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Mechanistic Tuning of Hydrocarbon Oxidations with H,O,, Catalyzed by
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A comparison of the catalytic properties of a series of Fe'LXY
complexes on oxidation reactions with H,O,, [L = N,N'-
bis(pyridin-2-yl-methyl)-N,N’-bis(3,4,5-trimethoxybenzyl)-
ethane-1,2-diamine] indicates that the lability of the X and
Y ligands (CI~ or CH3CN) determines the nature of the oxida-
tion pathway. The absence of a labile site in the complex, i.e.
when X =Y = CI7, causes the reaction to proceed via a Fenton
pathway (generation of hydroxyl radicals, exclusively). The
presence of two labile CH3CN ligands (X = Y = CH3CN) al-

lows the catalysis to proceed through a metal-based mechan-
ism, whereas in the case of a complex with only one labile
ligand (X = CI" and Y = CH3CN), the reaction is less con-
trolled by the metal. We wish to emphasize that the cleavage
of the O-0O bond in the Fe-OOH moeity, a key intermediate
in the reaction, is different in the last two cases.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Synthetic non-heme ferrous complexes have been exten-
sively studied due to their ability to mimic some structural
and functional properties of non-heme iron monooxygen-
ases or oxygen activating enzymes.l'! Some of the ligands
used, mainly polydentate nitrogen-based, are shown in
Scheme 1. These complexes have been found to be efficient
catalysts for alkane oxidation using hydroperoxides or oxy-
gen-donating reagents.[’! Few catalytic systems, however, al-
low selective oxidation of alkanes to the corresponding al-
cohol without formation of secondary products.’! In the
case of Fe and Mn porphyrins, such a selective reaction has
been attributed to the involvement of a metal-oxo inter-
mediate as the active species for the hydroxylation.”! The
question of the formation and the stabilization of such a
species in non-heme systems has been the subject of extens-
ive studies, and recently an Fe'V=0 system has been fully
characterized.! Nevertheless, as soon as hydrogen peroxide
is involved in the catalytic reaction as the oxidant, the nat-
ure of the reaction pathway is controversial. It usually alter-
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nates between a free radical (Fenton chemistry) or a metal
based mechanism.[®! The identification of the essential stereo-
electronic parameters, which control the reactivity of the
active species, is still an important challenge. In particular,
we demonstrated the importance of a labile site on the iron
complex in order to allow the oxidant to bind, and to be
activated.”? Here, we will show from the reactivity pattern
of a series of six-coordinate iron complexes [Fe'LXY]-
(ClOy), (L designating a tetradentate nitrogen based ligand
and X, Y a monodentate ligand) that two labile sites are
absolutely required for selective catalysis of alkane oxi-
dation. The ligand L has been designed to serve as a sub-
strate for probing the reaction mechanism. Indeed, L con-
tains sites such as the methylene groups and the phenyl
rings from benzylic moieties, which are vulnerable to oxi-
dation. The latter are known to be very reactive towards
hydroxyl radicals, leading to the formation of phenol.l®!
Three hexacoordinate ferrous complexes, containing the
tetradentate ligand L, [L = N,N’-bis(pyridin-2-yl-methyl)-
N,N'-bis(3,4,5-trimethoxybenzyl)ethane-1,2-diamine],[® the
two remaining coordination sites being occupied either by
a solvent molecule (known to be a labile ligand) or a chlo-
ride anion (known to be less exchangeable), have also been
synthesized and fully characterized (Scheme 1).

The structure and catalytic properties of FeLCl, (1) and
FeL(CH;CN),(CIOy4), (2) have been partly described pre-
viously.’l In this paper they are compared, in more detail,
with the structural, spectroscopic, and catalytic properties
of a third new complex FeLCI(CH3;CN)(ClOy) (3), contain-
ing only one labile site. This complex completes the series.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3163
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Scheme 1. Ligand used in this study, numbering scheme for the corresponding complexes, and related ligands discussed

Results

Syntheses of Complexes

The syntheses of complexes 1 and 2 are straightforward.
Solid products were obtained by simply mixing equimolar
amounts of ligand L and FeCl,*4H,O or Fe(ClO,),4H,0,
respectively, in methanol under an inert atmosphere and at
room temperature.””) Complex 3 was synthesized via a two
step procedure. When stoichiometric amounts of complexes
1 and 2 were mixed together in CH,Cl, or CHCI; under
argon, a light yellow microcrystalline powder was obtained.
The reaction was quantitative, and the complex formed was
identified, based on ESI/MS (see Exp. Sect.), as a dinuclear
ferrous complex [Fe,L,Cl,](ClO4),. When the dinuclear
complex was dissolved in acetonitrile it dissociated quanti-
tatively into two identical FeL(Cl)(CH;CN)(ClOy) units, i.e.
complex 3, which crystallizes in quantitative yield upon dif-
fusion of ether into the mother liquor.

