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Abstract

The synthesis and characterisation of a novel Fe(II) bisphenolate complex [Fe(OC6H4CH2NMe2-2)2]2 (1) from
[Na(OC6H4CH2NMe2-2)] and anhydrous FeCl2 is reported. The solid state structure has been elucidated by single crystal X-ray
analysis and shows a dimeric structure with two bridging and two terminal phenolate ligands. Compound 1 reacts with pyridine
to form the adduct [Fe(OC6H4CH2NMe2-2)2(py)2] (2). Similarly, 2 equiv. of [Na(OC6H2(CH2NMe2)2-2,6-Me-4)] were reacted with
FeCl2 and the thus in situ prepared ‘[Fe(OC6H2(CH2NMe2)2-2,6-Me-4)2]n ’ (3) was reacted with pyridine to form the adduct
[Fe(OC6H2(CH2NMe2)2-2,6-Me-4)2(pyr)2] (4). Compound 4 was characterised by single crystal X-ray analysis. Attempts to use
these compounds as catalysts in the oxidation of cyclohexane with t-butylhydroperoxide (cat.:C6H12:t-BuOOH=1:1000:100)
resulted in the direct formation of brown coloured products, probably as a result of irreversible oxidation of 1, 2, 3 and 4,
respectively. No cyclohexanol or cyclohexanone was formed. © 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

The synthesis and characterisation of mono- and
binuclear iron complexes has been the subject of many
articles published in the literature because they play an
important role in selective catalystic oxidation reactions
in nature [1,2]. Mononuclear complexes have been re-
ported by Que and co-workers [3], Nashida and Ya-
mada [4] and Tachibana et al. [5]. Catalytic oxidation
activity using iron–oxygen complexes and an oxygen
source like O2, H2O2 or t-butylhydroperoxide was re-
ported by different groups, although turnover numbers
do not generally exceed 100 per hour [6–8]. The most
active compound reported by Que and co-workers [3]
contains an Fe(III) unit, two phenolate ligands and

four neutral nitrogen donor ligands. The presence of at
least one free coordination site at one of the iron ions
and stabilisation of different oxidation states of the iron
ions appeared to be a prerequisite for the observation
of any significant catalytic activity [9].

In order to develop new mononuclear and binuclear
iron complexes that possess such properties, it is neces-
sary to choose ligands that can stabilise higher oxida-
tion states of the metal centre, create an open
coordination site at the same time and can serve as a
bridging moiety between two different iron nuclei.

Monoanionic bi- and tri-dentate phenolate ligands
containing one or more potentially tertiary N-donor
substituents are able to compromise these conditions.
In order to accommodate the iron-group metals with
high oxidation numbers, we have chosen the ligands in
Fig. 1, which contain potentially intramolecularly coor-
dinating tertiary trialkyl amino substituents.

These ligand systems can stabilise the metal centre
through coordination of the donor substituents. The
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Fig. 1. Selected monoanionic, ortho mono- and bis-chelating phenoxy
ligands.

Scheme 1. Synthesis of [Fe(OC6H4CH2NMe2-2)2]2 (1) and the
pyridine adduct [Fe(OC6H4CH2NMe2-2)2(py)2] (2).

phenolate ligand B has been found to be especially
suitable for the coordination of two or more metal
atoms, which is of importance for the preparation of a
single bimetallic complex. Examples of sodium, alu-
minium and yttrium or mixed sodium/yttrium and
sodium/lutetium complexes have been reported by our
group [10] and manganese [11], copper [12,13], iron
[14], lithium [15], barium [16] and potassium [16] com-
plexes of similar phenolate ligands by others.

Here we report on the synthesis, reactivity and struc-
tural aspects of the new iron(II) phenolate complexes
[Fe(OC6H4CH2NMe2-2)2]2 (1), [Fe(OC6H4CH2NMe2-
2)2(py)2] (2), in situ prepared ‘[Fe(OC6H2(CH2NMe2)2-
2,6-Me-4)2]n ’ (3) and [Fe(OC6H2(CH2NMe2)2-2,6-Me-
4)2(py)2] (4).

