FULL PAPER

Synthesis, Structure, and Properties of p-Oxo-Bridged Fe''!, and
Heterometallic Azide-Bridged Fe',Cu' Complexes of a Picolinamide
In-Plane Ligand
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A new p-oxodiiron(in) complex [{Fe'(bpc)(H,0)},0] (1) with
the bis(picolinamide) N, in-plane ligand 4,5-dichloro-1,2-bis-
(pyridine-2-carboxamido)benzene (H,bpc) has been pre-
pared by the reaction of [Fe(bpc)Cl(H,O)] with a stoichiomet-
ric amount of cyanide, and characterized by X-ray structure
analysis. The IR and UV/Vis spectroscopic results match well
with those expected from the respective previously estab-
lished spectro-structure correlation. Likewise, the tempera-
ture dependence of the magnetic susceptibility shows the
existence of a strong antiferromagnetic coupling between the
iron(mm) centers [S = 5/2; with J = -108.10(3) cm™] that is con-
sistent with the radial and angular overlap Weihe-Gtidel
model in p-oxodiiron(in) complexes. Two heterometallic Fe'!-
CuFe" (2) and Fe'Ni"Fe! (3) complexes have been pre-
pared from the reaction between [Fe'(bpc)(Ns),] and [Cu-

(meso-CTH)]?* or [Ni(meso-CTH)]** (CTH = 5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane), respectively.
The structure of 2 consists of heterometallic Fe'Cu''Fe!!
units formed by the simultaneous coordination of two [Fe!-
(bpc)(N3),] units to the central [Cu(meso-CTH)] units through
a |4 3-azide bridging ligand. However, the structure of 3 con-
tains isolated [Fe'(bpc)(Ns),]~ and [Ni(meso-CTH)]?** ions.
The treatment of the magnetic data of 2 revealed the exis-
tence of a small ferromagnetic interaction between Fe'™ and
Cu" metal ions, with Jrecy = 3.24(7) cm™!. The existence of 2
opens up the possibility of obtaining, in a rational manner,
azide-bridged heterometallic complexes starting from the
block precursor [Fe(bpc)(Ns),]™.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Introduction

Oxo-bridged diiron complexes have been extensively
studied owing to the occurrence of the Fe—O-Fe fragment
at the active sites of non-heme iron metalloproteins, such
as hemerythrin,!!! ribonucleotide reductase,”? or methane
monooxygensase.l*! The synthetic, spectroscopic, and mag-
netic study of p-oxodiiron complexes can provide a refer-
ence frame for these biological sites, and with this aim a
great number of (u-oxo)L,Fe, complexes have been struc-
turally characterized and their properties intensively
studied.™ In spite of this, the interest in preparing this kind
of complexes remains because minor structural modifica-
tions in the L ligand or in the bridging region can generate
drastic differences in their reactivity and properties, as is
the case at the active site of metalloproteins.
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One of the most commonly used strategies to prepare
(n-oxo)L,Fe, complexes has been the hydrolysis, in a basic
medium, of an in-plane ligand containing iron(11) complex.
The ligand 4,5-dichloro-1,2-bis(pyridine-2-carboxamido)-
benzene (H,bpc) is a good candidate for preparing this kind
of diiron(1r) complex since it is forced to occupy four in-
plane nitrogen coordinative positions around an iron(Ii)
ion. Monodentate ligands such as water, chloride, cyanide,
azide, etc. can be bound in axial positions to generate six-
coordinate distorted octahedral complexes [Fe!''(bpc)X,]
and/or [Fe'(bpc)XY]>¢ (Scheme 1).