X-ray Structures of Complexes 1, 2, and 3

The structure of the cation present in the three complexes
is represented in Figure 1. The Fe! ion is in a pseudo-octa-
hedral environment with the tetradentate ligand L wrapped
around the metal ion. The two remaining coordination sites
are filled by two chloride ions for 1, two acetonitrile mol-
ecules for 2, and one chloride and one acetonitrile for 3.
The topology consists of a cis o configuration for the mono-

3164 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

dentate ligands in each complex. Each one is trans with re-
spect to one amine nitrogen atom and the pyridine ligands
are trans to each other.

The Fe—ligand distances decrease as the number of
CH;CN ligands increases, reflecting the increase in ligand
field strength in the following order: 1 < 3 < 2. Accord-
ingly, the shorter Fe—N distances (1.942—2.060 A) are
found in 2, consistent with a low-spin configuration for its
ferrous ion in the crystalline state, whereas the Fe—N dis-
tances (2.212-2.3272 A) in 1 are longer than in 3
(2.1708—2.2787 A), a range of distances is in agreement
with a high-spin configuration for the ferrous ion in both
complexes (see Table 1). Moreover, the Fe—NCCH; dis-
tance is longer in complex 3 [2.1730(8) A] than in complex
2[1.942(4) A], and the Fe—Cl distance is shorter in complex
3 than in complex 1 [2.3383(3) compared with
2.4080(2)—2.4260(2) Al.

The presence of chloride anions is responsible for a dis-
tortion from the ideal octahedral geometry as shown by the
more acute prridine_Fe_prridine and Namine_Fe_Namine
angles in 1 and 3 compared with those in complex 2. Ac-
cordingly, the presence of two Cl™ ions in a cis geometry
leads to a larger X—Fe—Y angle [102.274(8) in 1 compared
with 96.6(2) in the case of complex 3].

The structural parameters of the [Fe"LXY] series are
similar to those of the previously described Fe(N,Py,) fam-
ily represented, for example, by [Fe(bpmen)(CH;CN),]** or
(LBzl,)FeCl, [bpmen = N,N'-dimethyl-N,N'-bis(2-pyridyl-

www.eurjic.org Eur. J. Inorg. Chem. 2004, 3163—3171
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Figure 1. ORTEP representation of the cations of complexes 1—3; all hydrogen atoms have been omitted for clarity

methyl)ethylene-1,2-diamine (Scheme 1), and LBzl, =
N,N'-dibenzyl-N,N'-bis(2-pyridylmethyl)ethylene-1,2-di-
amine].13%101

Spectroscopic Characterization of Complexes 1—3

Solid-state (powder) Mossbauer spectroscopy (77 K)
showed a doublet with comparable isomer shifts at about
8 = 1.1 mm-s~! for each of the complexes, in accordance
with a high spin state for the ferrous ions. Significantly dif-
ferent quadrupole splitting values AE, were observed, how-
ever (Table 2).['I The highest AE, value was found for 3, in
agreement with the lower degree of symmetry resulting
from two different monodentate ligands in the iron coordi-
nation sphere (see Table 2). It has to be noted that in the

Eur. J. Inorg. Chem. 2004, 3163—3171 www.eurjic.org

solid-state, the spin state of complex 2 differs from that in
the crystal, revealing the importance of the packing in the
crystal, and suggesting the involvement of a network of hy-
drogen bonds between the anions. This behavior is charac-
teristic of related spin crossover systems.!!?!

The complexes retained their structure in solution as they
remained all monomeric in acetonitrile solution as indi-
cated by their ESI/MS spectrum (Table 2). The UV/Visible
spectra of acetonitrile solutions exhibit only one intense
band in each case at around 400 nm, attributable to a
MLCT band from Fe'! “t,,” orbitals to ©* orbitals of the
pyridine ligands. Interestingly, it has been previously shown
that the value of the extinction coefficient can be correlated
with the ligand field strength.!'3! The trend observed here,
confirmed the order of the series found in the solid state.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3165
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Table 1. X-ray structural parameters (bond lengths and angles) for
FeL(XY) complexes with X and Y = Cl and/or CH3CN

