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Introduction

Numerous examples in the literature show that the coopera-
tion of metal centres in redox or hydrolytic reactions can
lead to significant improvements,[1] and in fact this concept
is also utilized in many metalloenzymes.[2] It therefore seems
rewarding to develop ligands that are preorganised for com-
plexation of two metal centres and thereby support their co-
operation. In this context we have recently reported the
ligand Xanthmal2� with two adjacent diethyl malonate bind-
ing sites linked by a xanthene backbone,[3] which is utilised

in the present study for the
preparation of a dinuclear
iron(II) complex. The question
arose whether this ligand can
support cooperation of two FeII

centres for the activation of O2

by analogy to the prosthetic
group of soluble methane
mono ACHTUNGTRENNUNGoxygenase (sMMO).[4] A
further aspect of using malonate binding pockets is that they
represent 2,4-pentadione derivates which serve as substrates
for acetylacetone dioxygenase,[5] a non-heme enzyme that
catalyses oxidative degradation of such units. Here we
report on the results of this investigation, which indeed re-
vealed biomimetic O2 activation and ligand oxidation by
complex mechanisms.

Results and Discussion

Complex formation : Synthesis of an iron(II) complex of
Xanthmal2� was pursued by salt metathesis. After deproto-
nation of ligand precursor (Xanthmal)H2 at the Ca position
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by lithium diisopropylamide (LDA) in THF, the resulting
lithium salt was isolated and purified.[3] After its re-dissolu-
tion, one equivalent of FeCl2 or [Fe ACHTUNGTRENNUNG(OTf)2ACHTUNGTRENNUNG(MeCN)2] (OTf=
trifluoromethanesulfonate) was added, and the resulting
white precipitate was washed with THF. Characterisation of
this product by IR spectroscopy, elemental analysis and
single-crystal X-ray diffraction revealed it to be [Fe2-
ACHTUNGTRENNUNG(Xanthmal)2] (1), which was isolated in good yields
(Scheme 1).

In 1 the two FeII ions are coordinated by two ligand
equivalents, and it is formed independently of the molar
ratio of the reactants employed. The molecular structure of
1 is shown in Figure 1.

The molecules exhibit a crystallographic centre of inver-
sion, and the diethyl malonate moieties are twisted with re-
spect to the xanthene backbone (C13-C12-C31-C33 65.0,
C3-C2-C24-C25 65.08). As indicated by the C�O bond
lengths and the C-C-C angles of the individual malonate

binding pockets (e.g., C25-C24-C26 119.48) the negative
charge is delocalised over the malonate backbones. The iron
ions are five-coordinate in a distorted square-pyramidal ge-
ometry with the Fe atoms displaced from the O4 basal
planes by 0.3 K. The planes defined by the diethyl malonate
units are somewhat tilted in a way that brings the two Fe
atoms closer together, and the Fe�Fe distance of 3.281 K is
thus significantly shorter than that reported for dinuclear
bis-b-diiminato iron complexes based on the xanthene back-
bone (4.239 K)[6] or the Zn�Zn distance in [(Xanthmal)2Zn2]
(3.766 K).[3] Considering the non-bridging O atoms for each
iron centre reveals two short Fe�O distances (O2, O6) and
one which is slightly longer (O7). The bond lengths involv-
ing the bridging O atoms are longer. Complex 1 is EPR
silent. Its magnetic moment meff at 295 K amounts to 7.60 mB

per complex, which is somewhat higher than the spin-only
value expected for two uncoupled high-spin FeII ions
(6.93 mB). Temperature-dependent measurement of the mag-
netic susceptibility shows weak ferromagnetic coupling: the
effective magnetic moment increases below 50 K (Figure S1,
Supporting Information).[7] Experimental data were mod-
elled by fitting the appropriate Heisenberg–Dirac–van Vleck
spin Hamiltonian for two S=2 iron centres with isotropic
exchange coupling, Zeemann splitting and zero-field split-
ting [Eq. (1)].[8]

Ĥ ¼ �2JŜ1Ŝ2 þ gmBðŜ1 þ Ŝ2Þ þ 2D½S2z�1=3SðSþ 1Þ� ð1Þ

The best fit gave values of g1=g2=2.1, J=0.3 cm�1 and
jD j=4.8 cm�1 (the calculated curve fit is shown as a solid
line in Figure S1, Supporting Information).[9] It should be
pointed out that the fully reduced form of sMMO also ex-
hibits a weak ferromagnetic exchange coupling at lower
temperatures (J=0.3–0.5 cm�1).[10] A Mçssbauer spectrum
of powdered 1 was recorded at 80 K (see Supporting Infor-
mation, Figure S3). It consists of a doublet with d=

1.31 mms�1 and DEQ=2.47 mms�1. These values are similar
to those obtained for other square-pyramidal iron(II) com-
plexes, for example, [Fe2(m-O2CAr

Tol)3(4-NCC5H4N)2]ACHTUNGTRENNUNG[BAr’4]
(d=1.04 mms�1, DEQ=2.85 mms�1; O2CAr

Tol=2,6-di-p-tol-
ylbenzoate, Ar’=3,5-bis(trifluoromethyl)phenyl.[11]

Reactivity of 1 in contact with O2 : As the malonate binding
pockets within 1 are quite basic, the complex is sensitive to
moisture, and considering that it contains pentacoordinate
FeII centres with one open coordination site it is not surpris-
ing that 1 readily reacts with O2, whereby its colour changes
to brown. With respect to the aspects outlined in the intro-
duction, we were interested in how this reaction proceeds
and whether it leads to activation of O2 for oxygenation.
After exposing a solid sample of 1 to a dry O2 atmosphere

for one week work-up yielded the complex [(Xanth-
mal)2Fe2O] (2), which contains an oxido bridge between two
iron ACHTUNGTRENNUNG(III) centres, as revealed by a single crystal X-ray dif-
fraction study (Figure 2).
In the solid state the molecules exhibit D2h symmetry. The

iron ions are located in a distorted square pyramidal coordi-

Scheme 1. Synthesis of [Fe2 ACHTUNGTRENNUNG(Xanthmal)2] (1).

