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a b s t r a c t

The study describes the first catalytic application of iron phosphinooxazoline complexes and Fe(OTf)2

in oxidation reactions. New iron phosphinooxazoline (PHOX) complexes of the general formulation
[Fe(PHOX)2]2+[OTf]2 (3, OTf = CF3SO3

−) were synthesized in virtually quantitative yield from anhydrous
Fe(OTf)2 and the corresponding PHOX ligands. The new complexes 3 as well as previously synthesized

+ −
eywords:
ron
atalysis
xidations
hosphinooxazolines

iron PHOX complexes of the general formula [Fe(Cp)(CO)(PHOX)] [I] (2) were employed as catalysts in
the oxidation of benzylic CH2 groups to the corresponding ketones. Whereas 3 showed catalytic activity
at room temperature (about two equivalents t-BuOOH as the oxidant, 2 mol% catalyst, pyridine solvent,
12 h, 38–93% isolated yields), complexes of 2 were only active at elevated temperatures. The product pro-
file is in accordance with a mechanism previously described as “oxygenated Fenton chemistry”, which is
further corroborated by UV–vis investigations. They showed that an iron alkylperoxo species [Fe–OOtBu]

cataly
ydroperoxides might be involved in the

. Introduction

Iron complexes have recently attracted considerable interest as
atalysts in a variety of homogeneous organic transformations [1].
n general, iron is not the first choice when it comes to the develop-

ent of novel catalyst systems, but it has a number of advantages
ver other transition metals (such as Pt, Pd, Rh, Ru or Au) typi-
ally utilized as catalysts in organic chemistry. It is cheap, abundant,
on-toxic and environmentally friendly. Accordingly, an increasing
umber of publications describe the investigation of iron-based cat-
lyst systems in transformations such as carbon–carbon [2a] and
arbon–heteroatom bond forming reactions [2b], oxidations [2c,d],
eductions [2e] and polymerizations [2f,g] and other reactions [2h].
ields and selectivities are often comparable with other transition
etal based catalyst systems, and therefore iron complexes have

lso been applied in natural product syntheses [3].
The majority of iron complexes to be employed in catalysis are

enerated in situ. Such systems are not necessarily more efficient
han defined, preformed metal complexes. However, for mechanis-
ic investigations as well as for studies regarding the relationship

f ligand architecture and the activity of their respective iron
omplexes, the deployment of well-defined complexes could be
dvantageous.

∗ Corresponding author. Tel.: +1 314 516 5340; fax: +1 314 516 5342.
E-mail address: bauere@umsl.edu (E.B. Bauer).

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2009.05.002
tic cycle. The reaction follows a pseudo zero order rate law in substrate.
© 2009 Elsevier B.V. All rights reserved.

We have recently synthesized and structurally characterized
the first phosphinooxazoline chelate complexes of iron (2, Fig. 1)
[4]. Phosphinooxazolines (PHOX, 1) are a versatile bidentate ligand
class [5], and were successfully employed in a variety of transition
metal catalyzed asymmetric reactions [6]. However, to the best of
our knowledge, iron PHOX chelate complexes have not yet been
applied as catalysts thus far. Braunstein reported cyclopropana-
tion and Diels–Alder reactions to be catalyzed by heterobimetallic
iron copper complexes with bridging phosphinooxazoline ligands,
in which only the phosphorus center is coordinated to the iron [7].

We were especially interested in the catalytic oxidation of
alkanes. Alkanes tend to be rather unreactive; selective oxidation
rapidly increases their structural complexity, and allows for further
transformations. Accordingly, we first investigated the iron com-
plex 2c as catalyst for the oxidation of benzylic methylene groups
with peroxides and observed activity (vide infra), but high reaction
temperatures were required. We were thus interested to determine
whether iron PHOX complexes with differing architectures would
be more effective and could be employed at lower temperatures in
the title reaction.

