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The initial use of di-2-pyridyl ketone oxime [(py)2CNOH] in iron(III) carboxylate chemistry has yielded the tetranuclear
complex [Fe4O2Cl2(O2CMe)2{(py)2CNO}4] (1). Compound 1 can be synthesized either by the 1:2:1 molar ratio
reaction between FeIII, MeCO2

-, and (py)2CNOH (complex 1a) or by the 1:3 molar ratio reaction between [Fe3O(O2-
CMe)6(H2O)3]Cl and (py)2CNOH (complex 1b). The presence of N3

- in both reaction mixtures has afforded the
tetranuclear complex [Fe4O2(N3)2(O2CMe)2{(py)2CNO}4] (2), which can be alternatively synthesized by the reaction
of 1 with N3

-. Compound 1a crystallizes in the tetragonal space group I4h with (at 25 °C) a ) 35.06(2) Å, b )
35.06(2) Å, c ) 13.255(6) Å, V ) 16293(2) Å3, and Z ) 8. Compound 1b crystallizes in the monoclinic space
group P21/c with (at 25 °C) a ) 22.577(7) Å, b ) 17.078(6) Å, c ) 17.394(6) Å, â ) 93.50(1)°, V ) 6694(4) Å3,
and Z ) 4. Compound 2 crystallizes in the triclinic space group P1h with (at 25 °C) a ) 13.658(9) Å, b ) 15.815(9)
Å, c ) 17.29(1) Å, R ) 97.08(3)°, â ) 98.55(3)°, γ ) 112.12(3)°, V ) 3355(4) Å3, and Z ) 2. The structures
of 1 and 2 contain the [Fe4(µ3-O)2]8+ core comprising four FeIII ions in a “butterfly” disposition and two µ3-O2- ions,
each bridging three FeIII ions forming the “wings” of the “butterfly”. The Mössbauer spectra of 1b and 2 consist of
composite quadrupole-split doublets, with parameters typical for high-spin FeIII in octahedral environments. Magnetic
susceptibility measurements on 1a revealed antiferromagnetic interactions between the S ) 5/2 ferric ions, with
best-fit parameters being Jwb ) −40.2 cm-1 and Jbb ) −59.4 cm-1 (H ) −2∑JiJj) for wingtip−body and body−
body interactions, respectively, yielding an S ) 1 ground state. Both wingtip−body and body−body interactions are
well determined.

Introduction

Technological applications nowadays are driven by the
demand of miniaturization of devices, down to the molecular
level. In order for this to happen, a breakthrough has to take
place and new chemical species of nanometer size have to
be synthesized to replace existing materials. Polynuclear
metal complexes (clusters) have been proposed as potential
materials for technological applications1 because of their
interesting properties (magnetic,2 electronic,3 optical,4 cata-

lytic,5 etc.). Therefore, the biggest challenge for chemists
today is the development of new nanometer-size molecular
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materials, such as metal clusters, with the desired properties.
Unfortunately, the only effective way to fulfill this goal still
remains the employment of the “trial and error” method.6

Because serendipity still governs the synthesis of polynuclear
metal clusters, the investigation of various reaction systems
remains the best means to that end.

Our approach to the field is through the development of
molecular magnetic materials based on 3d metal clusters.
For this purpose, we have started a program concerning the
investigation of reaction systems consisting of FeIII and
various polydentate ligands in the presence of carboxylates,
and we have already reported our results concerning the use
of salicylaldehyde oxime in iron(III) carboxylate chemistry.7

In this work, we report our results concerning the initial use
of di-2-pyridyl ketone oxime [(py)2CNOH] (IUPAC name:
di-pyridin-2-yl methanone oxime) in iron(III) carboxylate
chemistry. The choice of (py)2CNOH was mainly based on
three reasons: (1) the ability of its anion to coordinate to
metal ions through either one, or both, N and O atoms of
the oximato group, as well as either one, or both, pyridyl
groups, acting as a chelating terminal or bridging ligand
(Chart 1), (2) the interesting feature of activation of
(py)2CNOH by 3d metal centers, which appears to be a
fruitful area of synthetic inorganic chemistry,8 and (3) the
coordination chemistry of (py)2CNOH with FeIII metal ions

is still unexplored. Indeed, there are only a few examples of
Zn,9 Mn,10 Ni,11 Co,12 Cu,13 Au,14 Ag,13c Re,15 Os,16 and Ru16

complexes reported so far, but no Fe complexes have been
reported. Most of these complexes belong to the family of
the ring clusters with the [M-N-O]n repeating unit, also
named metallacrowns.17

Herein we report the syntheses and structural and spec-
troscopic (IR and57Fe Mössbauer) studies of the first iron-
(III) carboxylate complexes of di-2-pyridyl ketone oxime,
the tetranuclear compounds [Fe4O2X2(O2CMe)2{(py)2CNO}4]
[X- ) Cl- (1) or N3

- (2)]. We also report the magnetic study
of 1.

Experimental Section

Materials and Physical Measurements.All manipulations were
performed under aerobic conditions using materials as received
(Aldrich Co). All chemicals and solvents were reagent grade.
[Fe3O(O2CMe)6(H2O)3]Cl was synthesized as previously de-
scribed.18 Elemental analyses for C, H, and N were performed using
a Perkin-Elmer 2400/II automatic analyzer. IR spectra were recorded
as KBr pellets in the range 4000-400 cm-1 on a Bruker Equinox
55/S Fourier transform (FT)-IR spectrometer. Mo¨ssbauer spectra
were taken with a constant-acceleration spectrometer using a57Co
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Chart 1. Crystallographically Established Coordination Modes of the
Anion (py)2CNO- in Metal Complexes

FeIII
4 “Butterfly” Cluster with an S ) 1 Ground State
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(Rh matrix) source at room temperature and a variable-temperature
Oxford cryostat. Variable-temperature magnetic susceptibility
measurements were carried out on polycrystalline samples of1a
in the 2.0-300 K temperature range using a Quantum Design
MPMS SQUID susceptometer under a magnetic field of 1.0 T. A
magnetization isotherm was collected at 2 K between 0 and 5.4 T.
Data were corrected with standard procedures for the contribution
of the sample holder and diamagnetism of the sample. The
calculation of the magnetic susceptibility was accomplished by
analytical calculation of the energy levels associated with the spin
Hamiltonian. Minimization was carried out with an adapted version
of MINUIT.19 The error factorR is defined as

whereN is the number of experimental points. Simulations of the
magnetizationM versus applied fieldH were carried out with the
MAGPACKprogram package, using parameters derived from fits
of the magnetic susceptibility.20

Caution! Although no such behaVior was obserVed during the
present work, azides are potentially explosiVe and should be
handled with care.

