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A B S T R A C T   

The oxido-bridged diiron(III) complex [Fe2(μ-O)(μ-OAc)(DPEAMP)2](OCH3) (1), based on a new unsymmetrical 
ligand with an N4O donor set, viz. [2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-((ethylamino)methyl)-4-meth
ylphenol (HDPEAMP)], has been prepared and characterized by spectroscopic methods and X-ray crystallog
raphy. The crystal structure of the complex reveals that each Fe(III) ion is coordinated by three nitrogen and 
three oxygen donors, two of which are the bridging oxido and acetate ligands. Employing H2O2 as a terminal 
oxidant, 1 is capable of oxidizing a number of alkanes and alkenes with high activity. The catalytic oxidation of 
1,2-dimethylcyclohexane results in excellent retention of configuration. Monitoring of the reaction of 1 with 
H2O2 and acetic acid in the absence of substrate, using low-temperature UV–Vis spectroscopy, suggests the in situ 
formation of a transient Fe(III)2-peroxido species. While the selectivity and nature of oxidation products 
implicate a high-valent iron-oxido complex as a key intermediate, the low alcohol/ketone ratios suggest a 
simultaneous radical-based process.   

1. Introduction 

Oxidations of hydrocarbons are mainstay reactions in the chemical 
industry that are used, inter alia, for the production of alcohols, ketones, 
carboxylic acids, and peroxides. Therefore, there is a great impetus to 
continuously improve such reactions, and develop new methods for 
catalytic C-H bond oxidation. The high thermodynamic stability of 
alkane C-H bonds makes efficient activation of such bonds a challenging 
task. Despite having higher C-H bond dissociation energies, some 

alkenes and aromatic compounds show considerably higher reactivity 
towards oxidation than alkanes due to the presence of π electrons [1], 
and selective oxidations of complex organic substrates are therefore 
difficult. 

In nature, the most inert alkane, methane (for which the C-H bond 
dissociation energy is 104 kcal mol− 1), is oxidized to methanol by the 
methane monooxygenase enzymes [2], viz. soluble methane mono
oxygenase (sMMO) [3] and particulate methane monooxygenase 
(pMMO) [4]. Structures of both proteins have been determined by X-ray 

Abbreviations: HDPEAMP, [2-((bis(pyridin-2-ylmethyl)amino)methyl)-6-((ethylamino)methyl)-4-methylphenol; PTEBIA, (2-((2,4-dimethylphenyl)thio)-N,N-bis 
((1-methyl-benzimidazol-2-yl)methyl)ethanamine; DPCPMPP, 3-[(3-{[bis(pyridin-2-ylmethyl)amino]methyl}-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl) 
amino]propanoate; H2IPCPMP, 2-{N-isopropyl-N-[(2-pyridyl)methyl]aminomethyl}-6-{N(carboxymethyl)-N-[(2-pyridyl)methyl] aminomethyl}-4-methylphenol; 
BBP, 2,6-bis(1-methyl-1H-benzo[d]imidazol-2-yl)pyridine; pca-, pyrazine-2-carboxylate; sMMO, soluble methane monooxygenase; pMMO, particulate methane 
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crystallography [2,3b,5]. In sMMO, a carboxylate-bridged dinuclear 
iron center (Fig. 1) is the active site that performs the oxidation reaction 
[2,3]. Even though the structure of pMMO is known, the location and 
mechanism of the active site in this enzyme is still not completely un
derstood, but it is believed that a copper cluster is the reactive center 
that hydroxylates methane [4]. 

Being relatively stable and easier to isolate than the membrane- 
bound protein pMMO, sMMO has been the subject of intense research 
[3]. Although significant advances have been made in understanding the 
reaction mechanism and the nature of the intermediates formed in 
sMMO-catalyzed reactions, several key steps remain subject to debate 
[3d]. The instability of higher oxidation states of iron, which are 
implicated in the active catalytic intermediate of sMMO, makes it very 
difficult to isolate and identify the reactive intermediate(s) [3d,6]. 
Nevertheless, it is clear that the reduced, diferrous, form of the active 
site binds and activates dioxygen to form a Fe(III)(μ-peroxido)Fe(III) 
intermediate (“intermediate P"). The structure of this intermediate has 
not been unambiguously determined, but it is known that both oxygens 
are symmetrically coordinated to the Fe(III) centers [3d,e,6,7]. Inter
mediate P spontaneously converts to intermediate Q, which is proposed 
to contain an antiferromagnetically coupled high spin dioxido-bridged 
Fe(IV)(μ-oxido)2Fe(IV) diamond core [3d,e,6] and is thought to be the 
active catalyst. Valence tautomers of this intermediate, e.g. an O=Fe(V) 
(μ-oxo)(Fe(III) core, have been proposed to be (alternative) active forms 
of the oxidant [3e,8]. 