Bond lengths (A) 1 3 2
Fe—Cl 2.4260(2) 2.3383(3)
2.4080(2)
Fe—NCCH; 2.1730(8) 1.942(4)
1.945(4)
Fe—Numine 2.3272(7) 2.2475(7) [N1]  2.056(3)
2.3012(6) 2.2787(T)[N2]  2.060(3)
Fe—Npyridine 2.2120(2) 2.1708(8) 1.982(4)
2.2228(6) 2.1717(8) 1.990(4)
Angles (°)
Cl—Fe—Cl 102.274(8)
Cl—Fe—Nyiuile 96.6(2)
Nhitrite = F€ —Nhiurite 91.50(15)
Namine— F€—Namine 78.07(2) 80.50(2) 86.11(13)
Npyridine™ Fe—Npyrigine  169.67(2) 168.69(3) 178.39(15)
Nnilrile_Fe_prridine 9357(3) 9485(16)
85.41(15)
Namine = Fe—Npyridine 75.17(8) 75.77(3) 81.04(15)
96.70(2) 96.32(3) 98.23(14)
Nnilrile_Fe_Namine 17494(19) 9136(14)
175.17(14)
Cl—Fe—Namine 90.40(2) 95.43(18)
161.82(2)

The three complexes were also characterized by 'H NMR
spectroscopy at room temperature in CD3;CN solutions
(Figure 2). The spectra show proton resonances between
—20 and 140 ppm, a range typical for high spin ferrous
(S = 2) complexes. A comparison of 'H NMR spectra
showed that the three complexes have different structures
in solution. Proton assignments have been carried out from
a comparison with related complexes, integrations, and 7
values (see Table 3).'Y1 The pyridyl resonances are subject
to large isotropic shifts in the following order o > B> vy
based on the fact that the paramagnetic contact shifts are
governed by o-delocalization effects, so that the shifts in-
crease with closer proximity to the ferrous ion.['”]

Thus, the a-pyridyl protons were assigned to the reson-
ance at lower field, i.e. above = 130 ppm. Moreover, the
B-pyridyl proton resonances, easily recognizable as they are
usually assigned to two close sharp resonances at around
& = 50 ppm, shifted from 59/53 (B/B") ppm for complex 1 to

Table 2. Physical properties of FeLL(XY) complexes with X and Y =

52/44 and 48/40 ppm for complexes 3 and 2, respectively.l'*!

Finally, the y-H resonances were observed at 6 = 21 ppm
for 1, and were found upfield for 2 and 3 at 6 = 10 ppm
and —8 ppm, respectively. The methylene CH, resonances
can be assigned to the broader resonances spread through-
out the spectra (see for example spectrum 2 in Figure 2).
The number of these resonances signify the distinction be-
tween the two protons of the methylene moieties, a fact
which is related to their position with regard to the metal
ion. The methylene protons of CH,—Pyr were tentatively
attributed to the broad resonances in the 120—40 ppm re-
gion by comparison with the TPA complexes.['4 The meth-
ylene protons of the diamino and benzyl moieties of the
ligand were less shifted, and were sensitive to the nature of
the monodentate ligand set trans to the aliphatic amine.

We have tentatively attributed the upfield shift of the
a,f,y— pyridyl protons and the methylene protons in com-
plex 2 to a lower paramagnetism compared with in 1 and
3. It should be noted that the resonances of the protons of
the trimethoxyphenyl moieties could not be assigned due to
the presence of several overlapping peaks in the diamag-
netic region of the spectra.

Remarkably, the spectra of 2 and 3 display broader reson-
ances, suggesting ligand exchange in solution. This was con-
firmed when the NMR spectra were recorded in a non-co-
ordinating solvent, i.e. CD,Cl,. Only the spectra of com-
plexes 2 and 3 were different in terms of isomeric shifts and
the broadness of the peaks. This is in agreement with the
solvent ligand (CH3CN) being more labile than the coordi-
nated chloride. Conversely, this confirms that the chloride
anions in complexes 1 and 3 remain iron-bound in aceto-
nitrile solution, and that solutions of 3 do not contain a
mixture of 1 and 2.