The objective of this study was to investigate alternatives to the
coordinatively saturated iron PHOX complexes 2 (Fig. 1). For poten-
tial catalytic applications, complexes with the general formula

[Fe(1)2]2+[X−]2 seemed to hold the greatest promise. In the case of
weakly coordinating counterions X−, such complexes feature two
open coordination sites, a key requirement for catalytic activity. We
synthesized such complexes and tested them in homogeneous cat-
alytic oxidations of activated methylene groups utilizing peroxides

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:bauere@umsl.edu
dx.doi.org/10.1016/j.molcata.2009.05.002
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3.1. Catalyst syntheses
Fig. 1. Phosphinooxazoline (PHOX) ligands 1 and iron complexes 2 thereof.

s the oxidants. We also performed further experiments to better
nderstand the mechanism of the iron catalyzed oxidations under

nvestigation.

. Experimental

.1. General

Chemicals were treated as follows: acetonitrile was distilled
rom CaH2. Other solvents, CHCl3, pyridine, CH2Cl2, hexanes,
he substrates for the catalytic experiments (Aldrich), and t-
uOOH (5.5 M in decane, Fluka) were used as received. Thoroughly
ried Fe(OTf)2 (OTf = CF3SO3

−) [8], iron complex 2c [4] and
he PHOX ligands 1a and b [4] were synthesized according
o the literature. Metal complex syntheses were carried out
nder argon employing standard Schlenk techniques. Workup as
ell as the catalytic experiments was performed under aerobic

onditions.
The NMR spectra were obtained at room temperature on either

Bruker Avance 300 MHz or a Varian Unity Plus 300 MHz instru-
ent and referenced to a residual solvent signal. GC/MS spectra
ere recorded on a Hewlett Packard GC/MS system model 5988A.

xact masses were acquired on a JEOL MStation [JMS-700] mass
pectrometer. IR spectra were recorded on a Thermo Nicolet 360
T-IR spectrometer. Elemental analyses were performed by Atlantic
icrolab Inc., Norcross, GA, USA. Magnetic moments were deter-
ined by the Evans method [9].
[Fe(1a)2]2+[OTf]2 ([3a]2+): To a Schlenk flask containing CH3CN

2 mL) and Fe(OTf)2 (0.053 g, 0.150 mmol), phosphinooxazoline 1a
0.100 g, 0.301 mmol) was added and the solids dissolved. The
esulting deep red solution was allowed to stir at room temperature
or 10 min. The solvent was removed under high vacuum, yielding
red-orange solid. Anal. calcd for C44H36F6FeN2O8S2P2: C, 51.98;
, 3.57. Found: C, 52.08; H, 3.83.

NMR (ı, CD3CN) 1H (full width at half maximum ca. 27Hz) 8.12
dd, JHH = 27 Hz, JHH = 7 Hz, 2H, Ph), 8.04–7.07 (m, 23H, Ph), 6.96 (d,
HH = 7.5 Hz, 2H, Ph), 6.68 (s, 1H), 4.76 (s, 2H, 2CH′H), 4.34 (s, 1H,
H′H), 3.82 (s, 1H, 2CH′H), 3.66 (s, 1H, CH′H), 3.19 (s, 2H, 2CH′H),
.06 (s, 1H, CH′H); 13C{1H} (partial) 170.8 (s, C N), 169.9 (s, C N),
9.1 (s, CH2), 68.4 (s, CH2), 59.7 (s, CH2), 55.2 (s, CH2).

HRMS calcd for C43H36F3FeN2O5SP2 867.1120; found 867.1105
corresponds to [Fe(1a)2(OTf)]+). MS (FAB,3-NBA, m/z) [10]: 867
[Fe(1a)2(OTf)]+, 35%), 536 ([Fe(1a)(OTf)]+, 60%), 332 ([1a]+, 100%).
R (cm−1, neat solid) �C N 1627 (w), 1614 (w), �SO 1259 (s), �CF 1028
s). Magnetic susceptibility (0.0108 M, CD3CN), �eff = 2.26 BM.

[Fe(1b) ]2+[OTf] ([3b]2+): To a Schlenk flask containing CH CN
2 2 3
2 mL) and Fe(OTf)2 (0.043 g, 0.123 mmol), phosphinooxazoline 1b
0.100 g, 0.246 mmol) was added and the solids dissolved. The
esulting deep red solution immediately transitioned into dark
rown. The solvent was removed under high vacuum, yielding a
alysis A: Chemical 309 (2009) 117–123

red-brownish solid. Anal. calcd for C56H44F6FeN2O8S2P2: C, 57.54;
H, 3.79. Found: C, 54.63; H, 3.93.

