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The synthesis, X-ray structural characterization, and Mo¨ssbauer and magnetic properties of the two pentanuclear
complexes [Fe5(µ3-F)2(XDK)2(L)4(O2CPh)4], where L ) pyridine (py) orN-methylimidazole (N-MeIm), are
described. Reaction of [Fe(H2O)6](BF4)2, the deprotonated dinucleating dicarboxylate ligand XDK, H2XDK )
m-xylylenediamine bis(Kemp’s triacid)imide, benzoate, and a nitrogen donor ligand, py orN-MeIm, afforded
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4] (1) and [Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4] (2), respectively. Complex
1‚4CH2Cl2 crystallizes in the triclinic space groupP1h, with a ) 13.1474(8) Å,b ) 15.081(1) Å,c ) 16.560(1)
Å, R ) 98.807(6)°, â ) 111.242(6)°, γ ) 93.723(5)°, V ) 2998.4(4) Å3, andZ ) 1 (R ) 0.084,Rw ) 0.084),
and complex2‚2Et2O crystallizes in the monoclinic space groupP21/n, with a ) 20.641(3) Å,b ) 13.845(2) Å,
c ) 21.170(4) Å,â ) 102.56(1)°, V ) 5905(2) Å3, andZ ) 2 (R) 0.066,Rw ) 0.082). In both complexes, the
five iron atoms occupy the corners of two equivalent, nearly equilateral triangles with one vertex in common,
which is situated on a crystallographic inversion center. A triply-bridging fluoride ion is located in the center of
each triangle, raised slightly (∼0.18 Å) above the plane formed by the three iron atoms. The coordination spheres
of the four outer iron ions are trigonal bipyramidal, whereas the central iron displays an octahedral coordination
geometry. The inequivalence of the iron atoms is reflected by the presence of two overlapping quadrupole doublets,
with an approximate intensity ratio of 4:1, in the Mo¨ssbauer spectra of the two complexes (δ1 ) 1.25 mm/s,δ2
) 1.30 mm/s,∆EQ1 ) 2.80 mm/s, and∆EQ2 ) 2.06 mm/s for1 andδ1 ) 1.32 mm/s,δ2 ) 1.42 mm/s,∆EQ1 )
3.14 mm/s, and∆EQ2 ) 2.85 mm/s for2). Conductivity and Mo¨ssbauer measurements of methanol solutions of
1 suggested partial dissociation of the complex, probably of the benzoate ligands. Magnetic susceptibility data
for both compounds1 and2 at 5000 G in the temperature range 4-300 K revealed a decrease in the effective
moment with decreasing temperature. The molar magnetic susceptibility versus temperature plots could be fit
with a simplified theoretical model obtained by considering two different exchange pathways, consistent with the
symmetry of the molecule.

Introduction

The growing interest in metalloproteins with non-heme
carboxylate-bridged diiron sites1 has stimulated, over the past
few years, many studies of the chemistry of iron carboxylate
complexes. Significant examples of proteins in this class that
have been crystallographically characterized in both the reduced
and oxidized forms are hemerythrin,2,3 the R2 protein of
ribonucleotide reductase,4-6 and the hydroxylase component of
methane monooxygenase.7,8 A large number of carboxylate-
bridged diiron(III) complexes have been prepared as models
for the active sites of these proteins.9-14 Lately, the focus of

interest has moved toward the synthesis of diiron(II) complexes,
in particular, to prepare functional models for methane
monooxygenase.15-26 The reduced form of this enzyme is
responsible for the dioxygen activation chemistry.
One strategy for preparing carboxylate-bridged diiron(II)

complexes has been to use the dinucleating dicarboxylate ligand
m-xylylenediamine bis(Kemp’s triacid)imide (H2XDK). This
ligand has facilitated the synthesis of{Fe2(XDK)} complexes
with a variety of different third bridging ligands including
chloride, fluoride, triflate, and benzoate.25 By using the ligand
XDK, we have also prepared two novel isostructural carboxyl-
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ate-bridged pentanuclear iron(II) complexes, the synthesis and
properties of which form the basis for the present article.
Attempts to understand both the structure and the mechanism

of non-heme iron proteins through the study of model com-
pounds have led to the discovery of a variety of polynuclear
iron(III) complexes, with nuclearity up to Fe19.27-30 The
polyiron cores of these complexes exhibit an array of geometries
and have been investigated as possible intermediates in the
formation of the core of the iron storage protein ferritin (Ft).
Mixed-valent iron(II)/iron(III) forms are also thought to form
during growth of the Ft core, and a few mixed-valent high-
nuclearity iron complexes, up to Fe12, have been described as
models for this process.31-34 The number of polynuclear iron-
(II) compounds is very small, however, and the nuclearity of
the known complexes is not very high.34-36 The largest
aggregate reported to date is the octanuclearN,N-dialkylcar-
bamate complex [{Fe4(µ4-O)(O2CNiPr2)6}2].37
Understanding the nature of magnetic exchange interactions

in polynuclear complexes is a further point of interest. The
increased complexity involved in performing theoretical analyses
of large spin systems renders such studies particularly chal-
lenging. Interpreting the magnetic behavior of polynuclear
iron(II) aggregates is further complicated by factors such as large
anisotropy, zero-field splitting, and orbital contributions to the
magnetization, properties typical of iron(II) ions.38

In this paper we describe the synthesis and the characteriza-
tion of the two isostructural pentanuclear compounds [Fe5(µ3-
F)2(XDK)2(L)4(O2CPh)4], where L) pyridine (1) or N-meth-
ylimidazole (2). In this new type of polyiron(II) aggregate, the
five iron(II) ions are arranged in two equivalent, nearly
equilateral triangles which share a vertex. A triply-bridging
fluoride ion, never encountered before in polyiron(II) complexes,
is situated in the center of each triangle. Because of the high
symmetry of the molecule, a simplified theoretical study of the
magnetic properties of compounds1 and2 could be carried out,
providing satisfactory fits for the magnetic susceptibility data.
Conductivity and Mo¨ssbauer studies of polycrystalline and
frozen solution samples indicated that only partial dissociation
occurs in methanol.

Experimental Section

General Procedures and Methods. Solvents were dried and
distilled under nitrogen by standard procedures. Unless otherwise noted,
reagents were obtained from commercial suppliers and used as received.
The ligand H2XDK was prepared according to a literature procedure.39-41

All manipulations and reactions were carried out under an inert atmo-

sphere in a Vacuum Atmospheres glovebox. IR spectra in the range
4000-400 cm-1 were obtained and manipulated by using a Bio-Rad
SPC3200 FTIR instrument. Conductivity measurements were carried
out in methanol with a Fisher Scientific conductivity bridge Model
9-326 with a platinum-black electrode. Molar conductivities were de-
rived from the slopes of conductivity (µS/cm) versus concentration plots.
The assignment of electrolyte type was determined by reference to the
molar conductivities of [n-Bu4N]PF6 and [Fe(H2O)6](BF4)2 in methanol.
Synthetic Procedures. [Fe5(µ3-F)2(XDK) 2(py)4(O2CPh)4] (1). A

