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The structure and electron density distribution (EDD) of the carboxylate-bridge iron complex [FeIII
4(µ3-O)2(O2CCMe3)8-

(NC5H4Me)2]‚2CH3CN, 1, has been determined from synchrotron X-ray diffraction data (Rint ) 0.025) collected with
the crystal cooled to 16(5) K. At this temperature complex 1 crystallized in the triclinic space group P1h with cell
parameters a ) 12.6926(7) Å, b ) 12.9134(8) Å, c ) 13.4732(8) Å, R ) 115.372(2)°, â ) 107.702(3)°, and γ
) 102.731(2)°. The theoretical EDD determined from a density functional theory (DFT) single point calculation of
an entire molecule of 1 at the experimental geometry has been analyzed and compared to the experimental EDD.
The latter is expressed in the framework of a multipolar model with parameters determined by least-squares refinement
(Rw(F2) ) 0.024) based on the X-ray diffraction data. The central µ3-oxygen atom in 1 is significantly out of the
plane spanned by the three Fe atoms coordinated to this oxygen. Comparison of measures for the bonding geometry
around the iron atoms in 1 with the corresponding values for the iron atoms in relevant trinuclear complexes
suggests that there are significant differences in the Fe−(µ3-O) bonds in the two cases. Analyses of both the
experimental and theoretical EDDs reveal very significant differences between the two Fe−(µ3-O) bonds in 1, with
one bond being much more directed and stronger than the other bond. A topological analysis of the EDDs using
the atoms in molecules approach also reveals very distinct differences between the properties of the two FeIII

atoms. A clear exponential relationship is found between the Laplacian of the experimental density at the bond
critical points in the Fe−ligand bonds and their bond lengths. Mössbauer spectroscopy of 1 shows two easily
separable doublets corresponding to the two different iron sites. Magnetic susceptibility measurements between
4.2 and 300 K indicate antiferromagnetically coupled FeIII atoms constituting an S ) 0 ground state.

Introduction

The quest for increasingly detailed knowledge of the
mechanisms of non-heme iron-containing enzymes has
followed different paths. Spectroscopic methods, in combina-
tion with theoretical calculations, have presented many
interesting results,1 as has X-ray diffraction.2 In particular,
the iron-oxo clusters are interesting for their magnetic

properties.3 A large number of polynuclear iron-containing
model systems have been prepared, the most proliferate being
theµ3-oxo trinuclear iron carboxylate complexes of general
type [Fe3O(O2CR)6L3]zS, with a wide variety of bridging
carboxylates (O2CR), ligands (L), and possibly solvent
molecules (S), wherez ) +1 for FeIII

3 andz ) 0 for FeIII
2-

FeII metal composition of the compound. Trinuclear iron
complexes can undergo oligomerization processes forming
e.g. tetranuclear complexes of the so-called butterfly type
first reported for iron(III) carboxylates by Ponomarev et al.4
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Several other similar complexes have since been investigated
in some detail in the literature.5 The iron-butterfly complexes,
which contain a central [FeIII

4(µ3-O)2]8+ entity, exist in two
distinct forms, type I and type II. These are distinguished
by the position of the two external- or wing-iron atoms
relative to the central planar Fe2(µ3-O)2 entity. In the situation
most often encountered (type II) the two wing-iron atoms
are trans relative to the Fe2O2 plane, while type I complexes
have the two wing Fe on the same side of the Fe2O2 plane
in a cis configuration. In the iron-butterfly complexes Fe
atoms have a bent disposition relative to the central planar
Fe2O2 entity and thus theµ3-O atoms must be situated outside
of the respective Fe3 planes. For type-II complexes they sit
on opposite sides, and for type-I complexes they sit on the
same side of the average plane through all four iron atoms.
The complex presented in this paper has a planar disposition
of the Fe atoms and thus does not meet the requirements for
being labeled a butterfly complex. However, itsµ3-O atoms
are situated outside of the respective Fe3 planes, in this case
on either side of the plane through the four iron atoms, and
we therefore define the present molecule as being type-II
butterfly-like.

The butterfly complexes can be considered to consist of
two “fused” µ3-oxo trinuclear iron carboxylates. We have
previously investigated the electron density distributions
(EDD) of both mixed-valence and oxidized trinuclear car-
boxylates.6 They showed pronounced differences around the
µ3-O atom, and it is therefore interesting to extend the studies
of Fe-(µ3-O) bonding to include the butterfly-like variant.
This paper contains an analysis and comparison of the
experimental and theoretical EDDs in [FeIII

4(µ3-O)2(O2-
CCMe3)8(NC5H4Me)2]‚2CH3CN, 1, Figure 1, as well as

results of Mössbauer spectroscopic and variable-temperature
magnetic susceptibility measurements of1.

Results and Discussion

Structural Analysis of 1. The structure of1 is displayed
in Figure 1, and crystallographic information is given in
Table 1. The molecule has a center of symmetry and contains
a central Fe4(µ3-O)2 core, exhibiting two types of Fe with
fundamentally different ligand environments; see Table 2.