2. Results

Reaction of 2 equiv. of the sodium phenolate
[Na(OC6H4CH2NMe2-2)] [17] with anhydrous iron(II)
chloride in Et2O at ambient temperature affords, in
virtually quantitative yield, the iron(II) bisphenolate
complex [Fe(OC6H4CH2NMe2-2)2]2 (1) (see Scheme 1).

Complex 1 is an off-white coloured solid which turns
brown within 5 min upon exposure to air. The iron
phenolate 1 is soluble in most polar and non-polar
organic solvents and is thermally stable as a solid up to
200°C. The 1H NMR spectrum of the compound in
THF-d8 shows both sharp and broad signals that span
75 ppm. These data are indicative of a high spin Fe(II)
complex in which the two iron centres are probably
antiferromagnetically coupled [18]. Upon exposure to
air these signals tend to sharpen and ultimately span a
spectral width from 26 to −1 ppm. However, neither a
solution of the iron(II) compound 1 nor the brown
products obtained after reaction with air show EPR
signals at room temperature (r.t.). Cooling of the solid
in liquid nitrogen did not change the colour of 1
indicating that temperature-dependent electron redistri-
bution does not take place. To elucidate the geometry
of this iron compound and prove the intramolecular
nitrogen coordination an X-ray structure determination
was carried out.

Yellowish crystals suitable for X-ray analysis were
obtained by slow distillation of pentane into a THF

solution of 1 at −20°C. The molecular structure of 1,
with the adopted numbering scheme, is depicted in Fig.
2. Table 1 shows some important distances and angles
in the molecule.

In the solid state 1 is a dimeric iron(II) species with
an inversion point positioned at the crossing of the
virtual lines Fe1–Fe1a and O1–O1a. The compound
contains two bridging and two terminal phenoxide
groups. The Fe2O4 core is essentially planar. The nitro-
gens of both a bridging and a terminal ligand are
coordinated to each of the two iron ions. The iron ions
are penta-coordinated in a square pyramidal fashion
(82.5% along the Berry pseudorotation coordinate from
trigonal-bipyramidal to square-pyramidal geometry)
with the terminal oxygens at the apical positions.
Bartlett et al. [14] have found a similar solid state
structure for [Fe(OC6H2-2,4,6-t-Bu3)2]2.

Reaction of 1 with pyridine affords the pyridine
adduct 2 (see Scheme 2). Upon addition of the pyridine
the colour immediately changes from yellow to dark
red. After removal of the solvents a red solid was
obtained of which the 1H NMR spectrum spans a range
of 100 ppm at r.t. in C6D6. The broad and sharp
resonances with chemical shifts between 85 and −25
ppm are characteristic of a high-spin Fe(II) compound
[18]. No EPR resonances were found at r.t. The mass
balance and elemental analysis were in agreement with
the general formula [Fe(OC6H4CH2NMe2-2)2(py)2] (2).
The red solid also turned brown upon exposure to air,
but this product is less reactive towards air compared
to 1.

When 2 equiv. of Na(OC6H2(CH2NMe2)2-2,6-Me-4)
[17] were reacted with FeCl2 at ambient temperature
and subsequent removal of the NaCl formed, a mixture
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Fig. 2. ORTEP drawing (50% probability atomic displacement ellipsoids) of 1. Hydrogen atoms have been omitted for clarity.

of a very air-sensitive white solid and a brown oil was
obtained. Attempts to purify both species were unsuc-
cessful because of the high solubility of the brown oil
and the air sensitivity of both the oil and the white
solid. The mixture showed broad 1H NMR signals in
the range of 37–0 ppm spectral width. Upon exposure
to air, the NMR spectrum changed (new resonances
showed between 28 and 0 ppm) indicating the forma-
tion of new compounds, which did not show EPR
signals at r.t. When the earlier mentioned mixture of
the very air-sensitive white solid and the brown oil were
reacted with an excess of pyridine again a red com-
pound was obtained in high yield; the mass balance of
the reaction indicated that the pyridine adduct

[Fe(OC6H2(CH2NMe2)2-2,6-Me-4)2(pyr)2] (4) had been
formed (see Scheme 2).