HRMS calcd for C55H44F3FeN2O6SP2 1035.1679; found
1035.1670 (corresponds to [Fe(1b)2(O)(OTf)]+). MS (FAB,3-NBA,
m/z)[10]: 1051 ([Fe(1b)2(O)2(OTf)]+, 10%), 1035 ([Fe(1b)2(O)(OTf)]+,
5%), 628 ([Fe(1b)(O)(OTf)]+, 30%), 612 ([Fe(1b)(OTf)]+, 25%), 408
([1b]+, 100%). IR (cm−1, neat solid) �C N 1604 (w), �S–O 1260 (s), �C–F
1028 (s). Magnetic susceptibility (0.0109 M, CD3CN), �eff = 3.63 BM.

[Fe(1a)(H2O)n]2+[OTf]2: To a Schlenk flask containing 2.0 mL of
CH3CN and Fe(OTf)2 (0.106 g, 0.3 mmol), phosphinooxazoline 1a
(0.100 g, 0.3 mmol) was added and the solids dissolved. The result-
ing deep red solution was stirred at room temperature for 5 min.
The solvent was then removed under vacuum.

MS (FAB,3-NBA, m/z)[10]: 867 ([Fe(1a)2(OTf)]+, 35%), 536
([Fe(1a)(OTf)]+, 100%), 332 ([1a]+, 80%). IR (cm−1, neat solid) �OH
3435 (br), �C N 1657 (w), 1627 (w), �SO 1223 (s), �CF 1026 (m, s).

2.1.1. Magnetic moment determination
0.0108 M solutions of the metal complexes in CD3CN were placed

in a NMR tube, and as an internal standard, a capillary containing
pure CD3CN and TMS (1 mol%) was introduced into the tube. Pro-
ton NMR spectra were recorded, and the �� value for the CD2HCN
resonances determined (see Supporting Material). The magnetic
moments were calculated according to the literature [9b].

2.1.2. General procedure for the catalytic experiments
The substrate fluorene (0.100 g, 0.602 mmol) was dissolved in

pyridine (2.0 mL) and the catalyst [3a]2+ (0.012 g, 0.012 mmol) was
added. The oxidant t-BuOOH (1.07 mmol, 0.195 mL of a 5.5 M solu-
tion in decane) was added and the red solution stirred at room
temperature for 12 h. The product was isolated as a yellow pow-
der (0.099 g, 0.55 mmol, 91%) by column chromatography (basic
alumina, eluent CHCl3/hexanes, 2:3).

NMR (ı, CDCl3) 1H 7.72–7.66 (m, 2H, aromatic), 7.61–7.49 (m,
4H, aromatic), 7.36–7.29 (m, 2H, aromatic); 13C{1H} 194.1 (s, C O),
144.7 (s, aromatic), 135.0 (s, aromatic), 134.4 (s, aromatic), 129.4
(s, aromatic), 124.6 (s, aromatic), 120.6 (s, aromatic). IR (cm−1, neat
solid) �C O 1710 (s).

2.1.3. UV–vis experiment in Fig. 4
To the metal complex [3a]2+ (0.002 g, 0.00196 mmol) pyridine

(0.25 mL) was added, followed by t-BuOOH (0.25 �L of a 5.5 M
solution in decane, 0.138 mmol). CH2Cl2 (1 mL) was immediately
added and a UV–vis spectrum recorded. For comparison, an UV–vis
spectrum under identical conditions without the t-BuOOH was
recorded.

2.1.4. Reaction kinetics monitored by GC (Figs. 5 and 6)
The substrate fluorene (0.05 g, 0.30 mmol) was dissolved in

pyridine (2.0 mL) and the catalyst [3a]2+ (0.0061 g, 0.006 mmol)
was added. The oxidant t-BuOOH (0.53 mmol, 0.097 mL of a 5.5 M
solution in decane) was added, and the solution stirred at room
temperature. For analysis, aliquots were taken from the reaction
mixture, filtered through a short pad of alumina (which was washed
with 2 mL CH2Cl2), and injected into the GC instrument. The sub-
strate decay over time was determined by the ratio of its signal
intensity to the signal intensity of decane, which was the solvent
for the t-BuOOH and served as internal standard.

