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Introduction

Design and construction[1] of supramolecular organic/inor-
ganic structures that exhibit novel properties[2] are of current
interest. For example, we reported on rectangular tetrame-
tallic [2 2] grids [M4(L

1)8] (1)
[3] (Scheme 1).

Formal replacement of the pyridine and tetrazole hetero-
cycles in (L1)� by thiazole rings led to ligand (L2)� . The geo-
metric requirements of (L1)� and (L2)� are pretty much
alike; however, when (L2)� was treated with zinc acetate in
methanol, we isolated the oxo-centered tetrazinc complex
[Zn4O(L

2)4(OAc)2] (2)
[4] (Scheme 2).

Results and Discussion

Synthesis : Herein we report on the reaction of HL2 (3) in
fluorobenzene and under aerobic conditions with iron(ii)
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Scheme 1. Schematic presentation of [M4(L
1)8] (1).
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acetate,[5] which yields the deep violet microcrystalline prod-
uct 4, which in turn can be converted to 5–7 (Scheme 3). It
is worth noting that the asymmetrically substituted mixed-
valent m3-oxo centered trinuclear complexes 4–7 are the first
of this type.
On the basis of the analytical data and the FAB mass

spectrum, 4 was identified as an oxo-triiron chelate complex
of the composition [Fe3O(L

2)3(OAc)3] with a metal-to-
ligand-to-co-ligand ratio (M:L:co-L) of 1:1:1.[6] The lack of a
counterion implies intramolecular charge compensation and
therefore mixed-valence character for [FeIIFeIII2 O(L

2)3-
(OAc)3] (4).

X-ray structure analysis : However, these analytical data
alone did not unequivocally confirm the structure of 4.
Since all our efforts to grow single crystals suitable for an
X-ray structure analysis of 4 were unsuccessful, we generat-
ed [FeIIFeIII2 O(L

2)3(OBz)3] (5) from 4 by exchange of the
(OAc)� co-ligands with (OBz)� ions (Scheme 3). In contrast
to 4, crystals of 5 were readily available when diethyl ether
was allowed to evaporate into a solution of 5 in chloroform.
According to the single-crystal X-ray structure determina-
tion,[7–9] [FeIIFeIII2 O(L

2)3(OBz)3] (5) is made up of three di-
topic, tridentate ligands (L2)� and three bridging benzoate
co-ligands, which fix the FeIIFeIII2 ions in the corners of a tri-
angle with an m3-O

2� ion in the center (mean distance Fe�
m3-O=1.88 P). The iron centers Fe1/2 are linked by two
(L2)� ligands (head-to-tail/tail-to-head), Fe2/3 by one (L2)�

ligand (head-to-tail) and a benzoate ion, and Fe1/3 by two
benzoate bridges. As a consequence, all three iron ions in
the mixed-valent complex [FeIIFeIII2 O(L

2)3(OBz)3] (5) are
differently octahedrally coordinated (Figure 1).

Variable-temperature Mçssbauer studies: To further support
the mixed-valent character of the unprecedented asymmetri-
cally substituted 4 and 5, and to gain deeper insight into the
electron-exchange processes of these m3-oxo-triiron com-
plexes, we carried out variable-temperature Mçssbauer
measurements of powder samples of both complexes
(Figure 2, Table 1).
The Mçssbauer spectra of 4 and 5 at 300 K are almost

identical and both exhibit two quadrupolar doublets with an
area ratio of 1:2 for the FeII and the two FeIII ions. The dou-
blet with a quadrupole splitting of DEQ=1.59(3) mms�1 (4),
1.43(3) mms�1 (5) and an isomeric shift of d=0.97(3) mms�1

(4), 0.89(3) mms�1 (5) is consistent with a high-spin iron(ii)
species (relative intensity: 33(3)%), whereas the doublet
with a quadrupole splitting of DEQ=1.18(3) mms�1 (4, 5)
and an isomeric shift of d=0.43(3) mms�1 (4), 0.46
(3) mms�1 (5) is consistent with a high-spin iron(iii) species
(relative intensity: 67(3)%).
Most interestingly, at 4.2 K the Mçssbauer spectra of 4

and 5 differ considerably (Figure 2, Table 1). The spectrum

Scheme 2. Schematic presentation of [Zn4O(L
2)4(OAc)2] (2).