Figure 1. Molecular structure of 1. All hydrogen atoms and one disor-
dered, co-crystallised diethyl ether molecule are omitted for clarity. Se-
lected bond lengths [K] and angles [8]: Fe�Fe’ 3.281(2), Fe�O2 1.986(4),
Fe�O3 2.089(3), Fe�O6 1.967(4), Fe1�O7 2.022(3), Fe’�O3 2.147(4); O6-
Fe1-O7 85.6(2), O3-Fe1-O2 84.4(2).
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nation sphere that is composed of the Xanthmal oxygen
donor atoms and the bridging oxido ligand. Fe1 is displaced
out of the O4 basal plane by 0.56 K, and Fe2 by 0.57 K. The
Fe1-O10-Fe2 angle is almost linear (1788), and the Fe�O
bond lengths lie within the typical range. All Fe�OXanthmal

bond lengths are very similar and correspond well to the
shorter bonds found in 1. Further comparison of 1 and 2
shows that the C�C and C�O distances in the ligand frame-
works vary only in the second decimal place. Temperature-
dependent measurement of the magnetic susceptibility of 2
showed antiferromagnetic coupling and the best fit [see
Eq. (1)] of the experimental data for two S=5/2 Fe centres
gave J=�110 cm�1 and g1=g2=2.0.,[7,9] The meff/T plot and
the best fit are shown in Figure S2 (Supporting Informa-
tion).
Treating solutions of 1 with dioxygen also led to 2. How-

ever, since the yields achieved were reproducibly quite low,
chelex was added after one such experiment (performed at
�40 8C in acetonitrile) to remove all iron, so that subse-
quently the organic components of the corresponding solu-
tion could be investigated. By means of separation by
column chromatography and subsequent characterisation
with the aid of NMR spectroscopy and mass spectrometry,
nine products resulting from ligand oxidation could be iden-
tified beside protonated Xanthmal2� (see Scheme 2 and Ta-
bles S1 and S2, Supporting Information), which explains the
low yields obtained for 2.
To examine the influence of solvent, temperature and re-

action time on the extent of ligand oxidation, the experi-
ment was repeated under various conditions. Relative quan-
tities of the products (vide supra) were determined with the
aid of 1H NMR spectroscopy. Table 2 lists for each individu-
al functional group the percentage fraction of all possible
functions found in different combinations at the xanthene
backbone (i.e. functions are counted independently of the
second site) in dependence on the reaction conditions.

The third column represents the original malonate bind-
ing pocket in the hydrolysed form. No oxidation has oc-
curred in this case, and the corresponding yield therefore
can serve as a measure for the conversion achieved. The
fourth column shows a group that can only arise in course
of an aqueous work-up from a species with an O atom
linked to the Ca atom of the binding pocket, probably con-
nected at the same time to the corresponding iron centre.
The group shown in the fifth column results from further ox-
idation of the original binding pocket with C�C bond cleav-
age, and the last column shows an organohydroperoxide
unit. Compounds containing the latter can apparently only
be isolated after reactions performed at �40 8C, as judged
from entries 1–4 of Table 2. Accordingly, at room tempera-
ture (and a fortiori at 70 8C) they either decompose in the
presence of iron or they are not formed in the first place.
An excess of O2 does not seem to aid the formation at
�40 8C to the extent one would have expected (cf. entries 6
and 7 in Table 2), probably because the solubility of O2 in

Figure 2. Molecular structure of 2. All hydrogen atoms and one co-crys-
tallised diethyl ether molecule are omitted for clarity. Selected bond
lengths [K] and angles [8]: Fe1�O10 1.766(2), Fe2�O10 1.760(2), Fe1�O2
1.970(2), Fe1�O3 1.994(2), Fe1�O11 1.986(2), Fe1�O12 1.968(2), Fe2�
O6 1.974(2), Fe2�O7 1.972(2), Fe2�O15 1.969(2), Fe2�O16 1.984(2);
Fe1-O10-Fe2 177.8(2), O7-Fe2-O6 85.61(7), O2-Fe2-O3 86.17(7).

Scheme 2. Reaction of 1 with O2 and the ten compounds isolated after
work-up (all combinations of R and R’).

Table 1. Crystal data and structure refinement for 1 and 2.

1·Et2O 2·Et2O

formula C78H106Fe2O19 C78H106Fe2O20

Mr 1459.33 1475.33
F ACHTUNGTRENNUNG(000) 778 1572
T [K 130(2) 150(2)
crystal system triclinic monoclinic
space group P1̄ P21
a [K] 11.243(2) 11.2887(6)
b [K] 12.974(3) 25.6039(11)
c [K] 14.407(3) 13.7735(7)
a [8] 97.054(14) 90
b [8] 99.107(13) 102.155(4)
g [8] 109.853(13) 90
V [K3] 1916.1(7) 3891.8(3)
Z 1 2
1calcd [g cm

�3] 1.265 1.259
reflns measured 18059 52058
reflns unique 6707 15161
GOD F2 1.032 1.032
largest diff. peak/hole [eA�3] 0.843/�0.491 0.910/�0.633
R(F)/wR(F2) (all reflns) 0.0997/0.2586 0.0573/0.1405
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acetonitrile is a limiting factor (c(O2)=4.18Q10�4 molL�1[12]

vs c(1)=19.33Q10�4 mol l�1). Furthermore, Table 2 shows
that the selectivity for the mono-oxygenated product (E2) is
highest at room temperature. At higher or lower tempera-
tures the relative amounts of a-keto ester and peroxide
formed as by-products are higher. Moreover, the reactivity
is highest in acetonitrile as solvent, so all further experi-
ments were carried out with this solvent.

Mechanistic considerations : The results described above
demonstrate that 1 indeed activates dioxygen so that the re-
active species formed oxygenate the ligand.[13] The products
obtained point to a complex underlying mechanism that
seemed very interesting, both from a general point of view,
but also considering the products formed on oxidation of
2,4-pentadiones by the above-mentioned acetylacetone diox-
ygenase: these are carboxylic acid and pyruvaldehyde deri-
vates, which are proposed to form via an organoperoxo in-
termediate according to Scheme 3.[14]

Cleavage of an acetylacetone derivative to yield a substi-
tuted pyruvaldehyde is reminiscent of the malonate cleavage
leading to the a-keto ester shown in Scheme 2, and hence
an investigation of the corresponding mechanism seemed
valuable, also in this respect.

