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Abstract
The newly synthesized dinuclear complex [FeIII

2(μ-OH)2(bik)4](NO3)4 (1) (bik, bis(1-
methylimidazol-2-yl)ketone) shows rather short Fe···Fe (3.0723(6) Å) and Fe–O distances
(1.941(2)/1.949(2) Å) compared to other unsupported FeIII

2(μ-OH)2 complexes. The bridging
hydroxide groups of 1 are strongly hydrogen bonded to a nitrate anion. The 57Fe isomer shift (δ =
0.45 mm s−1) and quadrupole splitting (ΔEQ = 0.26 mm s−1) obtained from Mössbauer
spectroscopy are consistent with the presence of two identical high-spin iron(III) sites. Variable
temperature magnetic susceptibility studies revealed antiferromagnetic exchange (J = 35.9 cm−1

and = JS1·S2) of the metal ions. The optimized DFT geometry of the cation of 1 in the gas phase
agrees well with the crystal structure, but both the Fe···Fe and Fe-OH distances are overestimated
(3.281 and 2.034 Å, respectively). The agreement in these parameters improves dramatically
(3.074 and 1.966 Å) when the hydrogen-bonded nitrate groups are included, reducing the value
calculated for J by 35%. Spontaneous reduction of 1 was observed in methanol, yielding a blue
[FeII(bik)3]2+ species. Variable temperature magnetic susceptibility measurements of [FeII(bik)3]
(OTf)2 (2) revealed spin crossover behavior. Thermal hysteresis was observed with 2, due to a loss
of co-crystallized solvent molecules, as monitored by thermogravimetric analysis. The hysteresis
disappears once the solvent is fully depleted by thermal cycling. [FeII(bik)3](OTf)2 (2) catalyzes
the oxidation of alkanes with t-BuOOH. High selectivity for tertiary C-H bond oxidation was
observed with adamantane (3°/2° value of 29.6); low alcohol/ketone ratios in cyclohexane and
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ethylbenzene oxidation, a strong dependence of total turnover number on the presence of O2, and a
low retention of configuration in cis-1,2-dimethylcyclohexane oxidation were observed.
Stereoselective oxidation of olefins with dihydrogen peroxide yielding epoxides was observed
under both limiting oxidant and substrate conditions.

Introduction
The development of environmentally friendly catalytic oxidation processes for the selective
conversion of hydrocarbons is a topic of continuing interest.1 In particular, inspiration for
the design of new catalytic systems has been drawn from Nature, where metalloenzymes are
often involved in highly selective oxidative transformations under mild conditions. The non-
heme iron oxygenases2–5 constitute an important and versatile subgroup of these
metalloenzymes capable of oxidative transformations. Non-heme iron oxygenases generally
feature either a mononuclear or a dinuclear active site. Amongst the mononuclear non-heme
iron enzymes, the 2-His-1-carboxylate facial triad has emerged as a common structural
motif.2,3 The oxidative transformations that these enzymes catalyze are very diverse,
ranging from the cis-dihydroxylation of arenes by the Rieske dioxygenases to, for example,
the dioxygenative cleavage of aromatic substrates by the extradiol cleaving dioxygenases. A
particularly well studied example of a dinuclear non-heme iron enzyme is the soluble form
of methane monooxygenase, which selectively catalyzes the unique conversion of methane
to methanol.5,6 Many biomimetic modeling studies have been devoted to these two classes
of non-heme iron enzymes. On the one hand, such studies can contribute to the elucidation
of structure-activity relationships for the enzymes under scrutiny. For instance, dinuclear
iron complexes aid in the understanding of the structural intricacies, such as the magnetic
interaction between the metal centers, of the bimetallic active sites. On the other hand,
synthetic mono- and dinuclear iron active site analogues serve as potential synthetic
oxidation catalysts and their properties have been widely explored also in this respect.
Promising examples of mononuclear catalysts capable of alkane hydroxylation, olefin
epoxidation, and cis-dihydroxylation have been reported.1,3,5,7–13 Ligand systems that are
widely used for the construction of both mono- and dinuclear iron complexes include the
polydentate tris(2-pyridylmethyl)amine (tpa) and N,N′-bis(2-pyridylmethyl)-N,N′-
dimethyl-1,2-ethylenediamine ligand family (bpmen),14,15 and the N,N-bis(2-
pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4py),16,17 2-(2′,5′-diazapentyl)-5-
bromopyrimidine-6-carboxylic acid N-[2,(4′-imidazolyl)ethyl]amide (Hpma),18 and tris((1-
methylimidazol-2-yl)methyl)amine (tmima) ligands,19 amongst many others (Figure 1).
Efficient dinuclear iron oxidation catalysts were also reported,20 some of which with very
simple bidentate ligands such as bipyridine (bipy) and phenanthroline (phen).8,21,22

As part of our recent efforts to develop biomimetic models of the 2-His-1-carboxylate facial
triad, we have reported on the new ligand family of the substituted 3,3-bis(1-
alkylimidazol-2-yl)propionates (parent ligand L1, Figure 1) and their iron complexes.7,23,24

[FeII(PrL1)2](OTf)2 (PrL1, propyl 3,3-bis(1-methylimidazol-2-yl)propionate) was found to
be an active bio-inspired catalyst for the epoxidation and cis-dihydroxylation of olefins, for
instance.7 Encouraged by the results obtained with the dinuclear Fe(III) catalysts containing
the simple bidentate bipy and phen ligands, we decided to explore the structure and catalytic
properties of iron(III) and iron(II) complexes of the ligand bis(1-methylimidazol-2-yl)ketone
(bik). This bidentate ligand is used as a building block for the synthesis of L1 and can be
easily synthesized in one step on a multigram scale.25 Here, we report the synthesis and
structural, spectroscopic and magnetic characterization of the bis(μ-hydroxido)diiron(III)
compound [FeIII

2(μ-OH)2(bik)4](NO3)4 (1) and the mononuclear compound [FeII(bik)3]
(OTf)2 (2). In addition, compound 1 was studied with density functional theory (DFT).
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Compound 2 was found to be active in the oxidation of alkanes and alkenes with either t-
BuOOH or H2O2 as the oxidant.

Experimental Section
Air-sensitive reactions were carried out under an atmosphere of dry, oxygen-free N2 using
standard Schlenk techniques. All chemicals were commercially obtained and used as
received. THF was dried over sodium benzophenone ketyl and distilled under N2 prior to
use. Methanol was dried over magnesium methoxide and distilled under N2 prior to use.
Bis(1-methylimidazol-2-yl)ketone (bik)26 and Fe(OTf)2·2MeCN27 were prepared according
to literature procedures. All other chemicals were commercially obtained and used as
received. 1H and 13C{1H} NMR spectra were recorded on a Varian AS400 or Varian Inova
300 spectrometer, operating at 25 °C. Elemental microanalyses were carried out by the
Microanalytisches Laboratorium Dornis & Kolbe, Mülheim a.d. Ruhr, Germany. Infrared
spectra were recorded on a Perkin Elmer Spectrum One FT-IR instrument. ESI-MS spectra
were recorded on a Micromass LC-TOF mass spectrometer by the Biomolecular Mass
Spectrometry group, Utrecht University. Solution magnetic moments were determined by
Evans’ NMR method in acetone d6/cyclohexane (95/5 v/v) at a temperature range of − 25 to
50 °C. UV-Vis spectra were recorded on a Varian Cary 50 spectrometer equipped with a
Helma immersion probe for in situ measurements.