In this paper, we report on the synthesis, crystal struc-
ture, and magnetic properties of the p-oxo dimer
complex [{Fe"(bpc)(H,0)},0] (1) and the heterometallic
complexes [{Fe™(bpc)(N3),},{Cu(meso-CTH)}] (2) and
[{Fe™(bpc)(N3),}»{Cu(meso-CTH)}] (3). The former was
prepared from the complex [{Fe™(bpc)CI(H,0)], whereas 2
and 3 were prepared by the reaction between [Fe™(bpc)-
(N3),]” and [Cu(meso-CTH)]** or [Ni(meso-CTH)]**
(CTH = 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclo-
tetradecane), respectively. The existence of 2 suggests the
possibility of preparing, in a rational manner, azide-bridged
heterometallic complexes from the precursor [Fe'(bpc)-
(N3)a]
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Scheme 1. Schematic preparation of the complexes.

Results and Discussion

As previously reported, the complex [Fe'™(bpc)CI(H,0)]
reacts with an excess of cyanide to produce the green com-
plex [Fe'l(bpc)(CN),].[®1 However, when we carried out
this reaction under stoichiometric conditions we obtained
red crystals of the p-oxodiiron(i)  complex
[{Fe™(bpc)(H,0)},0]-3H,0 (1). This suggests that the role
of the cyanide salt in this reaction is as a base rather than
as a ligand. In fact, the same complex [{Fe"(bpc)-
(H,0)},0] has previously been obtained using an inorganic
base such as (BuyN)(OH) instead of cyanide,[! although its
structure was not reported. The molecular structure of 1 is
shown in Figure 1, and selected bond lengths and angles
are listed in Table 1.

The structure consists of p-oxo dinuclear molecules in
which the two iron atoms have a distorted octahedral geom-
etry, with the four nitrogen atoms of the bis(picolinamidate)
ligand in basal positions and two oxygen atoms in axial
positions, one belonging to the p-oxo bridge and another
one to a water molecule. The tetradentate behavior of the
ligand results in the formation of three five-membered rings
around each iron atom. The Fe-N distances involving the
pyridine nitrogen atoms N1 (2.154 A) and N4 (2.167 A) are
significantly longer than those for the amide nitrogen atoms
N2 (2.059 A) and N3 (2.086 A). Similar bond-length pat-
terns have been observed for other related iron(mr) com-
plexes.®] The central oxygen atom of the Fe—-O—Fe fragment
lies on an inversion center, with an Fe-O-Fe angle of 180°
and an Fe-Fe distance of 3.558 A, which is typical of a
monobridged Fe-O-Fe linear core.! The p-oxo-Fe and
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Figure 1. A perspective view of the structure of complex 1. Hydro-
gen atoms and lattice water molecules have been omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for complex 1.

N1-Fe 2.153(5)  N2-Fe -
N3-Fe 2.086(5) N4 Fe -

Ol Fe 2.1454)  02-Fe -

02 Fe 1.7790(11) -

Fe 02 Fe 180.000(1) 02 Fe N2 105.29(15)
02 Fe N3 110.02(15)  N2-Fe N3 77.7(2)
02 Fe Ol 146.77(11)  N2-Fe-Ol 99.61(18)
N3-Fe Ol 96.40(17)  02-Fe N1 86.09(15)
N2 Fe NI 75.3(2) N3-Fe NI 151.5(2)
Ol Fe N1 79.27(18) 02 Fe N4 87.32(14)
N2 Fe N4 152.52)  N3-Fe N4 75.0(2)
O1-Fe N4 80.26(18) N1 Fe N4 130.8(2)

Fe-O(water) distances of 1.779 and 2.145 A are similar to
those previously reported for related iron(u) complexes.!
Within the dimer, essentially planar Fe(bpc) units stack in
such a way that the CI-Cl interactions are minimized,
whereas extensive m-m interactions remain in the structure.
As a result, the Fe(bpc) fragments are shifted with respect
to each other and the angle formed between the p-oxo oxy-
gen atom O2 and the mean FeN, coordination plane in-
creases from 90° to 98°.