The role of FeII and FeIII : First, the function of iron in the
oxidation reaction must be contemplated. As there are liter-
ature reports that various alkyl methyl esters, after complex-

ation with alkali metal cations,
react in the presence of hexam-
ethylphosphoramide with di-
oxygen to yield the correspond-
ing 2-hydroperoxy esters,[15] it
seemed possible that the
iron(II) ions in 1 do not acti-
vate the reagent dioxygen
through its redox properties but
rather the ligand via its Lewis
acidic character[16] (O2 would
not have to bind to iron then).
However, analogous treatment
of [(Xanthmal)2Zn2]

[3] or
[(Xanthmal)Li2]

[3] with O2 did
not lead to any conversion, so
the first step of the reaction of
1 with dioxygen will consist of
its binding to iron. A further
important question concerns

the role of 2 in the system. Is it an active intermediate or a
compound formed in a competitive dead-end route? In fact,
active participation is imaginable: Once 2 is formed through
initial FeIII superoxido formation and reaction with a further
equivalent of 1, intramolecular ligand-to-metal electron
transfers could re-establish the oxidation state + II at the
iron centres. Concomitantly, two of the malonate units
would be converted to malonyl radicals with the unpaired
spin density mainly located at Ca (Scheme 4). In this form
the ligand would surely be prone to react with dioxygen as a
scavenger, and subsequent steps could lead to compounds
whose work-up would give rise to the oxidised compounds
found.

To clarify whether this is a realistic scenario, several ex-
periments were performed in which 2 was exposed to dioxy-
gen at �40 8C and room temperature in acetonitrile. In none
of these cases was any reactivity observed, so oxidation of

Scheme 3. Proposed mechanism for the cleavage of 2,4-pentadione deri-
vates by enzyme Dke1.

Scheme 4. Conceivable reactivity of 2 that can be excluded.

Table 2. Relative “yields of functional groups [%]” generated on exposure of a solution of 29 mmol of 1 in
15 mL of solvent to a dry dioxygen atmosphere. The values are averages for two runs.

�R,R’=

Entry Conditions

E1 E2 E3 E4

1 Et2O, 5 h, RT, 18 equiv O2 79.4 20.6 0.0 0.0
2 MeCN, 5 h, RT, 18 equiv O2 67.7 30.2 2.1 0.0
3 MeCN, 16 h, RT, 18 equiv O2 62.7 33.7 3.6 0.0
4 MeCN, 3 h, 70 8C, 18 equiv O2 44.1 48.5 7.4 0.0
5 MeCN, 16 h, �40 8C, 18 equiv O2 44.2 33.6 9.4 12.8
6 MeCN, 86 h, �40 8C, 18 equiv O2 34.7 37.5 14.6 13.3
7 MeCN, 24 h, �40 8C, 54 equiv O2 36.2 35.5 14.3 13.9
8 MeCN, 86 h, �40 8C, 54 equiv O2 34.1 36.2 14.1 15.7
9 CH2Cl2, 24 h, �40 8C, 54 equiv O2 71.1 24.6 1.3 3.0
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the ligand and formation of 2 must represent two concurrent
reaction pathways. The oxidation reactions require FeII.

Mononuclear versus dinuclear reactivity : A further impor-
tant question for the subsequent mechanistic discussions is
whether cooperative binding of O2 by two iron centres is re-
sponsible for the observed reactivity, or whether the two
iron centres act independently. Therefore, ligand precursor
(Xanthmalmono)H (4) was synthesised and lithiated for subse-
quent reaction with FeCl2 to yield iron complex
[Fe2(Xanthmalmono)2] (6 ; Scheme 5), a mononuclear iron

compound comparable to 1. Even though it was not possible
to crystallise 6 and thus confirm its structure by an X-ray
diffraction study, this was achieved for a derivative,[17] so we
can be sure about the mononuclear character of 1. Any dif-
ference observed in the reactions of 6 with O2 in comparison
to 1 should indicate cooperative behaviour of the two iron
centres in 1.
Treating solutions of 6 with O2 leads to only two products

of ligand oxidation: alcohol and a-keto ester. A hydroperox-
ide cannot be isolated after work-up (Scheme 6). The oxida-
tion products were quantified by NMR spectroscopy after
removal of all iron ions from the solution. Table 3 lists these
quantities in dependence on the reaction conditions.
Comparing entry 3 of Table 3 with entry 7 of Table 2

shows that now the a-keto ester is the main product of the
reaction, while alcohols were predominantly isolated after
reaction of 1 with O2. This, as well as the fact that even at
�40 8C no peroxides are formed, points to a different (mon-
onuclear) mechanism of O2 activation for 6. This is also sup-
ported by the results obtained at room temperature and at
70 8C. At these temperatures the sum of all oxidation prod-
ucts is significantly lower for 6 than for 1, and the product

distribution is different, too. These results suggest that in
the case of 1 activation of dioxygen involves cooperative
action of both iron centres. A dinuclear route for 6 would
require the interaction of two molecules for O2 activation,
and thus it should be intrinsically slower than the corre-
sponding reaction of 1, in which such a situation is prear-
ranged intramolecularly. To test whether there is any contri-
bution at all, the reaction of 6 with O2 was also repeated
under diluted conditions (50 mL acetonitrile, 29 mmol of 6,
24 h at �40 8C, 27 equiv O2). Any dinuclear process should
then become even slower, and this should express itself in
the product distribution. However, this experiment did not
lead to any difference in the distribution of oxidation prod-
ucts, so a dinuclear reaction pathway can be excluded for 6.
The binding of O2 must occur at one Fe centre, presumably
through formation of an iron superoxido species. Subse-
quently, activation is not supported by a second metal
centre as in 1, and this will then most likely lead to attack of
the nucleophilic oxygen atom of the FeIII superoxide moiety
at the electrophilic C atom of an ester unit with formation
of an organoperoxido iron moiety. This kind of reactivity is
also found in a-keto acid dependent non-heme iron proteins
and model compounds thereof.[18] Such an intermediate
could decompose to give an a-keto ester and carbonic acid
ester EtOCO2

� (Scheme 7, route a).[19] On the other hand,
the superoxide formed initially can apparently also initiate
double monooxygenation of the ligand (Scheme 7, route b),

Scheme 5. Synthesis of 6.