Bulk magnetization measurements on crushed polycrystalline samples were performed with
a Quantum Design MPMS-5 5T (1, 2-300 K) or MPMS-XL (2, 6-400 K) SQUID
magnetometer. Data were corrected for magnetization of the sample holder in the case 1, but
not 2, since its contribution in the latter case was found to be negligible. Diamagnetic
contributions were estimated from Pascal’s constants. TGA measurements were performed
using a Setaram TAG 24 thermoanalyzer.

Mössbauer spectra were recorded with two spectrometers operating in constant acceleration
mode. High-field spectra (8 T) were obtained using Janis Research Super-Varitemp Dewar
equipment with a superconducting magnet. Isomeric shifts are quoted relative to the Fe
metal at 298 K. Mössbauer spectral simulations were calculated using the WMOSS software
package (WEB Research, Edina, MN). The calculations were performed with Gaussian 03
(revision E.01), using the functional/basis set B3LYP/6-311G. Density functional
calculations were carried out on models for the bare tetracationic complex [Fe2(μ-
OH)2(bik)4]4+ ({1bare}) and the dicationic complex {[Fe2(μ-OH)2(bik)4](NO3)2}2+

({1(NO3)2}). The initial geometries were derived from the crystallographic structure; in the
case of {1(NO3)2} the optimization was started from the geometry of {1bare} appended with
two nitrates at the hydroxide bridges. The geometry optimizations were carried out on
models constrained to D2 ({1bare}) and C2 ({1(NO3)2}) symmetries. All calculations used
tight SCF convergence criteria. Relaxed geometry scans were performed keeping the
respective D2/C2 symmetries, using the Fe···Fe distance as the scanning parameter, and
optimizing the remaining internal coordinates. The exchange-coupling constant was
calculated with the broken-symmetry (BS) method, using the expression J = [E(F) − E(BS)]/
12.5 (convention:  = JS1·S2) where E(F) and E(BS) are the total self-consistent field
energies of the ferromagnetic (F) and BS states, respectively.

[Fe2(μ-OH)2(bik)4](NO3)4 (1)
To a solution of bik (1.85 g, 9.73 mmol) in ethanol/water (32 mL, 15:1 v/v) was added an
orange solution of Fe(NO3)3·9H2O (1.96 g, 4.86 mmol) in ethanol (30 mL). The solution
was stirred for 90 min at 60 °C, during which gradually a yellowish-orange precipitate
formed. The precipitate was separated by centrifugation, washed with ethanol (30 mL) and
dried in vacuo. The product was obtained as a yellowish-orange powder (2.65 g, 94% yield).
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Orange-red crystals of 1 suitable for X-ray diffraction were obtained by slow evaporation of
a water solution. Anal. for C36H42Fe2N20O18·2H2O (1190.56): calc. C 36.32, H 3.89, N
23.53; found C 36.45, H 3.81, N 23.61. IR (solid) ν = 3549.2, 3437.9, 3105.2, 3068.9,
1661.9, 1490.2, 1463.8, 1424.4, 1401.6, 1357.9, 1309.6, 1166.8, 1037.4, 960.5, 900.7,
827.3, 790.4, 773.4, 726.0 cm−1. UV-Vis (MeOH, ε [M−1 cm−1]): λmax = 285 (43000), 327
(71000) nm.

[Fe(bik)3](OTf)2 (2)
To a colorless solution of bik (255 mg, 1.35 mmol) in dry methanol (15 mL) was added a
colorless solution of Fe(OTf)2·2MeCN (197 mg, 0.45 mmol) in dry methanol (5 mL) and
immediately a color change to dark purplish blue was observed. The solution was stirred for
30 min at room temperature, after which diethyl ether (30 mL) was added to precipitate the
product. The precipitate was separated by centrifugation, washed with diethyl ether (2 × 20
mL) and dried in vacuo to give a dark blue powder. Recrystallization from methanol/diethyl
ether at − 30 °C yielded the product as a blue microcrystalline powder (384 mg, 89%). Blue
crystals suitable for X-ray diffraction were obtained by slow vapor diffusion of diethyl ether
into a methanolic solution of 2. Anal. for C29H30F6FeN12O9S2 (924.59): calc. C 37.67, H
3.27, N 18.18; found C 37.59, H 3.34, N 18.08. 1H NMR (300 MHz, CD3OD) 25 °C: δ =
4.18 (s, 2H, Him), 7.59 (s, 6H, CH3), 18.05 (s, 2H, Him) ppm; −95 °C: δ = 4.18 (s, 6H, CH3),
6.34 (s, 2H, Him), 7.65 (s, 2H, Him) ppm. IR (solid) ν = 3561.7 3134.3, 2970.4, 1628.6,
1521.2, 1486.8, 1420.5, 1253.6, 1223.0, 1144.4, 1028.1, 896.3, 788.3, 767.0 cm−1. UV-Vis
(MeOH, ε [M−1 cm−1]): λmax = 236 (14000), 290 (26000), 324 (51000), 583 (4500) nm.
ESI-MS: m/z = 313.07 {[FeII(bik)3]2+, calc. 313.10}, 584.97 {[FeII(bik)2(OTf)]+, calc.
585.06}, 775.18 {[FeII(bik)3(OTf)]+, calc. 775.14}, 925.15 {[FeII(bik)3(OTf)2+H]+, calc.
925.10}.

Catalysis protocol
To a stirred solution of catalyst 2 (3 μmol) in acetonitrile (2 mL) was added substrate (1000
eq, 3 mmol) and acetonitrile (to bring the total volume to 2.5 mL). Subsequently, 0.5 mL of
oxidant solution (100 eq, 600 mM solution in acetonitrile diluted from 35% aqueous H2O2
or 70% aqueous t-BuOOH) was added either dropwise in 20 min or at once. The ratio of
catalyst:oxidant:substrate was 1:100:1000. The reaction mixture was stirred at room
temperature and after 1 hour (from start of oxidant addition) internal standard (10 μL,
cyclooctene: 1,2-dibromobenzene, cyclohexane: chlorobenzene, all other substrates:
bromobenzene) was added and the first sample was taken. After three (alkanes) or seven
hours (alkenes) a second sample was taken from the reaction mixture. The aliquots of the
reaction mixture were filtered over a short silica plug, after which the short column was
flushed twice with diethyl ether. The samples were concentrated by a stream of N2 and
analyzed by GC. The products were identified and quantified by GC by comparison with
authentic compounds. The reported values are the average of at least two independent runs.

X-ray crystal structure determinations of 1 and 2·MeOH
Reflections were measured on a Nonius Kappa CCD diffractometer with rotating anode
(graphite monochromator, λ = 0.71073 Å) at a temperature of 150 K. Intensities were
integrated with EvalCCD28 using an accurate description of the experimental setup for the
prediction of the reflection contours. The structures were refined with SHELXL-9729 against
F2 of all reflections. Non hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were introduced in geometrically optimized positions. The O-
H hydrogen atoms were refined freely with isotropic displacement parameters; all other
hydrogen atoms were refined with a riding model. Geometry calculations and checking for
higher symmetry was performed with the PLATON program.30
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X-ray crystal structure determination of 1
[C36H42Fe2N16O6](NO3)4·2H2O, Fw = 1190.63, colorless block, 0.22 × 0.13 × 0.05 mm3,
monoclinic, C2/c (no. 15), a = 23.5604(10), b = 14.6757(10), c = 13.9671(10) Å, β =
92.071(1)°, V = 4826.2(5) Å3, Z = 4, Dx = 1.639 g/cm3, μ = 0.70 mm−1. 88283 Reflections
were measured up to a resolution of (sin θ/λ)max = 0.62 Å−1. The crystal appeared to be non-
merohedrally twinned with a twofold rotation about the reciprocal c*-axis as twin operation.
This twin operation was taken into account during the integration of the intensities and the
refinement as a HKLF5 refinement.31 The reflections were corrected for absorption and
scaled on the basis of multiple measured reflections with the program TWINABS32

(0.76-0.96 correction range). 4782 Reflections were unique (Rint = 0.0547). The structure
was solved with the program SHELXS-8633 using Direct Methods. 369 Parameters were
refined with 3 restraints. R1/wR2 [I>2σ(I)]: 0.0473/0.0934. R1/wR2 [all refl.]:
0.0677/0.1029. S = 1.081. The twin fraction refined to 0.1049(16). Residual electron density
between −0.43 and 0.60 e/Å3.