Several bio-inspired iron catalysts that are effective in the selective 
oxidation of relatively complicated organic substrates have been 
developed. In a series of investigations, White and coworkers have been 
able to successfully predict the selectivity of aliphatic C-H bond oxida
tion by mononuclear iron catalysts on the basis of the presence of 
carboxylate-containing directing groups as well as electronic and steric 
properties around the C-H bonds [9]. Using a series of mononuclear iron 
(II) − bis(trifluoromethanesulfonate) complexes, Britovsek and co
workers have been able to establish a correlation between the strength 
of the ligand field and the stability of the complexes with the activity and 
the selectivity with respect to the catalytic oxidation of cyclohexane 
[10]. They also demonstrated the possibility of changing the reaction 
pathway from a metal-based mechanism (more selective products) to 
Fenton-type chemistry by changing the ligand environment, e.g. for [Fe 
(TPA)(OTf)2] (TPA = tri(picolyl)amine; OTf = tri
fluoromethanesulfonate); the alkane oxidation proceeds via a metal- 
based mechanism while the corresponding complex of N,N-bis((dime
thylamino)methyl)-N,N-dimethylmethanediamine favors Fenton-type 
chemistry [11]. 

Several dinuclear oxido-bridged diiron complexes have also been 
explored as potential oxidation catalysts and model complexes for the 
active site of sMMO [6]. This includes model complexes containing Fe 
(IV)(μ-oxido)2Fe(IV) diamond cores that emulate intermediate Q, which 

have recently been published [12].We have previously studied the 
oxido- and carboxylato-bridged dinuclear complex [{Fe(H- 
IPCPMP)}2(μ-O)(μ-Piv)]+ ((Piv = pivalate, IPCPMP = 2-[N-isopropyl-N- 
{(2-pyridyl)methyl}-aminomethyl] - 6 - [N - (carboxylmethyl) -N - {(2 
-pyridyl)methyl}-aminomethyl]-4-methylphenol), Fig. 2) [13a]. This 
complex was found to catalyze the oxidation of alkanes by H2O2 to form 
corresponding alcohols and ketones. The alcohol/ketone ratios and 
stereospecificity of alkane hydroxylation indicated that both metal- 
based and free radical oxidation mechanisms were occurring [13a]. 
Similar observations were made in C-H activation studies using two 
different μ-oxido complexes, [Fe2(μ-O)(LiDPCPMPP)2](ClO4)2 [13b] 
and [Fe2(μ-O)Cl2(PTEBIA)2] (CF3SO3)2, as catalysts/catalyst precursors 
[13c] (Fig. 2, LiDPCPMPP = lithium 3-[(3-{[bis(pyridin-2-ylmethyl) 
amino]methyl}-2-hydroxy-5-methylbenzyl)(pyridin-2-ylmethyl)amino] 
propanoate; PTEBIA = (2-((2,4-dimethylphenyl)thio)-N,N-bis ((1- 
methyl-benzimidazol-2-yl)methyl)ethanamine). These complexes were 
found to catalyze the oxidation of alkanes and alkenes by H2O2/ 
CH3COOH to form corresponding alcohols and ketones by partial metal- 
based oxidation, in tandem with free-radical oxidation [13]. 

Here we present the synthesis of the new unsymmetric pro-ligand 2- 
((bis(pyridin-2-ylmethyl)amino)methyl)-6-((ethylamino)methyl)-4- 
methylphenol (HDPEAMP), and preparation of the μ-oxido diiron(III) 
complex [Fe2(μ-O)(μ-OAc)(DPEAMP)2](OCH3) (1) (OAc = acetate), 
which has been characterized by Mössbauer spectroscopy, cyclic vol
tammetry, IR and UV–Vis spectroscopies, as well as X-ray crystallog
raphy. The ability of the new diiron complex to function as a (pre) 
catalyst for the oxidation of a number of alkanes and alkenes, using H2O2 
and CH3COOH (1:1) as terminal oxidant(s), has been investigated. 