[Fe4O2Cl2(O2CMe)2{(py)2CNO}4]‚2CH2Cl2‚H2O (1a‚2CH2Cl2‚
H2O). To a stirred orange solution of FeCl3‚6H2O (0.081 g, 0.30
mmol) in MeCN (20 mL) was added solid (py)2CNOH (0.060 g,
0.30 mmol). The resulting deep-red solution was stirred for 30 min,
during which time solid NaO2CMe‚3H2O (0.082 g, 0.60 mmol)
was added in small portions without any noticeable color change.
The solvent was evaporated to dryness under reduced pressure, and
most of the residue redissolved in CH2Cl2 (25 mL) to give a deep-
red solution. This was layered with a mixture of Et2O andn-hexane
[50 mL; 1:1 (v/v)]. After several days, dark-red needles appeared,
which were collected by filtration, washed with Et2O (2 × 5 mL),
and dried in vacuo over silica gel. The resulting powder was
analyzed as solvent-free. Yield (based on FeIII ): 0.056 g (60%).
Anal. Calcd for C48H38Fe4N12O10Cl2: C, 46.6; H, 3.1; N, 13.6;
Found: C, 46.0; H, 3.2; N, 13.3. Main IR data (KBr pellet):Ṽ
3404 (vs), 1595 (m), 1536 (s), 1466 (m), 1435 (vs), 1350 (w), 1264
(w), 1213 (w), 1157 (w), 1094 (vs), 1019 (m), 985 (w), 791 (w),
752 (w), 706 (m), 651 (m), 590 (m), 493 (w), 422 (w), 401 (w)
cm-1.

[Fe4O2Cl2(O2CMe)2{(py)2CNO}4]‚4.5MeNO2 (1b‚4.5MeNO2).
To a stirred orange suspension of [Fe3O(O2CMe)6(H2O)3]Cl (0.063
g, 0.10 mmol) in CH2Cl2 (25 mL) was added solid (py)2CNOH
(0.060 g, 0.30 mmol). The resulting deep-red solution was stirred
for 1 h and layered with a mixture of Et2O andn-hexane [50 mL;
1:1 (v/v)]. After 3 days, dark-red needles appeared, which were
collected by filtration, washed with Et2O (2 × 5 mL), and dried in
air. The needles proved to be unsuitable for single-crystal X-ray
diffraction studies, so they were dissolved in MeNO2 (10 mL), and
the resulting red solution was left undisturbed for slow evaporation
at room temperature. After 2 weeks, deep-red X-ray-quality
rectangular crystals appeared, which were collected by filtration,
washed with Et2O (2 × 5 mL), and dried in vacuo over silica gel.
The IR spectrum of this material was almost identical with that of

compound1a. Yield (based on FeIII ): 0.040 g (43%). Anal. Calcd
for C52.5H51.5Fe4N16.5O19Cl2: C, 41.7; H, 3.4; N, 15.3. Found: C,
41.5; H, 3.2; N, 15.4.

[Fe4O2(N3)2(O2CMe)2{(py)2CNO}4]‚2CH2Cl2‚2.5H2O (2‚2CH2-
Cl2‚2.5H2O). Method A. To a stirred deep-red suspension of
[Fe4O2Cl2(O2CMe)2{(py)2CNO}4] (0.124 g, 0.10 mmol) in CH2-
Cl2 (25 mL) was added solid NaN3 (0.013 g, 0.20 mmol). The
resulting deep-red slurry was stirred for a further 2 h, during which
time all of the amount of NaN3 was completely dissolved. The
solution was filtered (to remove the precipitated NaCl) and layered
with n-hexane (50 mL). After several days, dark-red rectangular
crystals appeared, which were collected by filtration, washed with
Et2O (2 × 5 mL), and dried in vacuo over silica gel. The resulting
powder was analyzed as solvent-free. Yield (based on FeIII ): 0.059
g (47%). Anal. Calcd for C48H38Fe4N18O10: C, 46.1; H, 3.1; N,
20.1. Found: C, 45.1; H, 2.8; N, 19.9. Main IR data (KBr pellet):
Ṽ 3433 (m), 2063 (vs), 1595 (m), 1537 (s), 1463 (m), 1437 (s),
1346 (w), 1266 (w), 1214 (w), 1157 (w), 1116 (m), 1099 (s), 1019
(w), 995 (w), 977 (w), 786 (w), 745 (w), 706 (m), 646 (m), 588
(m), 520 (w), 489 (w), 420 (w), 403 (w) cm-1.

Method B. To a stirred orange solution of FeCl3‚6H2O (0.081
g, 0.30 mmol) in MeCN (20 mL) was added solid (py)2CNOH
(0.060 g, 0.30 mmol). The resulting deep-red solution was stirred
for 30 min, during which time solid NaO2CMe‚3H2O (0.082 g, 0.60
mmol) and NaN3 (0.039 g, 0.60 mmol) were added in small portions
without any noticeable color change. The solvent was evaporated
to dryness under reduced pressure, and a quantity of the residue
redissolved in CH2Cl2 (25 mL) to give a deep-red solution. This
was filtered and layered with a mixture of Et2O andn-hexane [50
mL; 1:1 (v/v)]. After several days, dark-red rectangular crystals
appeared, which were collected by filtration, washed with Et2O (2
× 5 mL), and dried in air. The dried solid analyzed satisfactorily
as 2. The identity of the product was further confirmed by IR
spectroscopic comparison with the authentic sample prepared
according to method A. Yield (based on FeIII ): 0.055 g (60%).

Method C. To a stirred orange suspension of [Fe3O(O2CMe)6-
(H2O)3]Cl (0.063 g, 0.10 mmol) in MeCN (20 mL) was added solid
(py)2CNOH (0.040 g, 0.20 mmol). The resulting deep-red solution
was stirred for 10 min, and then solid NaN3 (0.020 g, 0.30 mmol)
was added without any noticeable color change. The resultant new
solution was stirred for a further 1 h, filtered, and left undisturbed
for slow evaporation at room temperature. After 6 days, dark-red
rectangular crystals appeared, which were collected by filtration,
washed with Et2O (2 × 5 mL), and dried in air. The dried solid
analyzed satisfactorily as2. The identity of the product was further
confirmed by IR spectroscopic comparison with the authentic
sample prepared according to method A. Yield (based on FeIII ):
0.071 g (75%).

X-ray Crystallographic Studies: Diffraction measurements were
made on a Crystal Logic dual goniometer diffractometer using
graphite-monochromated Mo radiation. Important crystal data and
parameters for data collection are reported in Table 1. Unit cell
dimensions were determined and refined by using the angular
settings of 25 automatically centered reflections in the range 11°
< 2θ < 23°. Three standard reflections, monitored every 97
reflections, showed less than 3% intensity fluctuation and no decay.
Lorentz and polarization corrections were applied using Crystal
Logic software. The structures were solved by direct methods using
SHELXS-8621 and refined by full-matrix least-squares techniques
onF 2 with SHELXL-97.22 In all three structures, the crystals showed

(19) James, F.; Roos, M.MINUIT Program, a System for Function
Minimization and Analysis of the Parameters Errors and Correlations.
Comput. Phys. Commun. 1975, 10, 345.
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Tsukerblat, B. S.Inorg. Chem.1999, 38, 6081. (b) Borra´s-Almenar,
J. J.; Clemente-Juan, J. M.; Coronado, E.; Tsukerblat, B. S.J. Comput.
Chem.2001, 22, 985.