solution of H2XDK (116 mg, 0.2 mmol) and Et3N (40 mg, 0.4 mmol)
in CH2Cl2 (5 mL) was added to a solution of [Fe(H2O)6](BF4)2 (169
mg, 0.5 mmol) in MeOH (5 mL). Subsequent addition of distilled
pyridine (32 mg, 0.4 mmol) in CH2Cl2 (5 mL) and a solution of
(Me4N)(O2CPh) (98 mg, 0.5 mmol) in MeOH (5 mL) yielded a deep
yellow reaction mixture. After the mixture was stirred for 2 h, the
precipitated BF4- salts were filtered, and the solution was evaporated
to dryness. The deep yellow residue was dissolved in CH2Cl2 (2 mL),
filtered again, and layered with Et2O (∼15 mL). After a few days,
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4] (1), deposited as a deep yellow
crystalline material, was collected, washed with Et2O, and dried (174
mg, 75%). Crystals of1‚4CH2Cl2 suitable for X-ray diffraction analysis
were grown by slow diffusion of Et2O into a CH2Cl2 solution of1.
FTIR (KBr, cm-1): 3506, 3130, 3062, 2968, 2930, 2775, 2741, 1734,
1695, 1605, 1570, 1465, 1444, 1405, 1395, 1360, 1229, 1218, 1190,
1087, 1069, 1040, 958, 872, 851, 828, 736, 719, 699, 658, 620, 480,
471, 450, 425. Anal. Calcd for1‚0.5CH2Cl2, C112H116N8O24F2-
Fe5‚0.5CH2Cl2 (2317.89): C, 58.30; H, 5.09; N, 4.83; F, 1.64.
Found: C, 58.25; H, 5.14; N, 4.89; F, 1.91.
[Fe5(µ3-F)2(XDK) 2(N-MeIm)4(O2CPh)4] (2). The procedure de-

scribed above for the preparation of1was applied also for the synthesis
of 2, except that distilledN-methylimidazole (32 mg, 0.4 mmol) was
added as the nitrogen donor ligand. After the reaction mixture was
stirred for 2 h, the precipitated BF4- salts were filtered, and the solution
was evaporated to dryness. The deep yellow residue was dissolved in
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Table 1. X-ray Crystallographic Information for
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4]‚4CH2Cl2 (1‚4CH2Cl2) and
[Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4]‚2Et2O (2‚2Et2O)

1‚4CH2Cl2 2‚2Et2O

formula Fe5C116H124N8O24Cl8F2 Fe5C116H140N12O26F2
mol wt (g mol-1) 2615.15 2435.68
cryst system triclinic monoclinic
space group P1h (No. 2) P21/n (No. 14)
a (Å) 13.1474(8) 20.641(3)
b (Å) 15.081(1) 13.845(2)
c (Å) 16.560(1) 21.170(4)
R (deg) 98.807(6)
â (deg) 111.242(6) 102.56(1)
γ (deg) 93.723(5)
V (Å3) 2998.4(4) 5905(2)
Z 1 2
radiation Mo KR, λ ) 0.716 09 Å Mo KR, λ ) 0.710 69 Å
Fcalc (g cm-3) 1.45 1.37
temperature (K) 198 163
µ (cm-1) 8.44 6.79
transmission coeff 0.999-0.916 0.999-0.840
2θ range, deg 3< 2θ < 54 3< 2θ < 50
index range +h, (k, (l +h, +k, (l
total no. of data 12 978 11 472
no. of unique dataa 4739 4544
no. of parameters 641 572
Rb 0.084 0.066
Rwc 0.084 0.082
largest shift/esd, final 0.000 0.000
largest peak, e-/Å3 0.9 0.58

aObservation criterionI > 3σ(I). b R ) ∑||Fo| - |Fc||/∑|Fo|. c Rw
) [∑w(|Fo| - |Fc|)2/∑w|Fo|2]1/2, wherew ) 1/σ2(F0).
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CH2Cl2 (2 mL), filtered, diluted with MeOH (1 mL), and layered with
Et2O (∼15 mL). After a few days, [Fe5(µ3-F)2(XDK)2(N-MeIm)4-
(O2CPh)4] (2) deposited as a deep yellow crystalline material, was
collected, washed with Et2O, and dried (168 mg, 71%). The yellow
crystals of2were sometimes contaminated with a colorless crystalline
material identified as residual BF4- salts and/or the mononuclear
complex [Fe(HXDK)2(MeOH)2].42 For the final purification, the
mixture was dissolved in benzene, insoluble impurities were filtered
off and the complex2was crystallized by layering with Et2O. Crystals
of 2‚2Et2O suitable for X-ray diffraction analysis were grown by slow
diffusion of Et2O into a MeOH solution of2. FTIR (KBr, cm-1): 3437,
3135, 3061, 2962, 2929, 2776, 2740, 1733, 1691, 1609, 1571, 1534,
1460, 1400, 1361, 1336, 1285, 1244, 1229, 1195, 1109, 1087, 958,
887, 852, 828, 763, 720, 674, 659, 636, 618, 473, 448, 426. Anal.
Calcd for2‚Et2O, C108H120N12O24F2Fe5‚Et2O (2361.56): C, 56.96; H,
5.55; N, 7.12; F, 1.61. Found: C, 56.58; H, 5.39; N, 6.79; F, 1.72.
X-ray Crystallography. General Procedures. X-ray diffraction

studies were performed with an Enraf-Nonius CAD-4F Kappa geometry
diffractometer and graphite-monochromatized Mo KR radiation (λ )
0.710 69 Å) by using general procedures previously described.43 The
crystal temperature was maintained by the use of an Enraf-Nonius
FR558-S liquid nitrogen cryostat. No appreciable decay was observed
for the two compounds, as judged by periodic monitoring of the

intensities of three standard reflections. A systematic search for higher
symmetry was conducted by using TRACER and none was found.44

Initial iron atomic coordinates were obtained by using the direct method
program SHELXS-86.45 The remaining heavy atoms were located with
DIRDIF phase refinements and difference Fourier maps.46 All calcula-
tions were performed with a VAXstation 4000-90 computer and the
TEXSAN software package.47 Hydrogen atoms were placed at
calculated positions (C-H ) 0.95 Å), with hydrogen thermal param-
eters set equal to 1.2Beq of the atom to which they were bound. They
were included but not refined in the final least-square cycles. Absorp-
tion corrections based onψ scans were applied for both1 and2.48

Crystallographic data are summarized in Table 1. Atomic coordi-
nates andBeq values for1 and2, excluding those of lattice solvents
and hydrogen atoms, are given in Tables 2 and 3, respectively. Selected
bond distances and angles are given in Tables 4 and 5. Complete list-
ings of atomic coordinates andBeq, anisotropic thermal parameters, and
intramolecular bond distances and angles are available as Supporting
Information (Tables S1-S8), together with an ORTEP diagram of2
and the numbering scheme for the XDK ligand (Figures S1 and S2,
Supporting Information).
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Table 2. Atomic Positional Parameters and Equivalent Isotropic Thermal Parameters for [Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4]‚4CH2Cl2
(1‚4CH2Cl2)a