2. Results and discussion 

2.1. Synthesis and characterization of ligand and complex 

The new pro-ligand HDPEAMP [2-((bis(pyridin-2-ylmethyl)amino) 
methyl)-6-((ethylamino)methyl)-4-methylphenol], with a potential N4O 
donor set, was synthesized from 2-hydroxy-3-(hydroxymethyl)-5-meth
ylbenzaldehyde (a) in an overall yield of 51% (Scheme 1). Condensation 
of dipicolyl amine (bis(pyridin-2-ylmethyl)amine) with a, followed by 
reduction with NaBH(OAc)3, led to 2-((bis(pyridin-2-ylmethyl)amino) 
methyl)-6-(hydroxymethyl)-4-methylphenol (b). The latter product was 
reacted with an excess of thionyl chloride to convert the primary alcohol 
moiety to a chloride, yielding (c). The chloride substituent was replaced 
by a primary amine (ethyl amine in this case) by reflux for three hours, 
in the presence of a catalytic amount of triethyl amine, to form 
HDPEAMP. (See Scheme 1) 

Addition of one equivalent of iron(II) acetate to a methanolic solu
tion of HDPEAMP, followed by addition of one equivalent of NaClO4, led 
to the formation of complex 1 (Scheme 2). An immediate color change 
(from pale yellow to dark green and then to dark brown) of the ligand 
solution on addition of the iron salt indicated complexation, and this was 
verified by IR and UV–Vis spectroscopy, as well as X-ray 
crystallography. 

An acetonitrile solution (0.2 mM) of 1 exhibits three absorption 
maxima at around 498 nm, 334 nm and 289 nm. The absorption 
maximum at 498 nm is assigned to the phenolate to a Fe(III) pπ to 
dπ* ligand-to-metal charge transfer (LMCT) absorption [14]. The ab
sorption maximum at 334 nm is in the so called öxo dimer region̈ and is 
characteristic of the Fe-O-Fe moiety, as has been observed for similar 
(μ-oxido)diiron(III) complexes [14–16]. The spectroscopic and magnetic 
properties of Fe(III)-O-Fe(III) complexes are influenced by the angle of 
that unit [17]. As 1 is a di-bridged complex with an Fe-O-Fe angle of 
approximately 128o (cf. crystallographic results, below), thus lying in 
the interval 114 < 128 < 130o [14], the absorption maximum at 289 nm 
can be attributed to an overlap of π derived transitions from the bridging 
Ooxido to the Fe(III) ions, as has been discussed by several authors 
[14–16]. A blue shift of the UV/Vis spectrum occurred on changing the 

Fig. 1. Schematic depiction of the oxidized diferric form of the active site in the 
hydroxylase subunit of soluble methane monooxygenase (MMOHox) [3]. 
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Fig. 2. Schematic depiction of Fe(III)-O-Fe(III) complexes based on the the ligands HIPCPMP, DPCPMPP and PTEBIA (see text) [13].  

Scheme 1. A schematic presentation of the synthesis of HDPEAMP.  

Scheme 2. Schematic depiction of the synthesis of complex 1.  
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pH from 5 to 10 by titration with triethylamine. A clear isosbestic point 
was found at 487 nm (Fig. S2), which corroborates the presence of a 
single species during pH titration. Interestingly, addition of 20 μl of 
acetic acid to the acetonitrile solution led to a prominent red shift (by 40 
nm) of the 498 nm band, indicating stronger charge transfer from the 
phenoxide moiety to Fe(III) (Fig. 5a, vide infra). This phenomenon is 
most likely due to protonation of the bridging oxido ion, resulting in a 
weaker Fe-OH (Ooxido) bond. 

The IR spectrum of 1 shows characteristic resonances for a bridging 
carboxylate and an Fe-O-Fe moiety [14–16]. The difference between 
asymmetric and symmetric stretching frequencies (Δν = νasym- νsym) of 
carboxylate moieties in IR spectra has been used extensively to under
stand the ligation mode of carboxylates [18]. An empirical correlation 
indicates that the Δν value is related to unidentate coordination of a 
carboxylate moiety when Δν > 200 cm− 1 or bridging when it is 100 <
Δν < 200 cm− 1. The separation between the two sharp peaks at 1605 
and 1478 (Δν = 127 cm− 1 < 200 cm− 1) suggests a bridging mode of the 
carboxylate moiety and the sharp resonances at 849 cm− 1 and 559 cm− 1 

in the IR spectra can be assigned to asymmetric and symmetric Fe-O 
stretching frequencies of the Fe-O-Fe unit, respectively [14]. 

The zero-field 57Fe Mössbauer spectrum of the crude dark brown 
powder of [Fe2O(OAc)(DPEAMP)2](OCH3) (Fig. S2) could be fitted to 
one doublet with δ = 0.49 mm/s, and ΔEQ = 1.38 mm/s, consistent with 
the presence of high spin Fe(III) and in close agreement with observed 
Mössbauer spectra for similar Fe(III)-O-Fe(III) complexes [19]. 