(21) Sheldrick, G. M.SHELXS-86: Structure SolVing Program; University
of Göttingen: Göttingen, Germany, 1986.
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poor diffraction ability (despite their sufficient size), and in each
case, the data collection was stopped when the observed data were
almost half of the collected ones. Nevertheless, the quality of the
collected data was adequate to establish the structure of each of
the complexes. For compound1a‚2CH2Cl2‚H2O, H atoms were
introduced at calculated positions as riding on bonded atoms. All
non-H atoms were refined anisotropically, except two noncoordi-
nated pyridyl rings (defined by N3 and N13, which were refined
isotropically). Three crystallographically independent CH2Cl2 mol-
ecules were found, two of which were refined with occupation
factors fixed at 10.50. Only the Cl atoms were refined anisotropi-
cally. Two crystallographically independent water molecules were
found, which were refined isotropically with occupation factors
fixed at 10.50. For compound1b‚4.5MeNO2, H atoms were
introduced at calculated positions as riding on bonded atoms. All
non-H atoms were refined anisotropically except of the nitromethane
solvent molecules, which were refined isotropically. Five crystal-
lographically independent MeNO2 molecules were found, one of
which was refined with occupation factors fixed at 10.50. For
compound2‚2CH2Cl2‚2.5H2O, H atoms were introduced at calcu-
lated positions as riding on bonded atoms. All non-H atoms were
refined anisotropically, except the water solvents, which were
refined isotropically with fixed occupation factors. Full details can
be found in the CIF files deposited as Supporting Information.

Results and Discussion

Synthesis.Complex1 can be obtained either by the 1:2:1
molar ratio reaction mixture FeIII /MeCO2

-/(py)2CNOH in
MeCN (1a) or by the 1:3 molar ratio reaction between the
“basic iron(III) acetate” complex, [Fe3O(O2CMe)6(H2O)3]Cl,
and di-2-pyridyl ketone oxime in CH2Cl2 (1b). The large
excess of NaO2CMe‚3H2O used [FeIII /(py)2CNOH/NaO2-
CMe‚3H2O ) 1:1:2 or 4:4:8] is beneficial to the preparation
of 1a. The excess of MeCO2- helps the deprotonation of
the neutral ligand (py)2CNOH, and the so-formed weak acid
(MeCO2H) does not decompose the oxide-bridged cluster.
The balanced chemical equation may be written in the form
of 1a. Of course, other species may be present in the reaction
mixture, and the equations given below are not representative

of all of the aggregates formed in solution.

In this case, it is assumed that H2O from the solvents and/
or the starting materials is the source of the O2- ions.

The balanced chemical equation for the synthesis of1b
may be written in the form of eq 2.

Under the reaction conditions used, the propensity of the
second pyridyl N atom of (py)2CNO- toward coordination
has not been realized, whereas, under the same conditions,
the deprotonated oximate O atom is coordinated. The 1:1
FeIII /(py)2CNOH molar ratio reaction is reflected in the
stoichiometry of the final product. An excess of the metal
ion in the reaction mixture may favor the synthesis of even
higher nuclearity metal clusters, a possibility that is currently
under investigation in our laboratory.

The presence of azides in the above reaction mixtures has
not affected the identity of the final product, confirming that
the [Fe4(µ3-O)2]8+ core is stable enough not to be easily
disrupted. As a result, the azides in2 have been terminally
coordinated to the FeIII ions replacing the terminal Cl- atoms
in 1. The synthesis of the tetranuclear compound2 can be
accomplished either by the reaction of1 with NaN3 (eq 3a)
or by the addition of NaN3 in the reaction mixtures that
afforded complex1 (eqs 3b and 3c, respectively). The

(22) Sheldrick, G. M.SHELXL-97: Crystal Structure Refinement; Uni-
versity of Göttingen: Göttingen, Germany, 1997.

Table 1. Crystallographic Data for1a‚2CH2Cl2‚H2O, 1b‚4.5MeNO2, and2‚2CH2Cl2‚2.5H2O

1a‚2CH2Cl2‚H2O 1b‚4.5MeNO2 2‚2CH2Cl2‚2.5H2O

formula C50H44Cl6Fe4N12O11 C52.5H51.5Cl2Fe4N16.5O19 C50H47Cl4Fe4N18O12.5

fw 1425.07 1511.90 1465.26
space group I4h P21/c P1h
T, °C 25 25 25
λ, Å Mo KR (0.710 73 Å) Mo KR (0.710 73 Å) Mo KR (0.710 73 Å)
a, Å 35.06(2) 22.577(7) 13.658(9)
b, Å 35.06(2) 17.078(6) 15.815(9)
c, Å 13.255(6) 17.394(6) 17.29(1)
R, deg 97.08(3)
â, deg 93.50(1) 98.55(3)
γ, deg 112.12(3)
V, Å3 16293(2) 6694(4) 3355(4)
Z 8 4 2
Fcalcd/Fmeasd, g cm-3 1.161/1.14 1.500/1.48 1.450/1.42
µ(Mo Ka), mm-1 0.944 1.009 1.075
R1a 0.0849b 0.0752c 0.0793d

wR2a 0.2238b 0.1972c 0.2147d

a w ) 1/[σ2(Fo
2) + (aP)2 + bP] and P ) max(Fo

2,0) + 2Fc
2/3; R1 ) ∑(|Fo| - |Fc|)/∑(|Fo|) and wR2) {∑[w(Fo

2 - Fc
2)2]/∑[w(Fo

2)2]}1/2. b For 4666
reflections withI > 2σ(I). c For 4780 reflections withI > 2σ(I). d For 6924 reflections withI > 2σ(I).

4FeCl3‚6H2O + 4(py)2CNOH + 8NaO2CMe‚3H2O98
MeCN

[Fe4O2Cl2(O2CMe)2{(py)2CNO}4]
1a

+ 8NaCl+ 2HCl +

6MeCO2H + 46H2O (1)

6[Fe3O(O2CMe)6(H2O)3]Cl + 12(py)2CNOH98
CH2Cl2

3[Fe4O2Cl2(O2CMe)2{(py)2CNO}4]
1b

+

2“[Fe3O(O2CMe)6(H2O)2(OH)]” + 18MeCO2H + 10H2O (2)

[Fe4O2Cl2(O2CMe)2{(py)2CNO}4] + 2NaN398
CH2Cl2

[Fe4O2(N3)2(O2CMe)2{(py)2CNO}4] + 2NaCl
2

(3a)

FeIII
4 “Butterfly” Cluster with an S ) 1 Ground State
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reactions leading to the synthesis of complexes1 and2 are
summarized in Scheme 1.

Our previous experience concerning the use of salicylal-
dehyde oxime in iron(III) carboxylate chemistry showed that
the oximato O atom can act either as terminal or as bridging
to afford tri- or hexanuclear complexes, respectively.7 On
the other hand, the oximato O atom of the di-2-pyridyl ketone
oxime in1 and2 is terminally coordinated, probably because
of the steric effects exerted by the second pyridyl group
bound to the cyanide C atom, with respect to the H atom in
the case of salicylaldehyde oxime.

