0.155(7) 50
Fe(2) 6 0.537(3) 0.927(8) 0.181(4) 50
Fe(2) 80 0.537(6) 1.00(1) 0.189(6) 50
Fe(2) 150 0.503(8) 1.02(2) 0.190(6) 50
Fe(2) 300 0.41(3) 1.05(6) 0.19(1) 50

a Isomer shift referenced to iron foil at 300 K. b Width at half height. c Fixed values. 

Mössbauer spectroscopy

The 57Fe Mössbauer spectra of complex 1 were recorded at
6, 80, 150 and 300 K and are shown in Fig. 5. They consist
of composite asymmetric doublets, that can be fitted with two
quadrupole-split doublets (Lorentzian lines), with parameters
(Table 4) typical of high-spin iron() in non-sulfur environ-
ments.36,37 These parameters should correspond to the two
FeIII sites (Fe(1)/Fe(1�) and Fe(2)/Fe(2�)) present in the
molecule of 1. Site 1 (Fe(1)/Fe(1�)) has an NO5 coordination
sphere, while site 2 (Fe(2)/Fe(2�)) is characterized by an
N2O4 set. In principle, as O atoms of the donor set are replaced
by N atoms, a reduction of the isomer shift (δ) is expected;
consequently, a higher δ value is expected for the O-richer
coordination sphere of site 1. Also, since valence-electron
contribution to the quadrupole splitting (∆EQ) is negligible
for high-spin iron(), the magnitude of ∆EQ should reflect
deviations from octahedral geometries. Thus, a higher
∆EQ value is expected 37 for the severely distorted site 1. A
further argument to this assumption ensues from the
magnetic treatment, which clearly indicates a larger absolute
value for the ZFS parameter of site 1 (D1 = �0.9 cm�1,
D2 ≈ 0).

Fig. 5 Variable-temperature 57Fe Mössbauer spectra of complex 1.
The solid line is a fit of the data with the two equal-area doublets
shown. See Table 4 for the fitting parameters.

Due to the close proximity of the two quadrupole-split
doublets, which is usual for high-spin iron(), the relative areas
of the two sites have been constrained to equality in order to
avoid local minima without physical meaning. The results of
the fits presented in Table 4 show that, at any temperature, the
doublets corresponding to site 1 (Fe(1)/Fe(1�)) are, as expected,
characterized by higher δ and ∆EQ values. Values of δ decrease
with increasing temperature, due to the second-order Doppler
effect.37 There is no clear trend in the thermal variation of the
∆EQ parameter for site 1. For site 2, however, a slight increase
of ∆EQ with increasing temperature is observed.

The Mössbauer spectra of complex 2 at 80, 150 and 293 K
(deposited as ESI,† Fig. S1) show an asymmetric doublet
corresponding to high-spin iron() sites. In this case, however,
the presence of three different iron sites (as evidenced by the
molecular structure of the complex) makes deconvolution a
much more difficult task, taking into account that, for high-spin
iron(), Mössbauer parameters are weakly sensitive to changes
in coordination environment and symmetry. Consequently, the
spectra have not been fitted with three iron sites. Characteristic-
ally, however, we can give the parameters obtained by fitting the
80 K Mössbauer spectrum with one (averaged) quadrupole
split doublet: δ = 0.551 mm s�1 ∆EQ = 1.406 mm s�1, Γ1/2 =
0.187 mm s�1.

Conclusions and perspectives
The initial use of the (py)2CO/H2dbcat “blend” in iron()
chemistry has provided access to two new Fe clusters, one
tetranuclear with a [Fe4(µ2-OR)4(µ2-OR�)2]

6� core and the other
trinuclear with a [Fe3(µ2-OR)3(µ2-OR�)]5�core. The various
forms of (py)2CO and the dianionic dbcat2� are ligated with a
variety of coordination modes (Scheme 2), both bridging and
terminal, thus attesting the great structural flexibility of the
mixed-ligand system. Although both complexes have been
found to possess low-spin ground states, they nevertheless
suggest possibilities for other Fex species that might exist (e.g.,
clusters containing the strongly coordinating inorganic anions
NO3

�, N3
� and SO4

2�) and which may have high-spin ground
states. In addition, they provide encouragement for believing
that a variety of MII

x and MIII
x clusters (MII = CoII, NiII MIII =

CrIII, MnIII) should also be accessible with this ligand “blend”,
leading to new topologies not seen or accessible with the
individual ligands. Such species will be interesting to study,
considering how exciting their magnetic properties could be;
for example MnIII complexes are worthy of study because in
MnIII

x cluster chemistry S = 0 or S = 1/2 are the exception rather
than the rule. Further work with FeIII and parallel studies with
MnIII, CoII and NiII employing the (py)2CO/H2dbcat “blend”
are currently in progress.
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