X-ray crystal structure determination of 2·MeOH
[C27H30FeN12O3](CF3O3S)2·CH3OH, Fw = 956.66, dark blue plate, 0.24 × 0.18 × 0.06
mm3, orthorhombic, Fdd2 (no. 43), a = 25.85847(1), b = 50.00278(10), c = 11.81363(2) Å,
V = 15274.97(15) Å3, Z = 16, Dx = 1.664 g/cm3, μ = 0.61 mm−1. 65769 Reflections were
measured up to a resolution of (sin θ/λ)max = 0.65 Å−1. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections with the program
SADABS34 (0.76-0.96 correction range). 8742 Reflections were unique (Rint = 0.0418). The
structure was solved with the program SIR-9735 using Direct Methods. One triflate anion
was refined with a disorder model. 594 Parameters were refined with 92 restraints. R1/wR2
[I>2σ(I)]: 0.0278/0.0593. R1/wR2 [all refl.]: 0.0357/0.0624. S = 1.033. Flack parameter x =
0.001(8). 36 Residual electron density between −0.20 and 0.21 e/Å3.

Results
Synthesis and structural characterization of a dinuclear bis(μ-hydroxido)diiron(III) complex

To construct dinuclear iron(III) complexes with the N,N-bidentate bis(1-methylimidazol-2-
yl)ketone (bik) ligand we adopted the synthetic route reported for the
[((phen)2(H2O)FeIII)2(μ-O)](X)4 complexes (X = NO3, ClO4).8,21 The addition of two
equivalents of bik to a solution of Fe(III) nitrate in ethanol/water resulted in the gradual
formation of a yellowish-orange precipitate. Recrystallization of the precipitate from an
aqueous solution yielded red-orange crystals. The product was identified as a C2 symmetric
dinuclear iron complex of the composition [FeIII

2(μ-OH)2(bik)4](NO3)4·2H2O (1) by X-ray
crystal structure determination, elemental analysis, and IR spectroscopy. Complex 1 features
an FeIII

2(μ-OH)2 diamond core (vide infra), which is spontaneously formed by self-
assembly (i.e. no base was added to the reaction mixture).37 Some of the structural features
of 1 are reflected in its infrared absorption spectrum. The IR spectra of the isolated yellow-
orange colored powder and the red-orange crystals are identical except for the presence of a
broad absorption centered around 3100 cm−1 for the red-orange crystals. This broad
absorption can be attributed to the OH stretching mode of co-crystallized water molecules.
The binding of the bik ligand to a Fe(III) metal center results in a strong shift of the
carbonyl stretching vibration to higher wave numbers by 32 cm−1 and is now found at 1662
cm−1. Two absorptions of equal intensity are observed at 3438 and 3549 cm−1, of which the
latter is tentatively assigned as the OH stretch vibration of the bridging OH groups.

It is important to note that reaction of bik with iron(III) nitrate in the presence of water does
not lead to the formation of the hydrated bis(1-methylimidazol-2-yl)methanediol ligand. It is
well known that the similar bis(2-pyridyl)ketone ligand (bpk) easily hydrates upon
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coordination to several different transition metals,38–41 including iron(III). For instance,
reaction of Fe(NO3)3·9H2O with two equivalents of bpk in water leads to the formation of
the geminal diol of bpk. Two hydrated ligands then coordinate in a tridentate fashion to the
metal center, resulting in a mononuclear bis-ligand complex.42 Apparently, the carbonyl
carbon atom of bik is less susceptible to nucleophilic attack of water after coordination to a
Fe(III) center.

Crystal Structure of [FeIII2(μ-OH)2(bik)4](NO3)4·2H2O
Red-orange crystals of 1 suitable for X-ray diffraction were obtained by slow evaporation of
an aqueous solution of 1. The molecular structure of the dinuclear cation of 1 is depicted in
Figure 2, with selected bond lengths and angles presented in Table 1.

The crystal structure of the cation of 1 consists of a dinuclear unit with two
crystallographically equivalent iron(III) metal centers that are bridged by two hydroxide
groups. The two equivalent Fe(III) ions are related by a twofold rotation axis parallel to the
monoclinic b-axis. Two bik ligands are coordinated in a bidentate fashion to each of the iron
atoms, resulting in an N4O2 donor set and a distorted octahedral coordination geometry
around the metal center. The Fe2(μ-OH)2 core is planar, with the Fe1–O3 and Fe1–O3a bond
lengths equal within error (1.941(2) and 1.949(2) Å, resp.). The distance between the metal
centers is 3.0723(6) Å and the Fe1–O3–Fe1(a) bridging angle of the planar unit is
104.32(9)°. Only a limited number of structures with an unsupported43–51 or supported52–54

FeIII
2(μ-OH)2 core have been reported. The metal-metal distance in 1 is on the short side of

the range reported for structures with a doubly bridged, unsupported FeIII
2(μ-OH)2 core

(3.078-3.161 Å).43–49 The relatively short Fe···Fe distance may be due to the assembly of
the core with neutral bik ligands only. All other crystallized complexes were constructed
with anionic ligands, which lead to longer Fe–OH bond lengths trans to the anionic donor
groups and a concomitant increase in intermetallic separation. Consequently, the Fe–OH
bond lengths in 1 are relatively short (1.941(2)/1.949(2) Å for Fe1–O3/Fe–O3a). In addition,
the hydrogen bonding interactions that are observed between the bridging hydroxide groups
and the co-crystallized nitrates might also attribute to more acute Fe–O–Fe angles, thus
leading to shorter Fe···Fe distance (vide infra). The diminished transoid
(164.75(9)-171.44(10) Å) and N–Fe–N angles, the latter caused by the limited ‘bite’ of the
bik ligand, distort the octahedral symmetry.

The FeIII
2(μ-OH)2 core of the dinuclear cation is stabilized by hydrogen bonds, since the

hydroxide group is involved in an intermolecular, bifurcated hydrogen bond (Σangles = 360°)
with O7 and O8 of a nitrate anion as acceptors (Figure 3 (left), Table 2). This hydrogen bond
is asymmetric, as reflected by the different H···O bond lengths of 1.82(2) Å (O8) and 2.43(3)
Å (O7). The co-crystallized water molecules and the two other nitrate anions are also
involved in hydrogen bonding interactions with each other. This leads to the formation of an
infinite linear chain in the direction of the crystallographic b-axis. Sheets of the infinite
linear chains run in between layers of the dinuclear cations, which are also oriented in the
direction of the crystallographic b-axis (Figure 3 (right), Table 2).