3. Results and discussion
The iron PHOX complexes with the general formula
[Fe(1)2]2+[X]−2 were obtained by reaction of the PHOX lig-
ands with simple anhydrous iron salts FeX2. Accordingly, when
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Scheme 1. Synthesis of iron PHOX complexes 3a and b.

wo equivalents of the ligands 1a, b and c were combined with
nhydrous Fe(OTf)2 (OTf = CF3SO3

−) [8] in acetonitrile at room
emperature for 10 min, the iron complexes [Fe(1a)2]2+[OTf]2
[3a]2+) and [Fe(1b)2]2+[OTf]2 ([3b]2+) formed in virtually quanti-
ative yield (Scheme 1). The complexes were isolated as red-orange
nd red-brown powders which will subsequently be referred
o without charges and counterions. The complex 3b did not
ive a correct elemental analysis and, somewhat surprisingly,
o detectable coordination of ligand 1c to the iron center was
bserved. No coordination of any of the ligands was observed,
hen Fe(OAc)2 was employed as iron source; employment of

nhydrous FeCl2 gave the corresponding complex Fe(1a)2Cl2 and
t showed somewhat less catalytic activity in the oxidation of
iphenylmethane and fluorene (Table 1, entries 16 and 17) than 3a
11].

For comparison, we also attempted the synthesis of the “mono-
HOX” iron complex [Fe(1a)]2+[OTf]2, containing only one PHOX
igand in the coordination sphere of the iron (Eq. (1)). As revealed
y IR, the ligand coordinates to the iron, but also a strong OH peak
round 3300 cm−1 was observed (which was absent in 3a and b).
e assume that when a deficiency of the PHOX ligand is employed,
he open coordination site picks up water from the atmosphere
the complex liquefies when exposed to air for prolonged periods).
n turn, the MS also exhibited a peak for [Fe(1a)2(OTf)]+ with two
HOX ligands on iron, corroborating the fact that the reaction in Eq.

able 1
creening of catalyst activity

.

ntry Substrate Oxidanta Time/temperature

1 Cinnamyl alcohol Me3NO 44 h/rt
2 Diphenylmethane t-BuOOH 18 h/90 ◦C
3 Dihydroanthracene t-BuOOH 9 h/90 ◦C
4 Fluorene t-BuOOH 18 h/90 ◦C
5 Cyclohexane Me3NO or H2O2 72 h/rt
6 Toluene H2O2 30 h/rt
7 Toluene t-BuOOH 30 h/rt
8 Cyclooctadiene t-BuOOH 24 h/80 ◦C
9 p-Cymene H2O2 32 h/80 ◦C

10 Dimethoxytoluene t-BuOOH 20 h/80 ◦C
11 Cinnamyl alcohol t-BuOOH 24 h/80 ◦C
2 Tetrahydronaphthalene t-BuOOH 22 h/80 ◦C

13 Fluorene t-BuOOH 22 h/rt
14e Fluorene t-BuOOH plus TEMPO 18 h/rt
15 Diphenylmethane t-BuOOH 22 h/rt
16 Diphenylmethane t-BuOOH 18 h/rt
17 Fluorene t-BuOOH 22 h/rt
18 Fluorene t-BuOOH 22 h/rt

a Oxidants were used in 2–3.5-fold excess.
b 5 mol% 2c, 2 mol% 3a, Fe(1a)CI2 and Fe(OTf)2.
c Determined by GC/MS.
d Number of moles (product) over number of moles (catalyst) times the reaction time.
e Identical conditions to entry 13, but in presence of 20 mol% TEMPO.
Fig. 2. IR spectra of PHOX ligand 1a and its iron complex 3a.