Finally, Table 2 also shows that, as expected, the three
complexes have different Fe'!/Fe!” potentials in acetonitrile.
The cyclic voltammograms in CH;CN/TBAP 0.1 m display
one quasi-reversible process (AE = 100 mV) for 1 and 2,
whereas two systems of waves were observed on the reverse
scan in the case of 3. The presence of these two reduction
peaks was attributed to an EC process, which has been as-
signed to the minor formation of [FeLCl,]" (less than 10%)
during the one-electron oxidation process of 3. Accordingly,
the location of the reducing wave of this minor electroactive

Cl and/or CH5CN

Complex 1

3 2

Mmax. (€ [Mrem™']) 415 nm (1050)

E,, [V/INHE] 0.560
E,. [V/NHE] 0.430
8 [mm-s~'] o] 1.14
& [mm-s~!] 3.05

ESI/MS fragment mlz = 693 ([FeLCI]*")

373 nm (1350) 370 nm (1700)

1.12
0.930; 0.5201

1.12
3.24

1.15
2.81

mlz = 693 ([FeLCI]*") mlz = 757 ([FeL(ClO,)™)

[2l Minor wave (less than 10% in intensity compared to the one at 0.930 V). [Pl Referenced to a-Fe at 300 K.

3166 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. "H NMR spectra of complexes 1—3 in CD;CN at room temperature

Table 3. "H NMR spectroscopic data for complexes 1—3

Complex assignment 1 3 2
a-Hpyr 140 131 138
B,B-Hpyr 59; 52 52; 44 48; 39.7
v-Hpyr 20.7 10(br) -8
CH,—Pyr 107; 92.7 123; 114 112;43.5
CH,—Bz or 19; 6.5 18; 9 35.5; 23

CH,-diamine 0.3; =21 4;3 11.5; 3.2

species was observed close to that observed for 1. As ex-
pected, the easier system to oxidize is 1, followed by 3 then
2. The presence of chloride anions in the coordination
sphere implicates a decrease in oxidation potential of about
500 mV per anion.

To conclude, the three complexes have different struc-
tures in solution. We have thus obtained and fully charac-
terized a series of complexes containing the same tetraden-
tate ligand, and various combinations of chloride and
acetonitrile ligands. These complexes can be used to study
the effect of the nature of monodentate ligands and the
number of labile sites on their ability to catalyze alkane
oxidations. It should be noted that they retain their struc-
tures during redox processes. These results are presented in
the next section.

Eur. J. Inorg. Chem. 2004, 3163—3171 www.eurjic.org

Ligand Oxidation — A Probe for Hydroxyl Radical
Generation

The reaction of complex 1 with hydrogen peroxide in the
absence of an external substrate led to the formation of a
new chromophore.®! This chromophore has been charac-
terized as a phenolato complex [Fe™LOCI]*, and resulted
from hydroxylation, at the ortho position, of one phenyl
moiety of the ligand L (Scheme 2). No such species could
be observed during reaction of complex 2 with H,O, under
the same conditions. On the other hand, in the presence of
10 equivalents of H,O, in acetonitrile, complex 3 was partly
converted into this chromophore as shown by ESI-MS with
a molecular ion peak at m/z = 708. When H,'%0, was used,
only one peak at m/z = 710, corresponding to the
[Fe"(L'®0)CI]* fragment, was present. This signifies that
the inserted oxygen came exclusively from the oxidant.

~ x>
| |
| an
\N@N\ H;Q: \NlJaIlN
e r\x _ v | e Q
N N\ OMe

MeO
OMe

Scheme 2. Chemical transformation of ferrous complexes 1 and 3
using hydrogen peroxide

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3167
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However, the yield of ligand hydroxylation was found to be
much lower than in the case of 1. Ligand extraction from
the mother liquor confirmed the ligand oxidation, and
quantitative analysis showed that the oxidized ligand LOH
was preferentially formed with complex 1 (yield = 60%), in
contrast to the result with complex 3 (15%) (see Table 4).
With all complexes, minor formation of ligand L1, N,N'-
bis(pyridin-2-ylmethyl)-N-(3,4,5-trimethoxybenzyl)ethane-
1,2-diamine, was detected (<<15%).°1 L1 results from an N-
dealkylation of the ligand L following hydroxylation at one
of the benzylic positions.

Table 4. Comparison of the oxidizing properties of complex 1, 2,
and 3 (experimental conditions: CH;CN, room temp., Ar; [com-
plex] = 1 mm; [complex]/substrate/H,O,, 1:100:10

Complex 1 3 2
Ligand L oxidation?