Cooling the solid in liquid nitrogen did not change
the colour of 4 which shows that again electron redistri-
bution does not take place. To elucidate the geometry
of this iron compound, an X-ray structure determina-
tion was carried out. Red crystals suitable for X-ray
analysis were obtained by cooling a saturated ether
solution of 4 to −20°C. The molecular structure of 4,
with the adopted numbering scheme, is depicted in Fig.
3. Table 1 shows some important distances and angles
in the molecule.

The single crystal X-ray structure determination
showed 4 to contain one iron(II) centre bound to two
phenoxide ligands and two pyridine ligands. The struc-
ture has an inversion point positioned at the iron
centre. The iron atom is almost perfectly octahedrally
surrounded by the two monoanionic, bidentate
[OC6H2(CH2NMe2)2-2,6-Me-4]− ligands and two
pyridines. Each of the two phenolate ligands uses one
of its ortho-amino substituents to coordinate to the iron
atom, while the second ortho-amino substituent is pen-
dant. The 1H NMR spectrum of 4 showed broad peaks
spanning a spectral width from 37 to 0 ppm in C6D6,
characteristic of a high-spin iron(II) compound [18].
Upon exposure to air 4 quickly changes colour from
red to brown, both in solution and in the solid state.
Both compound 4 and the brown products obtained
after reaction with air are EPR silent.

Attempts to use the new Fe(II) bisphenolate com-
plexes as catalysts in the oxidation of cyclohexane, with
t-butylhydroperoxide as the oxygen source, were unsuc-
cessful (molar ratio catalyst:substrate:oxidant=
1:1000:100). Immediately after addition of the hydro-
peroxide solution the colour of the reaction mixtures
changed to brown. Attempts to isolate and characte-
rise the brown soluble oils that had formed were

Table 1
Selected geometrical details of 1 a and 4 a

1 4

Bond lengths (A, )
3.2602(15)Fe1–Fe1a Fe1–O1 1.983(2)

Fe1–O1 bridge 2.152(3) 2.354(3)Fe1–N1
Fe1–O2 terminal 2.273(2)1.942(3) Fe1–N3

1.328(3)O1–C12.024(3)Fe1–O1a bridge
Fe1–N2 2.227(5)

2.289(3)Fe1–N1
1.351(5)O1–C11
1.350(6)O2–C21

Bond angles (°)
Fe1–O1–Fe1a 180.0(4)O1–Fe1–O1a102.61(13)

N1–Fe–N3 89.79(9)77.39(12)O1–Fe1–O1a
131.2(3) 132.48(16)Fe1a–O1–C11 Fe1–O1–C1
117.8(3)Fe1–O2–C21 N3–Fe–N3a 180.0(8)

O1–Fe1–O2 164.95(16)
N1–Fe1–N2 111.37(15)

a The estimated standard deviations of the last significant digits are
shown in parentheses.
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Scheme 2. Synthesis of the pyridine adduct [Fe(OC6H2(CH2NMe2)2-
2,6-Me-4)2(pyr)2] (4).

products obtained after reaction with air at r.t. indi-
cates that either the compounds are EPR silent or the
resonances are too broad to be observed. The NMR
spectra of compounds 1 and 2, in situ prepared 3 and 4
have characteristic patterns but cannot be used to
characterise the compounds structurally.

Compound 3 could not be isolated as a pure com-
pound. Attempts to characterise the products of its
formation reaction always showed a mixture of starting
compounds and high-spin iron(II) species. Although we
were unable to isolate or structurally characterise 3, we
presume that a dimeric iron(II) complex with a non-co-
ordinating second dimethylamino ortho-substituent,
similar to 1, is formed during the initial reaction of the
sodium phenolate and FeCl2. The almost quantitative
formation of NaCl could be detected. Moreover, addi-
tion of pyridine gave its pyridine adduct 4 in a high
yield.