atom x y z Beqb atom x y z Beqb

Fe(1) 0.1475(1) 0.1340(1) 0.7068(1) 1.97(4) C(21) -0.1464(9) 0.1432(8) 0.2772(8) 2.2(2)
Fe(2) 0.1535(1) 0.2091(1) 0.5135(1) 1.89(4) C(22) -0.258(1) 0.1222(10) 0.2571(10) 4.7(3)
Fe(3) 0 0 0 1.79(6) C(23) -0.331(1) 0.137(1) 0.173(1) 5.9(4)
F(1) 0.0867(5) 0.1187(4) 0.5703(4) 2.1(1) C(24) -0.291(1) 0.1729(9) 0.1199(9) 3.8(3)
O(10) 0.0129(6) 0.0659(5) 0.7094(5) 2.9(2) C(25) -0.183(1) 0.1903(9) 0.1405(9) 4.4(3)
O(11) -0.1057(6) 0.0074(5) 0.5721(5) 2.7(2) C(26) -0.109(1) 0.1777(8) 0.2224(8) 3.0(3)
O(20) -0.0992(6) 0.0702(5) 0.4018(5) 2.3(2) C(101) 0.3349(9) 0.1295(8) 0.6410(8) 1.9(3)
O(21) 0.0224(6) 0.1803(5) 0.3986(5) 2.5(2) C(102) 0.5550(9) 0.2705(9) 0.7001(8) 2.5(3)
O(101) 0.2965(6) 0.1262(5) 0.6992(5) 2.4(2) C(103) 0.5388(9) 0.2064(8) 0.8294(8) 2.2(3)
O(102) 0.3021(6) 0.1713(5) 0.5792(5) 2.6(2) C(104) 0.3681(10)-0.0165(9) 0.5787(8) 3.5(3)
O(103) 0.5209(7) 0.2211(5) 0.8949(5) 3.1(2) C(105) 0.643(1) 0.0835(9) 0.8827(8) 4.2(4)
O(104) 0.5409(8) 0.3345(6) 0.6637(6) 3.9(3) C(106) 0.680(1) 0.2141(9) 0.6324(9) 4.5(4)
O(201) 0.1125(6) 0.2649(5) 0.7160(5) 2.3(2) C(107) 0.4299(9) 0.0719(8) 0.6419(7) 2.2(3)
O(202) 0.1312(6) 0.3105(5) 0.6001(5) 2.1(2) C(108) 0.4907(10) 0.0518(8) 0.7323(8) 2.9(3)
O(203) 0.2146(6) 0.4142(5) 0.9000(5) 2.7(2) C(109) 0.585(1) 0.1237(8) 0.7993(8) 3.1(3)
O(204) 0.2700(7) 0.5183(5) 0.6752(6) 2.8(2) C(110) 0.6623(9) 0.1485(8) 0.7563(8) 3.3(3)
N(1) 0.2251(8) 0.1375(7) 0.8460(7) 2.7(3) C(111) 0.5997(10) 0.1878(9) 0.6725(8) 3.0(3)
N(2) 0.2293(8) 0.3098(7) 0.4645(7) 2.8(3) C(112) 0.5103(10) 0.1150(8) 0.6079(8) 2.8(3)
N(101) 0.5235(7) 0.2721(6) 0.7745(6) 2.2(2) C(201) 0.0886(9) 0.3095(7) 0.6557(8) 2.3(3)
N(201) 0.2392(7) 0.4650(6) 0.7846(6) 2.1(2) C(202) 0.207(1) 0.5066(8) 0.7107(9) 2.8(3)
C(0) 0.291(1) 0.206(1) 0.9009(10) 5.2(4) C(203) 0.178(1) 0.4464(8) 0.8353(8) 2.4(3)
C(1) 0.345(1) 0.208(1) 0.9908(10) 5.1(4) C(204) -0.1069(10) 0.3060(9) 0.5789(8) 3.2(3)
C(2) 0.333(1) 0.136(1) 1.0224(9) 4.9(4) C(205) 0.093(1) 0.6142(9) 0.6365(9) 4.7(4)
C(3) 0.265(2) 0.062(1) 0.9676(9) 6.0(5) C(206) 0.027(1) 0.495(1) 0.882(1) 5.1(5)
C(4) 0.208(1) 0.0667(10) 0.8796(9) 4.4(4) C(207) 0.0053(10) 0.3695(8) 0.6487(8) 2.6(3)
C(5) 0.202(1) 0.3159(10) 0.3810(10) 3.8(4) C(208) 0.0123(10) 0.4539(8) 0.6127(8) 3.3(3)
C(6) 0.246(1) 0.383(1) 0.351(1) 5.3(5) C(209) 0.092(1) 0.5347(8) 0.6796(8) 2.9(3)
C(7) 0.322(2) 0.450(1) 0.411(1) 6.5(6) C(210) 0.060(1) 0.5544(9) 0.7574(9) 3.6(3)
C(8) 0.352(1) 0.446(1) 0.500(1) 6.2(5) C(211) 0.0613(10) 0.4757(10) 0.8034(9) 3.7(4)
C(9) 0.304(1) 0.373(1) 0.523(1) 4.9(4) C(212) -0.0208(10) 0.3950(9) 0.7359(9) 3.7(4)
C(10) -0.0745(10) 0.0203(8) 0.6553(7) 2.1(3) C(301) 0.3823(9) 0.3694(7) 0.7828(7) 1.8(2)
C(11) -0.1472(9) -0.0267(7) 0.6933(8) 2.1(2) C(302) 0.4915(9) 0.3578(8) 0.8086(8) 2.4(2)
C(12) -0.110(1) -0.0204(9) 0.7827(9) 3.6(3) C(303) 0.5737(10) 0.4235(8) 0.8664(8) 2.5(2)
C(13) -0.169(1) -0.071(1) 0.8211(10) 5.0(4) C(304) 0.5413(10) 0.5019(8) 0.9035(8) 2.8(3)
C(14) -0.270(1) -0.120(1) 0.766(1) 4.9(4) C(305) 0.432(1) 0.5156(8) 0.8791(8) 2.9(3)
C(15) -0.307(1) -0.1273(9) 0.6764(10) 4.1(3) C(306) 0.3532(9) 0.4475(8) 0.8169(8) 2.2(2)
C(16) -0.244(1) -0.0785(9) 0.6390(8) 3.3(3) C(307) 0.695(1) 0.4142(9) 0.8967(9) 4.3(4)
C(20) -0.0688(9) 0.1292(8) 0.3685(7) 1.8(2) C(308) 0.402(1) 0.6041(8) 0.9128(8) 3.3(3)

aNumbers in parentheses are errors in the last significant digit. See Figures S1 and S2 for atom-labeling scheme.b Beq ) (4/3)[a2â11 + b2â22

+ c2â33 + 2ab cos(γ)â12 + 2ac cos(â)â13 + 2bc cos(R)â23].
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[Fe5(µ3-F)2(XDK) 2(py)4(µ-OBz)4]‚4CH2Cl2 (1‚4CH2Cl2). A deep
yellow crystal measuring 0.2× 0.3× 0.5 mm was mounted in Paratone
N on the end of a quartz fiber with silicone grease. Examination of
the crystal byω scans of several low-angle reflections revealed the
sample to be of satisfactory quality (∆ωj 1/2 ) 0.29°). Data were
collected at 193 K with theω-2θ scan technique. The positions of
all non-hydrogen atoms were refined anisotropically, except for the
aromatic carbon atoms of the benzoate and XDK ligands, which were
refined by using isotropic temperature factors. The largest peak in the
final difference Fourier map was 0.9 e-/Å3, located in the vicinity of
a CH2Cl2 molecule in the lattice.
[Fe5(µ3-F)2(XDK) 2(N-MeIm)4(O2CPh)4] (2). A deep yellow block-

shaped crystal with dimensions 0.3× 0.4× 0.4 mm was mounted in
Paratone N on the end of a quartz fiber with silicone grease. The crystal
quality was found to be acceptable based onω scans of several low-
angle reflections (∆ωj 1/2 ) 0.26°). Data were collected at 163 K with
theω-2θ scan technique. The positions of all non-hydrogen atoms
were refined anisotropically, except for those of the disordered lattice
Et2O molecule, which were refined with isotropic temperature factors.
The phenyl rings of the benzoate and XDK ligands were treated as
rigid groups and also refined isotropically. The Et2O molecule was
disordered over two positions with one shared carbon atom C(402).
This carbon atom was refined with isotropic thermal parameters at full
occupancy, while the remaining electron density was modeled by
C(401a), C(401b), O(401a), O(401b), C(403a), C(403b), C(404a), and