L (%) 6 60 60
L—OH (%) 70 15 0
L1 (%) 7 14 14
Cyclohexane

cyclohexanol (% yield!®) 3 7 23
cyclohexanone 1 3 2.5
ol/one [ 3 2 9.2
cis-DMC

cis-OH (%) 4 7 20
trans-OH 2.5 3 3
% RCUI 20 40 74
Cyclooctene

epoxide (%ol 0 6 31
Cyclohexene

epoxide (%ol 0 7 5
2-cyclohexene-1-ol 2 24
2-cyclohexene-1-one 0 6 1

(2l Only the three major products analyzed by HPLC have been
reported. [®! Yield based on the oxidant. [l ol/one corresponds to
the ratio of cyclohexanol over cyclohexanone. [ % RC = 100 X
(cis-OH-trans-OH)/(cis-OH + trans-OH) with an error estimated
to be = 5%; cis-OH = (1R,2R- or 18§,25)-1,2-dimethylcyclohexa-
nol. trans-OH = (1R,2S- or 18,2R)-1,2-dimethylcyclohexanol.

OH radicals are excellent agents for aromatic hydroxyl-
ation.[ Thus the formation of LOH from the oxidation of
L by H,0, was used here as a probe for the presence of
OH’ radicals derived from H,O,. Our results thus show a
dramatic difference between 2, on the one hand, and 1 and
3, on the other hand, in terms of generation of OH' radicals.
Only complex 2 was unable to convert H,O, into OH". It is
also important to note that in the case of 3, LOH is a minor
product whereas in the case of 1, L is extensively converted
into LOH, indicating a more significant involvement of OH
radicals in reactions catalyzed by 1. This is supported by
the observations reported below.

Hydrocarbon Oxidation

In a typical reaction, 2 pmol of complex [FeLXY](ClOy),
[n = 0 for complex 1, 1 for 3 and 2 for 2] in acetonitrile
(final volume = 2 mL) was treated with 20 pmol of H,O,
(10 equiv.) in the presence of 1100 equiv. of the alkane in

3168 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

acetonitrile at room temperature under argon. All the reac-
tions were complete after 10 minutes by which time the oxi-
dant was completely consumed. No oxidation occurred in
the absence of the iron complex. Complex 2 was found to
be the most active catalyst during oxidation of cyclohexane
with a 30% total yield based on the oxidant, followed by
complex 3 (13%), and 1 (4%). The same pattern was ob-
served when the selectivity of the hydroxylation was con-
sidered with an alcohol/ketone ratio above 9 for complex 2
(Table 4), whereas much less selectivity was observed with
complexes 3 and 1.

Furthermore, only complex 2 could catalyze stereoselec-
tive hydroxylations (Table 4). For example, oxidation of cis-
1,2-dimethylcyclohexane gave cis-1,2-dimethylcyclohexanol
(1R2R or 1S,2S5) as the major product (%RC over 70%)
showing that hydroxylation proceeds preferentially with re-
tention of configuration at C-1, thus excluding a pure rad-
ical mechanism. Much less stereoselectivity was observed
with complexes 3 and 1 (%RC = 40% and 20%, respec-
tively).

Ligand hydroxylation and alkane oxidation reactions
clearly make it possible, therefore, to distinguish 2 from 1
and 3, but not 1 from 3. In contrast, alkene epoxidation, as
discussed below, provides a convenient reaction probe to
make this distinction. Indeed, whereas epoxides are formed
during oxidation of cyclohexene and cyclooctene by H,O,
in the presence of 2 and 3, no epoxide could be detected
with complex 1 as the catalyst. In the latter case, only very
little allylic alcohol could be detected with cyclohexene as
the substrate. Here, epoxidation is used as a probe for the
involvement of metal-oxo intermediate active species.[!®]
Thus, these results suggest the presence of such species in
reactions catalyzed by 2 or 3, but not in reactions catalyzed
by 1. The involvement of a [Fe=0]"" species is further sup-
ported by the observation of '80 labeled cyclohexanol dur-
ing cyclohexane oxidation by H,O, in the presence of 1000
equivalents of H,'®O (complex 2: 47%, complex 3: 5%).
This is due to the ability of (per)ferryl complexes to ex-
change O atoms with H,O.['”] The presence of products lab-
eled with O atoms from both water and the oxidant has
already been observed in oxidations dependent on non-
heme iron complexes.['®]