The UV/Vis and IR spectroscopic properties of the p-
oxodiiron(1n) system have been analyzed in detail, allowing
the establishment of nice correlations between structural
and spectroscopic data. The UV/Vis spectrum of 1 shows a
unique band at 355 nm in the so-called “oxo dimer region”,
which is consistent with the linearity of the Fe-O-Fe unit
found in the present complex.”! The IR spectrum shows
two bands at 837 and 442 cm™, attributed to the asymmet-
ric and symmetric Fe-O-Fe vibrations, respectively, which
usually are in the range 885-725 and 540-380 cm !4 As
has been previously established, the location of these two
bands depends strongly on the Fe-O-Fe angle: the lower
the angle, the less energetic the asymmetric and more ener-
getic the symmetric Fe-O-Fe vibrations observed.[*!1%
Therefore, the two bands found for 1 at 837 and 442 cm™!
match well with the linearity of the Fe—O—Fe bridge.

As indicated elsewhere, complex 1 can also be obtained
from the reaction between [Fe'"(bpc)CI(H,0)] and cyanide
in a 1:1 ratio (Scheme 1). When an excess of cyanide is used,
two cyanide ligands coordinate to the iron ion to give the
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complex [Fe(bpc)(CN),]~. Other related [Fe™!(bpc)(X),]
complexes (X = azide, pyridine, etc.) can also be prepared
in the presence of an excess of the X ligand (Scheme 1).1°!
We explored the possibility of making use of this kind of
complex [Fe™(bpc)(X),] (X = CN~ or N3) as a precursor
of polymetallic complexes in a similar way to that used by
Holm!'!1 and Murray et al.,['?! which is by the coordination
of the axial X ligands to metal complexes with empty coor-
dination sites. We observed in the course of this research
that the reaction between [Fe'"(bpc)(CN),]~ and [M(meso-
CTH)](ClOy4), did not give rise to the expected hetero-
metallic complex but to the p-oxo dimer 1. However, from
the reaction between Na[Fe(bpc)(N3),] and [M(meso-
CTH)](ClO,), (M = Cu'", Ni'), we succeeded in obtaining
the heterometallic complexes [{Fe™(bpc)(N3),},{Cu(meso-
CTH)}] (2) and [{Fe"(bpc)(Ns)s}a{Ni(meso-CTH)}] (3),
whose structures were solved by X-ray diffraction.

The molecular structure of complex 2 is shown in Fig-
ure 2, and selected bond lengths and angles are listed in
Table 2.

Figure 2. A perspective view of the structure of complex 2. Hydro-
gen atoms and the lattice water molecule have been omitted for
clarity.

The structure consists of centrosymmetric heterometallic
Fe'CulTFe'' complexes, which are formed by the simulta-
neous coordination of two [Fe"(bpc)(N3),]~ anions to the
central [Cu(meso-CTH)]** cation through a single end-to-
end azide bridging ligand. The inversion center is located
at the Cu'" ion and the Fe—Cu distance is 6.43 A. The ligand
environment around the central Cu'! ion can be described
as a distorted octahedron. The four nitrogen atoms of the
CTH ligand are bound in equatorial positions with typical
Cu-N distances of about 2 A, whereas the two azide ligands
occupy the axial positions at longer distances of 2.597 A,
giving rise to a trans arrangement with a Cu—N10-N9 bond

Eur. J. Inorg. Chem. 2005, 1907-1912 www.eurjic.org

Table 2. Selected bond lengths [A] and angles [°] for complex 2.