Description of the Structures. Compounds1a and 1b
are essentially the same and contain the tetranuclear species
[Fe4O2Cl2(O2CMe)2{(py)2CNO}4] along with different sol-
vate molecules as a result of the different synthetic routes
and crystallization methods employed. The molecular struc-
ture of1b is depicted in Figure 1, and selected bond distances
and angles are listed in Table 2 (selected bond distances and
angles for complex1a are given in the Supporting Informa-
tion Table S1). The tetranuclear molecules contain the
[Fe4(µ3-O)2]8+ core comprising four FeIII ions in a “butterfly”
disposition and twoµ3-O2- ions, each bridging three FeIII

ions, forming the “wings” of the “butterfly”. Atoms Fe2 and
Fe3 occupy the “hinge” or “body” sites, and Fe1 and Fe4
occupy the “wingtip” positions. The topology of the central
[Fe4(µ3-O)2]8+ core can be also described as two edge-sharing
[Fe3(µ3-O)]7+ triangular subunits. The dihedral angles be-
tween the least-squares plane defined by Fe1/Fe2/Fe3 and
Fe2/Fe3/Fe4 are 179.5 and 175.0° for 1a and 1b, respec-
tively; thus, the four FeIII ions are essentially coplanar. As a
result, the twoµ3-O2- ions are forced to leave their respective
[Fe3(µ3-O)] triangle and are displaced above and below the
[Fe4] least-squares plane (ca. 0.5 Å). This is also reflected
in the sums of the Fe-O-Fe angles around theµ3-O2- ions,
which severely deviate from 360° (ca. 338°) and are close
to the ideal value of 328.4° expected for pure sp3 hybridiza-
tion. A literature survey of tetranuclear complexes presenting
the [Fe4(µ3-O)2]8+ core showed a number of different
configurations regarding the position of the “wing” metal
ions and the displacement of theµ3-O2- ions with respect to

their respective [Fe3] planes (Chart 2 and Table 4). However,
in all cases the sum of the Fe-O-Fe angles around theµ3-
O2- ion falls in the range 350-359°. Only in the case of
K2[Fe4(OH)2(PO4)4(H2O)2]23 is the sum of the Fe-O-Fe
angles around theµ3-OH group 339.8°. In the cases of1a
and1b, the twoµ3-O2- ions show a more pyramidal character
than that in analogous complexes. Eachµ3-O2- ion presents
two short (∼1.9 Å) and one longer (∼2.0 Å) Fe-O distance
in both1a and1b, unlike the case of the more symmetrical
[Fe3(µ3-O)] triangular units found in various “basic iron(III)
carboxylates”,24 where the µ3-O2- ion is symmetrically
coordinated to the FeIII ions at∼1.9 Å. The two short Fe-O
bond distances exert a trans influence on the Fe-N bond
(Fe-N ∼ 2.2 Å).

The two “body” FeIII ions (Fe2 and Fe3) are bridged by
two µ3-oxides, while a singleµ3-oxide ion participates in
the coordination sphere of the “wingtip” FeIII ions. As a
result, the central Fe2‚‚‚Fe3 separation is much shorter (2.916
and 2.890 Å in1a and1b, respectively) than the body-to-
wing separations, which fall in the range 3.257-3.385 Å in
1a and 3.254-3.298 Å in1b. The wing-to-wing separation
is the largest one as expected (5.965 and 5.968 Å in1a and
1b, respectively).

The four di-2-pyridyl ketone oxime ligands are anionic,
presenting theη1:η1:η1:µ2 coordination mode (Chart 1)

(23) Moore, P. B.Am. Mineral.1972, 57, 397.
(24) Among many others, see, for example: (a) Gorun, S. M.; Papaefthy-

miou, G. C.; Frankel, R. B.; Lippard, S. J.J. Am. Chem. Soc.1987,
109, 3337. (b) Bond, A. M.; Clark, R. J. H.; Humphrey, D. G.;
Panayiotopoulos, P.; Skelton, B. W.; White, A. H.J. Chem. Soc.,
Dalton Trans.1998, 1845. (c) Degang, F.; Guoxiong, W.; Wenxia,
T. Polyhedron1993, 20, 2459.

Scheme 1. Reaction Scheme for the Synthesis of Compounds1 and2
(L ) Terminal Solvate Molecules;∩ ) Bidentate Bridging Acetate or
(py)2CNO- Ligands)

Figure 1. Partially labeled ORTEP plot of1b with ellipsoids drawn at
the 30% probability level. H atoms have been omitted for clarity. Black
bonds describe the [Fe4(µ3-O)2]8+ core.

4FeCl3‚6H2O + 4(py)2CNOH + 8NaO2CMe‚3H2O +

2NaN398
MeCN

[Fe4O2(N3)2(O2CMe)2{(py)2CNO}4]
2

+

10NaCl+ 2HCl + 6MeCO2H + 46H2O (3b)

6[Fe3O(O2CMe)6(H2O)3]Cl + 12(py)2CNOH +

6NaN398
MeCN

3[Fe4O2(N3)2(O2CMe)2{(py)2CNO}4]
2

+

2“[Fe3O(O2CMe)6(H2O)2(OH)]” + 6NaCl+
18MeCO2H + 10H2O (3c)
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around the FeIII ions. Two of the (py)2CNO- ligands are
coordinated to the “body” Fe2 through their pyridine and
oximato N atoms, whereas they use their oximato O atom
to bridge one of the “wingtip” ions, Fe1 and Fe4. In this
way, Fe2 presents an O2N4 distorted octahedral coordination.
The remaining two (py)2CNO- ligands are coordinated
through their pyridine and oximato N atoms to the “wingtip”
ions Fe1 and Fe4, respectively, whereas their oximato O atom
is bridging the “body” ion Fe3. The “body” Fe3 ion is also
bridged to each of the “wingtip” ions Fe1 and Fe4 through
asyn,syn-η1:η1:µ2 acetato group. The octahedral coordination
around each of the “wingtip” FeIII ions in complexes1a and
1b is completed by a Cl- ion. In this manner, Fe3 presents
an O-rich octahedral coordination environment, while Fe1

and Fe4 present an O3N2Cl octahedral coordination. The
second pyridyl group of each (py)2CNO- ligand remains
uncoordinated.

The molecular structure of2 is shown in Figure 2, and
selected bond distances and angles are listed in Table 3. The
structure is completely analogous to those of1aand1b, with
the only difference being the terminal azide completing the
octahedral coordination around each of the “wingtip” FeIII ions
instead of the Cl- ion in the case of1aand1b. The structural
characteristics of the [Fe4(µ3-O)2]8+ “butterfly” core in2 are
summarized in Table 4 along with those of1a and1b.

Mo1ssbauer Spectroscopy.Mössbauer spectra of1a and
2 were collected between 4.2 and 300 K. The spectra at 300
K are shown in Figure 3. The Mo¨ssbauer spectrum of1a at
300 K consists of a symmetric quadrupole-split doublet with
parameters typical of high-spin ferric sites in octahedral
environments. The largeΓ1/2 value and loss of symmetry
upon cooling indicate that this is a composite doublet. The
Mössbauer spectrum of2 consists of an asymmetric com-
posite quadrupole-split doublet with parameters similar to
those of1a.