The Fe atom in the innermost planar (body) Fe2O2 region
is coordinated to bothµ3-oxygens and furthermore to four
pivalate molecules, which bridge the central irons to the wing
irons. The wing irons are 0.99 Å above and below the Fe2O2

body plane, respectively. A different environment is observed
around the wing irons, as they only coordinate to oneµ3-O.
These irons also each coordinate to four pivalate ligands,
while the sixth ligand, in the trans position to theµ3-O, is
an R-picoline molecule ligated via the nitrogen atom. The
bonding geometries around the two different iron sites, which
are both nominally iron(III), show pronounced differences,
in particular the bond distances to the central O(1). The two
Fe(1)-O(1) distances are 1.9418(5) and 1.9404(4) Å, which
is almost 0.1 Å longer than the Fe(2)-O(1) distance of
1.8532(4) Å. The O(1)-Fe(1)-O(1)i angle of 81.04(2)° is
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Int. Ed. 2000, 39, 1688-1690.

(6) Overgaard, J. Ph.D. Thesis, Department of Chemistry, University of
Aarhus, Aarhus, Denmark, 2001.

Figure 1. Plot with atomic displacement ellipsoids of1 showing 90%
probability surfaces. Superscript i denotes the atom obtained through the
molecular inversion center:-x + 2, -y + 1, -z + 1.

Table 1. Crystallographic Details of Compound1

formula Fe4O18N4C56H92

fw 1332.74
cryst system triclinic
space group P1h (No. 2)
Z 1
a, Å 12.693(1)
b, Å 12.913(1)
c, Å 13.473(1)
R, deg 115.372(2)
â, deg 107.702(3)
γ, deg 102.731(2)
V, Å3 1736.0(3)
T, K 16(5)
F, g cm-3 1.196
µ, mm-1 0.89
dmin, Å 0.50
Nmeas, Nuniq 55130, 20960
Rint 0.025
Nobs, Nvar 14 601, 689
R(F), Rw(F2), all data 0.022, 0.025
goodness of fit 1.10

Table 2. Selected Bond Distances (Å) and Angles (deg°)a

Bond Distances
Fe(1)-O(1) 1.9418(5) Fe(2)-O(1) 1.8532(4)
Fe(1)-O(1)i 1.9404(4) Fe(2)-O(11) 2.0494(5)
Fe(1)-O(12) 2.0616(5) Fe(2)-O(21) 2.0561(7)
Fe(1)-O(22) 2.0551(7) Fe(2)-O(31)i 2.0759(5)
Fe(1)-O(32) 2.0469(6) Fe(2)-O(41) 2.0391(6)
Fe(1)-O(42)i 2.0691(5) Fe(2)-N(1) 2.2573(5)
C(11)-O(11) 1.2825(7) C(31)-O(31) 1.2720(8)
C(11)-O(12) 1.2684(9) C(31)-O(32) 1.2745(7)
C(21)-O(21) 1.2699(9) C(41)-O(41) 1.2810(7)
C(21)-O(22) 1.2747(8) C(41)-O(42) 1.2683(9)
〈C-CR〉 1.542(1) 〈CR-Câ〉 1.544(5)

Bond Angles
O(1)-Fe(1)-O(1)i 81.04(2) Fe(1)-O(1)-Fe(2) 122.85(3)
Fe(1)-O(1)-Fe(1)i 98.96(2) Fe(1)i-O(1)-Fe(2) 123.79(2)

a Superscript i refers to the atom obtained from the inversion operation.
The Greek superscripting on the C atoms refers to thetert-butyl group,
O2CCR(CâH3)3.
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far from the ideal octahedral angle of 90°, while the
coordination sphere around Fe(2) is less distorted from
octahedral symmetry. This may indicate that the two Fe(1)
atoms and the twoµ3-O atoms are involved in a four-center
interaction which may also account for the unusually short
separation of 2.522(1) Å between theµ3-oxygens. These
characteristics suggest that the bonding of twoµ3-O atoms
in cis position to Fe(1) decreases the strength of each of the
individual Fe(1)-(µ3-O) interactions compared with the
Fe(2)-(µ3-O) bond, which does not compete with other Fe-
(µ3-O) bonds to the same Fe. Additional support for this point
is gained from the presence of a small, but significant, trans
effect on Fe(1), which even imparts a conjugation-like
distribution of bond lengths in the ligand chains involving
the carboxylate groups with C(11) and C(41), namely Fe(1)-
O(12)-C(11)-O(11)-Fe(2) and Fe(1)-O(42)-C(41)-
O(41)-Fe(2). The other cis-coordinated bridging carboxylate
groups involving C(21) and C(31) have identical C-O bonds
(see Table 2). The Fe(1)-O(piv) bonds, which are in cis
position to both Fe(1)-(µ3-O) bonds, exhibit bond lengths
(dav ) 2.051(6) Å) that are slightly shorter than the two trans-
coordinated Fe(1)-O(piv) bonds (dav ) 2.065(5) Å). The
overall average of Fe-O(piv) bond length is 2.057(12) Å.
The electronic delocalization in the carboxylate bridges
determined through analysis of the C-O bond distances
describes two irons in identical oxidation state. Strikingly,
the C-O bonds in carboxylate groups C(11) and C(41) as
also C(21) and C(31) are pairwise almost exactly similar. A
comparison of CR-Câ bonds of thetert-butyl groups shows
that they have nearly identical bond distances, as also C-CR

have. These observations held together with an impression
of the overall shape of the molecule (Figure 1) seem to
suggest the presence of a noncrystallographic mirror plane
perpendicular to the Fe2O2 body plane along the Fe(2)-O(1)
bonds. However, a proper crystallographic mirror-plane
relationship is contradicted by the orientation of theR-pi-
coline ligand, which is significantly out of this plane. No
indications of disorder or increased motion of the outer
regions of this ligand is observed, and a search for a space
group of higher symmetry was futile. Instead, the extraor-
dinary identity of nonrelated bond distances must be ascribed
to the accuracy of the data which can reveal symmetry in
bonding in the central part of the molecule.