The terminal phenolate ligands in the solid state
structures of 1 and 4 show different bond distances and
bond angles. The Fe–O and Fe–N distances for com-
pound 1 are shorter (Fe1–O2=1.942(3) and Fe1–
N2=2.227(5) A, ) than those in 4 (Fe1–O1=1.983(2)
and Fe1–N1=2.354(3) A, ). In contrast the O2–C21
distance in 1 is longer (1.350(6) A, ) than this distance in
4 (O1–C1=1.328(3) A, ). The angle between Fe1, O2
and C21 in 1 (117.8(3)°) is much smaller compared to
the same angle in compound 4 (132.48(16)°).

Compound 1 is more asymmetric than the similar
iron phenolate [Fe(OC6H2-2,4,6-t-Bu3)2]2 reported by
Bartlett [14]. This is a result of (i) the presence of two
coordinating amino substituents in 1, which reduces the
Lewis acidity of the metal centre, and (ii) the formation
of the six-membered chelate rings, which pull the ligand
over, leading to relatively small Fe–O–C bond angles
and reduce the s-character in the Fe–O bond.

unsuccessful. No oxidation products like cyclohexanol
or cyclohexanone were found.

3. Discussion

The fact that no EPR signals were found for the iron
compounds 1 and 2, in situ prepared ‘[Fe(OC6H2-
(CH2NMe2)2-2,6-Me-4)2]n ’ (3) and 4 and the brown

Fig. 3. ORTEP drawing (50% probability atomic displacement ellipsoids) of 4. Hydrogen atoms have been omitted for clarity.
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4. Conclusion

We have synthesised new iron(II) bisphenolate com-
plexes and their corresponding pyridine adducts. The
monoanionic bi- and tridentate phenolate ligands con-
taining potentially amine N donor substituents can
stabilise both mono- and binuclear Fe(II) compounds.
They all showed broad signals in 1H NMR spectra
characteristic of high spin Fe(II) complexes. No EPR
signals were observed at r.t. All compounds were sensi-
tive towards air and other dioxygen sources and were
rapidly oxidised to brown oils or solids. No catalytic
activity was found in test reactions of cyclohexane with
air or t-butylhydroperoxide due to irreversible oxida-
tion of the complexes.

5. Experimental

5.1. General

Syntheses were carried out using standard Schlenk
techniques under an atmosphere of dry, oxygen-free
nitrogen. Toluene, benzene, hexane, and pentane were
carefully dried and distilled from sodium benzophe-
none-ketyl prior to use. CH2Cl2 was distilled from
CaH2. Pyridine was dried on molecular sieves (4 A, ) and
distilled prior to use. UV–Vis were recorded on a Cary
1 using spectroscopic grade CH2Cl2 and benzene. NMR
spectra (1H and 13C {1H}) were recorded on Bruker
AC200 and Bruker AC300 spectrometers, with chemi-
cal shifts referenced to Me4Si. EPR spectra were
recorded on a Varian E-4 EPR spectrometer at r.t. in
the X-band at 9.26 GHz. Elemental analyses were
carried out by Dornis und Kolbe, Mikroanalytisches
Laboratorium, Mülheim a.d. Ruhr, Germany. The
compounds 2-[(dimethylamino)methyl] phenol [17], 2,6-
bis[(dimethylamino)methyl]-4-methylphenol [17], and
the corresponding sodium phenolates [17] were pre-
pared according to literature procedures. Anhydrous
iron(II) chloride was obtained by reaction of iron pow-
der with gaseous HCl in THF [19].