It is worth noting that the sole structural difference between
1a and2 lies in the replacement of the terminal chlorides in
1a by terminal azides in2. This replacement brings about
distinctive differences in the appearance of the Mo¨ssbauer
spectra, which stresses the different donor atom effects
produced by chlorides and azides. Inspection of the structures
reveals three different Fe sites for each complex, with respect
to their coordination spheres.1acontains sites with O6 (Fe3),
O3ClN2 (Fe1 and Fe4), and O2N4 (Fe2) chromophores,

Table 2. Selected Bond Distances (Å) and Angles (deg) in1b‚4.5MeNO2

Distances
Fe1-O61 1.855(6) Fe2-O62 1.906(6) Fe3-O61 1.978(6)
Fe1-O1 2.005(7) Fe2-O61 1.918(6) Fe3-O62 1.993(6)
Fe1-O41 2.031(7) Fe2-N22 2.138(9) Fe3-O11 2.013(7)
Fe1-N12 2.156(9) Fe2-N2 2.160(8) Fe3-O51 2.017(7)
Fe1-N11 2.197(10) Fe2-N21 2.178(9) Fe3-O42 2.030(7)
Fe1-Cl1 2.286(3) Fe2-N1 2.198(8) Fe3-O31 2.030(7)
Fe4-O62 1.875(6) Fe4-O52 2.036(7) Fe4-N31 2.202(8)
Fe4-O21 2.024(7) Fe4-N32 2.161(8) Fe4-Cl2 2.304(3)
Fe1‚‚‚Fe2 3.398(2) Fe1‚‚‚Fe3 3.254(2) Fe1‚‚‚Fe4 5.968(2)
Fe2‚‚‚Fe3 2.890(10) Fe2‚‚‚Fe4 3.371(2) Fe3‚‚‚Fe4 3.260(2)

Angles
O61-Fe1-O1 89.7(3) O62-Fe2-O61 86.1(3) O62-Fe3-O61 82.2(3)
O61-Fe1-O41 95.8(3) O62-Fe2-N22 83.3(3) O61-Fe3-O11 89.8(3)
O1-Fe1-O41 169.9(3) O61-Fe2-N22 116.9(3) O62-Fe3-O11 93.1(3)
O61-Fe1-N12 87.5(3) O62-Fe2-N2 115.6(3) O61-Fe3-O51 172.4(3)
O1-Fe1-N12 86.6(3) O61-Fe2-N2 83.6(3) O51-Fe3-O62 94.5(3)
O41-Fe1-N12 85.2(3) N22-Fe2-N2 154.0(3) O51-Fe3-O11 83.6(3)
O61-Fe1-N11 156.9(3) O62-Fe2-N21 153.8(3) O61-Fe3-O42 93.2(3)
O1-Fe1-N11 79.4(3) O61-Fe2-N21 93.2(3) O62-Fe3-O42 172.7(3)
O41-Fe1-N11 92.5(3) N22-Fe2-N21 73.7(3) O11-Fe3-O42 92.5(3)
N12-Fe1-N11 71.6(4) N2-Fe2-N21 90.2(3) O51-Fe3-O42 90.7(3)
O61-Fe1-Cl1 108.0(2) O62-Fe2-N1 96.8(3) O61-Fe3-O31 97.2(3)
O1-Fe1-Cl1 94.9(2) O61-Fe2-N1 154.6(3) O62-Fe3-O31 89.3(3)
O41-Fe1-Cl1 91.5(3) N22-Fe2-N1 88.5(3) O11-Fe3-O31 172.9(3)
N12-Fe1-Cl1 164.3(3) N2-Fe2-N1 72.4(3) O51-Fe3-O31 89.6(3)
N11-Fe1-Cl1 93.3(3) N21-Fe2-N1 94.9(3) O42-Fe3-O31 85.7(3)
O62-Fe4-O21 90.1(3) O52-Fe4-N32 86.6(3) O62-Fe4-Cl2 106.4(2)
O52-Fe4-O62 95.2(3) O62-Fe4-N31 159.4(3) O21-Fe4-Cl2 96.9(2)
O21-Fe4-O52 167.9(3) O21-Fe4-N31 83.0(3) O52-Fe4-Cl2 92.0(2)
O62-Fe4-N32 86.8(3) O52-Fe4-N31 88.3(3) N32-Fe4-Cl2 166.8(2)
O21-Fe4-N32 82.8(3) N32-Fe4-N31 73.1(3) N31-Fe4-Cl2 93.7(2)
Fe1-O61-Fe2 126.7(3) Fe1-O61-Fe3 114.8(3) Fe2-O61-Fe3 95.8(3)
Fe2-O62-Fe4 126.2(3) Fe3-O62-Fe4 114.9(3) Fe2-O62-Fe3 95.7(3)

Chart 2. Three Types of “Butterfly” Configurations Discussed in
Table 4

Scheme 2. Diagram of the [Fe4(µ3-O)2]8+ Core Defining Its Metrical
Parameters

FeIII
4 “Butterfly” Cluster with an S ) 1 Ground State
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whereas2 contains sites with O6 (Fe3), O3N3 (Fe1 and Fe4),
and O2N4 (Fe2) chromophores. Given the relatively small

dependence of Mo¨ssbauer parameters (δ and ∆EQ) on the
coordination environment (donor atoms and geometry) for
high-spin ferric ions, it is clear that a rigorous assignment
of the spectra would lack physical meaning in the present
case because it would require the fitting of spectra with few
distinctive features by considering three different sites.

We therefore proceed with a qualitative analysis of the
spectra of1a and2 at 300 K. The spectrum of1a is fitted
with a single quadrupole-split doublet, whereas that of2 is
fitted with two doublets in order to account for the asym-
metry and the shoulder of the negative velocity peak. The
results are given indicatively and not for purposes of site
assignment. Thus, fitting of the data of1ayields parameters
δ ) 0.36 mm s-1, ∆EQ ) 0.70 mm s-1, andΓ1/2 ) 0.29 mm
s-1, and fitting of the data of2 yields parametersδ1 ) 0.34
mm s-1, ∆EQ1 ) 1.04 mm s-1, Γ1/2(1) ) 0.15 mm s-1, and
A1 ) 26% andδ2 ) 0.40 mm s-1, ∆EQ2 ) 0.58 mm s-1,
Γ1/2(2) ) 0.17 mm s-1, andA2 ) 74%.