Evidence for Iron-Hydroperoxo Complexes During the
Reaction

Iron hydroperoxo complexes have been extensively stud-
ied during the last decade.!'-!°2%1 They are usually charac-
terized by a LMCT band in the visible region, from which a
resonance Raman spectrum dominated by O—O and Fe—O
vibrations may be observed.?!l Using a previously de-
scribed methodology,??! which consists of low temperature
mixing of the oxidant and the catalyst, we were able to de-
tect such an Fe—OOH species by ESI-MS in some cases.
Firstly, fast mixing of complex 3 with 10 equivalents of
H,O0, resulted in the detection of a new peak at m/z = 726,
which we assigned to the [FeLOOHCI]* fragment, with ex-
cellent agreement between its observed and theoretical iso-
topic patterns (see Supporting Information S1). The assign-
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ment was confirmed, during an MS/MS experiment, by the
loss of a fragment of m/z = 33 corresponding to the OOH
fragment. A corresponding shift of +4 in the parent peak
was observed when H,'80, was used. In contrast, with
complex 1, no Fe—OO(H) could be detected, whereas with
complex 2 different fragments were observed at m/z = 790
and 345.5. These were assigned to [FeLOOHCIO4" and
[FeLOOHJ?**, respectively (Supporting Information S2).
The fact that this fragment was absent in the mass spectrum
of 3/H,0, indicates that complex 2 was not a contaminant
in solutions of complex 3.

The presence of a hydroperoxo ferric complex
[X—Fe™—OOH]"" in the case of 2 and 3 but not 1,
strongly suggests a distinct reaction pathways in systems
dependent on 1 and 3.

Discussion

Using a variety of reaction probes we have clearly dem-
onstrated that the three complexes under study have very
different catalytic properties during oxidation by hydrogen
peroxide, even though they contain the same tetradentate
nitrogen-based ligand L.

In the case of complex 1, the extensive conversion of L
to LOH by aromatic hydroxylation, the low alcohol/ketone
ratio, the low stereoselectivity during alkane oxidation, and
the lack of epoxide formation during alkene oxidation sug-
gest that freely diffusing hydroxyl radicals are the active
species.[>3]

In contrast, in the case of complex 2, the lack of LOH
formation, the high alcohol/ketone ratio, the large stereo-
selectivity, the fact that oxygens from exogenous water mol-
ecules are incorporated into the products, and its ability to
epoxidize alkenes are in agreement with a selective metal-
based mechanism.

Complex 3 displays some of the properties of complex 1
(formation of LOH, low stereoselectivity), and some of
those of complex 2 (epoxidation, formation of an Fe-hydro-
peroxo complex, and cyclohexanol labeling with H,'%0).
This, then, suggests a third type of mechanism involving
both [Fe=0] and OH radical species.

What differentiates complexes 1—3 from each other is the
number of labile coordination sites. We have shown that in
solution, CI~ ligands are not exchangeable with the solvent
even when the iron center is in the ferrous state. In contrast
CH;CN ligands are exchangeable. As a consequence, com-

plex 1 has no exchangeable ligand, complex 3 has one, and
complex 2 has two. We thus propose that the number of
labile coordination sites defines the type of reaction mecha-
nism, namely the type of active species responsible for sub-
strate activation and oxygen atom insertion (Scheme 3).

In the case of complex 1, H,O, cannot bind to iron, in
agreement with the fact that no Fe—OOH species could be
detected. This iron reacts with H>O, via an outer sphere
one-electron redox process generating OH radicals with
good aromatic hydroxylation and poor epoxidation power.
In the case of complex 2, H,O, can bind to iron to form an
intermediate Fe—OOH complex, as shown by ESI-MS. It
is proposed that the latter proceeds by heterolytic O—O
cleavage to generate an active [FeY=0] species, allowing a
more selective metal-based oxo transfer process.

In the case of complex 3, with a single exchangeable coor-
dination site, H,O, can also bind to iron. Indeed an
Fe—OOH complex has also been detected in this case by
ESI-MS. It can be proposed, however, that the latter pro-
ceeds by homolytic (and not heterolytic) cleavage of the
O—0 bond thus generating both [Fe'Y=0] and OH" species,
in agreement with the properties of the oxidation reaction
catalyzed by 3.

The question thus arises, whether the rather drastic dif-
ference between 2 and 3 results only from the difference in
terms of labile sites or for an additional reason. Studies by
L. Que Jr. and co-workers have shown the importance of
the presence of two labile sites for promoting heterolytic
cleavage.l'®! In particular, the possibility for the terminal
oxygen of the Fe—OOH species to interact with iron via
binding to the second site provides a major driving force
for the heterolytic cleavage of the O—O bond. A second
possibility comes from the binding of a molecule of H,O to
the second site, which can thus promote O—O heterolytic
cleavage by donating a proton.