5.2. [Fe(OC6H4CH2NMe2-2)2]2 (1)

To a solution of [Na(OC6H4CH2NMe2-2)] (1.73 g,
10.0 mmol) in Et2O (100 ml) was added anhydrous
FeCl2 (0.64 g, 5.0 mmol) as a solid at ambient tempera-
ture. After stirring for 2.5 h, a white solid was collected
by centrifugation and subsequent removal of the
mother liquor. The white precipitate was extracted with
THF (3×30 ml), the precipitate was removed by cen-
trifugation and the slightly coloured THF layers were
combined. All volatiles were removed in vacuo. Wash-
ing of the solid residue with pentane (3×15 ml) and
drying in vacuo afforded 1 in an 89% yield (1.60 g) as

a cream-coloured solid. M.p. \205°C. UV–Vis
(CH2Cl2): lmax (lg o)=370 nm (3.17), 275 (3.96), 228
(4.16). 1H NMR (THF-d8, 200 MHz, 297 K) d (ppm):
−18.9, −15.5, 21.0, 22.1, 28.0, 32.6, 49.5. Anal. Calc.
for C18H24FeN2O2: C, 60.69; H, 6.79; N, 7.86. Found:
C, 59.61; H, 6.72; N, 7.75%. The elemental analysis
showed a low percentage in carbon. Because of its high
sensitiveness towards air it is possible that a percentage
had already reacted with dioxygen. Calculations of
stoichiometries in which 0.5 equiv. of dioxygen is incor-
porated in the bruto formula give better fitting. Crystals
suitable for an X-ray structure determination were ob-
tained by slow diffusion of pentane into a THF solu-
tion of 1 at −20°C.

5.3. [Fe(OC6H4CH2NMe2-2)2(py)2] (2)

To a suspension of 1 (0.79 g, 1.11 mmol) in THF (60
ml) was added dry deoxygenated pyridine (0.8 ml, 9.9
mmol). The colour changed immediately from yellow to
deep red. After 2 h the volatiles were evaporated in
vacuo. The red solid was washed three times with
pentane. The product (yield 74%) was characterised by
1H NMR, UV–Vis and elemental analysis. M.p. 135–
137°C. UV–Vis (benzene): lmax (lg o)=375 nm (3.63),
318 (3.83), 281 (4.09). 1H NMR (C6D6, 200 MHz, 297
K) d (ppm): −22.0, −6.0, 19.7, 25.1, 28.0, 34.4, 60.7.
Anal. Calc. for C28H34FeN4O2: C, 65.37; H, 6.66; N,
10.89. Found: C, 65.26; H, 6.70; N, 10.86%.

5.4. In situ prepared
‘[Fe(OC6H2(CH2NMe2)2-2,6-Me-4)2]n’ (3)

To a suspension of [Na(OC6H2(CH2NMe2)2-2,6-Me-
4)] (1.12 g, 4.58 mmol) in hexane (100 ml) was added
anhydrous FeCl2 (0.28 g, 2.21 mmol) at ambient tem-
perature. The reaction mixture was stirred for 3 h and
was used as such. Efforts to isolate 3 included the
separation of the precipitate from the slightly brown
coloured solution by decantation. The brown solution
was concentrated in vacuo to give a brown soluble oil.
Efforts to sublime this oil were in vain.

5.5. [Fe(OC6H2(CH2NMe2)2-2,6-Me-4)2(pyr)2] (4)

To a solution of 3 in hexane (100 ml) was added dry
deoxygenated pyridine (1.0 ml, 12.4 mmol). The colour
immediately changed from slightly brown to deep red.
The solvent was evaporated and the red solid was
dissolved in diethyl ether. The remaining white precipi-
tate was removed and the solvent of the diethyl ether
solution was concentrated. The remaining red solid was
washed three times with pentane. The product (yield
87%) was characterised by 1H NMR, UV–Vis, elemen-
tal and X-ray structure analysis. M.p. 152–154°C.
UV–Vis (benzene): lmax (lg o)=389 nm (3.52), 326



J.A.M. Brandts et al. / Inorganica Chimica Acta 291 (1999) 326–332J.A.M. Brandts et al. / Inorganica Chimica Acta 291 (1999) 326–332 331

(3.69), 292 (3.91). 1H NMR (C6D6, 200 MHz, 297 K) d

(ppm): 18.0, 25.7, 32.2, 36.4. Anal. Calc. for:
C36H52Fe1N6O2: C, 65.84; H, 7.98; N, 12.80. Found: C,
66.49; H, 8.06; N, 11.49%. The elemental analysis of
compound 4 gives better fitting when 0.5 equiv. of
pentane is incorporated in the sample. Pentane was
used to extract excess pyridine from the sample. Crys-
tals suitable for an X-ray structure determination were
obtained by cooling a saturated diethyl ether solution
of 4 to −20°C.