Table 3. Selected Bond Distances (Å) and Angles (deg) in2‚2CH2Cl2‚2.5H2O

Distances
Fe1-O61 1.882(5) Fe2-O61 1.895(5) Fe3-O61 1.986(5)
Fe1-O1 2.033(5) Fe2-O62 1.897(5) Fe3-O62 1.991(5)
Fe1-O41 2.038(6) Fe2-N22 2.135(7) Fe3-O31 1.999(5)
Fe1-N41 2.066(8) Fe2-N2 2.154(7) Fe3-O11 2.018(5)
Fe1-N12 2.159(7) Fe2-N1 2.210(7) Fe3-O42 2.027(6)
Fe1-N11 2.195(7) Fe2-N21 2.222(7) Fe3-O51 2.029(5)
Fe4-O62 1.882(5) Fe4-O52 2.051(6) Fe4-N32 2.165(6)
Fe4-O21 2.026(6) Fe4-N51 2.078(8) Fe4-N31 2.200(7)
Fe1‚‚‚Fe2 3.366(2) Fe1‚‚‚Fe3 3.259(2) Fe1‚‚‚Fe4 5.967(2)
Fe2‚‚‚Fe3 2.887(2) Fe2‚‚‚Fe4 3.377(2) Fe3‚‚‚Fe4 3.264(2)

Angles
O61-Fe1-O1 90.1(2) O62-Fe2-O61 86.4(2) O62-Fe3-O61 81.5(2)
O61-Fe1-O41 95.9(2) O61-Fe2-N22 118.0(2) O61-Fe3-O31 95.4(2)
O1-Fe1-O41 170.4(2) O62-Fe2-N22 84.7(2) O62-Fe3-O31 90.2(2)
O61-Fe1-N41 106.9(3) O61-Fe2-N2 84.5(2) O61-Fe3-O11 90.2(2)
O1-Fe1-N41 94.4(3) O62-Fe2-N2 118.9(2) O11-Fe3-O62 95.4(2)
O41-Fe1-N41 91.1(3) N22-Fe2-N2 149.6(3) O31-Fe3-O11 172.6(2)
O61-Fe1-N12 85.7(2) O61-Fe2-N1 154.5(2) O61-Fe3-O42 93.8(2)
O1-Fe1-N12 85.1(2) O62-Fe2-N1 94.7(2) O62-Fe3-O42 172.4(2)
O41-Fe1-N12 87.8(2) N22-Fe2-N1 87.4(3) O31-Fe3-O42 84.2(2)
N12-Fe1-N(41) 167.4(3) N2-Fe2-N1 72.6(3) O11-Fe3-O42 90.7(2)
O61-Fe1-N11 156.7(2) O61-Fe2-N2 95.2(2) O61-Fe3-O51 170.8(2)
O1-Fe1-N11 80.2(2) O62-Fe2-N221 155.1(2) O62-Fe3-O51 93.2(2)
O41-Fe1-N11 91.5(3) N22-Fe2-N21 72.7(3) O51-Fe3-O31 92.2(2)
N41-Fe1-N11 95.0(3) N2-Fe2-N21 85.9(3) O51-Fe3-O11 82.7(2)
N12-Fe1-N11 72.5(2) N21-Fe2-N1 94.4(3) O42-Fe3-O51 92.3(2)
O62-Fe4-O21 89.4(2) O52-Fe4-N51 91.3(3) O62-Fe4-N31 157.2(2)
O52-Fe4-O62 95.9(2) O62-Fe4-N32 86.8(2) O21-Fe4-N31 80.9(2)
O21-Fe4-O52 170.4(2) O21-Fe4-N32 87.0(2) O52-Fe4-N31 91.2(2)
O62-Fe4-N51 108.0(2) O52-Fe4-N32 85.3(2) N51-Fe4-N31 93.4(3)
O21-Fe4-N51 94.7(3) N32-Fe4-N51 165.1(2) N32-Fe4-N31 72.2(2)
Fe1-O61-Fe2 126.0(3) Fe1-O61-Fe3 114.8(2) Fe2-O61-Fe3 96.1(2)
Fe2-O62-Fe4 126.7(3) Fe3-O62-Fe4 114.9(2) Fe2-O62-Fe3 95.9(2)

Table 4. Comparison of Selected Structural Parameters (Å, deg) of Some FeIII “Butterly” Complexes Possessing the [Fe4(µ3-O)2]8+ Corea

complex R â γ δ a b c d e f typeb ref

1a‚2CH2Cl2‚H2O 115.15 97.25 125.65 82.75 1.886 1.906 1.980 3.2625 3.3735 2.916C this work
1b‚4.5MeNO2 114.8 95.75 126.45 84.15 1.880 1.912 1.9855 3.257 3.3845 2.890C this work
2‚2CH2Cl2‚2.5H2O 114.75 96.0 126.3 83.95 1.882 1.896 1.989 3.262 3.372 2.887C this work
[Fe4O2(BICOH)2(BICO)2(O2CPh)4]2+ c 119.0 95.7 136.8 84.3 1.884 1.980 1.940 3.290 3.590 2.900A 25a
[Fe4O2(O2CCF3)8(H2O)6] 133.9 96.5 129.5 82.9 1.842 1.961 1.936 3.476 3.436 2.915A 25b
[Fe4O2(O2CPh)7{H2B(pz)2}2]- d 125.15 93.5 133.6 85.4 1.822 1.955 1.895 3.326 3.488 2.829B 26a
[Fe4O2(O2CMe)7(bpy)2]+ 123.91 95.0 131.9 84.45 1.819 1.926 1.947 3.306 3.439 2.855B 26b
[Fe4O2Cl2(O2CMe)6(bpy)2] 124.25 95.05 130.05 82.45 1.813 1.9345 1.992 3.314 3.454 2.896C 27a
[Fe4O2(N3)2(O2CMe)6(phen)2] 125.5 95.1 129.45 83.45 1.827 1.973 1.9355 3.344 3.346 2.884C 27b

a See Scheme 2 to identify the bond lengths and angles.b See Chart 2.c BICOH ) bis(N-methylimidazol-2-yl)carbinol.d H2B(pz)2- ) dihydrobis(1-
pyrazolyl)borate.

Figure 2. Partially labeled ORTEP plot of2 with ellipsoids drawn at the
30% probability level. H atoms have been omitted for clarity. Black bonds
describe the [Fe4(µ3-O)2]8+ core.
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Magnetic Susceptibility Measurements.TheøMT product
at 300 K is 4.61 cm3 mol-1 K for 1a (Figure 4), significantly
lower than the theoretically expected value for four nonin-
teracting S ) 5/2 ions (17.52 cm3 mol-1 K), indicating
dominant antiferromagnetic interactions. This is also indi-
cated by the constant decrease of theøMT product upon
cooling, down to a value of 1.18 cm3 mol-1 K at 2 K. The
øM vs T curve shows a continuous increase upon cooling.