(1) gives multiple products:

(1)

The coordination of two PHOX ligands to the iron center in 3a
and b could clearly be established by IR and MS. The free ligands
1a and b give characteristic �C N stretching frequencies of 1644
and 1630 cm−1, which shift significantly to lower wavenumbers
(1627 and 1604 cm−1), when coordinated to the iron center. This
phenomenon is exemplified for complex 3a in Fig. 2, which shows
traces of the free ligand 1a (top trace) and the neat complex 3a
(middle trace). The IR spectra also provide evidence for the posi-
give IR absorptions at 1268, 1223, 1143, and 1030 cm−1, assigned
to S–O and C–F stretches [12]. As analyzed by van Koten and Klein
Gebbink [13], coordination of one oxygen atom to an iron center
desymmetrizes the OTf ion, leading to multiple S–O absorptions,

Catalystb Product Conversion (%)c TOFd (h−1)

2c Cinnamyl aldehyde 39 0.18
2c Benzophenone 71 0.79
2c Anthraquinone 56 1.24
2c Fluorenone 5 0.06
3a NR
3a NR
3a Benzaldehyde Traces –
3a NR
3a NR
3a NR
3a NR
3a NR
3a Fluorenone 100 2.3
3a Fluorenone 51 0.56
3a Benzophenone 64 1.45
Fe(1a)2Cl2 Benzophenone 38 0.86
Fe(1a)2Cl2 Fluorenone 84 1.90
Fe(OTf)2 Fluorenone 77 1.75

Derived from GC data.
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ne being shifted to 1310 cm−1. We did not observe such a strong
ffect in the iron complex 3a. However, as shown in Fig. 2 (mid-
le trace, neat complex), the band at 1259 cm−1 exhibits shoulders,
hich might be attributed to a weak coordination of the OTf ion

o the iron center, which is clearly advantageous for potential cat-
lytic applications. This weak interaction is further corroborated
y an IR spectrum recorded in the coordinating solvent acetonitrile
Fig. 2, bottom trace). Acetonitrile coordinates to the metal cen-
er, as shown by a new absorption at 2293 cm−1 (not shown); the
–O absorption is shifted to 1265 cm−1 and shows no shoulders, as
ould be expected for a non-coordinated OTf ion.

The FAB MS spectra of 3a and b also confirm the general formula-
ion [Fe(1a)2]2+[OTf]2 and [Fe(1b)2]2+[OTf]2 for the two complexes.
omplex 3a exhibits a molecular ion peak corresponding to the for-
ula [Fe(1a)2(OTf)]+ and a fragment of the formula [Fe(1a)(OTf)]+.
peak for [Fe(1a)(OTf)(H2O)]+ was also detected. The open coor-

ination site in this formulation is occupied with water; no OH
requencies were observed in the solid-state material by IR, and the
ater molecules probably originate from the FAB matrix. For com-
lex 3b, only a molecular ion corresponding to [Fe(1b)2(O)(Tf)]+

ould be observed. Based on the spectroscopic data available for
he complexes, it cannot be determined what the position of the
xygen in the molecule is and from where it originates. We assume
hat the complex absorbs water from the FAB matrix or the atmo-
phere, and the corresponding deprotonated species is detected in
he MS data. The elemental analysis for 3b is low in carbon, also sug-
esting that extra water molecules may be present in the material,
onsistent with the observed hygroscopic nature of solid 3b.

The iron complexes 3a and b are paramagnetic. For 3a, a mag-
etic moment of �eff = 2.26 BM was determined by the Evans
ethod [9]. This value is lower than that expected from the spin-

nly formula (4.9 BM) for an octahedral Fe(II) complex with high
pin configuration (S = 2). Either the complex does not have an
deal octahedral configuration or spin-crossover may be taking
lace, which is not uncommon for octahedral iron complexes with
itrogen donor ligands [14]. For 3b, a higher magnetic moment of
eff = 3.63 BM was determined. Consequently, the novel iron com-
lexes gave very poor NMR spectra. For complex 3b, only very broad
H and 13C NMR resonances were observed, and no signals at all
ere detected in the 31P NMR spectra of any of the new complexes.
owever, complex 3a gave reasonable 1H and 13C NMR spectra

ith some line broadening (spectra see Supporting Material). For

he eight diastereotopic CH2 protons of the two oxazoline rings in
he complex, six broad signals were observed in the proton NMR
pectrum. In the 13C NMR, the aromatic region of the spectrum is
ot very well resolved. However, for the carbon atoms of oxazo-

able 2
ron catalyzed oxidation reactions

.