It is very interesting to note that, in contrast to the case of
the basic trinuclear iron carboxylates, theµ3-oxygens are
significantly out of the planes (d⊥ ) 0.42 Å) constituted by
the three iron atoms, to which they coordinate.7 Due to this
out-of-plane location, the geometry around O(1) may be
described as heavily distorted tetrahedral, although exhibiting
Fe-O(1)-Fe angles of 98.96(2) and 123.32(2)°, far from
the ideal tetrahedral angle of 109.47°. The sum of the three
O(1)-Fe bonds (Σd(Fe-O(1)) ) 5.74 Å) is very close to
5.7 Å, a value which has recently been empirically estab-
lished to apply both to mixed-valence and oxidized trinuclear
iron carboxylates.6 To evaluate more quantitatively the

differences in Fe-(µ3-O) bonding a subsequent section will
focus on the electron density distribution.

Analysis of the Experimental Electron Density Distri-
bution. A multipolar expression was used to describe the
electron density distribution.8 Multipolar, Pv and expansion/
contraction parametersκ′ of the atoms were least-squares
refined against the observed X-ray structure factors. The
refined monopoles of the iron atoms substantiate nearly
identical oxidation states, as the values are 6.09(2) and
6.14(2) e for Fe(1) and Fe(2), respectively. The monopoles
can be used to obtain an estimate of nuclear charge,q, from
the relationq ) Z - Pv, whereZ is the number of valence
electrons in the unperturbed atomic configuration. This leads
to nuclear charges close to+1.9 e for both Fe, significantly
less than the nominal value of+3 e. This trend is in
accordance with observations in other studies.9 In agreement
with the EDD in trinuclear complexes,6 the largest oxygen
nuclear charge resides on theµ3-oxygen (q ) -1.08(3) e).
Charges were also estimated as Bader charges integrated over
the volume of the atomic basins.10 This is the region of space
with the property that gradients of the electron distribution
terminates at the atomic position and is bounded by a zero-
flux surface. This method results in charge values for Fe(1)
of +1.76 e, for Fe(2) of+1.67 e, and for theµ3-oxygen
O(1) of -0.91 e. The charge density around O(1) is more
expanded than that of the carboxylate oxygens, as evidenced
by aκ′ value of 0.938(2) for O(1) compared to 0.973(1) for
the carboxylate oxygens. The charge clouds around Fe are
even more diffuse relative to neutral Fe atoms havingκ′ and
κ′′ equal to 0.905(1) and 0.791(8).

A map of the model deformation density, calculated as
the static EDD of the model, from which is subtracted the
EDD of a superposition of spherical, noninteracting atoms,
is shown in Figure 2 for the central Fe2O2 region of the
molecule. The most conspicuous feature is that the deforma-

(7) Blake, A.; Fraser, L.J. Chem. Soc., Dalton Trans.1975, 193-197.
This paper reported a case where the centralµ3-oxygen appears to be
significantly out of the Fe3 plane.

(8) Hansen, N. K.; Coppens, P.Acta Crystallogr., Sect. A1979, 39,
909-921.
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2002, 8, 1821-1832.

(10) Volkov, A.; Gatti, C.; Abramov, Yu. A.; Coppens, P.Acta Crystallogr.,
Sect. A2000, 56, 252-258.

Figure 2. Static model experimental deformation density in central Fe2O2

plane. Positive contours are shown with solid lines in intervals of 0.1 e
Å-3; negative contours are shown with dashed lines in intervals of 0.5 e
Å-3. The zero contour is shown as a dotted line.

[Fe4O2(O2CCMe3)8(NC5H4Me)2]‚2CH3CN
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tion density is not only concentrated along Fe-O bonds but
forms diffuse areas behind the O(1) atoms extending between
Fe(1)-O(1) bonds, thus creating a region of significant
electron density in the center of the molecule, a clear
manifestation of the proposed four-center interaction involv-
ing the two Fe(1) atoms and the twoµ3-oxygens. Furthermore
the EDD is markedly less polarized in the O(1)-Fe(1)
bonding directions than along O(1)-Fe(2). The latter bond
has a peak height of+0.95 e Å-3, while the Fe(1)-O(1)
bonds have peaks of close to+0.6 e Å-3. The Fe(2) wing
iron atoms lie 0.99 Å above/below the Fe2O2 body plane as
shown in Figure 3, which depicts the deformation density
in the Fe(2)-O(1)-O(1)i-Fe(2)i plane perpendicular to the
Fe2O2 plane of Figure 2. Figure 3 also shows the significant
accumulation of electron density on the oxygens in the
direction toward the other, symmetry-related O(1). However,
this EDD is not exactly on the line between the two oxygens;
instead it is slightly above and below. A similar type of
deformation density distribution between bridging oxygen
atoms was observed in a study of a mixed-valenceµ2-O
manganese complex.11

Topological Analysis. To further examine the metal-
ligand bonding features a topological analysis of the experi-
mental model EDD determined by the multipolar refinement
was carried out using the atoms in molecules (AIM) quantum
theory.12 The total electron density topology may be analyzed
by a search of characteristic density functions at the critical
points where the gradient of the density is zero. Whether
such an extremum point is a maximum, a minimum, or a
saddle point in the EDD is determined by the sign of the
second derivatives of the electron density. In three-
dimensional space these derivatives constitute the Hessian
matrix, and the trace of this is the Laplacian of the density.
Of particular interest are the properties in the bond critical
points (bcp) which characterize the bonding interactions in
a molecule. Similarly it is of interest to examine the behavior
of the negative Laplacian function,L(r). In regions of space
where this is positive, electronic charge is accumulated, and
where it is negative the charge is depleted. Figures 4 and 5
show the maps ofL(r) calculated from the multipolar model
on the basis of experimental data in the same planes as
selected for Figures 2 and 3.