Magnetic properties of 1
The temperature-dependent magnetic susceptibility of 1, measured on polycrystalline
material from 2 to 300 K, is shown in Figure 4 in the form of χMT versus T (4A) and χM
versus T (4B) plots. The χMT product for [Fe2(μ-OH)2(bik)4](NO3)4·2H2O at 300 K is 4.71
cm3 mol−1 K, which is significantly lower than the spin-only value for two non-interacting
iron(III) ions with S = 5/2 (8.75 cm3 mol−1 K). The χMT value decreases down to 0.012 cm3

mol−1 K at 10 K due to antiferromagnetic coupling of the two iron(III) centers. The
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experimental data were fitted to the expression for the molar susceptibility derived from the
Hamiltonian  = JS1·S2:55

where x = J/kT. The best fit to the χMT versus T curve gave g = 2 and the exchange
parameter J = 35.9 cm−1 (R = 8.9 x 10−4).

The J value is larger than the reported J values for other dinuclear bis(μ-hydroxido)iron(III)
compounds (6 < J < 22 cm−1).43,45–48,50,51 The magnitude of the exchange parameter J has
been shown to increase with decreasing Fe–O distance (see below).56,57 Indeed, 1 has the
shortest average Fe–O bond length of crystallographically characterized [FeIII(μ-OH)2]
complexes for which J has been reported. Interestingly, the observed J value for 1 is rather
similar to the exchange parameter that was recently reported for the first crystallographically
characterized diiron(III) compound with a single hydroxide bridge (J = 41.8 cm−1).57

Mössbauer analysis of 1
The 4.2 K, 0.04 T Mössbauer spectrum of a polycrystalline sample of 1 consists of a
quadrupole doublet with isomer shift δ = 0.45 mm/s and quadrupole splitting ΔEQ = 0.26
mm/s, values that are typical for high-spin iron(III). Attempts to determine J in 1 from the
temperature dependence of high-field Mössbauer spectra as previously described by some of
us,57 were hampered by magnetic hyperfine broadening resulting from the electronic
relaxation not being entirely fast in the critical temperature range. However, if these
relaxational effects on the line position are ignored, matching peak positions are obtained for
J values of 30 to 40 cm−1. This range contains the value J = 35.9 cm−1 obtained from the
magnetic susceptibility analysis on the polycrystalline material of 1 (see above).

DFT analysis of hydrogen bonding effects on the structure and J of 1
To further explore the influence of the geometrical features and bonding interactions of the
FeIII(μ-OH)2 core on the electronic structure and resulting magnetic properties of the
complex, we have performed DFT calculations on the tetracationic complex, {1bare}, and the
dicationic nitrate-appended compound {1(NO3)2}. An overlay of the optimized DFT
geometry and the X-ray crystal structure of 1 (Figure S1 of the Supporting Information)
reveals overall a good agreement between experiment and theory. However, there are also
two clear discrepancies: Fe–O = 2.02/1.941(2) and 1.949(2) and Fe···Fe = 3.28/3.0723(6) Å
(DFT/X-ray at 150 K). The difference in the Fe···Fe separation corresponds to a 6°
difference in the Fe-O-Fe bridge angle. The discrepancy between the calculated and the
experimental Fe–O distance is rather large compared to the results obtained previously for
the singly hydroxide-bridged species [{(salten)FeIII}2(OH)]+ (3),57 i.e. 2.03/1.9961(5) Å
(DFT/X-ray at 293 K). The DFT results for the Fe–O distance in 1 and 3 (2.02 and 2.03 Å)
are nearly identical, showing that the combined effect of the differences in coordination
(N4O2 and N3O3), overall charge (+4 and +1), and number of hydroxide bridges (2 and 1)
on the Fe–O distance is small in these calculations. A plausible explanation for the shorter
Fe–O distance in the X-ray crystal structure of 1 is the presence of hydrogen bonds between
the bridging hydroxide groups and the NO3

− counter ions (see Figure 3). The implied proton
sharing may have introduced some oxide character in the hydroxide bridges, leading to
shorter Fe–O distances than obtained by DFT calculations for the isolated compound
{1bare}.
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Establishing the dependence of J on molecular structure is one of the main objectives of
magneto chemistry.55 Gorun and Lippard56 presented an empirical relationship between J in
diiron(III) complexes with oxide, hydroxide, alkoxide, … bridges supported by at least one
other bridging ligand and the quantity P, which is defined as half the shortest super-
exchange pathway between the two high-spin FeIII. In the present convention for J (  =
JS1·S2), the relationship is given by the expression JGL(P) = 1.7526 1012 exp[−12.663 P]
cm−1, with P ranging from ~1.8 Å (for oxide bridges) to ~2.0 Å (for hydroxide bridges). The
value JGL = 35.7 cm−1 for P = Fe–O = 1.944 Å (Table 1) is in remarkably good agreement
with experiment (35.9 cm−1). The agreement is, however, rather fortuitous as the J values
for the complexes with P > 1.90 Å are strongly scattered56 and exhibit large relative
deviations from JGL (a detailed view of this distance range is presented in Figure S2 of the
Supporting Information). Apparently, factors other than the Fe–O distance, such as Fe–O–Fe
bond angle, dihedral angles, and composition of the coordination sphere of the irons, may
affect J.

A broken symmetry DFT analysis of the optimized structure for the isolated compound
{1bare} yields JDFT = 46 cm−1.58 JDFT for {1bare} is close to the calculated/experimental
values reported for 3 (J = 46/42 cm−1), but is about 10 cm−1 larger than the experimental J
value obtained for 1 (35.9 cm−1); this in spite of an Fe–O distance that is calculated to be 0.1
Å longer than observed. Given the good performance of DFT in the calculation of J in 3, we
were reluctant to simply dismiss the discrepancy between JDFT and Jexp in the case of
{1bare} as a methodological shortcoming. Even if DFT were able to accurately predict the
relationship between J and structure (which, most likely, it is not), J may still be prone to
error due to differences between the optimized DFT structure and the actual X-ray crystal
structure. These structural discrepancies may be the result of methodological limitations in
the accuracy of the DFT geometry optimization, but can also have physical causes, such as
interaction of the complex with the crystalline environment. In this context, the influence of
the aforementioned hydrogen bonding interactions of the hydroxide bridges with the co-
crystallized nitrate ions need to be investigated. It is of interest to explore J as a function of
geometry to determine how differences in the DFT and X-ray crystal structures affect the
exchange parameter J. In particular, relaxed scans of J have been performed as a function of
the non-bonding Fe···Fe distance (Figure 5), using the geometry of the bare species {1bare}
and of the compound {1(NO3)2}, in which the bridging hydroxide groups are each hydrogen
bonded to a nitrate anion, as structural models. As can be seen in Figure 5, the J vs. Fe···Fe
plots obtained from the two scans are nearly identical. This implies that the hydrogen bonds
have no direct effect on J, meaning that the electronic state of the diiron(III) core and
associated J are not significantly perturbed by the presence of the hydrogen bonds, provided
the structure is kept fixed.59 However, the hydrogen bonds affect J indirectly by perturbing
the structure of the compound. Figures S3-5 of the Supporting Information show plots of
Fe–O–Fe, Fe–O, and O–H vs. Fe···Fe obtained from the two scans. The points on these
curves for the optimized structures of {1bare} and {1(NO3)2} have been indicated in these
Figures and show that the values for Fe···Fe, Fe–O–Fe, and Fe–O in the optimized structure
for {1(NO3)2} are in much better agreement with the X-ray structural data than the values
for {1bare}. Table 3 shows the effect of the hydrogen bonds on the structure in quantitative
terms. The Fe···Fe distance in {1(NO3)2} is virtually identical to the experimental value,
while the Fe–O–Fe angle and Fe–O distance are much closer to the values in the X-ray
crystal structure than those in the optimized structure for {1bare}. The only exception is the
H–O distance, which is considerably larger than the value deduced from the electron density
plot in both the optimized structures. However, such a mismatch can easily occur as the
positions of the hydrogens in crystallographic structures are generally poorly defined. Thus,
the major part of the discrepancy between the X-ray crystal structure of 1 and the DFT
optimized structure of {1bare} can be attributed to the hydrogen bonding interactions
between the bridging hydroxide groups and the co-crystallized nitrate ions.
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Figure 5 shows that J increases as a function of the Fe···Fe distance with a rate, dJ/d(FeFe),
of 78 cm−1/Å (corresponding to dJ/d(Fe-O-Fe) = 2.7 cm−1/degree) in both scans. Thus the
compound exhibits the same, intrinsic dependence of J on the structure both in the presence
and absence of the hydrogen bonds. As the Fe-Fe distance decreases under the influence of
the hydrogen bonds from 3.28 Å in the optimized structure for {1bare} to 3.07 Å in the
optimized structure for {1(NO3)2}, the J value undergoes an attendant decrease from 43.7
cm−1 to 28.4 cm−1 (in spite of a concomitant decrease in Fe–O distance from 2.03 Å to 1.97
Å, whose effect on J appears to be superseded by the angular effect). While the structural
distortion induced by the hydrogen bonding changes J in the right direction, the resulting J
value 28.4 cm−1 comes out even smaller than Jexp = 35.9 cm−1. However, the Fe–O distance
and Fe–O–Fe angle in the optimized structure for {1(NO3)2} are slightly larger and smaller,
respectively, than in the X-ray crystal structure (Table 3), requiring a decrease in the former
and increase in the latter to bridge the gap between calculated and experimental structures.
Both these changes affect J by increasing its value, further improving the agreement
between theory and experiment.