Cu-NI2 2.0203)  Cu-NII 2.053(2)
N3 Fe 2.050(2) N4 Fe -
N1-Fe 2211(2)  N2-Fe -

Fe N5 2.017(3)  Fe N8 2.028(2)
NI12-Cu-NI1 94.13(10)  N5-Fe N8 148.90(12)
N5-Fe N2 102.43(11)  N8-Fe N2 102.04(10)
N5-Fe N3 100.89(11) N8 Fe N3 102.75(11)
N2 Fe N3 77.94(9)  N5-Fe N4 85.63(10)
N8 Fe N4 80.83(10) N2 Fe N4 153.72(9)
N3-Fe N4 7597(9)  N5-Fe NI 84.57(10)
N8 Fe N1 83.06(10) N2 Fe NI 75.95(9)
N3-Fe N1 153.88(9)  N4-Fe NI 130.11(9)
N6-N5-Fe 130.53)  NI10-N9-N8 -
N9-N8§-Fe 129.32)  N7-N6-N5 -

angle of 138.7°. The coordination geometry of the terminal
Fe" ions is close to octahedral, with structural parameters
in the Fe(bpc) fragment close to those observed in 1 and
other related complexes,> and with Fe-N,,i4. distances of
about 2.02 A. The bond angles Fe-N8-N9 and Fe-N5-N6
are 129.3° and 130.5°. As usual, both the non-bridging and
the azide-bridging ligands are practically linear, with values
of 176.9(6)° and 174.3(5)°, respectively.

However, when we tried to extend this strategy to obtain
the heterometallic FeNi'Fe! complex, by treating
Na[Fe(bpc)(N3),] with [Ni(meso-CTH)](ClO,4),, we ob-
tained the complex [{Fe™(bpc)(N3),},{Ni(meso-CTH)}],
whose structure consists of isolated [Fe!(bpc)(N3),]~ and
[Ni(meso-CTH)J** ions (Figure 3) with an Ni-N10 distance
of 3.453 A. Selected bond lengths and angles are listed in
Table 3. The bond lengths and angles in both ionic units are
close to those found in 2 and other analogous compounds

Figure 3. A perspective view of the structure of complex 3. Hydro-
gen atoms have been omitted for clarity.

Magnetic Properties

The temperature dependence of 7 per Fe for 1 in the
range 298-2 K is shown in Figure 4. The yT product de-
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Table 3. Selected bond lengths [A] and angles [°] for complex 3.

NI-Fe 2.171(3) N8 Fe -
N5-Fe 2.040(4) N2 Fe -
N3-Fe 2.055(3) N4 Fe -
Ni-N11 1.942(4)  Ni-NI2 1.961(3)
N9-N8§-Fe 129.93)  N8-N9-N10 -
N6-N5-Fe 131.54)  N5-N6-N7 -
N5-Fe N2 98.55(15)  N5-Fe N3 108.21(15)
N2-Fe N3 77.21(12)  N5-Fe N8 149.72(15)
N2 Fe N8 103.89(13)  N3-Fe N8 96.50(12)
N5-Fe NI 82.71(14)  N2-Fe NI 76.64(12)
N3-Fe NI 152.90(13) N8 Fe Nl 82.98(11)
N5-Fe N4 85.74(14)  N2-Fe N4 153.37(12)
N3-Fe N4 76.50(13)  N8-Fe N4 83.25(12)
NI1-Fe N4 129.96(12)  NI11-Ni-N12 93.50(14)

creases with the temperature, as expected for strongly anti-
ferromagnetically coupled S = 5/2 pairs. The experimental
data were analyzed using the van Vleck equation with H
= -2JS51°S, (S; = S, = 5/2). Because the y7 plateau value
at low temperature is not zero, the existence of a monomer
impurity (p) was taken into account, which is a common
feature of p-oxodiiron(1) systems.

0 100 200 300
TK

Figure 4. Temperature dependence of y\ 7 for 1. Solid lines repre-
sent the best data fit.

A very good fit of the data was obtained for J =
-108.1cm ™!, p = 1.5%, and g fixed to 2.00. The J value of
—108.1 cm™! compares well with that calculated by using the
angular and radial overlap model of Weihe and Gudel
(J = -106.1 cm "3 for p-oxodiiron(r) complexes. In this
model, the Fe-O-Fe angle and the average Fe—O distances
are correlated with J. However, by using the empirical cor-
relation obtained by Lippard,['*l which ignores the angular
dependence and only includes the Fe-O distance, a J value
of =92 cm ! is obtained.