ntry Substrate Product

c Diphenylmethane Benzophenone
c Dihydroanthracene Anthraquinone
d Fluorene Fluorenone
e Fluorene Fluorenone
d Dihydroanthracene Anthraquinone
d Diphenylmethane Benzophenone
f Fluorene Fluorenone

a Isolated yields after column chromatography or extraction.
b Determined from isolated yield: number of moles (product) over number of moles (c
c Conditions: substrate (0.30 mmol), catalyst 2c (5 mol%), t-BuOOH (3.5 equiv.), 18 h (9 h
d Conditions: substrate (0.60 mmol), catalyst 3a (2 mol%), t-BuOOH (1.8–2 equiv.), 12 h i
e Conditions identical to those in b but under an atmosphere of argon.
f Conditions: substrate (0.30 mmol), catalyst Fe(OTf)2 (2.8 mol%), t-BuOOH (2 equiv.), 18
Fig. 3. Potential cis and trans isomers for complex 3a.

line rings, a double set of signals were observed in the 13C NMR,
establishing that the two oxazoline rings in the complex are not
equivalent.

All attempts to obtain X-ray quality crystals of one of the com-
plexes have failed thus far. As the complexes 3a and b cannot be
analyzed by 31P NMR, a definitive structure for the two complexes
could not be established. However, a close examination of the IR
spectrum of 3a (Fig. 2, middle trace) revealed two �C N stretching
frequencies, suggesting two non-equivalent nitrogen donor atoms
in the coordination spheres of the complex. The available NMR spec-
tra for this complex suggest two non-equivalent oxazoline rings.
This data is well in accordance with a cis isomer (Fig. 3) for complex
3a. In the cis isomer, the two oxazoline rings are non-equivalent, as
well as the two nitrogens, as each has a different ligand in the trans
position. Complex 3b exhibited only one �C N stretching frequency
in the IR, but as opposed to 3a, it did not give an elemental analysis
in the acceptable range and much poorer NMR spectra. Thus, our
further investigations focused on the complex 3a.

3.2. Catalytic oxidation reactions

We next employed the complexes 2c (Fig. 1) and 3a as cata-
lysts for initial screening of different hydrocarbon substrates and
oxidants, and the results are compiled in Table 1. The screening
experiments revealed that both complexes are catalytically active
in the oxidation of activated (benzylic) methylene groups to give
ketones. Cyclohexane, cyclooctene, the methine group in triph-
enylmethane, as well as adamantane could not be oxidized under

the reaction conditions employed herein, and gave at most trace
quantities of the products. Hydrogen peroxide H2O2 could not be
employed, but t-BuOOH was generally suitable as oxidant, and a
two- to threefold excess over the substrate gave the best results.
Ketones were typically the only reaction products; alcohols were

Catalyst Yielda TOF (h−1)b

2c 68% 0.76
2c 49% 1.1
3a 91% 3.8
3a 93% 3.9
3a 38% 1.4
3a 43% 1.6
Fe(OTf)2 80% 1.7

atalyst) times reaction time.
for dihydroanthracene) in pyridine (1 mL) at 90 ◦C.

n pyridine (2 mL) at room temperature.

h in pyridine (1 mL) at room temperature.
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renone) no alcohol was observed in the reaction mixture. A reaction
under standard conditions in Table 2 with adamantane gave lit-
tle reaction products; but trace quantities of alcohol, ketone and
pyridyl substituted adamantyl products were detected, also sug-
Scheme 2. Simplified mechanism for “oxygen

ot observed by GC/MS. Complex 2c (5 mol%) required elevated
eaction temperatures of 90 ◦C for catalytic activity, whereas 3a
2 mol%) could be employed at room temperature under optimized
onditions (entry 13). Pyridine was determined to be the solvent of
hoice. The precursor complex Fe(OTf)2 also showed activity in the
xidation of fluorene (vide infra). Without catalysts, at most, trace
uantities of products were observed in the reaction mixtures.