Scheme 6. Reaction of 6 with O2 and the resulting ligand oxidation prod-
ucts.

Table 3. Yields [%] of oxidation products obtained on exposure of a so-
lution of 6 (29 mmol) in acetonitrile (15 mL) to a dry dioxygen atmos-
phere. The values are averages for two runs.

R=

Entry Conditions

E1 E2 E3

1 5 h, RT, 9 equiv O2 84.6 6.5 8.9
2 3 h, 70 8C, 9 equiv O2 82.3 11.9 5.8
3 24 h, �40 8C, 27 equiv O2 45.9 22.9 31.2
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but route a seems to be more favourable. Of course, this
kind of reactivity can also occur for 1, but it is only a back-
ground process, as the product distribution shows (i.e. , the
dinuclear route is faster).
Hence, it can be concluded at this stage that both Fe cen-

tres of 1 are involved in O2 activation. Furthermore, it can
be inferred that formation of the organoperoxide species (as
isolated after the reaction of 1) also requires two Fe centres
and that they do not originate from Fe superoxido species;
otherwise, corresponding products should have occurred
after reaction of 6, too. It therefore seemed important to in-
vestigate the role of the peroxide intermediates in the for-
mation of the other products.

Peroxide decomposition: When the reaction of [Fe2-
ACHTUNGTRENNUNG(Xanthmal)2] (1) and dioxygen was monitored by IR spec-
troscopy at room temperature and �40 8C for 5 h, the bands
for n ACHTUNGTRENNUNG(C=O/C=C) vibrations at 1646 and 1607 cm�1 as well as
the band for n ACHTUNGTRENNUNG(C�O) vibration at 1109 cm�1 decreased,
while a new n ACHTUNGTRENNUNG(C=O) band appeared at 1735 cm�1, which can
be explained by monooxygenation of the ligand (Scheme 8).
Assuming that organoperoxido iron units are in fact re-

sponsible for E4 of Table 2 in the case of the low-tempera-
ture reactions, the question arises whether these also repre-
sent the precursors for E2 and E3 or whether the corre-
sponding species are generated via alternative pathways. To
study the decomposition of the organoperoxido iron com-
pounds formed initially,[20] a reaction mixture whose work-
up in a separate experiment led to the data in entry 7 of
Table 2 was degassed. It was then warmed to room tempera-
ture and stirred for 24 h in one experiment, while in another

it was stirred at �40 8C for 48 h. Subsequent work-up (see
Supporting Information) showed that at room temperature
the peroxido species completely decompose to give E2
(78%) and E3 (22%), while decomposition is far slower at
�40 8C: only 2% decomposition was observed after 48 h
(E2/E3 70/30), which is not sufficient to explain entry 7. Fur-
thermore, it became obvious that peroxide decomposition
does not alter the percentage of unconverted malonate,
which is noteworthy: As the peroxide contains two O atoms
and the corresponding alcohol only one, an oxo atom must
be transferred somewhere for each equivalent of alcohol
generated in the course of peroxide decomposition, and the
receptor is apparently not an unconverted malonate group.
It seems unlikely that the rather inert solvent acetonitrile is
oxidised.[21] More likely the FeII/FeII unit is oxygenated to a
FeIII-O-FeIII moiety. At that stage reactivity stops, and in
consequence only monofunctionalised Xanthmal ligands can
be obtained in this way. However, as outlined above the al-
cohol group occurs also in combination with the other oxi-
dised entities, and accordingly these must form via different
pathways. Moreover, at room temperature decomposition of
a peroxido intermediate cannot be a major reaction route to
E2 either, as the E2/E3 ratio is 94/6, and that does not agree
with that found for decomposition of the peroxides at this
temperature. Finally, it appears that the overall sum of oxi-
dised ligand functions is decreased by raising the tempera-
ture, which is also not in line with a formation route via de-
composition of peroxide.

Monooxygenation: Thinking of a more direct route to mon-
ooxygenation, it is reasonable to assume initial formation of
a FeIII superoxido species that is trapped by the neighbour-
ing FeII ion to give a Fe-O-O-Fe moiety (Scheme 9). This
kind of reactivity has also been proposed for the sMMO[4]

and for several biomimetic model complexes.[22]

The next step could consist of homolytic O�O bond cleav-
age which would lead to two FeIV=O units[23] (Scheme 10),

Scheme 7. Oxidation of the ligand via a mononuclear pathway.

Scheme 8. Mono-oxygenation of Xanthmal2�.

Scheme 9. First steps in the reaction of 1 with dioxygen.

www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 9377 – 93889382

C. Limberg et al.

www.chemeurj.org


and these should in turn be the active species.[24] Three reac-
tion routes can be envisioned for these: reaction with a fur-
ther equivalent of 1 should provide two equivalents of 2,
and this is a dead-end route (Scheme 10, route a). Further-
more, it is possible that one FeIV=O unit mono-oxygenates
the ligand while the second establishes an oxido bridge to
the neighbouring iron centre (Scheme 10, route b, leading to
mono-hydroxylation). This again would lead to a FeIII/FeIII

complex that would not show any further reactivity. Finally,
it is possible that each FeIV=O group mono-oxygenates one
of the donor functions bound to it in the a-position (route c,
leading to 1 equiv of the corresponding diol, or two equiva-
lents of mono-hydroxylated ligand, Scheme 10). Only via
route c is a FeII/FeII complex reformed that in principal
could undergo further O2 binding reactions analogous to
those in Scheme 10 or even more exhaustive oxidation to
give compounds that beside an alcohol unit also contain per-
oxide or ketone groups (as listed individually in Tables S1
and S2, Supporting Information).