The magnetic susceptibility data for a polycrystalline
sample of 2 were measured in the temperature range 2—
300 K (Figure 5).

At room temperature, the yy7 product (yp; is the mag-
netic susceptibility per Fe,Cu trinuclear molecule) is
8.83 cm?’mol ' K, which is close to the calculated value of
9.125 for an uncoupled system with two high-spin Fe' ions
(S = 5/2) and one Cu'' ion (S = 1/2), assuming an average
g value of 2.0. As the temperature is lowered, yy7 remains
almost constant until about 12 K, then increases very
slightly and finally decreases sharply upon cooling to 2 K.
If the two iron(1) and the copper(i1) ions were magnetically
isolated, at low temperature the yy7 product should de-
crease with the temperature in a similar manner as in the
mononuclear complex BuyN[Fe(L)(Ns),]. However, as can
be observed in Figure 5, the decrease in yy7 for BuyN-
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Figure 5. Temperature dependence of y, 7 for 2 (circles) and NBuy-
[Fe(L)(N3),] (triangles). Temperature dependence of of y\ 7 for 2
once the ZFS corresponding to two Fe!'! ions has been removed
(squares). The solid lines represent the best data fit to the theoreti-
cal model.

[Fe(L)(Ns),] begins at higher temperatures, which might
suggest the existence of a weak ferromagnetic interaction
between the Fe'' and Cu' ions in 2 similar to that observed
for the closely related complex [Cu(cyclam){Fe(L)-
(N3)5},].1"1 This fact prompted us to analyze in detail the
experimental magnetic data of 2 in order to determine
whether or not a weak ferromagnetic interaction exists. Be-
cause the sharp decrease in yy;7" due to local anisotropy of
the Fe''' ions might mask the increase in yy T caused by
a hypothetical ferromagnetic interaction, we removed the
contribution of the decrease in yy7 for two Fe'l ions with
a similar coordination environment to that exhibited by the
Fe'ions in 2 from the experimental magnetic data. In this
regard, we used the magnetic data of the complex BuyN-
[Fe(L)(N3),]. As result of this, a different y7 vs. T depen-
dence was obtained. As can be observed in Figure 5, as the
temperature is lowered yy7 remains almost constant until
around 100 K, then increases to reach a maximum with a
value of 11.55 cm®mol 'K at 3 K. Such a magnetic behav-
ior confirms our hypothesis of the existence of a ferromag-
netic coupling between the central Cu' ion and the ter-
minal Fe' ions. The modified data were fitted to the equa-
tion for three linearly coupled spins derived from the spin
Hamiltonian H = —J(Sge1*ScutSker*Scu). The remote coup-
ling constant, Jg.p., between terminal Fe!'! ions separated
by a distance higher than 12 A, was assumed to be zero. It
was necessary to include a constant, 6, to fit the decrease
of ymT at very low temperature. The expression used was y
= (CIT = 0)f(Jpecw T) where C = Ng?pug?k and f(Jgecw T) is
derived from the theoretical equation. The best parameters
obtained with this model were Jyecy = 3.24(7) cm™!, g,y =
2.001(1), and 6 = -0.90(2). The ferromagnetic coupling ob-
served can be explained in terms of orbital considerations.
The magnetic orbital of the copper(i1) atom is of the type
d,> ,» — the x and y axes being defined by the short Cu-
N(cyclam) bonds — with a very low spin density on the
axial positions (z axis), which are filled by the N atoms of
the bridging azide ligands. This leads to a negligible overlap
(Jar = 0) and to a weak ferromagnetic interaction (J =
Jg). The large Cu—N,,;4e distance of 2.597 A also accounts
for the weakness of the magnetic coupling observed. Never-
theless, the value of J should be taken with caution because
of the crude procedure followed in its estimation.
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Experimental Section

Synthesis: The H,bpc ligand® and the complexes [Fe"!(bpc)-
CI(H0)]'H,O, Na[Fe"(bpc)(N3),], Na[Fe'''(bpc)(CN),L [Cu-
(meso-CTH)](ClO,4),. and [Ni(meso-CTH)](CIO,),!'% were pre-
pared as previously reported.