The metal core of1a adopts a “butterfly” geometry (see
the Description of the Structures section), with Fe1 and Fe4
occupying the “wingtip” positions and Fe2 and Fe3 the
“body” ones. A rigorous interpretation of the magnetic
susceptibility data would require the consideration of two
exchange coupling constants for the wingtip-body interac-

tions, one for the Fe(Ooxo)(N-Ooxime)Fe bridged pairs Fe1/
Fe2 and Fe2/Fe4 and one for the Fe(Ooxo)(N-Ooxime)(MeCO2)-
Fe bridged pairs Fe1/Fe3 and Fe3/Fe4, and a third for the
body-body interaction. However, this proved to overparam-
etrize the problem, so only two interactions were considered,
one between wingtip-body atoms (Jwb) and one between
body-body atoms (Jbb). The corresponding spin Hamiltonian
is thus written as

When theg factor was fixed at 2.0, as would be expected
for an isotropic high-spin FeIII ion, no satisfactory solution
could be obtained with this model. Release of this parameter
led to a satisfactory solution with best-fit parametersJwb )
-34.3 cm-1, Jbb ) -51.1 cm-1, andg ) 1.91 withR ) 3.6
× 10-4 (solutionA). These parameters yield anS) 1 ground
state, with anS ) 2 excited state at 3.5 cm-1 and anS ) 0
excited state at 98.7 cm-1. This result is rather surprising
because FeIII 4 butterfly complexes display antiferromagnetic
interactions and possessS ) 0 ground states. Because of
small discrepancies over the low-temperature range, fits were
carried out over the 300-34 K range in order to verify the
derivedJ values. This induced a remarkable improvement
to the fit, yielding a solution with best-fit parametersJwb )
-40.2 cm-1, Jbb ) -59.4 cm-1, andg ) 2.0 (fixed) withR
) 8.0 × 10-5 (solutionB). This solution entails again anS
) 1 ground state, with anS ) 2 excited state at 7.9 cm-1

and anS ) 0 excited state at 110 cm-1, with the g factor
this time at 2.0. The derivedJwb values in each case fall
within the range previously determined for other FeIII

“butterfly” complexes (Table 5). What can be observed for
each solution is that, despite some variations of theJ andg
parameters, theJbb/Jwb ratio remains close to 1.48. As will
be seen later, the value of this ratio influences critically the
energy mapping of the spin manifolds.

To obtain further verification of these findings, a magne-
tization isotherm was recorded for1aat 2 K (Figure 5). The
M vs H curve nearly saturates at a moment of∼1.98NA µB

(5.4 T) as expected for anS) 1 spin. Calculations with the
parameters of solutionsA and B, as well as anS ) 1
Brillouin curve (g ) 2), are shown in Figure 5. From these,
we deduce that solutionB is in a better agreement with the
M vsH experimental data, despite some discrepancies at low
temperatures in theøMT vsT plot. TheS) 1 Brillouin curve

Figure 3. Mössbauer spectra of1a and2 at 300 K. Indicative fits have
been carried out as described in the text.

Figure 4. øMT vs T experimental data for complex1a and the best-fit
theoretical curves based on the Hamiltonian of eq 4 and solutionsA (thin
line) andB (thick line). Calculations withJbb values differing by(1 cm-1

from the best-fit value of solutionB are shown as dashed lines.

Table 5. Comparison of Exchange Coupling Constants of Some FeIII
4

Complexes with Similar Spin Topologies

complex
Jwb (Jbb)
(cm-1)a ref

1a -40.2 (-59.4) this work
[Fe4O2(O2CCMe3)8(NC5H4Me)2] -37.2 (0) 28
[Fe4O2(O2CPh)8(phen)2] -32.9 (-7.8) 29
[Fe4O2Cl2(O2CMe)6(bpy)2] NR (-10.9) 27a
[Fe4O2(N3)2(O2CMe)6(phen)2] -35 (-5.5) 27b
[Fe4O2(O2CPh)7(phen)2](ClO4) -38.8 (-1.2) 29
[Fe4O2(O2CMe)7(bpy)2](ClO4) -45.5 (-8.9) 26b
[Fe4O2L2(salox)2{O2C(OH)Ph2}3](ClO4)b -41.4 (0) 30

a H ) -2∑JiJj and g ) 2.0. Values in italics were fixed. NR) not
reported.b L ) 1,4,7-trimethyl-1,4,7-triazacyclononane; salox2- ) dianion
of salicylaldehyde oxime.

Ĥ ) -2[Jwb(Ŝ1Ŝ2 + Ŝ1Ŝ3 + Ŝ3Ŝ4 + Ŝ2Ŝ4) + Jbb(Ŝ2Ŝ3)] (4)
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at 2 K isalso very adequate in reproducing the magnetization
data at low temperatures, thus providing further evidence
for anS) 1 ground state in1a. Some disagreement between
experimental and calculated values might be attributed to
non-Heisenberg interactions and single-ion anisotropies that
have not been included in the present model. Despite that,
however, it remains clear that the ground state of1a is
characterized by a total spin ofS ) 1.

To verify the uniqueness of this solution, an exploration
of the (Jwb, Jbb) parameter space was carried out by drawing
an error contour plot ofJwb vs Jbb (Figure 6). For similar
complexes, the minima resemble long fosses, corresponding
to well-determinedJwb values and indeterminateJbb values.26b

The error level plot for1a, however, confirmed our solution
as a well-defined minimum. To illustrate this, simulations
with different Jbb values were carried out (Figure 4) and
compared to the experimental data and best-fit curve. In the
simulations, all parameters were fixed to their best-fit values,
andJbb was set to(1 cm-1 with respect to its best-fit value
(i.e., ∼(1.5%). The resulting curves were significantly
different from the best-fit one, indicating that the value of
the parameter is well determined and significantly influences
the global behavior.

To assess the sensitivity of our fits to the absolute values
of Jwb and Jbb, øMT vs T calculations were carried out for
Jwb values fixed at(1 cm-1 from its best-fit value (-40.2
cm-1), while fixing the Jbb value so as to keep theJbb/Jwb

ratio constant to 1.48 [(Jwb, Jbb) ) (-41.2 cm-1, 60.9 cm-1)
and (-39.2 cm-1, 57.9 cm-1)] derived from the best-fit
solution. The calculated curves (Figure S2 in the Supporting
Information) are practically superimposable at low temper-
atures, where the ground-state population is predominant,
but they diverge at higher temperatures, where excited spin
states are populated, with populations depending on their
absolute energies and therefore on the absoluteJ values. The
agreement factorsR for these two parameter sets are 2.2×
10-4 and 2.1× 10-4, respectively. Thus, for only a 1-cm-1

difference inJwb (∼(2%), we observe an increase ofR by
a factor of∼3, which means that the curve is sensitive to
the absolute values ofJwb andJbb as well.

To rationalize theS) 1 ground state of1a, as well as the
well-determined value of theJbb parameter, we show a

(25) Among many others, see, for example: (a) Gorum, S. M.; Lippard,
S. J.Inorg. Chem.1988, 27, 149. (b) Ponomarev, V. I.; Atovmyan,
L. O.; Bobkova, S. A.; Turte, K. I.Dokl. Akad. Nauk SSSR1984,
274, 368.

(26) Among many others, see, for example: (a) Armstrong, W. H.; Roth,
M. E.; Lippard, S. J.J. Am. Chem. Soc.1987, 109, 6318. (b) McCusker,
J. K.; Vincent, J. B.; Schmitt, E. A.; Mino, M. L.; Shin, J.; Coggin,
D. A. K.; Hagen, P. M.; Huffman, J. C.; Christou, G.; Hendrickson,
D. N. J. Am. Chem. Soc.1991, 113, 3012.