Peroxide and ketone formation: To test whether a monooxy-
genated ligand can indeed be oxidised further, the isolated
monohydroxylated compound (XanthmalO)H2 (see Support-
ing Information) was allowed to react with LDA, and the re-
sulting lithium salt with FeCl2 (Scheme 11). The iron com-
plex formed was then treated with O2 at room temperature
and �40 8C. The oxidation products identified after work-up
are shown in Table 4.
The results suggest that the oxygenated species formed

via route c in Scheme 10 is not a precursor for peroxides or

doubly oxygenated products at �40 8C.[26] Apparently, mono-
oxygenation leads to deactivation, and only at room temper-
ature is further oxidation observed. Hence, a fundamentally
different mechanism for ketone and peroxide is required to
explain the presence of these functional groups beside alco-
hol units in the products.
Going back to the FeIV=O/FeIV=O species formed after

homoleptic O�O bond cleavage, as shown in Scheme 10, a
further (additional) reaction route seems plausible: Certain-
ly, such a high-valent species would stabilise itself through
electron transfer from the ligand p system to the highly oxi-
dised FeIV centres,[27] which would lead to FeIII ions and a
ligand-centred radical (Scheme 12).
The radical would be prone to attack by the diradical O2,

which would lead to an organoperoxide radical. Such trap-
ping has also been suggested to initiate the activity of acety-
lacetone dioxygenase,[14a] and by analogy to the processes
proposed for it in Scheme 3 subsequent reactions can be en-
visioned for the organoperoxo intermediate derived from 1
that lead to the corresponding a-keto esters (route e in
Scheme 13). Alternatively, the organoperoxide species could
react to give an organoperoxido iron(IV) species

Scheme 10. Proceedings after O�O bond cleavage.

Table 4. Yields of oxygenated ligand generated on exposure of a solution
of [Fe2(XanthmalO)2] (24 mmol) in acetonitrile (10 mL) to a dry dioxygen
atmosphere.

Conditions

E1 E2 E3

MeCN, 5 h RT, 18 equiv O2 83.8 15.0 1.2
MeCN, 24 h �40 8C, 54 equiv O2 97.8 2.2 0.0

Scheme 11. Synthesis of [Fe2(XanthmalO)2] and its reaction with O2.
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(Scheme 13, route f), which would be the source of E4 in
Table 2. Decomposition of the organoperoxido iron units
can be imagined to yield complexes that also contribute to
E2 and E3 in Table 2, albeit only to a small extent according
to the results described under “peroxide decomposition”. In
any case, ketone formation should be accompanied by for-
mation of one equivalent of complexed EtOCO2

�, which
could be anticipated to eliminate CO2. However, liberation
of CO2 was not observed during the reaction, while EtOH
could be detected among the products after work-up, so we
assume decomposition of EtOCO2

� at this stage. Scheme 13
summarises all mechanistic suggestions gathered on basis of
the experimental data for the system 1/O2 at �40 8C: Reac-

tion route c (monooxygenation of the ligand) as well as
routes a and b (to the FeIII compounds) of the FeIV=O unit
compete with reactivity based on the FeIII/radical unit (d fol-
lowed by e or f). The latter can occur at one of the malonate
units independently of the other, which accounts for all per-
mutations of functional groups shown in Table 2 at one xan-
thene backbone.
To get information on product formation in dependence

on time, reactions at �40 8C were interrupted after different
periods of time and the products formed until then deter-
mined. This revealed that a conversion of about 55% is
reached over the first 17 h, while conversion of the next
10% takes about 85 h, that is, the oxidation of the ligand
cannot be driven to completion within a reasonable time
window, presumably due to deactivation through route c in
Scheme 13 and formation of FeIII species (routes a and b). A
closer look at the individual compounds formed (see Sup-
porting Information), reveals that the proportion of mono-
functionalised compounds increases during the first 2–3 h
and then decreases again in favour of bifunctionalised ones,
and this is reasonable if a sufficiently long lifetime of the
O=FeIII/radical intermediates is assumed. On this basis one
would envision that addition of a radical trap should prohib-

Scheme 12. Intramolecular electron transfer from the ligand to the FeIV

centre.

Scheme 13. Summary of the mechanism for the reactivity of 1 in contact with O2 at �40 8C and subsequent processes. Reactions shown for only one site
can also occur in parallel at the other (grey).
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it peroxide and thus also ketone formation; secondly, the
yield of alcohols should significantly decrease. However, it
proved difficult to find a radical trap that 1) is not protic
(protons hydrolyse 1), 2) does not react with O2 or O2C

� und
thus prohibits reactivity, 3) does not initiate radical reactions
itself and 4) does not coordinate strongly. For instance, we
employed NO which, however, undergoes redox reactions
with 1, and CBrCl3 similarly reacts with 1 before O2 addi-
tion, perhaps because it is a radical starter, too. The most
convincing results were obtained after addition of naphthyl-
phenylamine,[28] whose presence (290 mmol in 20 mL aceto-
nitrile containing 29 mmol of 1) during the reaction with O2

led to selective formation of the mono-oxygenated ligand
and decreased reactivity (work-up after 24 h at �40 8C in
the presence of 54 equiv O2 gave 17.5% (XanthmalO)H2).
Although it is usually difficult to compete with intramolecu-
lar ligand oxidation if this occurs readily, we also tried to
perform reactions of the high-valent intermediates with ex-
ternal substrates to gain further evidence of their existence.
Hence, the reaction of 1 with O2 was performed in the pres-
ence of a thousandfold excess of cyclooctene at room tem-
perature and �40 8C. At room temperature one oxo atom
per four equivalents of 1 was transferred to cyclooctene to
give cyclooctene epoxide, and at �40 8C only traces of cyclo-
octene epoxide were detected. In both reactions, no diol was
observed among the products.

Reaction at room temperature: Having derived a plausible
mechanism for the reactivity of 1 with dioxygen at �40 8C
the question remains why the yields of oxygenated products
decrease at room temperature while the selectivity with re-
spect to alcohol functional groups increases. A possible ex-
planation would be that at room temperature the FeIV=O or
FeIII=O/radical intermediates react more rapidly along the
lines of routes a–c in Scheme 13, and therefore the bimolec-
ular reaction with O2 (present only in low concentrations,
vide supra) according to route d in Scheme 13 has less room
for development, that is, less ketone is formed. The lower
overall yields observed can be understood by taking into ac-
count that routes a and b utilise the activated oxygen for the
formation of Fe-O-Fe units, and this oxygen as well as the
corresponding Fe sites are lost for ligand oxidation. To test
this hypothesis the reaction of 1 at room temperature was
followed in dependence on time. In line with the above ar-
guments, the main part of the oxidation products observed
after 16 h had already formed after 30 min, that is, reactions
in Scheme 10 are accelerated and the smaller extent of con-
version is due to more rapid formation of Fe-O-Fe units.