Under optimized reaction conditions, complexes 2c and 3a were
hen utilized in the oxidation of a variety of substrates, as compiled
n Table 2. Diphenylmethane, fluorene and anthracene were oxi-
ized to the corresponding ketones in 93–38% isolated yields after
olumn chromatography. About a twofold excess of t-BuOOH with
catalyst loading of 5 mol% in pyridine as solvent was employed.

urnover frequencies ranging from 0.76 to 4.2 h−1 were determined.
he iron salt Fe(OTf)2 also catalyzed the oxidation of fluorene to
uorenone under the conditions applied for 3a (Table 2, entry 7).
olm showed that FeCl3 catalyzes benzylic oxidations with aque-
us t-BuOOH [2i] and Britovsek showed that Fe(OTf)2 oxidizes
yclohexane with H2O2 to give an alcohol/ketone mixture [2j].
s mentioned above, the coordinatively saturated iron complex
c required reaction temperatures of 90 ◦C and produced lower
urnover frequencies than 3a. We hypothesized that complex 2c
rst needs to generate an open coordination site by thermal ligand

oss, whereas 3a has two coordination sites, which are only loosely
ccupied by OTf counterions (Fig. 1). As already established in the
reliminary screening experiments (Table 1), non-activated alkanes
nd allylic methylene groups were not oxidized under the reaction
onditions described herein.

.3. Further experiments to understand the mechanism of the
itle reaction

Iron–hydroperoxide induced oxidation of alkanes is a field of
ntensive study [15]. The mechanism and participating intermedi-
tes strongly depend on the reaction conditions, solvents, oxidants
nd the relative ratio of the substrates [16]. In the present catalytic
xperiments, alcohols were not observed as oxidation products
nd we only isolated the corresponding ketones. This product
rofile is in accordance with a mechanism described by Sawyer
s “oxygenated Fenton chemistry” (Scheme 2 shows a simplified
echanism) [15b]. The Fe(II) first forms an alkylperoxo species A,
hich takes up oxygen to form B; compound B converts methy-

ene groups to ketones, and can be regenerated by reaction with
2CH2 and oxygen. The oxygen needed for the reaction could be
rovided by the atmosphere, but Fe(II) complexes are also known
o disproportionate peroxides to give oxygen. Thus, the oxygen for
he catalytic reaction might also be provided by t-BuOOH decom-
osition, and accordingly we also observed catalytic activity under
n argon atmosphere (Table 2, entry 4).
To investigate whether or not species A plays a role in our cat-
lytic systems, UV–vis spectra of the iron catalyst 3a were recorded,
nd the traces are shown in Fig. 4. Complex 3a exhibits a broad
and around 350 nm and a peak at 247 nm (black trace). How-
ver, upon addition of t-BuOOH, immediately a new broad band
enton chemistry” proposed by Sawyer [15b].

around 420 nm appeared in the UV–vis spectrum (Fig. 4, grey trace).
After 24 h, this band is replaced (or hidden) by a much stronger
absorption centered around 280 nm (spectrum see Supplementary
Material). Due to the appearance of this strong band, formation or
decay of the new UV–vis band at 420 nm could not be followed over
time, as performed by other researchers.

The band around 420 nm might indeed be due to the formation
of the peroxo species A (Scheme 2). Several authors described this
species to be formed from iron complexes and t-BuOOH, and to give
a LMCT band between 500 and 600 nm in the UV–vis spectra [15 g,
17]. These values are at least in the order of the new absorption
observed in our spectra after addition of t-BuOOH.

Alkylperoxo species such as A are known to undergo either
homolytic or heterolytic O–O bond cleavage to give high valent
iron oxo species [Fe O], which are also reported to be potential
intermediates in iron catalyzed oxidation reactions [18]. However,
this species is reported to be involved in the formation of alcohols
from alkanes and epoxides from alkenes [19], which were never
observed in our experiments. Furthermore, iron oxo species [Fe O]
are reported to give UV–vis absorptions around 750 nm [20] and no
absorptions above 600 nm were observed.

The question as to whether or not a radical species is involved
in our reaction could on the other hand also not be definitely
excluded. The reaction slows slightly when run in the presence
of 20 mol% TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl, a scav-
enger for carbon-centered radicals), but it did not completely stop
(entry 14, Table 1). The title reaction is often run with a large excess
of the substrate in order to avoid overoxidation of alcohol prod-
ucts to ketones. When we run our reaction with a 500:50:10 ratio
of fluorene:t-BuOOH:3a (Scheme 3), we observed the dihydrofluo-
rene species 4 and the fluorene dimer 5 in the reaction mixture by
GC/MS. These compounds might be derived from radicals under
these reaction conditions, but besides the ketone product (fluo-
Fig. 4. UV–vis spectra of complex 3a before and after addition of t-BuOOH.
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Scheme 3. GC/MS experiment to investigate a potential radical mechanism.

esting the participation of radical species. These findings clearly
ive some evidence for radical involvement in the reactions, but the
ack of alcohol products in our reactions in Table 2 might be better
xplained by the mechanism shown in Scheme 2.