(27) (a) Wemple, M. W.; Coggin, D. A. K.; Vincent, J. B.; McCusker, J.
K.; Streib, W. E.; Huffman, J. C.; Hendrickson, D. N.; Christou, G.
J. Chem. Soc., Dalton Trans.1998, 719. (b) Boudalis, A. K.; Tangoulis,
V.; Raptopoulou, C. P.; Terzis, A.; Tuchagues, J.-P.; Perlepes, S. P.
Inorg. Chim. Acta2004, 357, 1345.

(28) Overgaard, J.; Hibbs, D. E.; Rentschler, E.; Timco, G. A.; Larsen, F.
K. Inorg. Chem.2003, 42, 7593.

(29) Boudalis, A. K.; Lalioti, N.; Spyroulias, G. A.; Raptopoulou, C. P.;
Terzis, A.; Bousseksou, A.; Tangoulis, V.; Tuchagues, J.-P.; Perlepes,
S. P.Inorg. Chem.2002, 41, 6474.

(30) Chaudhuri, P.; Rentschler, E.; Birkelbach, F.; Krebs, C.; Bill, E.;
Weyhermu¨ller, T.; Flörke, U. Eur. J. Inorg. Chem. 2003, 541.

Figure 5. MagnetizationM vs applied magnetic fieldH data (9) at 2 K
for complex 1a. The calculated curves are based on the parameters of
solutionsA (thin line) andB (thick line) and on anS ) 1 Brillouin curve
(dashed line).

Figure 6. Error contour plot for differentJwb andJbb values. Calculations
were carried out forg ) 2.0. The arrow indicates the position of the best-
fit solution.

Figure 7. Selected energy-level diagrams showing the ground-state
variation with respect to theJbb/Jwb ratio. The dashed line marks the position
of theJbb/Jwb ratio for 1a, and the circle indicates the transition point from
anST ) 1 to 2 ground state. Numbers in parentheses correspond to (SA, SB,
ST), whereSA ) S1 + S4, SB ) S2 + S3, andST ) SA + SB.
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correlation diagram of selected low-lying spin-state energies
as a function of theJbb/Jwb ratio (Figure 7). As can be seen,
for Jbb/Jwb < 1.2, the ground state isST ) 0. For 1.2< Jbb/
Jwb < 1.5, the ground state isST ) 1, and for 1.5< Jbb/Jwb

< 2.0, the ground state isST ) 2. In the special cases of
Jbb/Jwb ) 1.2, 1.5, or 2.0, a degeneracy appears in the ground
state between states with total spinsST ) 0 and 1, 1 and 2,
and 2 and 3, respectively. Therefore, for ca. 0.5< Jbb/Jwb <
2.0, variations ofJbb/Jwb will significantly influence the total
energy-level diagram of the system and its magnetic sus-
ceptibility, leading to a well-determinedJbb. In the case of
1a in particular, the value of this ratio is∼1.48, very close
to the transition point at 1.5 between theST ) 1 and 2 states.
Around this region, very small variations ofJbb will lead to
severe variations of the energy spectrum of the complex,
causing theJbb value to be even better determined. Following
this reasoning, we could therefore attribute the previously
reported indeterminacy ofJbb to theJbb/Jwb dependence of
the low-lying magnetic states; forJbb/Jwb of less than ca. 0.5,
the lowest-lying excited magnetic states (5, 5, 1) and (5, 5,
2) are separated by 2Jwb and 6Jwb from (5, 5, 0), respectively.
These separations are constant and do not depend onJbb/
Jwb. Therefore,Jbb/Jwb variations in that region would not
particularly influence the energies of the low-lying magnetic
states of the energy spectrum, and consequently the magnetic
susceptibility would be rather insensitive toJbb. This means
that the indeterminacy ofJbb is not physical but rather
stemming from the use of susceptometry data to derive
exchange couplings. These have been analyzed in detail
previously.26b

To the best of our knowledge,1a is the first butterfly-like
high-spin ferric complex with anS ) 1 ground state. In
comparison with other similar complexes that exhibit anS
) 0 ground state, the unique feature of1a is the magnitude
of Jbb, whereasJwb varies between ca.-33 and-46 cm-1

(Table 5). It would be helpful therefore to examine the
temperature dependence of the magnetic susceptibility data

for various values of theJbb/Jwb ratio. We have chosenJwb

) -40 cm-1 as a reasonable average value (Table 5),g )
2.0, and variedJbb. Theoretical simulations of the temperature
variation oføMT for various values ofJbb/Jwb between 0 and
2 are shown in Figure 8. As can be seen for 0< Jbb/Jwb <
0.5, the variation of theøMT vsT curve is very small. Above
Jbb/Jwb ∼ 0.5, the variations are more important and clearly
discernible. Near the transition points at 1.2, 1.5, and 2.0,
small variations ofJbb/Jwb by only 0.02 lead to dramatic
changes, particularly in the low-temperature region.

Conclusions

The present work extends the body of results that
emphasize the ability of the anionic ligand (py)2CNO- to
form interesting clusters in 3d metal chemistry. We have
conducted a thorough study of the parameter space of the
FeIII /MeCO2

-/(py)2CNOH reaction system in the presence
of Cl- or N3

-. From this study, it was established that the
FeIII

4 “butterfly” core is stable, irrespective of the type of
anions present in the reaction mixture (Cl- or N3

-).
Therefore, we were able to obtain the same products through
different synthetic routes and to achieve transformations
between them through ligand exchange. In addition, the
terminal chloro and azido ligands in1 and 2 could have
future synthetic utility as sites for the incorporation of other
monodentate ligands by metathesis or as a means to obtain
higher nuclearity complexes using anionic bis(monodentate)
bridging ligands. Although the variety of Fe sites present in
the complexes is too great for a quantitative interpretation
of the Mössbauer spectra, it was concluded that replacement
of chlorides with azides in the complexes provokes signifi-
cant differences in their appearance. The magnetic study of
1a revealed that this complex possesses anS ) 1 ground
state because of the particular value of theJbb/Jwb ratio. In
addition, it was concluded that the indeterminacy of theJbb

parameter in “butterfly” complexes can be lifted when the
Jbb/Jwb ratio acquires values for which a multitude of low-
lying spin states with differentST are close in energy or,
more so, when theJbb/Jwb ratio acquires values near transition
points of the ground state’s total spin,ST, around which the
magnetic behavior is expected to be a more sensitive function
of Jbb/Jwb.
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Figure 8. CalculatedøMT vs T curves for a spin system similar to that of
1a (Jwb ) -40 cm-1 andg ) 2.0) and for variousJbb/Jwb values (indicative
values shown on the right). Thick black lines represent simulations for the
special cases whereJbb/Jwb is 1.2, 1.5, and 2.0. Dashed lines represent
simulations for the cases whereJbb/Jwb is 0.02 below or above these values.
Intermediate continuous lines between 1.0 and 2.0 are drawn for 0.1
increments of theJbb/Jwb ratio. For clarity, different shades distinguish the
curves corresponding to different ground states.
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