Catalysis: Following route c in Scheme 13, it can be noted
that after ligand oxidation the iron centre is back in the oxi-
dation state + II, and the same is true for routes e and f if
they are followed by route c. Thus, in principle a catalytic
conversion should be possible. To test this hypothesis a mix-
ture of 1 and [(Xanthmal)Li2] in the ratio of 1:20 was treat-
ed in the usual way with O2, and the yields of oxidation
products were determined. The results are summarised in

Table 5, and they show that indeed catalytic conversion
occurs.

Apparently, directly after functionalisation of a ligand it is
replaced by an unchanged ligand. This reactivates the iron
centres after one process of oxidation for another one. As
immediate replacement also occurs for peroxide formed via
route f, peroxide isolation now also becomes possible after
reaction at room temperature.[20] The small amounts of per-
oxides formed confirm again that monooxygenation is the
fastest reaction type, but the complete absence of ketones
among the products is unexpected on the basis of the previ-
ous results, and the preferred formation of peroxides at
room temperature remains unclear, too. A possible explana-
tion would be that the catalytic conditions introduce a novel
aspect, for example, formation of an “ate complex”, or bind-
ing of a “substrate ligand” only by one functional group.
The fact that catalysis can also be achieved at room temper-
ature (only 26% of all original malonate groups remained
untouched, i.e. , TON=17 per Fe centre) shows that under
these conditions the routes of Scheme 13 that lead to FeIII

are slow in comparison to single or double monooxygena-
tion of the ligand (FeIII would mean the end of catalysis);
for instance, a possible explanation for the suppression of
route a (requiring a second equivalent of 1) would be the
significantly decreased concentration of 1 under catalytic
conditions. It is then consistent (also considering the previ-
ous results for the stoichiometric reactions) that the TON
for oxygenation at room temperature is higher than at
�40 8C. The occurrence of peroxides in entry 1 of Table 5
provides evidence that, as we assumed above, these in fact
also form at room temperature but quickly decompose if
they remain bound to iron. Here, in the catalytic experi-
ment, they could be identified, since directly after their for-
mation pristine ligand replaces them at the Fe centres, so
that their decomposition is prohibited.[20]

Table 5. Relative “yields of functional groups [%]” generated on expo-
sure of a solution of 1 (2.7 mmol) and [(Xanthmal)Li2] (54 mmol) in aceto-
nitrile (15 mL) to a dry dioxygen atmosphere (36 equiv) for 5 h. The
values are averages for two runs.

�R,R’=

Conditions

E1 E2 E3 E4

RT 26.1 67.3 0.0 6.6
�40 8C 60.3 38.6 0.0 1.1
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Conclusion

Employing the ligand Xanthmal2� we synthesized a dinu-
clear FeII complex that can activate O2 by cooperative
action of both Fe centres. This leads to subsequent reactions
in the course of which the ligand donor groups are oxygen-
ated: the original malonate units are oxygenated or peroxy-
genated at the Ca positions and a further pathway leads to
a-keto ester groups. The results of a detailed mechanistic in-
vestigation suggest that these reactions proceed via inter-
mediate formation of oxidoiron(IV) units which can directly
hydroxylate ligand functions. Alternatively, they initiate
ligand-to-metal electron transfer followed by trapping of O2.
Formation of Fe-O-Fe units, which leads to a deactivation of
the system, is effectively suppressed at �40 8C but becomes
more prominent at room temperature. Investigations on a
comparable mononuclear system confirmed that indeed
both Fe centres are required to give the observed reactivity.
Consistent with the mechanistic proposal deduced both for
room temperature and �40 8C, ligand oxidation can also be
performed in a catalytic fashion. While this is not a reaction
that leads to valuable products, the study of the entire
system revealed interesting basic mechanistic steps that in
four instances are also biomimetic (Fe-O-O-Fe formation:
sMMOH; ligand-to-metal electron transfer and subsequent
O2 trapping: catechol dioxygenases; FeO2 attack at com-
plexed carbonyl groups: a-keto acid dependent non-heme
iron enzymes; product formation: acetylacetone dioxyge-
nase). The findings thus contribute to a more comprehensive
understanding of biological and biomimetic systems and
help to establish the rational design of bio-inspired catalysts.

Experimental Section

General considerations and physical methods : All manipulations except
for the synthesis of 4 were carried out in a glove box or by means of
Schlenk-type techniques under a dry argon atmosphere. The 1H and
13C NMR spectra were recorded on a Bruker AV 400 NMR spectrometer
(1H 400.13 MHz; 13C 100.63 MHz) with CDCl3 or CD3CN as solvent at
20 8C. The 1H and 13C NMR spectra were calibrated against the residual
proton and natural-abundance 13C resonances of the deuterated solvent
(CDCl3 dH=7.26 ppm and CD3CN dH=1.94 ppm). Microanalyses were
performed on a Leco CHNS-932 elemental analyser. Infrared (IR) spec-
tra were recorded on samples prepared as KBr pellets with a Digilab Ex-
calibur FTS 4000 FTIR spectrometer. Mass spectra were recorded on a
Varian MAT311A/AMD (ESI). Temperature-dependent magnetic data
were measured with a Quantum-Design MPMS-5S SQUID magnetome-
ter equipped with a 5 T magnet. The powdered samples were contained
in a gel bucket and fixed in a nonmagnetic sample holder. Each raw data
file for the measured magnetic moment was corrected for the diamagnet-
ic contribution from the sample holder, the gel bucket and the sample.
Mçssbauer spectra were recorded with a 57Co source in a Rh matrix on a
Wissel Mçssbauer spectrometer equipped with a Janis closed-cycle
helium cryostat. Isomer shifts are given relative to iron metal at ambient
temperature. Simulation of the experimental data was performed with
the Mfit program (E. Bill, Max-Planck Institute for Bioinorganic Chemis-
try, M9lheim/Ruhr, Germany).

X-ray structure determination : The crystals were mounted on a glass
fibre and then transferred into the cold nitrogen gas stream of a Stoe
IPDS2T diffractometer equipped with MoKa radiation (l=0.71073 K).