The theoretical EDD was determined from the result of a
DFT single point calculation on the basis of the molecule at
the experimental geometry. Figures 6 and 7 showL(r)
calculated from the derived theoretical wave function. There
is a good agreement between the Laplacian maps from
experiment and theory in the vicinity of O(1), which supports
the impression of diffuse bonding in the Fe(1)-O(1) direc-
tion, in contrast to the stronger, more directional Fe(2)-

(11) Jensen, A. F.; Su. Z.; Hansen, N. K.; Larsen, F. K.Inorg. Chem.1995,
34, 4244-4252.

(12) Bader, R. F. W.Atoms in Molecules. A Quantum Theory; Oxford
University Press: New York, 1997.

Figure 3. Static model experimental deformation density in Fe(2)-O(1)-
O(1)i plane. Contours are as in Figure 2.

Figure 4. ExperimentalL(r) distribution in the same section as depicted
in Figure 2. Positive contours are shown with solid lines representing the
values 2× 10n, 4 × 10n, and 8× 10n, wheren is in the range-2 to 4. The
negative contours are represented by dashed lines showing the values:-2
× 10n, -4 × 10n, and-8 × 10n, with n in the range from-2 to 3. The
zero contour is shown with a dotted line.

Figure 5. ExperimentalL(r) distribution in the same section as shown in
Figure 3. The contours show the same values as in Figure 4.

Figure 6. TheoreticalL(r) distribution in the same section as depicted in
Figure 4. Contours are as in Figure 4.
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O(1) bond. Apparently there are only two separate regions
exhibiting charge concentrations (so-called valence-shell
charge concentrations, or VSCCs) around O(1). One points
directly toward Fe(2), see Figure 5, while the other is a very
broad distribution (Figure 4), extending toward the two Fe(1)
atoms as well as toward the other O(1). However, a more
extensive search in the experimentalL(r) around O(1) shows
that there really are three separable maxima, corresponding
to the three Fe-O bonds; see Table 3. The lack of a VSCC
above and below the Fe2O2 plane on O(1) suggests that O(1)
is not involved in anyπ-interaction with the iron atoms.

Electron counting based on the 18-electron rule concept
for transition metals leads to the conclusion that Fe(2) accepts
three electrons from O(1) while Fe(1) needs a donation of a
total of five electrons from the two O(1). The broad VSCC
on O(1) may indicate that this is accomplished not solely
by directional bonding but also includes some sort of four-
center six-electron interaction. The theoretical calculation,
however, does not seem to be able to describe in detail the
EDD near the core of the iron atoms, which is evident from
a comparison of experimental (Figures 4 and 5) with
theoretical (Figures 6 and 7) maps of the Laplacian.

Table 4 lists the topological properties at the bcps in the
Fe-ligand bonds calculated from the experimental and
theoretical densities. The theoretical values forFbcp are all
systematically lower than the corresponding experimental
values by about 30%, and similarly values of∇2Fbcp found
for the theoretical calculation tend to be lower than experi-
mental values. On the other hand there is generally good
correspondence in the position of the bond critical points
for theory and experiment. Similar trends are also apparent
for the C-O, C-C, and C-N bonds (see Supporting
Information). Particularly for the C-O bonds, theory sig-
nificantly underestimates the value of∇ 2Fbcp. However, the
two sets of values lead to identical conclusions; thus, only
the experimental values will be discussed in the remainder
of this paper.

The shortest Fe-ligand bond, Fe(2)-O(1), has the largest
density in the bcp,Fbcp ) 1.111(5) e Å-3, implying that this
bond is of considerable strength. The value is significantly
higher than the corresponding values in the Fe-(µ3-O) bonds
in related basic trinuclear iron carboxylates,6 which exhibit
values ofFbcp in the range from 0.77 to 0.92 e Å-3. The
Fe(2)-O(1) bond also has the most positive Laplacian of
all Fe-ligand bonds, suggesting that it has the most
electrostatic character and thus relatively the least significant
covalent contribution of the 12 Fe-ligand bonds. A closer
inspection of the values of∇2Fbcp in Table 4 reveals an
exponential increase with diminishing value of the corre-
sponding bond lengths,Rij, a tendency also observed in the
topological analysis of the EDD in hydrogen bonds.13 To
examine this relationship in more detail, we have pooled the
experimental results of topological analysis of three other
iron-carboxylate complexes6 with the results from this
study. The striking correlation is shown in Figure 8. Thus,
a shorter bond corresponds to a more positive value for
∇2Fbcp. This differentiates the metal-ligand bonds of elec-
trostatic nature from covalent bonds, which get a more
negative value of∇2Fbcp the shorter they become. In the
extreme case for very short Fe-ligand bonds, conceivably,
the character of the bond would become predominantly
covalent as the electron density enters the region between
the atoms and one would then expect the∇2Fbcp to change
from positive to negative value.