Scheme 3. Synthesis and schematic presentation of homotrinuclear [FeII-
FeIII2 O(L

2)3(OAc)3] (4) and [FeIIFeIII2 O(L
2)3(OBz)3] (5); and heterotrinu-

clear [NiIIFeIII2 O(L
2)3(OAc)3] (6) and [Ni

IIFeIII2 O(L
2)3(OBz)3] (7).

Figure 1. Molecular structure of 5 in the crystal (Stereoview, PLUTON
presentation, with the numbering of the iron ions, only one stereoisomer
shown). H atoms omitted for clarity. C: shaded; N: net; O: diagonal; S:
mesh; Fe: void.
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of 4 at 4.2 K was fitted with two doublets, yielding reasona-
bly narrow line widths G and an area ratio of 1:2 for the FeII

and the two FeIII ions (DEQ=2.50(2) mms�1, d=

1.21(2) mms�1, G=0.30(2) mms�1 for FeII and DEQ=

1.35(2) mms�1, d=0.49(2) mms�1, G=0.32(2) mms�1 for
FeIII). The FeII site in 5 exhibits a stronger temperature de-
pendence of the quadrupole splitting than in 4, indicating
that the energy splitting of the t2g shell is smaller in 5 than
in 4. This is consistent with a somewhat stronger distortion
of the axial ligand field at the FeII site in 5 compared to that
in 4. Unlike for 4, the spectrum at 4.2 K for 5 shows a rather
broad signature of the FeII doublet as compared with the
FeIII doublet: whereas the lines of the quadrupole doublet
for the two FeIII ions are sharp (DEQ=1.23(2) mms�1, d=
0.56(2) mms�1, G=0.31(2) mms�1, 67(2)%), the lines of the
quadrupole doublet of FeII are rather broad (~0.65 mms�1).
The experimental data are best fitted by three doublets
(DEQ=2.77(2), 2.66(2), 2.66(2) mms�1; d=1.19(2), 1.12(2),
0.96(2) mms�1; G=0.25(2), 0.25(2), 0.25(2) mms�1), which
represent FeII with a relative area ratio of 11(1), 11(1), and
11(1)%, respectively.
Although the ferric site of 5 exhibits a marginally higher

isomer shift of 0.56(2) mms�1 than the ferric site of 4
(0.49(2) mms�1), we exclude the presence of partial electron
delocalization[10] at 4.2 K, since the all-ferric complexes 6
and 7 show comparable values at 77 K (d=0.50(2) and
0.49(2) mms�1, Table 1).
The effect of the (OAc)� co-ligands on the (FeIIFeIII2 ) core

in 4 obviously is different from the effect of the (OBz)� co-
ligands on the iron core in 5, leading to the situation that in
5, the difference in coordination among iron sites is larger

Figure 2. Mçssbauer spectra of 4 (a: 300 K; b: 4.2 K), 5 (c: 300 K; d:
4.2 K), and 6 (e: 77 K). The orange and blue solid lines are Lorentzian
fits for the iron(iii) and iron(ii) centers, respectively. For 5, the experi-
mental data at 4.2 K of the three differently substituted high-spin FeII

centers are best fitted by three individual quadrupole doublets, the high-
velocity lines of which are highlighted in the inset of (d) in magenta,
black, and green.

Table 1. Parameters obtained from the analysis of the Mçssbauer spectra
of complexes 4–7.[a]

Complex T d DEQ G Rel. area
[K] [mms�1] [mms�1] [mms�1] [%]

4 FeIII 300 0.43(3) 1.18(3) 0.46(3) 67(3)
FeII 0.97(3) 1.59(3) 0.54(3) 33(3)
FeIII 4.2 0.49(2) 1.35(2) 0.32(2) 66(2)
FeII 1.21(2) 2.50(2) 0.30(2) 33(2)