Hydrogen bonding effects on exchange-coupling constants are not without precedent in the
literature. For example, hydrogen bonding has been invoked early on to explain the
difference in the J values for oxyhemerythrin and hydroxomethemerythrin.60–62 However, it
should be noted that the latter two systems differ from 1 in two ways. First, the bridging
ligand, an O2− in hemerythrin and OH− in 1, acts as an acceptor (in the hydrogen-bond
formation with a terminal hydroperoxide ligand at one of the two Fe3+ sites) in
oxyhemerythrin and as a donor in the crystalline form of 1. Second, while the decrease in
the J value for the hydrogen bonded species (i. e., oxyhemerythrin) may result from the
increased hydroxide character (weak J) induced into the oxide bridge (strong J) by the
formation of the hydrogen bond, the decrease in the value for J induced by the hydrogen
bonds in {1(NO3

−)2} (angular effect) is accompanied by an increase in oxide character.

Formation of an [FeII(bik)3]2+ complex
Although compound 1 could be synthesized from ethanol/water and was stable enough to be
crystallized from aqueous solution, it was found to be rather unstable in methanol. Yellow-
orange solutions of 1 in methanol slowly turned dark blue in time under ambient conditions
(Figure 6).

The color change was monitored by UV-Vis absorption spectroscopy and a new band
emerged at 583 nm. The blue chromophore was identified as the [FeII(bik)3]2+ cation, by
comparison with the UV-Vis and IR data of independently synthesized [FeII(bik)3](OTf)2
(2) (vide infra). ESI-MS measurements on the blue solution showed three prominent ions,
corresponding to the {FeII(bik)3}2+ (m/z 313.18), {FeII(bik)2NO3}+ (m/z 498.21) and
{FeII(bik)3NO3}+ (m/z 688.34) cations.

The Fe(III) centers in 1 were therefore in situ reduced to give an air-stable, tris-chelated
Fe(II) compound. The formation of [FeII(bik)3]2+ has been observed before with ligand
systems based on the related bis(1-methylimidazol-2-yl)methane backbone.63–65 It should
be noted that in these previously reported examples the starting ligand itself is oxidized to
bik. Indeed, [FeII(bik)3]2+ has been identified in the iron-catalyzed oxidations of the ligands
bis(1-methylimidazol-2-yl)methanol,64 bis(1-methylimidazol-2-yl)-2-methylthioethanol,63

and bis(1-methylimidazol-2-yl)methane65 to give bik. The nature of the reducing agent in
case of the spontaneous reduction of [FeIII

2(μ-OH)2(bik)4](NO3)4 (1) to [FeII(bik)3]2+ could
so far not be established.

We also observed the formation of the [FeII(bik)3] cation in an attempt to synthesize the
analogous Fe(II) complex of [FeIII

2(μ-OH)2(bik)4](NO3)4 (1), i.e. a complex with an
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FeII
2(μ-OH)2 core. Following published procedures for the construction of such a structural

motif,66–68 equimolar amounts of Fe(OTf)2·2MeCN and sodium hydroxide were reacted
with 2 equiv. of bik in methanol. Immediately upon mixing of the reagents the solution
turned dark blue. The blue product was isolated and identified as [FeII(bik)3](OTf)2 (2) by
X-ray diffraction (vide infra). The formation of the [FeII(bik)3]2+ cation, therefore, seems to
be inevitable and can be regarded as a thermodynamic sink in the coordination chemistry of
iron and bik. For that reason, our further studies on the structure and reactivity of bik
complexes of iron were focused on the Fe(II) compound [FeII(bik)3](OTf)2 (2).

Synthesis and characterization of [FeII(bik)3](OTf)2 (2)
[FeII(bik)3](OTf)2 (2) was synthesized by the simple addition of 3 eq of bik to a solution of
Fe(OTf)2·2MeCN in methanol. Recrystallization from methanol/diethyl ether at − 30 °C
yielded 2 as a dark blue microcrystalline powder. [FeII(bik)3](OTf)2 (2) is stable under
ambient conditions. In contrast to the observed shift of the carbonyl stretch vibration in the
IR spectrum upon coordination of bik to a Fe(III) center (as in 1), no shift is observed for
[FeII(bik)3](OTf)2 (2). The carbonyl stretch vibration is found at 1629 cm−1, identical to
that in the free ligand. Four sharp vibrations at 1254, 1223, 1144, and 1028 cm−1 are
observed for the triflate anions, indicative of the presence of non-coordinated triflate
anions.69,70 In the ESI-MS spectrum of an acetonitrile solution of 2, next to the
{FeII(bik)3(OTf)2+H}+ molecular ion (m/z 925.14) the {FeII(bik)3(OTf)}+ cation (m/z
775.18) and {FeII(bik)3}2+ dication (m/z 313.07), a prominent ion is observed that
corresponds to the {FeII(bik)2(OTf)}+ cation (m/z 584.97). This shows that ligand
dissociation from the Fe(II) center is rather facile in acetonitrile. Ligand dissociation from
the coordinatively saturated complex should lead to two cis-positioned vacant sites at the
metal center. This made the readily accessible and easily synthesized 2 an attractive
candidate for exploring its potential in oxidation catalysis.

Crystal structure and spectroscopic properties of [FeII(bik)3](OTf)2·MeOH (2·MeOH)
Blue crystals of 2·MeOH suitable for X-ray diffraction were obtained by slow vapor
diffusion of diethyl ether into a solution of 2 in methanol. The crystal structure of the cation
of 2·MeOH is depicted in Figure 7 with selected bond lengths and angles in Table 4. The
iron(II) metal center in 2·MeOH is coordinated by three N,N-chelate bonded bik ligands,
resulting in a slightly distorted octahedral coordination geometry. The Fe–N distances range
from 1.9942(16) to 1.9735(16) Å and are characteristic of a low-spin iron(II) metal center (S
= 0). The co-crystallized methanol solvent molecule is hydrogen bonded to one of the triflate
anions. Although the complex is inherently chiral, the crystal overall is racemic.