The structures were solved by direct methods (SIR 2004)[29] and refined
versus F2 (SHELXL-97)[30] with anisotropic temperature factors for all
non-hydrogen atoms (Table 1). All hydrogen atoms were added geomet-
rically and refined by using a riding model. CCDC-684680 (2), CCDC-
684681 (1·2MeCN) and CCDC-684682 (1) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Materials : Solvents were purified, dried and degassed prior to use.
Chelex, an iminodiacetic acid based ion exchanger, was purchased from
Sigma. [Fe ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(MeCN)2],

[31] Fe[N ACHTUNGTRENNUNG(SiMe3)2]2 ACHTUNGTRENNUNG(thf)2,
[32] 4-Bromo-2,7-di-

tert-butyl-9,9-dimethylxanthene (3),[33] LDA and [(Xanthmal)Li2]
[3] were

prepared according to the literature procedure.

Synthesis

Bis ACHTUNGTRENNUNG(k2-O,O- ACHTUNGTRENNUNG(4,5-bis(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-
dimethylxanthenato-diiron(II), [Fe2 ACHTUNGTRENNUNG(Xanthmal)2] (1)

Method 1: One equivalent of FeCl2 or [Fe ACHTUNGTRENNUNG(OTf)2 ACHTUNGTRENNUNG(MeCN)2] was added to
a suspension of one equivalent of [(Xanthmal)Li2] in THF and the mix-
ture stirred for 14 h at room temperature. Subsequently, the white precip-
itate was separated by filtration and washed twice with THF (15 mL).
After drying in vacuo, 1 was obtained as a white powder in yields of 63
and 70%, respectively.

Method 2 : Fe[N ACHTUNGTRENNUNG(SiMe3)2]2 ACHTUNGTRENNUNG(thf)2 (823 mg, 1.58 mmol) was added to a solu-
tion of (Xanthmal)H2 (1.00 g, 1.58 mmol) in THF and the mixture stirred
for 14 h. After removal of all volatile materials in vacuo the product was
isolated as described above; yield: 394 mg (0.284 mmol, 36.0%). Crystals
of 1 suitable for single-crystal X-ray diffraction were obtained by slow
evaporation of solvent from a saturated diethyl ether solution. IR: ñ=

2964 (s), 2903 (m), 2869 (w), 1636 (vs), 1612 (vs), 1479 (vs), 1464 (vs),
1444 (vs), 1406 (vs), 1376 (vs), 1333 (vs), 1294 (m), 1275 (m), 1242 (m),
1205 (vw), 1168 (w), 1102 (vs), 1073 (m), 1047 (vw), 894 (vw), 874 (w),
857 (vw), 789 (w), 742 (vw) cm�1; elemental analysis calcd (%) for
C74H96O10Fe2: (1385.23): C 64.16, H 6.99; found: C 63.91, H 7.30.

Bis ACHTUNGTRENNUNG(k2-O,O- ACHTUNGTRENNUNG(4,5-bis(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-
dimethylxanthenato-m-oxidodiiron(II) (2)

Method 1: Dioxygen (12 mL) was added to a solution of 1 (338 mg,
0.244 mmol) in dichloromethane at �30 8C. Over 5 h the reaction mixture
was warmed to ambient temperature and stirred for a further 2 h. The
solvent was removed in vacuo and diethyl ether (20 mL) was added. The
resulting suspension was filtered, and the brown residue was dissolved in
diethyl ether. Analytically pure crystals of [(Xanthmal)2Fe2O]·Et2O were
obtained by slow evaporation of the solvent from this solution. Yield:
50 mg (14%).

Method 2 : Dioxygen (40 mL) was added to 100 mg of powered 1 (72.1
mmol). After one week dioxygen was removed and the brown powder
was dissolved in diethyl ether (15 mL). Analytically pure crystals of
[(Xanthmal)2Fe2O]·Et2O were obtained by slow evaporation of the sol-
vent from this saturated solution. Yield: 30% (32 mg, 21.3 mmol). IR: ñ=

2963 (s), 2932 (m), 2868 (w), 1604 (vs), 1456 (s), 1439 (s), 1410 (m), 1381
(s), 1308 (w), 1288 (w), 1238 (w), 1169 (w), 1111 (vs), 897 (vw), 858 (vw),
795 (vw) cm�1; elemental analysis calcd (%) for C78H106O20Fe2 (1475.35):
63.50, H 7.54; found C 63.30, H 7.54.

4-(1’,3’-Ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dimethylxan-
thene (4): Diethyl malonate (3.8 mL, 23 mmol) was added to a suspen-
sion of 3 (8.45 g, 21.1 mmol), K3PO4 (11.2 g, 53 mmol), [Pd(trans,trans-di-
benzylideneacetone)2] (303 mg 0.527 mmol) and PtBu3 (214 mg,
1.06 mmol) in toluene (50 mL) at RT under an argon atmosphere with ex-
clusion of light. The resulting suspension was heated for 15 h at 70 8C.
Subsequently, the insoluble residue was removed by filtration over
Celite. After removal of all volatile substances from the filtrate in vacuo
the residual yellow oil was purified by column chromatography on silica
gel with petroleum ether (40/60)/EtOAc (10/1) as eluent. After removal
of all volatile substances 4 (7.88 g, 15.9 mmol, 75.4%) was obtained as a
white powder. 1H NMR (CDCl3): d=1.28 (t, J ACHTUNGTRENNUNG(H,H)=7.2 Hz, 6H;
OCH2CH3), 1.32 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.33 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 1.63 (s, 6H; C-
ACHTUNGTRENNUNG(CH3)2), 4.25 (q, J ACHTUNGTRENNUNG(H,H)=7.1 Hz, 2H; OCH2-CH3), 5.25 (s, 1H; CH-
ACHTUNGTRENNUNG(CO2Et)2), 7.20 (dd, J ACHTUNGTRENNUNG(H,H)=8.5, 2.4 Hz, 1H; CHAr), 7.20 (d, J ACHTUNGTRENNUNG(H,H)=
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2.3 Hz, 1H; CHAr), 7.25 (d, J ACHTUNGTRENNUNG(H,H)=2.3 Hz, 1H; CHAr), 7.29 ppm (m,
2H; CHAr);