In the case of complex 3, a Cl—-Fe—OOH species is
formed, and there is no such driving force for heterolytic
cleavage because of the presence of a non-exchangeable Cl
ligand. As a consequence, only a homolytic cleavage takes
place. We have thus shown here, from a detailed compari-
son of 2 and 3, that the number of labile sites has a great
impact on the outcome of the oxidation reactions involving
Fe—OOH intermediates. Previous studies by Que Jr.
and Feringa and co-workers have raised a similar issue.
They did it on the basis of the comparison of
[Fe(TPA)(CH;CN),]** complexes with diverse ligand sub-

X=Y=cl
> OH° + XY-Fe(l)  (a)
[LFe(IXY]
+ — X=Cl
Hy0, » X-Fe(IV)=O +OH®  (b)
L [LFe-OOH]—

X=ClY=CHCN X > X-Fe(V)=O+OH - ©

X= Y= CHACN X= CHCN

Scheme 3. The three reaction pathways for iron/H,0, systems as a function of the ligands X and Y
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stitutions — which are catalysts of oxidation reactions pro-
ceeding by metal-based mechanisms —, with the
[Fe(N4py)(CH;CN)]>* complex, in which Ndpy is a pen-
tadentate ligand related to TPA (Scheme 1).['824 The latter
has only one exchangeable site, and is not able to catalyze
the epoxidation of alkenes by H,O,.

On the other hand, it should be recalled that in the case
of reactions of Fe-porphyrins with m-chloroperbenzoic acid
(mCPBA), cleavage of the O—O bond within the intermedi-
ate Fe—OOC(O)R complex is dependent on the nature of
the axial ligand trans to the acylperoxo ligand.!>>! The cleav-
age is homolytic when this ligand is C1~, and heterolytic
with less electron donating anions such as ClO,~. In the
case of 2 and 3, we might also consider that, rather than
the exchangeability of the sites, it is the electronic properties
of the ligands (CI~ vs. CH5CN) which influence the cleav-
age of the O—0O bond of the X—Fe—OOH species. Further
experiments are needed to better establish the importance
of such electronic effects in these catalysts.

Conclusion

The structural parameters required for efficient iron cata-
lysts for selective oxidations using hydrogen peroxide as the
oxidant have been elucidated. The presence of neutral nitro-
gen ligands (allowing a high Lewis acidity for the metal for
H,O0, activation), and the presence of two labile sites (to
favor the heterolytic cleavage of the O—O bond) are re-
quired for selective and efficient catalysis of alkane hydrox-
ylation. The control of the O—0O bond cleavage by anions
needs to be better understood, and the charge on the X
ligand is probably an important parameter to consider. So
far, complex 2 represents one of the more efficient catalyst
in its category.

Experimental Section

General: Most of the reagents were of the best commercial grade,
and were used without further purification. The synthesis of ligand
L has been described previously.[®]

Synthesis of Complex 1: In a glove box, FeCl,4H,O (150 umol)
was added to a methanolic solution (8§ mL) of ligand L (150 pmol).
The solution rapidly turned yellow, and was stirred for two hours
under an inert atmosphere at room temperature. The resultant
powder was filtered, and washed with diethyl ether. Crystals suit-
able for X-ray crystallography were obtained by diffusion of diethyl
ether into an acetonitrile solution of complex 1. The powder was
found to be stable under aerobic conditions.

Synthesis of Complex 2: In a glove box, Fe(Cl04),4H,O (150 umol)
was added to a methanolic solution (8 mL) of ligand L (150 pmol).
The solution was stirred until complete precipitation of a pale yel-
low powder. After filtration, the powder was washed twice with
diethyl ether. Purple crystals of complex 2 were obtained from dif-
fusion of diethyl ether into an acetonitrile solution but the crystals
were unsuitable for X-ray crystallography. X-ray quality crystals for
2 were obtained after a metathesis of ClO, for PFg anions. The
powder was found to be less stable in air than complex 1.

3170 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Synthesis of Complex 3: Complex 2 (32 mg, 36 pmol) was added to
a CHCIl; or CH,Cl, solution of complex 1 (27 mg, 36 umol) under
an Ar atmosphere, and stirred for 1 h. A light yellow powder pro-
gressively appeared (yield >90%). The solid was washed with di-
ethyl ether, and analyzed by ESI-MS and 'H NMR spectroscopy.
The spectroscopic data are consistent with the description of the
complex as a dinuclear compound [Fe,L,Cl,(ClOy),]. The presence
of two chloro bridges led, in this case, to a small ferromagnetic
coupling as indicated by a CH,Cl, X-band EPR (parallel mode)
signal (g = 16, T = 4K). This is a characteristic signature for
an integral spin ground state (data not shown).[?) This was also
corroborated by the larger range for the proton resonances ob-
served by 'H NMR spectroscopy in the dinuclear complex, com-
pared with those in complexes 1 and 2 (for example, the a-H reson-
ance of the bound pyridine moieties was observed at 6 = 180 ppm,
whereas it was found at around 6 = 140 ppm in 1 and 2). Solid-
state MOssbauer parameters are in agreement with the high-spin
configuration of the two identical ferrous atoms of the dinuclear
unit (3 = 1.10 mms~! and 8 = 1.28 mm-s~!). ESI-MS: m/z = 1485
(50%), [Fe,L,CL,ClO4) " : m/z = 1421 (100%) [Fe,L,Cl3]". 'H NMR
(CD,Cly): 8 = 180.2 (o-H py); 49.0, 46.5 (B-H py). 155.1, 50.3
(CH,>-py). 31.0, 24.7(CH,—Et). 70.0, 51.0 [(CH,—Bz), 10.2
(Ar—0O—Me), 11.4 (p-H-Benzyl), —7.2 (y-H-py) ppm.