5 FeIII 300 0.46(3) 1.18(3) 0.29(3) 67(3)
FeII 0.89(3) 1.43(3) 0.35(3) 33(3)
FeIII 4.2 0.56(2) 1.23(2) 0.31(2) 67(2)
FeII 1.19(2) 2.77(2) 0.25(2) 11(1)
FeII 1.12(2) 2.66(2) 0.25(2) 11(1)
FeII 0.96(2) 2.66(2) 0.25(2) 11(1)

6 FeIII 77 0.50(2) 1.14(2) 0.44(2) 100
7 FeIII 77 0.49(2) 1.21(2) 0.41(2) 100

[a] Errors in the last digit are given in brackets.
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than in 4. This is consistent with the observed stronger tem-
perature dependence of the quadrupole splitting at FeII sites
in 5 than in 4. In addition, the exchange of (OAc)� co-li-
gands with (OBz)� co-ligands could also influence electron-
exchange rates, electronic couplings, or local vibronic cou-
plings, thus affecting also activation barriers. Comparison of
the Mçssbauer data at 4.2 K and 300 K reveals a larger in-
crease of line broadening for all iron sites at 300 K in 4 than
for the same sites in 5. From this finding it seems that (ther-
mally activated) electron exchange is faster and gets closer
to the Mçssbauer time window in 4 than in 5. As a result of
the different coordination of the iron sites [(Fe1)3N/3O,
(Fe2)4N/2O, (Fe3)2N/4O], there exist evidently three con-
figurations with unlike energies [(Fe1)II(Fe2)III(Fe3)III,
(Fe1)III(Fe2)II(Fe3)III, (Fe1)III(Fe2)III(Fe3)II] for 4 and 5.
Even if the difference among these energies is small and can
be overcome at elevated temperature by thermal activation,
at low temperature one expects that only the configuration
with the lowest energy is populated, corresponding to only
one FeII doublet in the Mçssbauer spectrum at 4.2 K. From
ligand field theoretical considerations the configuration with
the lowest energy is FeII with a 4N/2O core. However, as-
suming a slow electron-tunneling exchange mechanism in 5,
one might arrive at a situation, at which all three configura-
tions remain nearly equally populated, even at very low
temperature. Since the differences in coordination affect
more significantly the Mçssbauer characteristics of FeII than
of FeIII, the slow exchange and the three different types of
coordination explain the presence of three FeII doublets and
of only one FeIII doublet at 4.2 K in 5. Such a situation is
not unlikely. We and others have found molecular subconfi-
gurations of iron proteins at low temperature by Mçssbauer
spectroscopy[11,12] and optical methods;[13] these subconfigu-
rations exist simultaneously and give rise to low-tempera-
ture molecular dynamics extending over months.[12]

Within this picture, electron exchange in 4 is fast enough
to populate only the lowest energy configuration at low tem-
perature. At 300 K thermal fluctuations equalize the ligand
field strength around each iron site in 4 and 5, such that it is
not possible to resolve the different (Fe1)II, (Fe2)II, and
(Fe3)II components in the Mçssbauer spectra.

Exchange of FeII by NiII : To provide further insight into the
electronic structure of 4 and 5, we prepared the hetero-
nuclear, mixed-valent cluster [NiIIFeIII2 O(L

2)3(OAc)3] (6), by
exchanging FeII in the mixed-valent all-iron complex 4 with
NiII by using an excess of nickel acetate (Scheme 3). Com-
plete FeII-to-NiII exchange in 4 was established unequivo-
cally from the Mçssbauer spectrum of 6 at 77 K (Figure 2,
Table 1). Powder samples of 6 displayed a rather sharp
single quadrupolar doublet (two high-spin FeIII centers:
DEQ(77 K)=1.14 mms�1, d(77 K)=0.50 mms�1, G=

0.44 mms�1, 100%).
Again, we were not able to grow single crystals suitable

for an X-ray structure analysis of 6. Therefore, we generated
[NiIIFeIII2 O(L

2)3(OBz)3] (7) from 6 by exchange of the
(OAc)� co-ligands with (OBz)� ions (Scheme 3). Compared

with 6, complex 7 displayed a similar Mçssbauer spectrum
(Table 1, Figure 2). The X-ray structure analysis of 7[14] re-
vealed it to be isostructural with 5.