C(404b), each with isotropic thermal parameters at half occupancy. A
phenyl ring of a benzoate group and one of theN-methylimidazole
ligands were disordered over two positions, both refined at half
occupancy. The largest peak in the final difference Fourier map was
0.58 e-/Å3, located in the vicinity of the disordered Et2O molecule.
Mo1ssbauer Spectroscopy.Mössbauer spectra of polycrystalline

samples of1 (70 mg) and2 (70 mg) dispersed in BN powder and a
frozen methanol solution of1 (45 mg in 1 mL) were obtained by using
a conventional, constant acceleration spectrometer. Theγ-ray source
was 57Co in a Rh matrix maintained at 300 K. Isomer shifts were
referenced to iron metal at 300 K. Spectral parameters were determined
by least-squares fitting of the experimental data to theoretically
calculated spectra by assuming Lorentzian line shapes.
Magnetic Susceptibility Measurements.Variable temperature solid

state magnetic susceptibility measurements of1 (26 mg) and2 (25
mg) were made by using a Quantum Design MPMS SQUID suscep-
tometer equipped with a 5.5 T magnet. Samples were loaded in a
drybox in gel capsules and suspended in plastic straws. The suscep-
tibilities of the capsule and the straw were measured at the same fields
and temperatures for accurate corrections of their contribution to the
total measured susceptibility. Diamagnetic corrections of-1188.28
× 10-6 and-1192.52× 10-6 cm3 mol-1 for 1 and2, respectively,
were calculated from Pascal’s constants38,49and were applied. A total

(49) O’Connor, C. J.Prog. Inorg. Chem.1982, 29, 203-283.

Table 3. Atomic Positional Parameters and Equivalent Isotropic Thermal Parameters for [Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4]‚2Et2O
(2‚2Et2O)a

atom x y z Beqb atom x y z Beqb

Fe(1) 0.92248(5) 0.21746(7) 0.02994(5) 2.24(4) C(22a) 1.0296(9)-0.304(1) 0.1161(9) 3.1(4)
Fe(2) 0.84286(5) -0.00564(7) 0.04602(5) 2.40(4) C(22b) 1.0287(8) -0.284(1) 0.1384(8) 2.1(3)
Fe(3) 1.000 0 0 2.64(6) C(23b) 1.0436(9) -0.359(1) 0.1838(9) 4.1(4)
F(1) 0.9277(2) 0.0665(3) 0.0325(2) 2.6(2) C(23a) 1.0339(7)-0.396(1) 0.1422(7) 2.6(3)
O(10) 1.0197(2) 0.2316(4) 0.0620(3) 3.4(2) C(24b) 1.0001(9)-0.381(1) 0.2236(9) 4.6(4)
O(11) 1.0729(2) 0.0896(4) 0.0630(3) 3.3(2) C(24a) 0.9831(8)-0.443(1) 0.1645(8) 3.9(4)
O(20) 1.0032(2) -0.1137(3) 0.0694(3) 3.0(2) C(25b) 0.9366(8) -0.334(1) 0.2139(8) 3.9(4)
O(21) 0.8966(2) -0.1227(3) 0.0772(3) 3.4(2) C(25a) 0.9250(8) -0.395(1) 0.1664(8) 3.9(4)
O(101) 0.8430(2) 0.2028(3) -0.0453(2) 2.7(2) C(26a) 0.9181(8) -0.297(1) 0.1438(8) 3.3(3)
O(102) 0.7954(2) 0.0599(4) -0.0380(2) 2.9(2) C(26b) 0.9238(7) -0.256(1) 0.1693(7) 2.5(3)
O(103) 0.7145(3) 0.3819(4) -0.0726(3) 4.3(3) C(101) 0.8077(3) 0.1319(5) -0.0687(4) 2.7(3)
O(104) 0.6267(3) 0.0859(4) -0.0582(3) 5.1(3) C(102) 0.6506(4) 0.1413(6) -0.0901(5) 4.0(4)
O(201) 0.8855(3) 0.2133(4) 0.1119(3) 3.4(2) C(103) 0.6995(4) 0.3043(6)-0.0991(5) 3.6(4)
O(202) 0.8440(3) 0.0690(4) 0.1300(2) 3.2(2) C(104) 0.8384(4) 0.0847(6)-0.1687(4) 3.2(3)
O(203) 0.8047(3) 0.4008(4) 0.1506(4) 5.8(3) C(105) 0.6992(4) 0.3805(6)-0.2044(5) 4.9(5)
O(204) 0.7103(3) 0.1190(4) 0.1917(3) 4.3(3) C(106) 0.5951(4) 0.0527(8)-0.1895(5) 6.6(5)
N(1) 0.9096(3) 0.3691(4) 0.0257(3) 2.5(3) C(107) 0.7816(4) 0.1322(5)-0.1424(4) 2.7(3)
N(2) 0.8552(3) 0.5056(5) 0.0248(3) 4.5(3) C(108) 0.7711(4) 0.2355(5)-0.1703(4) 2.9(3)
N(3) 0.7529(3) -0.0734(4) 0.0518(3) 3.0(3) C(109) 0.7041(4) 0.2841(6)-0.1682(4) 3.4(3)
N(4) 0.6457(4) -0.0744(7) 0.0473(5) 6.5(5) C(110) 0.6470(4) 0.2163(6)-0.1982(5) 4.7(4)
N(101) 0.6756(3) 0.2299(5) -0.0639(4) 3.8(3) C(111) 0.6534(4) 0.1224(6) -0.1598(5) 4.2(4)
N(201) 0.7599(3) 0.2575(5) 0.1696(4) 3.5(3) C(112) 0.7187(4) 0.0716(5)-0.1641(4) 3.5(4)
C(1a) 0.855(1) 0.416(1) 0.031(1) 2.9(4) C(201) 0.8750(3) 0.1457(6) 0.1482(4) 2.7(3)
C(1b) 0.8531(9) 0.411(1) 0.0073(9) 2.2(4) C(202) 0.7547(4) 0.1791(6) 0.2093(4) 3.4(4)
C(2b) 0.9109(8) 0.511(1) 0.0724(8) 3.8(3) C(203) 0.8074(4) 0.3326(6) 0.1856(5) 4.7(5)
C(2a) 0.9200(8) 0.529(1) -0.0001(8) 3.2(3) C(204) 0.9741(4) 0.1037(6) 0.2293(4) 4.1(4)
C(3a) 0.9507(7) 0.441(1) 0.0056(7) 2.3(3) C(205) 0.7719(5) 0.1184(7) 0.3226(4) 5.0(5)
C(3b) 0.9483(8) 0.429(1) 0.0725(8) 3.4(3) C(206) 0.8834(5) 0.4226(7) 0.2727(6) 6.6(6)
C(4) 0.8015(5) 0.5722(7) 0.0217(5) 5.7(5) C(207) 0.9059(4) 0.1573(5) 0.2205(4) 2.7(3)
C(5) 0.7024(4) -0.0252(6) 0.0644(5) 4.7(4) C(208) 0.8651(4) 0.1107(6) 0.2636(4) 3.6(4)
C(6) 0.6605(5) -0.1606(8) 0.0223(6) 6.0(6) C(209) 0.8053(4) 0.1692(6) 0.2734(4) 3.7(4)
C(7) 0.7265(5) -0.1593(7) 0.0266(5) 5.2(5) C(210) 0.8280(5) 0.2693(7) 0.2981(5) 4.8(5)
C(8) 0.5799(5) -0.032(1) 0.0491(8) 12(1) C(211) 0.8597(4) 0.3220(6) 0.2487(5) 4.2(4)
C(10) 1.0709(4) 0.1780(6) 0.0726(4) 2.8(3) C(212) 0.9198(4) 0.2635(6) 0.2391(4) 3.8(4)
C(11) 1.1350(4) 0.2301(6) 0.1003(3) 3.0(3) C(301) 0.7168(4) 0.2438(5) 0.0520(5) 3.3(4)
C(12) 1.1342(4) 0.3253(8) 0.1183(5) 5.5(5) C(302) 0.6655(4) 0.2544(6)-0.0004(5) 4.0(4)
C(13) 1.1927(6) 0.374(1) 0.1436(6) 9.0(8) C(303) 0.6047(5) 0.2921(8) 0.0051(5) 5.5(5)
C(14) 1.2517(5) 0.330(1) 0.1482(5) 7.2(7) C(304) 0.5965(5) 0.3166(9) 0.0646(6) 6.9(6)
C(15) 1.2537(4) 0.235(1) 0.1307(5) 5.8(6) C(305) 0.6470(5) 0.3089(8) 0.1205(5) 5.7(5)
C(16) 1.1957(4) 0.1850(6) 0.1071(4) 3.7(4) C(306) 0.7071(4) 0.2696(6) 0.1123(5) 4.0(4)
C(20) 0.9560(3) -0.1506(5) 0.0877(3) 2.3(1) C(307) 0.5484(5) 0.301(1) -0.0549(6) 8.3(7)
C(21a) 0.9700(8) -0.252(1) 0.1191(8) 1.6(3) C(308) 0.6382(5) 0.3399(8) 0.1866(6) 6.7(6)
C(21b) 0.969(1) -0.231(1) 0.134(1) 2.8(4)