Another measure for the bond strength can be obtained
from the energy densities, which for closed-shell interactions
can be estimated by the semiempirical relation proposed by
Abramov.14 The local kinetic energy density distribution,G,

(13) Espinosa, E.; Souhassou, M.; Lachekar, H.; Lecomte, C.Acta
Crystallogr., Sect. B1999, 55, 563-572. Espinosa, E.; Alkorta, I.;
Elguero, J.; Molins, E.J. Chem. Phys.2002, 117, 5529-5542.

(14) Abramov, Yu. A.Acta Crystallogr., Sect. A1997, 53, 264-272.

Figure 7. TheoreticalL(r) distribution in the same section as depicted in
Figure 5. Contours are as in Figure 4.

Table 3. Electron Density Properties at the Lone Pair Maxima (LP) in
the ExperimentalL(r) Distribution around O(1)a

atom-LP no.-atom F(r )/e Å-3 ∇2F(r )/e Å-5 d(O(1)-LP)/Å angle/deg

O(1)-1-Fe(2) 6.17 -140.1 0.350 4.2
O(1)-2-Fe(1)i 5.80 -118.1 0.351 17.2
O(1)-3-Fe(1) 5.64 -109.2 0.353 1.3

a Inversion i:-x + 2, -y + 1, -z + 1.

Table 4. Topological Properties at Selected Bond Critical Pointsa

bond Fbcp ∇2Fbcp e r1-bcp R2-bcp G(rbcp) V(rbcp) H(rbcp)

Fe(1)-O(1) 0.737(4) 11.97(1) 0.05 0.979 0.965 1.04-1.25 -0.20
0.48 9.92 0.67 0.984 0.961

Fe(1)-O(1)i 0.746(5) 12.21(1) 0.04 0.972 0.970 1.06-1.27 -0.21
0.46 10.12 0.47 1.007 0.937

Fe(1)-O(12) 0.528(4) 9.33(1) 0.09 1.041 1.022 0.71-0.77 -0.06
0.32 7.79 0.74 1.040 1.032

Fe(1)-O(22) 0.538(4) 9.14(1) 0.14 1.032 1.027 0.71-0.79 -0.07
0.39 8.42 0.04 1.054 1.008

Fe(1)-O(32) 0.522(4) 9.43(1) 0.07 1.029 1.020 0.71-0.76 -0.05
0.40 8.67 0.22 1.051 1.001

Fe(1)-O(42)i 0.468(5) 8.88(1) 0.10 1.044 1.027 0.64-0.66 -0.02
0.29 6.82 0.56 1.054 1.025

Fe(2)-O(1) 1.111(5) 16.04(1) 0.06 0.935 0.918 1.71-2.29 -0.58
0.72 12.43 0.05 1.000 0.857

Fe(2)-O(11) 0.505(4) 9.47(1) 0.13 1.012 1.038 0.70-0.74 -0.04
0.35 8.19 0.50 1.041 1.015

Fe(2)-O(21) 0.469(4) 8.34(1) 0.11 1.016 1.041 0.62-0.65 -0.03
0.33 7.64 0.70 1.053 1.010

Fe(2)-O(41) 0.461(4) 8.99(1) 0.17 1.028 1.014 0.64-0.65 -0.01
0.38 8.54 0.73 1.034 1.010

Fe(2)-O(31)i 0.470(4) 8.60(1) 0.09 1.037 1.039 0.63-0.66 -0.03
0.31 7.01 1.03 1.061 1.010

Fe(2)-N(1) 0.453(3) 6.05(1) 0.17 1.092 1.166 0.50-0.57 -0.07
0.28 4.60 0.03 1.163 1.096

a Units are e Å-3 (Fbcp), e Å-5 (∇2Fbcp), Å (r), and hartree Å-3 (G, V,
H). Second lines show the values from the analysis of the theoretical wave
function. Inversion i:-x + 2, -y + 1, -z + 1.
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evaluated at the bcp, reflects the tendency to move electrons
away from the interatomic regions and gives a measure for
the electrostatic contribution to the bond energy. The
potential energy density,V, quantifies the inclination for
electrons to accumulate in the bonding regions; i.e., it is a
measure for the covalency of the bond. The Fe(2)-O(1)
exhibits the largest value ofG of all Fe-ligand bonds (Table
4). At the same time there is a large negative value of the
potential energy density,V, at this bond critical point, such
that the total energy density,H, is the most negative for the
Fe(2)-O(1) bond. This leads to the conclusion that the
Fe(2)-O(1) bond possesses the largest electrostatic as well
as considerable covalent contributions to the total energy.

Orbital Populations on Fe.The d-orbital populations on
each metal atom site can be extracted from the refined
multipolar population parameters.15 Table 5 lists the results
according to a choice of axes directions defined so that on
Fe(1) the unique axis is nearly perpendicular to the Fe2O2

plane (z points toward O(22)). Thex axis points toward the
symmetry-related Fe(1) and thus thex and y axes point
approximately between the Fe-ligand directions. The dis-
torted octahedral geometry around Fe(1) (Table 2) lowers
the correspondence between the Fe-ligand bonds and the
local orthogonal coordinate system of Fe(1). For Fe(2), the
z axis is chosen to point toward O(1), and thex andy axes
are directed approximately between the pivalate oxygen
ligands. Using this choice of axes makes the d(z2) and d(xy)
the energetically destabilized orbitals. First of all, Table 5
shows the existence of a high-spin configuration indicated
by the presence of electrons in all five d orbitals on both
irons. This finding was confirmed by Mo¨ssbauer measure-
ments. The d(z2) orbital is significantly overpopulated on both
Fe(1) and Fe(2), suggesting an appreciableσ-donation from