13C{1H} NMR (CDCl3): d =14.1 (OCH2CH3), 31.5 (C ACHTUNGTRENNUNG(CH3)3),
31.5 (CACHTUNGTRENNUNG(CH3)3), 32.1 (C ACHTUNGTRENNUNG(CH3)2), 34.5 (Cquat), 34.5 (Cquat), 34.6 (Cquat), 51.8
(CH ACHTUNGTRENNUNG(CO2Et)2), 61.6 (OCH2CH3), 115.6 (CHAr), 119.7 (Cquat), 122.4
(CHAr), 122.5 (CHAr), 124.2 (CHAr), 124.6 (CAr), 129.3 (CHAr), 129.4
(CAr), 144.8 (CAr), 145.8 (CAr), 146.1 (CAr), 148.1 (CAr), 168.6 ppm
(COOEt2); HRMS (ESI): m/z : 481.2949 [M+H]+ (calcd: 481.2949),
503.2768 [M+Na]+ (calcd: 503.2768); IR: ñ =2961 (s), 2903 (m), 2867
(w), 1749 (vs), 1728 (vs), 1502 (m), 1466 (vs), 1406 (m), 1362 (s), 1313
(vs), 1292 (s), 1225 (s), 1205 (s), 1194 (m), 1171 (m), 1184 (s), 1111 (m),
1086 (w), 1038 (m), 1030 (m), 829 (m) cm�1; elemental analysis calcd (%)
for C30H40O5 (480.64): C: 74.97, H 8.39; found C 74.74, H 8.25.

Bis ACHTUNGTRENNUNG(k2-O,O-(4-(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dime-
thylxanthenatolithium (5): LDA (657 mg, 6.13 mmol) was added to a so-
lution of 4 (2.95 g, 6.14 mmol) in THF (50 mL) and the mixture stirred
for 14 h at room temperature. After removal of all volatile components
in vacuo the residual yellow solid was washed twice with diethyl ether/
hexane (2/1, 60 mL). The remaining white powder was dried in vacuo to
obtain 5 (2.09 g, 4.29 mmol, 70%). 1H NMR (CD3CN): d =0.96 (t, J-
ACHTUNGTRENNUNG(H,H)=7.1, 6H; OCH2CH3), 1.31 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.61 (s, 6H; C-
ACHTUNGTRENNUNG(CH3)2), 4.92 (m, 4H; OCH2CH3), 6.79 (d, J ACHTUNGTRENNUNG(H,H)=8.5 Hz, 1H; CHAr),
7.09 (d, J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H; CHAr), 7.23 (d, J ACHTUNGTRENNUNG(H,H)=2.5 Hz, 1H;
CHAr), 7.48 ppm (d, J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 2H; CHAr); IR: ñ=2964 (s), 2905
(m), 2870 (w), 1616 (vs), 1505 (s), 1458 (vs), 1419 (m), 1406 (s), 1377 (s),
1364 (m),1331 (vs), 1292 (m), 1271 (m), 1244 (m), 1231 (w), 1165 (w),
1095 (vs), 1040 (w), 858 (vw), 798 (w) cm�1.

Bis ACHTUNGTRENNUNG(k2-O,O-(4-(1’3’-ethoxy-1’,3’-propanedionyl)-2,7-di-tert-butyl-9,9-dime-
thylxanthenatoiron(II) (6): FeCl2 (260 mg, 2.05 mmol) were added to a
suspension of 5 (2.000 g, 4.11 mmol) in THF (30 mL) and the mixture
stirred for 14 h at room temperature. Subsequently, all volatile compo-
nents were removed in vacuo and 6 was extracted with hexane (60 mL).
After removing the solvent and drying in vacuo 6 was obtained as an off-
white powder in 50% yield (1.04 g, 1.03 mmol). IR: ñ=2964 (s), 2907
(m), 2868 (m), 1607 (s), 1501 (m), 1458 (s), 1408 (m), 1377 (m), 1361 (w),
1335 (s), 1292 (m), 1264 (m), 1244 (m), 1169 (w), 1026 (m), 860 (vw),
1103 (vs) 800 (m) cm�1; elemental analysis calcd (%) for C60H78FeO10

(1014.49): C 70.99, H 7.74; found C 71.03, H 7.69.

Protocol for oxidation studies on 1 and 6 with dioxygen in solution : 1 or
6 (29 mmol) was suspended in 15 mL of solvent as specified in Table 2.
After cooling/heating of the suspension to the indicated temperature,
18 equivalents of dioxygen in the case of 1 and 9 equivalents of dioxygen
in the case of 6 were added by via syringe. In the cases of entry 7 in
Table 2 after 11 and 23 h, and entries 5 and 8 in Table 2 after 5 and 10 h,
an additional 18/9 equivalents of dioxygen were added to the solution.
The solvent was removed in vacuo after the denoted time and diethyl
ether (20 mL) and chelex (1 g) was added. After stirring for 2 h the solu-
tion was filtered and the residue washed with diethyl ether (10 mL). The
solution was evaporated to dryness in vacuo and the resulting residue
was dissolved in CDCl3 (0.6 mL). To determine the ratio of the products,
1H NMR spectra of the CDCl3 solutions were recorded (see Supporting
Information).

Protocol for catalytic oxidation studies with 1: Compound 1 (3.8 mg,
2.7 mmol) and [(Xanthmal)Li2] (35 mg, 54 mmol) were suspended in ace-
tonitrile (15 mL). After cooling/heating the suspension to the indicated
temperature, 9 equivalents of dioxygen were added by syringe. After 5 h
the solvent was removed in vacuo and diethyl ether (20 mL), dilute HCl
(0.1 mL) and chelex (1 g) were added. After stirring for 2 h the solution
was filtered and the residue washed with diethyl ether (10 mL). The solu-
tion was evaporated to dryness in vacuo and the whole residue was dis-
solved in CDCl3 (0.6 mL). To determine the ratio of the products,
1H NMR spectra of the CDCl3 solutions were recorded (see Supporting
Information).

The spectroscopic data of the 11 oxidation products of 1 and 6, the distri-
butions of the oxidation products according to their functional groups
from the catalytic, stoichiometric and time-dependent reactions, as well
as the ratios of products from the decompositions of the organoperoxido
iron species are provided in the Supporting Information, and the experi-

mental data and the best fit of the magnetic measurements of 1 and 2
and the Mçssbauer data of 1 are shown graphically.
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