aNumbers in parentheses are errors in the last significant digit. See Figure 1 and Figure S2 for atom-labeling scheme.b Beq ) (4/3)[a2â11 +
b2â22 + c2â33 + 2ab cos(γ)â12 + 2ac cos(â)â13 + 2bc cos(R)â23].
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of 40 data points were collected at 5000 G in the temperature range
from 4 to 300 K. The dependence of the magnetization versus the
applied field was measured to ensure that the fields selected for the
variable temperature studies of1 and 2 were within the linear
presaturation regime of the magnetization versusH/T curves for the
two compounds. Least-squares fits were carried out by using the
program Model2.50

Results and Discussion

Synthesis. The two pentanuclear complexes [Fe5(µ3-F)2-
(XDK)2(py)4(O2CPh)4] (1) and [Fe5(µ3-F)2(XDK)2(N-MeIm)4-
(O2CPh)4] (2) were assembled by reacting [Fe(H2O)6](BF4)2],
the deprotonated dicarboxylate ligand XDK, H2XDK ) m-
xylylenediamine bis(Kemp’s triacid)imide, a nitrogen donor
ligand, N-methylimidazole (N-MeIm) or pyridine (py), and
tetramethylammonium benzoate in a 5:2:4:5 ratio in a mixture
of CH2Cl2/MeOH. The slight excess of benzoate increased the
yield of the reaction. Separation of the precipitated Me4N(BF4)
and Et3NH(BF4) salts by filtration and subsequent layering of
a solution of1 in CH2Cl2 or a solution of2 in CH2Cl2/MeOH
with Et2O afforded the two deep yellow pentanuclear complexes.
Colorless crystals sometimes found as impurities in samples of
2were identified by infrared spectroscopy as BF4

- salts and/or
the mononuclear complex [Fe(HXDK)2(MeOH)2]42 and were
separated by recrystallization of2 from benzene/Et2O. The
fluoride ions in the two pentanuclear complexes1 and2 are
derived from BF4-, the counterions of the iron(II) salt that was
used as the starting material. Release of fluoride ions from BF4

-

is known to occur in the presence of basic ligands which capture
the BF3 moiety, and is often used as a strategy to prepare
transition metal fluoride complexes.51,52

When the analogous reaction was carried out with imidazole
(ImH) as the nitrogen donor ligand, a similar pentanuclear
complex was not obtained. Instead, the dinuclear tricarboxylato-
bridged complex [Fe2(µ-O2CPh)(XDK)(ImH)2(O2CPh)(MeOH)]
was isolated.25 Similar dinuclear complexes were obtained
whenp-toluate was used as the carboxylate with eitherN-MeIm,
py, or ImH as the nitrogen donor ligands.53

Structural Studies. X-ray diffraction studies showed that
the two complexes1 and2 are isostructural, but they crystallize
in different space groups owing to differences in the lattice
solvent content. In both compounds (Figure 1, Tables 3 and
4), the five iron atoms are arranged in two equivalent, nearly
equilateral triangles with one vertex, Fe(3) located on a
crystallographic inversion center, in common. The geometry
at the central iron atom is octahedral, whereas five ligands are
coordinated to each of the outer iron atoms (Fe(1), Fe(2),
Fe(1*), Fe(2*)) affording a trigonal bipyramidal environment.
A triply-bridging fluoride ion links the three iron ions located
at the corners of each triangle. This fluoride ion is situated
0.18 Å (in1) and 0.17 Å (in2) out of the plane that generated
by the five iron atoms. One carboxylate group from the
benzoate ligand bridges pairs of iron atoms along two edges of
the triangle (Fe(1)/Fe(3), Fe(2)/Fe(3), Fe(1*)/Fe(3), and Fe(2*)/
Fe(3)), whereas the two carboxylate groups of XDK bridge the
third pair of iron atoms (Fe(1)/Fe(2) and Fe(1*)/Fe(2*)). The
coordination sphere of each trigonal bipyramidal five-coordinate
center is completed by a nitrogen donor ligand, pyridine and
N-methylimidazole in1 and2, respectively.

The Fe‚‚‚Fe distances are within a range of about 0.1 Å
(Fe(1)‚‚‚Fe(2)) 3.569(4) Å, Fe(1)‚‚‚Fe(3)) 3.452(3) Å, and
Fe(2)‚‚‚Fe(3)) 3.484(3) Å in1 and Fe(1)‚‚‚Fe(2)) 3.550(2)
Å, Fe(1)‚‚‚Fe(3)) 3.531(1) Å, and Fe(2)‚‚‚Fe(3)) 3.585(1)
Å in 2) and are only slightly longer than the Fe‚‚‚Fe distance
of 3.398(2) Å in the dinuclear complex [Fe2(µ-F)(XDK)-
(N-MeIm)2(MeOH)3].25 The average Fe-F-Fe angles are
119(2)° in 1 and 119(3)° in 2. The average Fe-O bond lengths
for the octahedral Fe(3) are significantly longer than those for
the trigonal bipyramidal Fe(1) and Fe(2) (Fe(1)-Oav )
2.02(2) Å, Fe(2)-Oav ) 2.02(2) Å, and Fe(3)-Oav ) 2.14(1)
Å in 1 and Fe(1)-Oav ) 2.02(3) Å, Fe(2)-Oav ) 2.00(1) Å,
and Fe(3)-Oav ) 2.14(1) Å in2), as expected on the basis of
coordination number. On the other hand, the Fe(3)-F(1) bond

(50) Vef, A.Model2. Fit and EValuation Program; Institut für Anorganische
und Analytische Chemie, Johannes-Gutenberg-Universita¨t: Mainz,
Germany, 1989.

(51) Ten Hoedt, R. W. M.; Reedijk, J.Inorg. Chim. Acta1981, 51, 23-
27.

(52) Zang, Y.; Jang, H. G.; Chiu, Y.-M.; Hendrich, M. P.; Que, L., Jr.
Inorg. Chim. Acta1993, 213, 41-48.

(53) Herold, S.; Lippard, S. J. Unpublished results.

Figure 1. ORTEP plot of [Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4] (2)
showing the 50% probability thermal ellipsoids. For clarity, the
hydrogen atoms are omitted.