Two other crystal structures with the same [FeII(bik)3]2+ cation have been reported
recently.63,71 Remarkably, the crystal structure of [FeII(bik)3](ClO4)2

63 reveals a high-spin
iron(II) compound with an average Fe–N distance of 2.14 Å, whereas in [FeII(bik)3]Cl271 a
low spin Fe(II) is found with an average Fe–N distance of 1.98 Å comparable to the Fe–N
bond lengths found for 2·MeOH. Since the structure of [FeII (bik)3](ClO4)2 was determined
at 298 K and the structures of [FeII(bik)3]Cl2 and 2·MeOH at around 150 K, these
differences in bond length suggest the presence of a temperature-induced spin-state
conversion.

Spin-crossover is not uncommon for iron(II)-d6 metal complexes with an N6 donor set72 and
spin-crossover has been reported for [FeII(bik)3](BF4)2.73 The paramagnetism of
[FeII(bik)3](OTf)2 (2) at room temperature and the spin-state change to a diamagnetic low-
spin species is also readily apparent in solution from the variable temperature 1H NMR
spectra of 2 (Figure 8). At 298 K the three signals of the imidazole ring are observed at
chemical shifts of 4.18 (Him), 7.58 (NCH3) and 18.04 (Him) ppm, the chemical shifts and
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broadening also being indicative of a solution consisting of a mixture of both high and low
spin species in fast exchange. The signals gradually shift to the diamagnetic region upon
cooling the sample and are found close to the values of the free ligand at 193 K. Heating of
the sample results in an increased population of the high spin state and subsequent further
paramagnetic shifting of the signals. At 333 K for instance, the imidazole proton signal at
the highest frequency is found at 27.49 ppm.

This interpretation is further substantiated by the change of solution magnetic moments of 2
determined at various temperatures by Evans’ NMR method (Figure 8, insert).74,75 At room
temperature (298 K) the solution magnetic moment amounts to 3.3 μB, which corresponds to
a mixture of high-spin and low-spin iron(II) configurations. Upon heating the sample to 323
K the magnetic moment increased to 3.9 μB. A gradual decrease of the solution magnetic
moment to 2.4 μB at 268 K was observed upon cooling. This method did not allow the
determination of the magnetic moment at temperatures lower than 268 K, since coalescence
of the two probe signals was observed below this temperature. The magnetic properties of
solid 2·MeOH were further studied by a variable temperature magnetic susceptibility
determination (vide infra).

The visible region of the absorption spectra of [FeII(bik)3](OTf)2 (2) is dominated by an
absorption around 590 nm at room temperature, causing the blue color of the compound.
Upon cooling of a solution of 2 in methanol the absorption band increases in intensity (ε298K
4500, ε203K 7500 M−1 cm−1) and is slightly red shifted (λ298K 583, λ203K 592 nm). This
intensification upon cooling illustrates that the blue color is associated with an electronic
transition of the low-spin species.

Magnetic properties of 2
The thermal variation in the magnetic susceptibility measured for compound [FeII(bik)3]
(OTf)2·MeOH (2·MeOH) under an applied magnetic field of 1 kG in the temperature range
of 6 to 400 K is shown in Figure 9A. In the first heating run, the compound shows a
diamagnetic response to the magnetic field from 0 to 200 K (Figure 9A, ⋄) until it reaches
temperatures around 250 K where the χMT value gradually increases. At 400 K χMT = 2.79
cm3 mol−1 K, indicating that a fraction of the metal centers are still in the low-spin state and
that the transition is thus not complete (FeII(HS), S = 2, χMT ≈ 3 cm3 mol−1 K). In the
subsequent cooling run (Figure 9A, ○) the system reverts to the diamagnetic (S = 0) state,
thereby following a different path than in the heating run (hysteresis). However, the
hysteresis vanishes in subsequent temperature runs (Figure 9A, ▵). Thus, the material shows
an irreversible change during the first heating, possibly due to solvent loss.

To verify this possibility, a thermogravimetric analysis (TGA) was performed in the
temperature range of 293 to 573 K. Indeed, the compound loses 3.2% of its total mass
between 303 and 373 K and then stays stable until a temperature of 523 K, above which a
second decrease is observed (data not shown). The latter decrease is probably due to
decomposition of the compound. As noted previously, compound 2·MeOH crystallizes in
the presence of methanol lattice solvent molecules. Their presence corresponds to 3.4% of
the total mass, which nicely matches to the observed weight loss upon heating. That the loss
of solvent in the aforementioned temperature range is responsible for the change in the
magnetic response is further confirmed by measuring the magnetic susceptibility of
2·MeOH on cooling it first from room temperature to 6 K and then heating it back again. As
shown in Figure 9B, 2·MeOH traces now the same path in both the cooling and the heating
modes.

The effect of solvent molecules on spin crossover has attracted much attention.76–78

Hydrogen bonding has been considered as one of the causes for solvent effects. In 2·MeOH,
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the co-crystallized methanol is hydrogen bonded to a triflate anion and also, albeit more
weakly, to the methyl group of an imidazole. The observed solvent effect could therefore be
due to the hydrogen bonding. Alternately, the changes in the χMT vs. T curve may also arise
from a structural rearrangement of the compound accompanying the solvent loss. In any
case, the spin crossover behavior is only mildly affected by the solvent loss. The
concomitant shift in transition temperature is about 25 K (T½, solvent > T½, no solvent).

Oxidation catalysis
The instability of 1 in solution and its subsequent transformation into 2, prompted us to
study the latter rather than the former compound as a potential oxidation catalyst. The facile
dissociation of (at least) one bik ligand from the metal center in acetonitrile, as evidenced by
the ESI-MS measurements, results in the availability of two vacant sites at the metal center
and would render the coordinatively saturated non-heme iron(II) compound 2 a suitable
precatalyst for mediating oxidation reactions. The catalytic activity of 2 in the oxidation of
alkanes and alkenes was tested with H2O2 and t-BuOOH as the terminal oxidants.

Alkane functionalization experiments were typically carried out in acetonitrile at room
temperature. The oxidant was added dropwise to the reaction mixture with a final
1:100:1000 ratio of 2:oxidant:substrate. Samples were taken three hours after the start of the
addition of oxidant. No significant amounts of product were observed in the oxidation of
alkanes with hydrogen peroxide as oxidant. The use of tert-butylhydrogen peroxide,
however, did result in product formation in reactions of 2 with adamantane, cyclohexane and
ethylbenzene. The product distribution for the oxidation of adamantane under various
conditions is given in Table 5.

Compound 2 oxidizes adamantane with up to 26% efficiency based on the oxidant. A high
3°/2° value of 19.9 is observed under standard conditions (acetonitrile, air). This value
further increases when the reaction is carried out under N2 atmosphere (22.5) or when
acetone is used as the solvent (29.6). Adamantane is commonly employed as a mechanistic
probe for alkane oxidation and a high selectivity for oxidation at the tertiary position, i.e. a
high 3°/2° value, is indicative for involvement of a more discriminating oxidant than freely
diffusing hydroxyl or tert-butoxyl radicals.79 The latter would result in a 3°/2° value of up to
around 10.79 Reported regioselectivities of adamantane oxidation for different non-heme
iron/t-BuOOH systems19,80–85 vary from 2.7 to 15.4, with the Gif-type systems on the lower
end of the scale80 and values of 12.6 and 15.4, for instance, reported for
[Fe(Py(ProMe)2(OTf)2]81 (Py(ProMe)2, 2,6-bis[[(S)-2-(methyloxycarbonyl)-1-
pyrrolidinyl]methyl]pyridine) and [Fe2OL2(NO3)2(MeOH)2]85 (L, 2,6-bis(N-
methylbenzimidazol-2-yl)pyridine), respectively. The 3°/2° values observed for 2 seem
amongst the highest reported for a non-heme iron/t-BuOOH system and thus suggest the
involvement of an active oxidant more selective than free alkyloxy radicals.