pivalate ligands and O(1), respectively. On the other hand,
marked differences stand out in the d(xy) orbital, indicating
that theσ-donation from O(1) to Fe(1) is significantly larger
than the corresponding donation from the pivalate oxygens
to Fe(2). It seems that noπ-interaction between O(1) and
Fe(1) is present, as such phenomenon would increase the
population in the d(xz) and d(yz) orbitals to contain more
than one electron each. On the other hand, some sort of
π-interaction seems to occur between Fe(2) and O(1),
illustrated by the significant occupation of the involved d(xz)
and d(yz) orbitals on Fe(2). Finally, there is a clear difference
between the occupation of the d(x2 - y2) orbitals on the two
irons. If a more diffuse bonding exists in the body-Fe2O2

region, then that would involve the d(x2 - y2) orbital on
Fe(1), which indeed seems well-populated. Thus, although
the two irons have the same amount of valence electrons,
their distributions appear clearly different, corroborating the
observations from the structural and topological analysis.

Mo1ssbauer Spectroscopy.Mössbauer spectroscopy is a
particularly suitable method to study chemical bonding
interactions in iron complexes, since two parameters of a
spectrum can be related directly to populations of valence
shell orbitals. The isomer shift relates the total electron
density on the iron atom and the quadrupole splitting reflects
any asymmetry in the distribution of the electron density.
The Mössbauer spectrum of1, collected at 293 K, is shown
in Figure 9. The spectrum clearly shows two well-resolved
doublets, originating respectively from the wing- and body-
iron atoms of the Fe4(µ3-O)2 core, which, in accordance with
the symmetry of the molecule, were fitted to two equal-area
doublets. While the isomer shifts (δ) for both doublets are
similar with 0.428 and 0.421 mm/s, the quadrupole splittings
(∆EQ) are quite different with 0.637 and 1.102 mm/s,
respectively. The values forδ are within the range expected
for iron(III) high spin and comparable to those of other
complexes with Fe4O2 butterfly cores.5a-c The difference
between the∆EQ values is smaller than for a similar type II
butterfly complex ([Fe4O2(piv)8(DMSO)2]:16 IS (δ) ) 0.55
mm/s; QS (∆EQ) ) 0.62 and 1.45 mm/s) but clearly larger
than reported for other iron(III) compounds with Fe2O4

cores.5a-c

(15) Holladay, A.; Leung, P.; Coppens, P.Acta Crystallogr., Sect. A1983,
39, 377-387.

(16) Rentschler, E.; Weyhermu¨ller, T.; Timco, G. A.ESF Conference 2001,
DaVos: Molecular Magnets; 2001.

Figure 8. Experimental values of∇2Fbcp as function of bond length for
Fe-ligand bonds in four different complexes.6 The first-order exponential
decay fit is shown with a solid line (L(r) ) -3.4 + 20.8 exp{-(d(Fe-L)
- 1.833)/0.48}).

Table 5. d-Orbital Populations

d(z2) d(xy) sum d(xz) d(yz) d(x2 - y2) sum

Fe(1) 1.37 1.32 2.69 1.18 1.00 1.22 3.40
Fe(2) 1.50 1.03 2.53 1.49 1.28 0.85 3.62

Figure 9. Mössbauer spectrum measured at 293 K of1.
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The contribution of the nonbonding part (Vzz)nb to the
electric field gradient (EFG) is negligible for a high-spin
iron(III); the ∆EQ values therefore reflect directly differences
in the bonding characteristics of the ligands, the number of
each type of ligand, and their relative disposition. The overall
electronic density is comparable for both sites in1, as shown
by comparable isomer shifts; thus, differentσ-basicities of
the ligands are reflected by the quadrupole splitting param-
eters. In particular, Fe(1) exhibits an O6 coordination sphere
with distances of〈Fe(1)-O(piv)〉 2.058(9) Å and Fe(1)-
O(1) 1.9418(5) Å a much more symmetric coordination
environment than Fe(2) has. The wing-iron atom, Fe(2),
shows a NO5 coordination with O(1) and N lying on a unique
axis with distances Fe(2)-O(1)) 1.8532(4) Å and Fe(2)-N
) 2.2573(5) Å, while the average distance〈Fe(2)-O(piv)〉
of 2.055(16) Å is the same as for Fe(1). The Mo¨ssbauer
signal for Fe(1) is therefore assigned to the smaller∆EQ value
of 0.637 mm/s, whereas the doublet showing a∆EQ value
of 1.102 mm/s is assigned to the Fe(2) ion.

Magnetic Susceptibility Measurements.The result of the
temperature-dependent magnetic susceptibility measurement
is shown in Figure 10. At room temperature the value of the
øT product is 3.0 emu K mol-1, a value far below the
theoretical value for four uncoupled iron (III) ions (4× 4.375
emu K mol-1), indicating fairly strong antiferromagnetic
interaction between the spin centers. With lowering temper-
atureøT decreases further, reaching a value close to zero at
20 K. The overall temperature dependence can be described
by the use of the Heisenberg-Dirac-van Vleck Hamiltonian:

HereJwb describes the “wing-body” exchange interaction
and Jbb describes the “body-body” interaction and the
numbering scheme for (Si‚Sj) follows the labels used in
Figure 1.