Finally, we followed the substrate consumption for the reac-
ion of fluorene (entry 3 in Table 2) over 5 h at room temperature
y GC/MS employing the catalysts 3a, [Fe(1a)(H2O)n]2+[OTf]2 and
e(OTf)2. The result for the complex 3a is shown in Fig. 5. The other
wo complexes showed a similar profile, and the traces are given in
he Supporting Material. The catalyzed reactions appeared to fol-
ow a pseudo zero order rate law in substrate, which has previously
een reported for other catalyzed reactions [21]. The observed rate
onstants were determined from the slope of the line in Fig. 5 to
e 0.059 min−1 for 3a, 0.064 min−1 for [Fe(1a)(H2O)n]2+[OTf]2 and
.092 min−1 for Fe(OTf)2 (see Supporting Material). Fig. 6 compiles

he linear trends for the catalytic experiments in one graph. The data
eveal that the complex [Fe(1a)(H2O)n]2+[OTf]2 with one PHOX lig-
nd in its coordination sphere is about comparable to catalyst 3a. In
urn, the rate constant of Fe(OTf)2 is somewhat higher than that of

ig. 5. Decay of fluorene for the reaction in entry 3 (Table 2) over time employing
a as catalyst.
Fig. 6. Decay of fluorene for the reaction in entry 3 (Table 2) over time for different
catalysts.

complex 3a. The increased rate constant of Fe(OTf)2 might again be
ascribed to the need for open coordination sites on the iron center
for catalytic activity.

As of now, we do not have conclusive data what the catalytically
active species in the catalytic cycle might be. The kinetic data in
Fig. 6 suggest that 3a and [Fe(1a)(H2O)n]2+[OTf]2 form identical cat-
alytically active species in solution. To obtain information about its
identity, complex 3a was subjected to conditions identical to those
in Table 2, but in the absence of any substrate. The resulting residue
was analyzed by IR and MS. New IR stretching frequencies were
observed at 1666, 1611 and 1600 cm−1, which are different from 3a
and the free PHOX ligand 1a. In the MS, only a peak corresponding to
the formulation [Fe(1a)(O)2(pyridine)(OTf)]+ could unambiguously
assigned. However, it seems unlikely that 3a first looses both PHOX
ligands to form a catalytically active species identical to the one
formed by Fe(OTf)2 alone. The rate constants for 3a and Fe(OTf)2
are different. Furthermore, no induction period was observed
in the kinetic investigations for 3a and [Fe(1a)(H2O)n]2+[OTf]2
(Figs. 5 and 6), which makes it unlikely that both species first
lose their chelating PHOX ligands prior to developing catalytic
activity.

4. Conclusion

The present study shows for the first time the catalytic activ-
ity of iron PHOX complexes of the general formula [Fe(PHOX)2]2+

in the oxidation of activated methylene groups to ketones with
an excess of t-BuOOH as the oxidant. The isolated yields ranged
from 38 to 93%, no alcohols were detected during the course of
the reaction, and the catalyst load was 2 mol%. The catalyst design
allows the reaction to proceed at room temperature, as opposed
to the previously synthesized iron complexes of the general for-
mula [Fe(Cp)(CO)(PHOX)]+[I]−, which only show catalytic activity
at 90 ◦C. The lack of alcohols as the reaction products is in accor-
dance with “oxygenated Fenton chemistry” previously described by
other authors. UV–vis spectra of the reaction between one of our
iron complexes and an excess of t-BuOOH suggested an interme-
diate alkylperoxo species [Fe–OOt–Bu]II which are also reported in
the “oxygenated Fenton chemistry”. Kinetic experiments revealed
that the reaction is pseudo zero order in the substrate, and that
the mono-coordinated iron PHOX complex [Fe(PHOX)]2+ performs
comparable to the di-coordinated complex [Fe(PHOX)2]2+.
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