To obtain complex 3, the yellow powder was dissolved in aceto-
nitrile, and crystals were grown by diffusion of ether into this aceto-
nitrile solution.

Crystallographic Studies: Data collection and analyses of com-
plexes 1-3 were conducted on a Bruker SMART CCD system at the
crystallography service of the SCIB laboratory (CEA-Grenoble).
Experimental conditions for complex 3: 3-0.5(C,H;),0:0.5H,0O
(C33Hs5,CLFeNsO;,): M = 880.59 g mol~!, yellow plate, triclinig,
collection temperature 223 K, space group P1, a = 10.9451(7) A,
b = 13.35518) A, ¢ = 15.746 (1) A, a = 94.719 (1)°, B =
105.831(1)°, y = 97.859(1)°, ¥ = 2176.5(2) A3, Z = 2, Rl = 0.0515
[ = 2o(0)]. Pertinent crystallographic data are reported in Table 1,
full data can be obtained from the Cambridge Crystallographic
Data Centre. The structures were solved by direct methods using
the SHELXTL 5.03 software package. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed in ideal
positions, and refined as riding atoms with individual (or group)
isotropic displacements. CCDC-146454, -146455, and -226070
contain the supplementary crystallographic data for 1, 2, and 3,
respectively. These data can be obtained free of charge at
www.ccde.cam.ac.uk/conts/retrieving.html [or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: (internat.) +44-1223-336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Physical Studies: 300-MHz 'H-NMR spectra were recorded on a
DPX300 Bruker spectrometer, and the shifts referred to the residual
solvent peak. Visible absorption spectra were recorded on Varian
CarylBio and HP 8453 diode array spectrophotometers. Gas chro-
matography (GC) was performed on a Perkin—Elmer Autosystem
instrument with a FID detector, using an SE 30 column coupled
to a Perkin—Elmer Turbomass EI spectrometer. Mdssbauer spectra
were recorded in 400 pL cups containing the complex as a solid
with a conventional constant acceleration spectrometer using a
37Co source in a Rh matrix (1.85 Gbq). ESI-MS spectra were ob-
tained on an LCQ ion trap spectrometer. Cyclic voltammetry
experiments were performed using a PAR model 273 potentiostat/
galvanostat. The working electrode was a platinum disc.

Ligand Extraction and Titration of the Products After Oxidation

Reactions: After the completion of the reaction between the com-
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plex and hydrogen peroxide followed by UV/visible spectroscopy
the solvent was removed, and water was added until a concen-
tration of 5 mM, based on starting iron concentration, was reached.
Excess dithionite was then added, and 5 equivalents of bathophen-
anthroline were added. The total complexation of iron by the dini-
trogen ligand was followed by UV/Visible spectroscopy (€s535nm =
22140 m~'-cm~') and, when complete, the organic products were
extracted with dichloromethane. The products were analyzed by 'H
and '3C NMR spectroscopy and ESI-MS. Quantitative analysis of
the components of the mixture was performed using HPLC based
on the titration curves of pure samples. The total content never
reached 100% due to the presence of minor products observed on
the HPLC chromatogram.

Oxidation Reactions: In a typical reaction, 10 equivalents of H,O,
were added to a 1 mum solution of complex containing 1100 equiva-
lents of cyclohexane (or 600 equiv. of 1,2-dimethylcyclohexane) or
alcene in a glove box. The reaction was complete after 15 minutes,
and the oxidation products were analyzed by GC/MS chromatogra-
phy using benzophenone or acetophenone as an internal standard.
The products were identified by ESI-MS, and titration curves were
performed using pure samples to enable a quantitative analysis of
the products.

Supporting Information: ESI/MS spectrum of 2/H,0, (S1) and ESI/
MS spectrum of 3/H,0, (S2).
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