A best fit to the experimental curve gaveJwb ) -37.2
cm-1; a paramagnetic impurity of 0.017% was taken into
account. ForJbb values between 3 and-7 cm-1 do not
change apparently the goodness of fit; therefore,Jbb was
assumed to be zero. In Figure 11 is shown the error surface
for theJwb-Jbb coupling constants, confirming the wide range
of possible values forJbb. This uncertainty of the coupling

between the core iron atoms is well-known from butterfly
structures and results from spin frustration of the centered
spins.5 The interactionJwb dominates the magnetic structure
thus the intrinsic character of theJbb interaction is negated.

Conclusion

The analysis of both theoretical and experimental electron
density distributions of the iron complex1 has revealed
significantly different bonding interactions in the iron-ligand
bonds for the two iron atoms. A very directional bonding
from theµ3-bridging oxygen to one iron is contrasted by a
weaker, more diffuse interaction to the other iron. The
experimentally derived iron d-orbital populations and local
energy density distributions support the differences observed
in the topological analysis of the Fe-(µ3-O) bonds. Ad-
ditional support is gained from the results of Mo¨ssbauer
spectroscopy. Since the high-spin Fe3+ ion has an 6S
electronic ground state and is spherically symmetric, any
electric field gradient arises solely from changes in the
surrounding of the nucleus. The differences in the quadru-
polar splittings of the two iron sites results from the
anisotropy of covalency as confirmed by the analysis of the
electron density distributions. Thus, the Mo¨ssbauer spectrum
nicely reflects the less polarized bonding density in the
Fe(1)-O(1) direction and the fact that Fe(2)-O(1) bond
possesses the largest electrostatic and covalent contributions.

The topological analysis of the experimental electron
density distribution revealed a clear relationship between the
bond length of an iron-ligand bond and the value of the
Laplacian at the bond critical point. This relationship will
be the subject of further studies in our laboratories.

Experimental Section

Synthesis.The cluster compound [Fe4(µ3-O)2(O2CCMe3)8(NC5H4-
Me)2]‚2CH3CN was obtained from [Fe3(µ3-O)(O2CCMe3)6(HO2-
CCMe3)3] (A). The synthesis and structure of compoundA has been
reported elsewhere.17

Compound 1: [Fe4(µ3-O)2(O2CCMe3)8(NC5H4Me)2]‚2CH3CN.
CompoundA (3.0 g) was dissolved inR-picoline (C6H7N, 6.0 mL)

(17) (a) Gerbeleu, N. V.; Timco, G. A.; Turta, K. I.; Popovich, G. A.;
Bobkova, S. A.; Indrichan, K. M.Zh. Neorg. Khim.1986, 31, 684-
690. (b) Wilson, C.; Iversen, B. B.; Overgaard, J.; Larsen, F. K.; Wu,
G.; Palii, S. P.; Timco, G. A.; Gerbeleu, N. V.J. Am. Chem. Soc.
2000, 122, 11370-11379.

Figure 10. Variable-temperature magnetic susceptibility measurement
of 1.

H ) -2Jwb(S1‚S2 + S2‚S1
i + S1‚S2

i + S1
i‚S2

i) - 2Jbb(S1‚S1
i)

Figure 11. Error surface for the two coupling constantsJbb vs Jwb for the
simulation of the magnetic susceptibility measurement of1.
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by heating at 80°C. The hot solution was diluted with CH3CN (30
mL) and stirred for 0.5 h exposed to air.18 The solution was then
cooled to room temperature. Diethyl ether (20 mL) was added and
the solution filtered. The red-brown solution was allowed to slowly
evaporate in a flask that was partially open to air. After approxi-
mately 2 days red-black crystals in a yield of 1.9 g were obtained.
Compound 1 can also be obtained from [Fe3O(O2CCMe3)6-
(H2O)3]‚O2CCMe3 using the same synthesis procedure described
above. The synthesis of [Fe3O(O2CCMe3)6(H2O)3]‚O2CCMe3 has
been reported previously.19 Anal. Calcd for1 (C56H92O18N4Fe4):
C, 50.47; H, 6.96; N, 4.20. Found: C, 49.81; H, 6.95; N, 3.75.

Single-Crystal X-ray Diffraction. A red-black single crystal
(0.15× 0.12× 0.08 mm3) was mounted on a thin glass fiber using
epoxy glue. The glass fiber was glued to a copper wire that was
soldered to a brass pin. The whole assembly was mounted on a
4-circle diffractometer, and the crystal was centered in an X-ray
beam with a wavelength,λ, of 0.643 Å at the synchrotron beamline
X3A1 at NSLS, The National Synchrotron Light Source at
Brookhaven National Laboratory, Upton, NY. The beamline is
equipped with a Bruker SMART6000 CCD detector, the surface
of which was positioned at a distance of 3.24 cm from the crystal
and at a 2θ angle of -30°. Approximately 2000 frames were
collected using theæ-axis of the diffractometer (∆æ ) 0.3°) as
rotation axis. A total of 55 130 integrated intensities were obtained
using the program SAINT+.20 Systematic intensity variations
between symmetry related reflections were analyzed with program
SADABS20 and used for a correction. Significant outliers were
identified and rejected, and the remaining reflections were averaged
to 20 960 unique reflections with SORTAV.21 The internal agree-
ment factor was 0.025. Further details are available in Table 1.