Table 4. Selected Bond Lengths (Å) for
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4]‚4CH2Cl2 (1‚4CH2Cl2) and
[Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4]‚2Et2O (2‚2Et2O)a

atom atom 1‚4CH2Cl2 2‚2Et2O

Fe(1) Fe(2) 3.569(4) 3.550(2)
Fe(1) Fe(3) 3.452(3) 3.531(1)
Fe(2) Fe(3) 3.484(3) 3.585(1)
Fe(1) F(1) 2.075(6) 2.093(4)
Fe(1) O(10) 2.005(8) 1.979(6)
Fe(1) O(101) 2.018(7) 2.032(5)
Fe(1) O(201) 2.051(8) 2.041(7)
Fe(1) N(1) 2.15(1) 2.119(7)
Fe(2) F(1) 2.086(6) 2.089(5)
Fe(2) O(21) 2.014(7) 1.998(6)
Fe(2) O(102) 2.030(8) 2.044(6)
Fe(2) O(202) 2.043(8) 2.052(7)
Fe(2) N(2)b 2.17(1) 2.114(7)
Fe(3) F(1) 1.999(5) 1.999(5)
Fe(3) O(11) 2.133(8) 2.168(6)
Fe(3) O(20) 2.154(7) 2.141(6)

aEstimated standard deviations in the last significant figure are given
in parentheses. See Figure 1 and Figure S1 for atom-labeling scheme.
bN(3) for 2.
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(1.999(5) Å in both1 and2) is significantly shorter than the
Fe(1)-F(1) and Fe(2)-F(1) bonds (Fe(1)-F(1)) 2.075(6) and
2.093(4) Å, Fe(2)-F(1)) 2.086(6) and 2.089(5) Å in1 and2,
respectively). All these Fe-F bond lengths are considerably
less than the corresponding bonds of the dinuclear complex [Fe2-
(µ-F)(XDK)(N-MeIm)2(MeOH)3],25 where the Fe-F distances
are 2.238(5) and 2.169(5) Å for the six- and the five-coordinate
iron centers, respectively.
A very similar structural motif occurs in the Cu(II) complex

[Cu5(µ3-OH)2(H2O)(O2CMe)6(ImH)4][ClO4]2.54 In this cen-
trosymmetric compound, the three copper centers of each
triangle are bridged by an acetate ligand and by a central, triply-
bridging hydroxide ion. The coordination sphere of the two
outer copper centers is completed by an imidazole and an
imidazole and a bridging H2O molecule, respectively. The
pentanuclear units are linked symmetrically by theseµ-aqua
ligands forming a one-dimensional chain. A few other penta-
nuclear complexes with a similar arrangement of the metal ions
but different types of bridging ligands have been reported.
Included are the centrosymmetric nickel(II) complex [Ni5(µ3-
OH)2(L)4(NO2)8(ImH)4], where L) N-substituted ethane-1,2-
diamines,55 and the less symmetrical cobalt(II) complex [Co5(µ3-
OH)2(L)4(acac)8(NO2)2].56,57 A last example is the pentanuclear
iron(III) complex [Fe5(µ3-O)(L)2(OH)2(CH3CO2)5(DMF)], where
H3L ) 2,6-bis((salicylideneamino)methyl)-4-methylphenol, in
which only one triply bridging oxo ligand is present.58

Although many high-nuclearity iron(III)27-30 and mixed-
valent iron(II)/iron(III)31-34 complexes have been reported, the

number of structurally characterized polynuclear iron(II) com-
plexes is small. Examples of the largest aggregates include
tetranuclear iron(II) complexes in which the four metal centers
and four bridging oxygen donor ligands are arranged at
alternating corners of a cube, as in [Fe(OMe)(MeOH)(DBM)]4,34

[Fe(OMe)(MeOH)(DPM)]4,34 and [Fe4(DBCat)4(py)6].35 A dif-
ferent structural motif occurs in [Fe4(bpg)3(O2CPh)3](ClO4)2, a
tetranuclear iron(II) complex in which the metal centers are
bridged only by carboxylate ligands.36 Two polynuclearN,N-
dialkylcarbamate iron(II) compounds have been reported, the
homoleptic [Fe6(O2CNEt2)12] and the octanuclear complex
[{Fe4(µ4-O)(O2CNiPr2)6}2], resulting from the controlled hy-
drolysis of [Fe6(O2CNiPr2)12].37

Triply-bridging fluoride ions exist in a limited number of
polynuclear metal complexes, mostly bound to alkali and
alkaline earth metal ions.59 An example of a transition metal
complex in this class is the cubane-type cluster [Co4F4(L)12]-
(BF4)4 (L ) N-ethylimidazole).60 Although no examples of
(µ3-F)triiron(II) units were known at the inception of this work,
we have since discovered that this motif is quite favored in
polyiron(II) complexes. In particular, a trinuclear{FeII3(µ3-
F)} complex and a tetranuclear iron(II) compound, in which
two triply bridging fluoride ions and the four iron(II) ions are
located at alternating corners of a cube, have recently been
characterized.53

Mo1ssbauer Spectroscopy.Zero-field Mössbauer spectra of
polycrystalline samples of1 and2were collected at 80 K. Figure
2 displays the traces and the theoretical least-square fits to the
data. Both spectra show two overlapping doublets as revealed
by a shoulder present in the spectrum of1 and by the width
and asymmetry of the obtained signals. The integrated absorp-
tion intensities of the two spectral subcomponents should reflect
the relative population of iron in the two sites. The best fits to
the data indicate the presence of inequivalent iron(II) centers
in approximately a 4:1 ratio, in accord with the symmetry of
the pentanuclear core revealed by crystallography. The isomer
shifts for both doublets are similar,δ ) 1.25-1.42 mm/s (Table
6). These values are within the range expected for high-spin
iron(II) ions.61 The quadrupole splitting parameters for both
complexes are significantly different for the two sites, reflecting
the different coordination environments of the two types of
iron(II) ions. The central Fe(3) atom, which gives rise to the
smaller ∆EQ values (2.06 and 2.85 mm/s for1 and 2,
respectively), has a more symmetrical octahedral coordination
sphere compared to the more asymmetric pentacoordinate
centers Fe(1), Fe(2), Fe(1*), and Fe(2*), which show larger∆EQ
values (2.80 and 3.14 mm/s for1 and2, respectively). Similar
values have been obtained for other iron(II) complexes with
inequivalent five- and six-coordinate sites.18,62

Solution Properties. Conductivity measurements of metha-
nol solutions of1 indicated partial dissociation of the anionic
ligands to afford a species with properties between those of
idealized 1:1 and 1:2 electrolytes (Figure S3). The zero-field
Mössbauer spectrum of a frozen methanol solution of1 was
recorded at 4 K (Figure S4), and the data were fit to two
inequivalent sites with parameters close to those obtained for
the polycrystalline sample (Table 6). The major difference
between the solution and the solid-state parameters is an increase

(54) Meenakumari, S.; Chakravarty, A. R.J. Chem. Soc., Dalton Trans.
1992, 2305-2306.

(55) Finney, A. J.; Hitchman, M. A.; Raston, C. L.; Rowbottom, G. L.;
White, A. H.Aust. J. Chem.1981, 34, 2139-2157.

(56) Englert, U.; Stra¨hle, J.Z. Naturforsch.1987, B42, 959-966.
(57) Abbreviations used are as follows: acac, acetylacetonate; DMF,

dimethylformamide; HDBM, dibenzoylmethane; HDPM, dipivaloyl-
methane; DBCatH2, 3,5-di-tert-butylcatechol; Hbpg,N,N-bis(2-py-
ridylmetyl)glycine.

(58) Mikuriya, M.; Nakadera, K.Chem. Lett.1995, 213-214.

(59) A search in the Cambridge Structural Database revealed only 11
examples of triply bridging fluoride complexes.

(60) Jansen, J. C.; van Koningsveld, H.; Reedijk, J.Nature1977, 269, 318-
319.

(61) Dickson, D. P. E.; Berry, F. J.Mössbauer Spectroscopy; Cambridge
University Press: Cambridge, England, 1986.

(62) Rardin, R. L.; Bino, A.; Poganiuch, P.; Tolman, W. B.; Liu, S.;
Lippard, S. J.Angew. Chem., Int. Ed. Engl.1990, 29, 812-814.