Caution: Perchlorate and cyanide salts are potentially explosive and
poisonous, respectively, and should be used in small quantities. Due
care must be taken when handling perchlorate and cyanide salts.

[{Fe(bpc)(H,0)},0]-3H,0 (1): A methanol suspension (50 mL)
of [Fe''(bpc)CI(H,0)]-H,O (0.512 g, 1.0 mmol) containing a stoi-
chiometric amount of NaCN (49 mg) was stirred at room tempera-
ture for 1 h. The resultant red solution was kept at room tempera-
ture to produce orange crystals, which were filtered and air-dried.
Yield: 68%. C3H3,Cl4Fe;NgOyq: caled. C 42.94, H 3.18, N 11.13;
found C 43.02, H 3.28, N 11.19.

[{Fe(bpc)(N3),},{Cu(meso-CTH)}|-2H,O (2): A methanol suspen-
sion (30 mL) of [Fe(L)CI(H,O)]'H,O (41 mg, 0.08 mmol) and
NaNj; (10.4 mg, 0.16 mmol) was stirred until the formation of a
clear green solution. The solution was then filtered to remove any
insoluble material. A methanol solution (20 mL) of [Cu(cyclam)-
(ClOy),] (22 mg, 0.04 mmol) was slowly added to the filtrate, after
which the mixture was stirred for 15 min. Dark-green crystals were
obtained from the filtrate by slow concentration at room tempera-
ture for 2 d. Yield: 65% based on copper. IR (KBr): v(N-N-N) =
2073 and 2050 cm!. Cs,HgyClyCuFe,N»yOg: caled. C 43.67, H
3.95, N 23.50; found C 43.56, H 4.15, N 23.54.

[{Fe"(bpc)(N3),}»{Ni(meso-CTH)}] (3): This compound was ob-
tained in a similar way as 2 using [Ni(meso-CTH)](ClO,), instead
of [Cu(meso-CTH)](ClO,),. Yield: 59%. IR (KBr): v(N-N-N) =
2050 cm™!. Cs,HsCl4Fe;NoyNiOy: caled. C 44.78, H 4.02, N 24.11;
found C 44.87, H 3.91, N 23.96.

Measurements: The IR spectra of powdered samples were recorded
with a ThermoNicolet IR200FTIR and the UV/Vis spectra of 1
with a Thermospectronic UV300 spectrophotometer against a ref-
erence solution containing appropriate amounts of the ligand bpc.
Variable-temperature (1.9-300 K) magnetic susceptibility measure-
ments on polycrystalline samples were carried out with a Quantum
Design Squid operating at different magnetic fields. Experimental
susceptibilities were corrected for diamagnetism and magnetization
of the sample holder.

Table 4. Crystal data for complexes 1-3.

X-ray Diffraction: The unit-cell parameters were determined and
the data collected at room temperature with a Siemens STOE
STADIA4 four-circle diffractometer. The data were corrected for Lo-
rentz polarization effects and for dispersion, and an empirical ab-
sorption correction was applied. The structures were solved by di-
rect methods using SHELXS-971'7 and refined (full-matrix least
squares on F?) with all non-hydrogen atoms refined anisotropically
with SHELXL97 and WINGX.['® All hydrogen atoms were geo-
metrically fixed and allowed to ride on the attached atoms. The
crystal and refinement details for compounds 1-3 are listed in
Table 4. CCDC-253934 to -253936 (1-3, respectively) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif.
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Final R indices R, = 0.049 R, =0.051 R, =0.063
[ > 2a(D)] wR, = 0.081 WwR, = 0.118 WRy = 0.154
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