X-ray Data Modeling. It has previously been identified that data
collected by area detector may contain outliers.22 We therefore
decided to discard singly measured reflections which reduced the
number of unique reflections to 17 886. The structure was solved
from direct methods as implemented in SHELXS,23 and an initial
high order (HO) refinement using 7786 reflections with (sinθ)/λ
values above 0.7 Å-1 established the structural model shown in
Figure 1. On the basis of this model, 879 reflections were discarded
as significant outliers. Of these, only 58 reflections were observed
at a 2σ level. It is worth mentioning that all hydrogen atoms even
of the tert-butyl groups could be located from a difference Fourier
synthesis following the initial structural refinement, emphasizing
the high quality of the data. To test the validity of this structural
model, Hirshfelds rigid bond test was employed.24 A mean value
of ∆A-B ) 5.7 pm2 for all bonds, including the Fe-ligand bonds,
is significantly below the threshold of 10 pm2, which is taken to
indicate a rigid bond. This structural description was therefore
maintained in the following multipolar refinements using all
reflections (I > 2σ(I)) with the program XD.25 Ionic scattering

factors were chosen for the iron atoms (Fe3+). In the refinement
procedure, the level of multipolar functions was incremented step
by step. The final model included hexadecapoles (l ) 4) on Fe
and octopoles (l ) 3) on all O, N, and C atoms, while all the
hydrogens were assigned a common monopole and a dipole directed
toward its nearest neighbor. After the final level of multipoles was
reached, a refinement of only theκ′′ parameters was performed,
and these parameters were then fixed in a final refinement. All the
H atoms in1 were moved to a distance of 1.06 Å (1.08 Å) from
the methyl carbon (aromatic carbon) atom to which they bond, and
the SDS scattering factor for hydrogen was used.26 Each atom type
was assigned separate radially modifyingκ′ parameters, with the
exception that O(1) was treated independently of the other oxygens.
A description with individual radial dependency for the two Fe
gave unrealistic results. Similarly, the effect of separating theκ′
parameters for the methyl carbons from the other carbons was
examined. This was found to result in a significant charge transfer
from the hydrogens to the methyl carbons, however maintaining
the overall charge on the CH3 entities. This model was not used. A
constraint on the monopoles ensured that the solvent acetonitrile
molecule and the iron complex remain neutral throughout the
refinement procedure. The final model fitted the data well, as shown
by the residual density maps in the Fe-containing planes (Figure
12a,b) and the agreement indices (Rw(F2) ) 0.024 and the goodness
of fit ) 1.10 for 14 601 observed reflections and 689 parameters).

DFT Single Point Calculation. A single point calculation in
the experimental geometry was performed using density functional

(18) When synthesis was carried out in an inert atmosphere, the mixed-
valence asymmetric compound [Fe3(µ3-O)(O2CCMe3)6(NC5H4Me)2-
(HO2CCMe3)](CH3CN) was isolated; see ref 6.

(19) Batsanov, A. S.; Struchkov, Yu. T.; Timco, G. A.Russ. J. Coord.
Chem.1988, 14, 266-270.

(20) Sheldrick, G. S.SAINT+; University of Göttingen: Göttingen,
Germany, 1997.

(21) Blessing, R. H.J. Appl. Crystallogr.1997, 30, 421-426.
(22) Iversen, B. B.; Larsen, F. K.; Pinkerton, A. A.; Martin, A.; Darovsky,

A.; Reynolds, P. A.Acta Crystallogr., Sect. B1999, 55, 363-374.
(23) Sheldrick, G. M.SHELX-86. Program for crystal structure solution;

University of Göttingen: Göttingen, Germany, 1986.
(24) Hirshfeld, F. L.Acta Crystallogr.1976, A32, 239-244.
(25) Koritsanszky, T.; Howard, S. T.; Richter, T.; Mallinson, P. R.; Su,

Z.; Hansen, N. K.XD. A Computer Program Package for Multipole
Refinement and Analysis of Charge Densities from X-ray Diffraction
Data; Free University of Berlin: Berlin, 1995.

(26) Stewart, R. F.; Davidson, E. R.; Simpson, W. T.J. Chem. Phys.1965,
42, 3175.

Figure 12. Residual density in the same sections as shown in (top) Figure
2 and (bottom) Figure 3. Positive contours are shown with solid lines in
intervals of 0.1 e Å-3; negative contours are shown with dashed lines in
intervals of 0.1 e Å-3. The zero contour is shown as a dotted line.
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theory as implemented in Jaguar 4.0 (release 23).27 The AIMPAC
suite of programs was used for the topological analysis of the
theoretical wave function.28 The calculation was done using the
B3LYP hybrid method29 and the Los Alamos30 LACV3P basis set,
which is a triple-ú basis set that places effective core potentials on
the iron centers and uses Pople type 6-311g on all other atoms.31

Mo1ssbauer Spectroscopy Measurements.The Mössbauer
spectrum was recorded on a constant-acceleration conventional
spectrometer with a57Co/Rh source. Isomer shifts are given relative
to R-iron at room temperature. The absorber was a sample (100-
130 mg) of a microcrystalline powder at room temperature enclosed
in an 18 mm diameter plastic sample holder.

Magnetic Susceptibility Measurements.Temperature-depend-
ent magnetic susceptibility measurements were performed with a
Quantum Design SQUID magnetometer MPMS in the temperature

range 2-298 K in an applied magnetic field of 1 T. The
experimental data were corrected for the diamagnetic contribution
using Pascal’s constants.
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