Table 5. Selected Bond Angles (deg) for
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4]‚4CH2Cl2 (1‚4CH2Cl2) and
[Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4]‚2Et2O (2‚2Et2O)a

atom atom atom 1‚4CH2Cl2 2‚2Et2O

F(1) Fe(1) O(10) 94.4(3) 92.8(2)
F(1) Fe(1) O(101) 86.0(3) 87.1(2)
F(1) Fe(1) O(201) 89.8(3) 88.5(2)
F(1) Fe(1) N(1) 172.4(3) 175.7(2)
O(10) Fe(1) O(101) 146.2(3) 149.8(3)
O(10) Fe(1) O(201) 102.6(3) 104.3(3)
O(10) Fe(1) N(1) 88.2(4) 91.4(2)
O(101) Fe(1) O(201) 111.2(3) 105.8(2)
O(101) Fe(1) N(1) 87.9(3) 89.6(2)
O(201) Fe(1) N(1) 96.7(4) 89.6(3)
F(1) Fe(2) O(21) 93.0(3) 90.6(2)
F(1) Fe(2) O(102) 87.1(3) 85.7(2)
F(1) Fe(2) O(202) 87.1(3) 91.5(2)
F(1) Fe(2) N(2)b 175.5(3) 174.9(2)
O(21) Fe(2) O(102) 143.1(3) 141.0(3)
O(21) Fe(2) O(202) 111.3(3) 103.0(3)
O(21) Fe(2) N(2)b 90.8(4) 93.3(3)
O(102) Fe(2) O(202) 105.6(3) 115.9(2)
O(102) Fe(2) N(2)b 91.3(4) 89.2(3)
O(202) Fe(2) N(2)b 89.3(3) 90.9(3)
F(1) Fe(3) O(11) 88.7(3) 89.6(2)
F(1) Fe(3) O(20) 90.9(3) 90.9(2)
O(11) Fe(3) O(20) 94.1(3) 94.8(2)
Fe(1) F(1) Fe(2) 118.7(3) 116.2(2)
Fe(1) F(1) Fe(3) 117.5(3) 119.2(2)
Fe(2) F(1) Fe(3) 121.4(3) 122.5(2)
aEstimated standard deviations in the last significant figure are given

in parentheses. See Figure 1 and Figure S1 for atom-labeling scheme.
bN(3) for 2.
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of the values of the quadrupole splitting for the two iron sites.
In particular,∆EQ of the central iron ion is 2.27 mm/s for a
polycrystalline sample and 2.80 mm/s for a MeOH solution of
1. Such an increase indicates a less symmetrical coordination
environment. These data, combined with the observation of
some conductivity arising from the uncharged complex1, can
be explained by assuming that the benzoate ligands are partially
dissociated and replaced by solvent (MeOH) molecules. The
fact that 1 can be recovered from these solutions in nearly
quantitative yields further suggests that the integrity of the
pentanuclear core is retained in MeOH.
Magnetic Properties. Variable temperature magnetic sus-

ceptibility data for the two pentanuclear compounds1 and2
were obtained at 5000 G. Plots of the effective magnetic
moment per molecule as a function of temperature in the 4-300
K range are shown in Figure 3. The pyridine complex1 has

an effective magnetic moment per molecule (µeff) which
decreases from 10.98µB at 300 K to 8.6µB at 50 K whereupon
there is a more rapid decrease to 4.4µB at 4 K. The
N-methylimidazole complex2 has aµeff value of 10.38µB at
300 K which decreases to 8.33µB at 50 K and then more rapidly
to 3.66µB at 4 K. Theµeff values at 300 K are close to the
theoretical value of 10.95µB calculated from the spin-only
equation for the effective moment of five independentS) 2
iron(II) ions with g ) 2. The decrease ofµeff at lower
temperatures indicates that the five high-spin iron(II) centers
are antiferromagnetically coupled.
Considering the symmetry of1 and 2, two topologically

distinct types of exchange pathways were proposed to evaluate
their magnetic properties (Figure 4). The pathways are distin-
guished from one another by the nature of the bridging groups
which link the iron centers. The first exchange interaction,J12,
involves the two centers Fe(1) and Fe(2), which are bridged by
the two carboxylate groups of XDK and by the central triply
bridging fluoride ion. The second coupling constant,J13, defines
the exchange interaction between Fe(1)/Fe(3) and Fe(2)/Fe(3),
which are bridged by the same ligands, a benzoate group and
the central fluoride ion. This exchange coupling scheme results
in the spin-only isotropic Heisenberg Hamiltonian given in eq
1, whereSi ) 2 and the numbering scheme for theSiSj terms is
that used in Figure 4. An analytical expression for the

eigenvalues of the Hamiltonian in eq 1 was derived by using
the Kambe´ vector-coupling approach.63 The intermediate
coupling spin operatorsSA, SB, andSC were defined asSA ) S1
+ S2, SB ) S1* + S2*, andSC ) SA + SB, and the total spin
operator (ST) becomesST ) SC + S3. Equivalent operator

(63) Kambé, K. J. Phys. Soc. Jpn.1950, 5, 48-51.

Figure 2. Mössbauer spectra at 80 K of polycrystalline (a) [Fe5-
(µ3-F)2(XDK)2(py)4(O2CPh)4] (1) and (b) [Fe5(µ3-F)2(XDK)2(N-MeIm)4-
(O2CPh)4] (2). The solid lines are the theoretical fits corresponding to
the superposition of two inequivalent iron sites. See Table 6 for derived
Mössbauer parameters.

Table 6. Mössbauer and Magnetic Parameters for
[Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4] (1) and
[Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4] (2)

compd δ, mm/s ∆EQ, mm/s
area,
%

-J12,
cm-1

-J13,
cm-1

1 1.25 2.80 72 3.39(4) 3.26(4)
1.30 2.06 28

1 (in MeOH)a 1.26 (1.36) 2.93 (3.21) 76
1.22 (1.34) 2.27 (2.80) 24

2 1.32 3.14 80 2.97(9) 2.56(8)
1.42 2.85 20

aMössbauer data of a polycrystalline sample and a frozen MeOH
solution collected at 4 K.

Figure 3. Plot of the effective moment (µeff) per molecule versus
temperature for [Fe5(µ3-F)2(XDK)2(py)4(O2CPh)4] (1) ([) and [Fe5-
(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4] (2) (O).

Figure 4. Diagram of the spin topology and magnetic exchange
coupling pathway for the pentanuclear complexes.

H ) -2J12(S1‚S2 + S1*‚S2*) -
2J13(S1‚S3 + S2‚S3 + S1*‚S3 + S2*‚S3) (1)
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replacements can be made for allSiSj terms, and the original
Hamiltonian can thus be rewritten as given in eq 2. The

eigenvalues for this new Hamiltonian are given in eq 3, where
the allowed values ofSA, SB, SC, andST are obtained by the
addition rule of two spin vectors.64 The total number of energy

levels for a system of five high-spin iron(II) ions (S ) 2) is
(2S+ 1)5 ) 3125. Because of the symmetry of the molecule,
the overall degeneracy is distributed over 169 unique states with
ST values ranging fromST ) 0 to 10. By using eq 3, values of
the relative energies of the possible spin states,E/|J13|, can be
calculated and plotted as a function of the ratio of the coupling
constants|J12|/|J13|. Figure 5 displays such a plot for a few
selected low-lying spin states. This correlation diagram shows
that for |J12|/|J13| > 3, the ground state is (SA,SB,SC,ST) )
(0,0,0,2). For the cases where 3> |J12|/|J13| > 1, the lowest
spin state of the pentanuclear cluster is (1,1,2,0). For|J12| >
|J13| several energy level crossings show that the ground state
changes with small variations of the|J12|/|J13| ratio. All these
energy levels represent high-spin states withST ) 2, 4, or 6,
the value of the total spin increasing as|J12|/|J13| approaches
zero.
The energy levels (En) obtained with eq 3 were inserted

into the van Vleck equation (eq 4),38,65 where ∑n(msn)2 )