Cyclic voltammetry : The reversible cyclic voltammograms[15]

of redox-active 4 and 5 were recorded under anaerobic,
aprotic conditions, and displayed basically two processes
attributable to the reduction of 4 and 5 from FeIIFeIII2 to
FeII2 Fe

III, and oxidation to the all-FeIII species (Figure 3,
Table 2). The number of electrons transferred at different

potentials during this process was determined in acetonitrile
versus Fc/Fc+ and turned out to be one for the reduction of
all-FeIII to FeIIFeIII2 and one for the second reduction to

FeII2 Fe
III. Further reduction of FeII2 Fe

III to the all-FeII species
is irreversible. Consequently, the cyclic voltammograms of
redox-active 6 and 7 represent the reduction of NiIIFeIII2 to
NiIIFeIIFeIII, and reoxidation to NiIIFeIII2 (Figure 3, Table 2).
As determined in acetonitrile versus Fc/Fc+ , one electron is

Figure 3. Cyclic voltammograms of 5 (top) and 7 (bottom).

Table 2. Half-wave potential (E1/2) values of complexes 4–7.
[a]

Complex 4 5 6 7

E1
1=2 [mV] �151 �85

E2
1=2 [mV] �837 �765 �939 �872

[a] Recorded in CH3CN (0.1m [(nBu)4N][PF6]) versus Fc/Fc
+ at 20 8C;

scan rate 200 mVs�1.
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transferred during this redox process. Further reduction of
NiIIFeIIFeIII to the NiIIFeII2 species is irreversible.

Conclusion

In summary, we have presented a new synthesis of homo-/
heterotrinuclear mixed-valent oxo-centered heteroleptic
species that are structurally related to the active sites of nu-
merous iron–oxo proteins. Variable-temperature Mçssbauer
spectroscopy of [FeIIFeIII2 O(L

2)3(OAc)3] (4) calls for the oc-
currence of fast electron exchange and population of only
one of the three configurations of 4 at 4.2 K, whereas, for
[FeIIFeIII2 O(L

2)3(OBz)3] (5) at 4.2 K slow electron exchange
leads to almost equal population within the three unlike
substituted iron sites in 5. Obviously, the effect of the
(OAc)� co-ligands on the (FeIIFeIII2 ) core in 4 is weaker than
the effect of the (OBz)� co-ligands on the iron core in 5. As
demonstrated by cyclovoltammetry for 4 and 5, the redox-
active chelate complexes are stable for FeIII3 , Fe

IIFeIII2 , and
FeII2 Fe

III but not for FeII3 .

Experimental Section

General methods and materials : All reagents and solvents employed
were commercially available high-grade purity materials (Fluka, Al-
drich), used as supplied without further purification. IR spectra were re-
corded from CHBr3 triturations on a Bruker IFS 25 spectrometer. FAB-
MS spectra were recorded on a Micromass ZAB-Spec spectrometer. Ele-
mental analyses were performed on a EA 1110 CHNS-Microautomat.
The microanalytical data for 4 and 6 deviate from theory due to the pres-
ence of crystal solvents and are not recorded here.

Cyclic voltammetry :[15] Cyclic voltammetry at a platinum electrode was
performed in CH3CN/TBAH (0.2m, TBAH= [(nBu)4N][PF6]) at room
temperature under an argon atmosphere using a three-electrode set-up
and an EG&G (potentiostat/galvanostat) model 283. Redox potentials
were internally referenced against ferrocene/ferrocenium (Fc/Fc+).
HPLC-grade CH3CN for electrochemical experiments was refluxed and
distilled over CaH2 under a nitrogen atmosphere. Tetra-n-butylammoni-
um hexafluorophosphate was prepared and purified according to a previ-
ously described procedure.[16]