Under standard reaction conditions, cyclohexane was converted with 27% efficiency to
cyclohexanol and cyclohexanone with an alcohol to ketone ratio (A/K) of 0.6. A sharp drop
in conversion to around 10% is observed when the reaction is carried out either in acetone, a
known scavenger of oxygen-centered radicals, or under an N2 atmosphere. Similar
observations were made for ethylbenzene. The catalytic oxidation of ethylbenzene yielded
both acetophenone and 1-phenylethanol with high turnovers and 79% conversion of the
oxidant. Acetophenone was the major product (A/K = 0.4). Performing the reaction under a
nitrogen atmosphere again had a dramatic effect. Conversion dropped to less than 2% and
almost no acetophenone or 1-phenylethanol was formed. Finally, the oxidation of the probe
substrate cis-1,2-dimethylcyclohexane proceeded only to a limited extent. Both cis- and
trans-1,2-dimethylcyclohexanol were formed and many side products, such as secondary
alcohols and ketones were detected as well. The stereoselectivity of the reaction was very
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limited with only 27% retention of configuration. Data on these catalytic oxidations is
reported in Table 6.

Despite the promisingly high 3°/2° values obtained in the oxidation of adamantane, the
results obtained in the oxidation of cyclohexane, ethylbenzene and cis-1,2-
dimethylcyclohexane point to the operation of a free radical-based rather than a metal-based
oxidation mechanism under the conditions described here. The low A/K value, the (strong)
dioxygen dependence, and the low retention of configuration all point to the formation of
long-lived free radicals.86,87 Alkyloxy radicals could be the result of homolytic cleavage of
a tentative iron(III)-tert-butylperoxide species, as has been evidenced in a few cases.81,88

The rather powerful tert-butoxy radical then abstracts a hydrogen atom from the alkane to
give a long-lived alkyl radical. The free alkyl radicals combine with dioxygen and yield the
products in Russell-type termination steps. Although the alkane oxidations of 2/t-BuOOH
seem to be dominated by free radical chemistry, the high 3°/2° value of 29.6 in the oxidation
of adamantane in acetone suggest that other chemically competent oxidants are present in
solution as well. The possibility of other mechanisms with different oxidizing species, e.g.
metal-based hydrogen abstraction with the formed radicals diffusing into solution, can
therefore not be excluded.

The reactivity of 2/H2O2 towards several different alkenes was also investigated. The alkene
oxidation reactions were studied under similar experimental conditions as used for the
alkane oxidations (acetonitrile, 2:H2O2:substrate, 1:100:1000). The 2/H2O2 combination
was found to be active in olefin oxidation with conversions up to 17% and the results are
listed in Table 7.

While the alkane oxidations reactions were completed after three hours, the olefin oxidations
required longer reaction times. Monitoring the reaction in time showed an increase in
product formation up to seven hours after the start of the dropwise addition of oxidant. The
slow consumption of oxidant suggested that the slow, dropwise addition of oxidation was
unnecessary under these conditions. Indeed, when all oxidant was added at once, similar
results were obtained. The slow, dropwise addition is usually employed to minimize
hydrogen peroxide disproportionation (catalase side reaction). Here, this non-productive
consumption of H2O2 apparently proceeds at a comparably slow rate. Cyclooctene as
substrate afforded the epoxide as the sole product with up to 15% conversion of the oxidant.

We tested the influence of acetic acid as an additive in the oxidation of cyclooctene by 2/
H2O2 (Table 8), since it has been reported to result in an increase in catalytic activity89 or
change in product selectivity.90 In this case, the addition of 30 or 100 eq of acetic acid had a
detrimental effect on the catalytic activity, which dropped to 4% with 100 eq of additive.

Styrene was epoxidized with an efficiency of about 15%, with concomitant formation of
some benzaldehyde. 1-Octene and cyclohexene proved to be poorer substrates for the
combination 2/H2O2 with only 7% and 3% conversions, respectively, and predominant
formation of allylic oxidation products for the latter substrate. The stereoselectivity of the
oxidations was studied by the oxidation of the isomeric cis- and trans-2-heptenes. The
epoxidation of trans-2-heptene occurs with high stereoselectivity, i.e. 94% retention of
configuration (RC). The stereoretention in the oxidation of cis-2-heptene is somewhat lower
(RC = 77%), which means that some isomerization of an oxidized intermediate to the more
stable trans isomer happens prior to epoxide ring formation. The observed stereoselectivity
suggests the involvement of a metal-based oxidant and the formation of a substrate radical
type intermediate.91 This substrate radical species would allow the partial isomerization
observed for cis-2-heptene before epoxide ring formation and would account for the
observed benzaldehyde formation in the styrene oxidation.92
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The olefin oxidations described above were all conducted with excess substrate with respect
to the oxidant. From a practical point of view, however, it is desirable to develop a system
capable of doing the oxidations under limiting substrate conditions. Jacobsen et al., for
instance, reported the selective olefin epoxidation by a non-heme iron complex using 1.5 eq
of H2O2 with respect to the substrate.89 Que et al obtained both epoxide and diol products
under limiting substrate conditions with 4 eq of H2O2.93 To investigate if 2 could also
mediate olefin oxidation under limiting substrate conditions, different substrate to oxidant
ratios were tested (Table 8). The results were found to vary significantly and maximum
conversion of about 23% of the substrate to cyclooctene oxide was found using two
equivalents of hydrogen peroxide with respect to the substrate. The use of both more or less
than two equivalents resulted in a decrease in observed turnover. Two equivalents of
hydrogen peroxide is the apparent optimum for the two competing pathways, i.e. substrate
oxidation versus catalase activity.

Conclusions
The study of the iron coordination chemistry of the simple bik building block resulted in the
isolation of a Fe(III) and a Fe(II) complex and the structural, magnetic and catalytic
properties of these compounds were studied. The self-assembly of the [FeIII

2(μ-OH)2]4+
core of the dinuclear compound 1 with bik provides an easy access to this interesting
structure. The antiferromagnetic coupling of the metal centers was expected, but the
observed J value, determined by independent analysis of magnetic susceptibility data and
Mössbauer spectra, is larger than reported for other FeIII

2(μ-OH)2 species but smaller than
for the singly bridged compound [{(salten)FeIII}2(OH)]+. DFT calculations show that
hydrogen bonding interactions of the bridging hydroxide groups with the co-crystallized
nitrates in 1 reduces the Fe–OH distance by 0.07 Å and the Fe–O–Fe angle by 4.5°, leading
to a 35% reduction in the value for J. 1 is actually the first example of a system where the
exchange coupling constant is controlled by hydrogen bonding with hydroxido
superexchange bridges as the donors. The instability of 1 in solution did not allow the study
of 1 as a potential oxidation catalyst. The decomposition product of 1 was identified as
[FeII(bik)3]2+. [FeII(bik)3](OTf)2 (2) was independently synthesized and showed spin-
crossover behavior at T ~ 350 K and was active in the oxidation of alkanes and alkenes. The
fact that 2 is an air-stable Fe(II) compound, which can be easily obtained in one step,
renders compound 2 a good starting point for the development of efficient catalysts for the
oxidation of alkanes and alkenes by chemical modification.
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Figure 1.
Some selected ligands used in mono- and dinuclear non-heme iron oxidation catalysis,
including the bik ligand used in this study.
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Figure 2.
Molecular structure of the dinuclear [FeIII

2(μ-OH)2(bik)4]4+ cation of 1 in the crystal. All
C–H hydrogen atoms, nitrate anions and co-crystallized water molecules have been omitted
for clarity. Displacement ellipsoids are drawn at the 50% probability level. Symmetry
operation a: 1–x, y, 1/2–z.