1/3ST(ST + 1)(2ST + 1), to give the expression of the molar
magnetic susceptibility (øM) versus temperature, which was used
to fit the experimental data. The result of the best fit for2 is
shown in Figure 6. The final parameters for this fit wereJ12 )
-2.97(9) cm-1, J13 ) -2.56(8) cm-1, andg ) 2.04(2). No

corrections for paramagnetic impurities or temperature inde-
pendent paramagnetism were applied. A good fit (Figure S5)
and very similar parameters were obtained from the magnetic
susceptibility data collected for1. During the fitting procedure,
theg-value was kept fixed atg ) 2.2 and the resulting values
of the coupling constants wereJ12 ) -3.39(4) cm-1 andJ13 )
-3.26(4) cm-1. The |J12|/|J13| ratio, which alone determines
the ground state and the sequence of the excited states, is 1.04
and 1.16 for1 and2, respectively. As shown in Figure 5, in
which these two values are denoted by solid vertical lines, for
both complexes the ground state energy level is theST ) 0
state (SA,SB,SC,ST) ) (1,1,2,0). The orbital pathway for the two
exchange interactions described byJ12 andJ13 probably involves
the bridging fluoride ligand predominantly, which would explain
the very similar values for the two coupling constants obtained
for both 1 and 2. No satisfactory fits of the experimental
susceptibility data could be achieved by settingJ12 ) J13,
however, an even more simplified model employing only one
type of exchange pathway to describe the magnetic interactions
in the molecule.
An attempt to estimate the total ground spin state (ST) for

both 1 and2 was made by extrapolatingµeff to 0 K from the
lowest temperature portion of theµeff versus temperature curves
(Figure S6). For1, the extrapolated value ofµeff to 0 K is3.45
µB. This value lies between those of 4.9 and 2.8µB, calculated
from the spin-only equations for the effective moment forg )
2 and a total spinST ) 2 andST ) 1, respectively. Extrapolation
of the low-temperatureµeff plot for 2 gave a value of 2.84µB
at 0 K, which corresponds closely to that of 2.8µB calculated
for a spin of ST ) 1 and g ) 2. Both complexes have
complicated low-lying magnetic structures with a ground state
that is not well isolated and lies only a few wavenumbers below
the first excited states and having higher total spins,ST ) 1, 2,
or 3 (Figure 7). This result reflects spin frustration in the
molecules since, even though all pairwise magnetic exchange
interactions are antiferromagnetic, the topology of the complex
does not allow the lowest spin state to be the ground state.66-68

The higher ground states that are observed may be due to spin
frustration or to contributions from the zero-field splitting, which
are probably significant owing to the small values of the
coupling constants. A field-dependent magnetization study at
low temperature would further reveal the nature of the ground
state.

(64) Kahn, O.Molecular Magnetism; VCH Press: New York, 1993.
(65) van Vleck, J. H.The Theory of Electric and Magnetic Susceptibilities;

Oxford University Press: London, 1932.

(66) McCusker, J. K.; Christmas, C. A.; Hagen, P. M.; Chadha, R. K.;
Harvey, D. F.; Hendrickson, D. N.J. Am. Chem. Soc.1991, 113,
6114-6124.

(67) McCusker, J. K.; Vincent, J. B.; Schmitt, E. A.; Mino, M. L.; Shin,
K.; Coggin, D. K.; Hagen, P. M.; Huffman, J. C.; Christou, G.;
Hendrickson, D. N.J. Am. Chem. Soc.1991, 113, 3012-3021.

(68) Christmas, C. A.; Tsai, H.-L.; Pardi, L.; Kesselman, J. M.; Gantzel,
P. K.; Chadha, R. K.; Gatteschi, D.; Harvey, D. F.; Hendrickson, D.
N. J. Am. Chem. Soc.1993, 115, 12483-12490.

Figure 5. Plot of the relative energiesE/|J13| versus|J12|/|J13| for
selected low-lying spin states. The numbers in parentheses correspond
to theSA, SB, SC, andST values for each state. The solid vertical lines
delineate the values 1.04 and 1.16, calculated with the parameters
obtained from the fits of the magnetic susceptibility data of1 and2,
respectively.

H ) -2J12(SA
2 - S1

2 - S2
2 +SB

2 - S1*
2 - S2*

2) -

2J13(ST
2 - SC

2 - S3
2) (2)

E(SA,SB,SC,ST) ) -J12[SA(SA + 1)+ SB(SB + 1)] -
J13[ST(ST + 1)- SC(SC + 1)] (3)

øM )
Ng2µB

2

kT
∑n(msn)

2 exp(-En/kT)

∑n(2ST + 1)2 exp(-En/kT)
(4)

Figure 6. Plot of the molar susceptibility (øM) versus temperature for
[Fe5(µ3-F)2(XDK)2(N-MeIm)4(O2CPh)4] (2). The solid line corresponds
to the best fit, obtained with the model described in the text.
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The simplified model of exchange coupling applied in this
study assumes Heisenberg exchange between all spins and thus
does not take into account the single-ion anisotropy of the
iron(II) centers. Furthermore, the analysis does not incorporate
spin-orbit coupling and zero-field interactions, which often are
not negligible in the case of iron(II) ions. A more detailed
analysis, including a term for the zero-field splitting, would
require a considerably more complex theoretical treatment
beyond the scope of the present investigation. Thus, although
to a first approximation satisfactory fits of the experimental data
to the simplified model were obtained, we do not completely
exclude the possibility that no Heisenberg exchange is present
in the complexes and that the magnetism is induced by the
applied magnetic field.

Summary and Conclusions

The two compounds described in this paper are the first
examples of pentanuclear iron(II) complexes. The X-ray
analyses revealed highly symmetrical structures in which five
iron atoms are situated on the corner of two triangles sharing a
vertex. The central iron atom is located on a crystallographic
inversion center. A triply bridging fluoride ion in the center of
each triangle is another novel feature of these two structures.
In the Mössbauer spectra, the five-coordinate peripheral and

the central, octahedrally coordinated, iron atoms give rise to
two overlapped doublets, with similar isomer shifts but slightly
different quadrupole splitting parameters, reflecting the distinct
symmetry of the two types of iron centers. A slight increase
of the values of the quadrupole splitting observed for a frozen
solution of1 is attributed to partial displacement of the benzoate
ligands by the solvent (MeOH), which leads to a less sym-
metrical coordination environment of the central iron ion. Such
dissociation is supported by conductivity measurements that
indicate the presence, in solution, of a species with properties
between a 1:1 and a 1:2 electrolyte.
According to the symmetry of the molecule, two exchange

pathways were introduced to explain the magnetic interactions
between the five iron atoms. By using the Kambe´ vector-
coupling approach, it was possible to obtain an analytical
expression for the energy levels, resulting from the Hamiltonian
corresponding to this exchange coupling scheme. The results
of the fits of the magnetic susceptibility data indicated that two
weak antiferromagnetic coupling constants determine the mag-
netic interactions in the two complexes. The theoretical ground
state, calculated by applying theJ values obtained from the
simplified fits, has a total spin of zero and was not experimen-
tally achieved. This result may be due to zero-field splitting
effects, to spin frustration, or to deficiencies in the theoretical
model.
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Figure 7. Plot of the distribution of the energy of the lowest spin
states for 1 and 2. The ground state energy of1 has arbitrarily been set
equal to zero, and the value of the corresponding total spin (ST) is
displayed beside each level.
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