[FeIIFeIII2 O(L
2)3(OAc)3] (4): A solution of HL2 3 (135 mg, 0.6 mmol) in

fluorobenzene (15 mL) was added to a suspension of iron(ii) acetate
(87 mg, 0.5 mmol) in fluorobenzene (35 mL). The reaction mixture was
stirred at 20 8C for 24 h in the presence of air. After addition of five
drops of distilled water, stirring was continued for a further 24 h. The
precipitate was collected and dried under reduced pressure. Yield:
102 mg (59%) dark violet powder; m.p. > 250 8C (decomp); IR (KBr):
ñ=3132, 2919, 1609, 1568, 1556, 1504 cm�1; FAB-MS (m-NBA): m/z (%):
1033 (52) [M]+, 974 (100) [M�OAc]+ , 915 (48) [M�2OAc]+ , 856 (21)
[M�3OAc]+ , 809 (40) [M�L2]+ , 750 (59) [M�OAc�L2]+ , 691 (55)
[M�2OAc�L2]+ , 576 (86) [M�3OAc�L2�Fe]+ , 526 (31)
[M�OAc�2L2]+ ; C30H27Fe3N9O10S6 (1033.50).

[FeIIFeIII2 O(L
2)3(OBz)3] (5): Sodium benzoate (692 mg, 4.8 mmol) was

added to a solution of 4 (83 mg, 0.08 mmol) in chloroform (25 mL). The
pale violet suspension was stirred at 20 8C for 48 h. After removal of
excess of the sodium salt, the remaining solution was evaporated to dry-
ness. Yield: 67 mg (69%) dark violet crystals from CHCl3 by vapor diffu-
sion of diethyl ether; m.p. > 250 8C (decomp); IR (KBr): ñ=3120, 3104,
3061, 2920, 1597, 1560, 1505 cm�1; FAB-MS (m-NBA): m/z (%): 1219
(100) [M]+ , 1098 (74) [M-OBz]+ , 995 (86) [M�L2]+ , 874 (49)
[M�OBz�L2]+ , 771 (33) [M�2L2]+ , 753 (23) [M�2OBz�L2]+ , 650 (40)

[M�2L2�OBz]+ , 576 (46) [M�3OBz�L2�Fe]+ ; elemental analysis calcd
(%) for C45H33Fe3N9O10S6·0.5 CHCl3 (1279.40): C 42.72, H 2.64, N 9.85;
found: C 42.72, H 2.80, N 9.78.

[NiIIFeIII2 O(L
2)3(OAc)3] (6): Nickel acetate tetrahydrate (93 mg,

0.375 mmol) was added to a solution of 4 (78 mg, 0.075 mmol) in chloro-
form (15 mL). The initially violet suspension was stirred at 20 8C for 48 h.
After filtration over a pad of celite, the remaining brown solution was
evaporated to dryness. Yield: 43 mg (55%) brown precipitate from
CHCl3/n-pentane (5 mL/30 mL, 2 ); m.p. > 250 8C (decomp); IR (KBr):
ñ=2926, 2855, 1614, 1568, 1556, 1505 cm�1; FAB-MS (m-NBA): m/z (%):
1035 (10) [M]+, 976 (69) [M�OAc]+ , 917 (13) [M�2OAc]+ , 811 (100)
[M�L2]+ , 788 (24), 752 (47) [M�OAc�L2]+ , 693 (21) [M�2OAc�L2]+ ,
528 (28) [M�OAc�2L2]+ ; C30H27Fe2N9NiO10S6 (1036.36).

[NiIIFeIII2 O(L
2)3(OBz)3] (7): In analogy to compound 5, 6 (62 mg,

0.06 mmol) was allowed to react with sodium benzoate (519 mg,
3.6 mmol) in chloroform (20 mL). Yield: 45 mg (61%) deep brown crys-
tals from CHCl3 by vapor diffusion of diethyl ether; m.p. > 250 8C
(decomp); IR (KBr): ñ=3113, 3086, 2921, 1600, 1565, 1551, 1504 cm�1;
FAB-MS (m-NBA): m/z (%): 1222 (17) [M+H]+ , 1100 (100) [M�OBz]+ ,
997 (80) [M�L2]+ , 979 (18) [M�2OBz]+ , 876 (37) [M�OBz�L2]+ , 773
(20) [M�2L2]+, 755 (14) [M�2OBz�L2]+ , 652 (19) [M�2L2�OBz]+ ,
578 (18) [M�3OBz�L2�Fe]+ ; elemental analysis calcd (%) for
C45H33Fe2N9NiO10S6·CHCl3 (1341.95): C 41.17, H 2.55, N 9.39; found: C
40.86, H 2.87, N 9.83.
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