Bruijnincx et al. Page 19

Inorg Chem. Author manuscript; available in PMC 2012 October 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Hydrogen bonding interactions in [FeIII

2(μ-OH)2(bik)4](NO3)4·2H2O (1). Left: Hydrogen
bonds between two nitrate anions and the [FeIII

2(μ-OH)2(bik)4]4+ cation of 1. The FeIII
2(μ-

OH)2 core with donor atoms and the two hydrogen bonded nitrate anions are shown. Right:
Hydrogen bonds resulting in infinite linear chains. Symmetry operation i: 1/2 – x, 1/2 – y, 1
– z.
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Figure 4.
Plots of χMT versus T (A) and χM versus T (B) for 1 from 2 to 300 K in 0.08 T field.
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Figure 5.
Exchange-coupling constant J for {1bare} (○) and {1(NO3)2} (□) calculated with relaxed
DFT scans as a function of Fe···Fe distance. The solid circle and solid square labeled “opt”
are the results for the optimized structures of {1bare} and {1(NO3)2}. The experimental data
point is labeled “exp”. The upper curve is obtained from the curve though the data points for
{1bare} by multiplication with 1.25.
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Figure 6.
UV-Vis spectral changes observed for 1 (0.34 mM) in methanol at room temperature
showing the formation of an [FeII(bik)3]2+ species (t = 120 min). The UV-Vis spectrum of
independently synthesized [FeII(bik)3](OTf)2 (2) (0.3 mM) is included for comparison.
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Figure 7.
Molecular structure of the [FeII(bik)3]2+ cation in the crystal of 2·MeOH at 150 K All
hydrogen atoms, triflate anions and the co-crystallized methanol molecule have been
omitted for clarity. Displacement ellipsoids are drawn at the 50% probability level.
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Figure 8.
1H NMR spectral changes upon cooling a solution of [FeII(bik)3](OTf)2 (2) in methanol-d4.
The inset shows the changes in the solution magnetic moment at various temperatures.
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Figure 9.
Thermal variation of the χMT product of [FeII(bik)3](OTf)2·MeOH (2·MeOH). A: χMT
versus T plot upon heating from 6 K to 400 K (◇), subsequent cooling (△), second heating
(○). B: χMT versus T plot of 2·MeOH when cooling first from room temperature to 6 K (◇)
and back up again (○).
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Table 2

Hydrogen bond lengths (Å) and angles (°) for [FeIII
2(μ-OH)2(bik)4](NO3)4·2H2O (1). Symmetry operation i:

1/2 – x, 1/2 – y, 1 – z, ii: 1/2 – x, 1/2 + y, 1/2 – z

Donor–H ··· Acceptor D–H H ··· A D ··· A D–H ··· A

O3–H3A ··· O7i 0.81(2) 2.43(3) 3.022(3) 130(4)

O3–H3A ··· O8i 0.81(2) 1.82(2) 2.623(3) 171(4)

O10–H10A ··· O5 0.87(4) 2.22(4) 3.024(6) 154(4)

O10–H10B ··· O 4ii 0.85(3) 2.05(3) 2.903(6) 176(3)
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Table 3

Selected structural parameters and exchange coupling constant obtained from experiment and DFT geometry
optimization and BS calculation with and without hydrogen bonds to nitrate

X-ray crystal structure DFT (optimized) Magnetic susceptibility measurements

{1bare} {1(NO3)2}

Fe···Fe (Å) 3.0723(6) 3.281 3.078

Fe–O–Fe (°) 104.32(9) 107.5 103.0

Fe–O (Å) 1.941(2) and 1.949(2) 2.034 1.966

H–O (Å) 0.815(19) 0.969 1.024

J (cm−1) 43.7 28.4 35.9
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Table 5

Oxidation of adamantane catalyzed by [Fe(bik)3](OTf)2 (2) with t-BuOOHa

Conditions adamant-1-olb adamant-2-olb adamant-2-oneb 3°/2°c

acetonitrile, air 20.6 0.3 2.8 19.9

acetonitrile, N2 15.0 n.d.d 2.0 22.5

acetone, air 23.7 n.d. 2.4 29.6

a
For reaction conditions: see experimental section.

b
Yields expressed as turnover numbers (TON = mol product/mol catalyst).

c
3°/2° = 3*(TON adamant-1-ol)/(TON adamant-2-ol + TON adamant-2-one).

d
Not detected.

Inorg Chem. Author manuscript; available in PMC 2012 October 3.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Bruijnincx et al. Page 32

Table 6

Oxidation of alkanes by [FeII(bik)3](OTf)2 (2) with t-BuOOHa

Substrate Product TONb Remarks

cyclohexane cyclohexanol (A) 10.4 acetonitrile, air

cyclohexanone (K) 16.9 A/K = 0.6

cyclohexane cyclohexanol 4.0 acetone, air

cyclohexanone 6.4 A/K = 0.6

cyclohexane cyclohexanol 4.0 acetonitrile, N2

cyclohexanone 5.7 A/K = 0.7

ethylbenzene 1-phenylethanol 21.5 acetonitrile, air

acetophenone 57.9 A/K = 0.4

ethylbenzene 1-phenylethanol 0.2 acetonitrile, N2

acetophenone 1.7

cis-1,2-dimethylcyclohexaned cis-1,2-ol 2.2 acetonitrile, air

trans-1,2-ol 1.3 RC = 27%c

a
For reaction conditions: see experimental section.

b
Yields expressed as turnover numbers (TON = mol product/mol catalyst).

c
Retention of configuration, [%RC] = 100 × (cis-1,2-ol − trans-1,2-ol)/(cis-1,2-ol + trans-1,2-ol).

d
Secondary alcohols and ketones not quantified.
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Table 7

Oxidation of alkenes catalyzed by [Fe(bik)3](OTf)2 (2) with H2O2
a

Substrate Epoxide (TON)b (dropwise addition of H2O2) Epoxide (TON)b (addition of H2O2 at once)

1 hour 7 hours 1 hour 7 hours

cyclooctene 6.8 14.7 6.9 14.1

styrenec,d 7.7 (5.7) 14.5 (6.1) 7.3 (5.9) 12.8 (5.9)

1-octene 3.4 7.0 3.2 6.5

cyclohexened,e 2.0 (15.6/13.8) 2.8 (24.2/17.6) 1.8 (17.2/14.7) 2.6 (22.3/15.3)

trans-2-heptenef 5.6 [93] 13.5 [91] 5.8 [88] 12.7 [94]

cis-2-heptenef 6.7 [62] 16.9 [77] 7.1 [64] 17.1 [77]

a
For reaction conditions: see experimental section.

b
Yields expressed as turnover numbers (TON = mol product/mol catalyst).

c
Value in brackets is the observed TON for benzaldehyde formation.

d
Reactions done under N2 atmosphere.

e
Values in brackets are the observed TONs for 2-cyclohexen-1-ol and 2-cyclohexen-1-one, respectively.

f
Values in square brackets are the retention of configuration values, [%RC] = 100 × (A − B)/(A + B), where A is the epoxide with retention and B

is the epimer.
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