5.6. Structure determination and refinement of 1 and 4

X-ray data were collected on an Enraf–Nonius
CAD4T rotating anode diffractometer for a transpar-
ent, yellowish (1) or red (4) crystal glued on top of a
glass fibre. The unit-cell parameters were checked for
the presence of higher lattice symmetry. Data were
corrected for Lorentz polarisation effects. An empirical
absorption correction was applied (PLATON/DELABS)
[20]. The structures were solved by Direct methods and
subsequent difference Fourier techniques (SHELXS86)
[21]. Refinement on F2 was carried out by full-matrix
least-squares techniques (SHELXL93) [22] using no ob-
servance criterion. Hydrogen atoms were included on
calculated positions, riding on their carrier atoms. All
non-hydrogen atoms were refined with anisotropic
atomic displacement parameters. All hydrogen atoms
were refined with a fixed isotropic atomic displacement
parameter related to the value of the equivalent
isotropic atomic displacement parameter of their carrier
atom. Weights were optimized in the final refinement
cycles. Neutral atom scattering factors and anomalous
dispersion corrections were taken from the Interna-
tional Tables for Crystallography [23]. Geometrical cal-
culations and illustrations were performed with PLATON

[20]. All calculations were performed on a DECstation
5000 cluster. Crystal data and numerical details of the
structure determinations and refinements are collected
in Table 2. Selected geometrical details of the structures
of 1 and 4 are listed in Table 1.

6. Supplementary material

Crystallographic data (excluding structure factors)
for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-102170
(structure 1) and CCDC-102171 (structure 4). Copies of
the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: +44-1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Table 2
Experimental data for the X-ray diffraction studies of 1 and 4

1 4

C36H48Fe2N4O4 C36H52FeN6O2Formula
712.50Formula weight 656.69

150150Temperature (K)
monoclinicCrystal system monoclinic

Space group C2/c (no. 15) P1( (no. 2)
24.215(9)a (A, ) 9.0735(5)
9.881(4)b (A, ) 10.1035(5)

c (A, ) 16.283(6) 10.1777(6)
102.029(4)a (°)

118.76(3) 97.409(5)b (°)
103.387(4)g (°)

3415(2) 872.22(8)Volume (A, 3)
4Z 1

1.2501.386Dcalc (g cm−3)
1504F(000) (electrons) 352
8.9m (Mo Ka) (cm−1) 4.7
0.12×0.50×0.60Crystal size (mm) 0.20×0.25×0.25
Mo Ka (0.71073) aRadiation (A, ) Mo Ka (0.71073) a

1.43, 25.00umin, umax (°) 2.1, 27.5
Scan (v/2u-mode) (°) 0.75+0.35 tan (u)1.00+0.35 tan (u)

−10, 11; 0, 15;h ; k ; l (min., max.) −11, 11; −12, 13;
−17, 18 −13, 0

Total/unique reflec- 6309, 3014 4226, 4001
tions

2295 (F\4s(F)) 3062 (F\4s(F))Observed reflections
3014, 208Nref, Npar 4001, 205

R, wR, S b 0.0617, 0.1689, 1.04 0.0531, 0.1364, 1.04
Weight (w−1) c s2(Fo

2)+(0.0726P)2s2(Fo
2)+(0.0983P)2

+0.1137P
−0.64, 0.69 −0.35, 0.53Min., max. residual

density (e A, −3)

a Graphite monochromated.
b R=�Fo�−�Fc/��Fo�. wR2={�[w(Fo

2−Fc
2)2]/�[w(Fo

2)2]}1/2.
c P= (max(Fo

2, 0)+2Fc
2)/3.
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