2.2. Crystal and molecular structure of [Fe2O(OAc)(DPEAMP)2](OCH3) 
(1) 

In order to ascertain the molecular structure of 1, its crystal structure 
was determined. The molecular structure of the cationic diiron complex 
is shown in Fig. 3. Crystallographic data are collated in Table S1 (Sup
plementary Material). The crystal structure reveals that complex 1 is a 
μ-oxido diiron(III) complex with two equivalents of the unsymmetrical 
ligand in each molecule (Fig. 3). 

The Fe(III) centers are in N3O3 coordination environments with 
distorted octahedral geometries. Although disorder and the lack of 
identification of all solvent molecules led to a relatively high R factor 
(R1 (I ≥ 2σ) = 0.086, cf. Table S1 and the Experimental Section), the 
core structure of the complex (Fig. 3) is well resolved and permits dis
cussion of interatomic distances and bond angles. The two iron ions are 

3.223(1) Å apart from each other, resembling that of 3.1 Å in the active 
site of MMOH from Pseudomonas stutzeri OX1 [20]. The Fe-O-Fe moiety 
creates an angle of 127.62(2)o, which is very similar to that found in the 
related [{Fe(H-IPCPMP)}2(μ-O)(Piv)]+ complex [13a]. Similar Fe-Fe 
distances and Fe-O-Fe angles have been observed by Norman and co
workers for a number of μ-oxido diiron(III) monocarboxylate complexes 
where the two Fe(III) ions were separated by 3.09–3.11 Å and the Fe-O- 
Fe angles ranged from 115o to 125o [15]. In addition to the bridging 
oxido moiety, the two Fe(III) ions are also bridged by the acetate, with 
Oac-C1ac-Oac_i and Ooxido-Fe-Oac angles of 131.76(4)o and 101.62(2)o, 
respectively, with equal Fe1-Oac and Fe1i-Oac_i distances of 1.98(0) Å. 
(Fig. 3). 

A terminal phenoxide moiety from the DPEAMP ligand is coordi
nated to each Fe(III) center in 1, with a Fe-O3(phenoxide) bond distance 
of 1.952(1) Å. It has been shown that phenoxide moieties ligated to Fe 
(III) may stabilize higher oxidation states (IV or even V) of iron [21] or 
might act as non-innocent ligands to form coordinated phenoxyl radical 
moieties [22,23]. There is also a non-coordinated NHEt moiety with the 
amine nitrogen being quite well separated (by 5.68(2) Å) from the Fe 
(III) center(s). This pendant amine moiety is well positioned for sec
ondary non-covalent interactions with the metal centers and/or sub
strates in solution and may be considered to function as a partial model 
for the second coordination sphere found in metallobiosites [13c,24]. In 
this respect, it is reminiscent of the “dangling” tertiary amine group of 
the ligand IPCPMP in [{Fe(H-IPCPMP)}2(μ-O)(μ-Piv)]+ (cf. Fig. 2). Due 
to the flexibility of the terminal C-N-C-C moiety, the non-coordinated 
secondary amine is disordered but this moiety becomes ordered once 
it is coordinated to a metal ion, as evidenced by the crystal structure of 
[Fe2Mn(DPEAMP)2] (ClO4)2 [25]. The methoxide ion functions as a 
counter-ion without any direct interaction with the complex, as has been 
found in some previously reported systems [26,27]. 

2.3. Electrochemical studies 

The cyclic voltammogram of 1 in acetonitrile solution (1 mM) shows 
four irreversible redox couples (Fig. S3). The irreversible peaks at − 0.56 
V and − 1.05 V can be attributed to the Fe(III)Fe(III)/Fe(III)Fe(II), and 
Fe(III)Fe(II)/Fe(II)Fe(II) couples, respectively. A similar kind of redox 
behavior has been observed by Neves and coworkers for [Fe 
(III)2(BPCINOL)2(H2O)2]2+ (BPCINOL = (N-(2-hydroxybenzyl)-N-(2- 
pyridylmethyl)[(3-chloro)(2-hydroxy)]propylamine)] [28]. The other 

Fig. 3. (a) A Mercury representation of the molecular structure of [Fe2O(OAc)(DPEAMP)2]+. Thermal ellipsoids are plotted at 30% probability; all hydrogen atoms 
have been omitted for the sake of clarity. The ethyl moiety C31-C32 has been plotted as (isotropic) spheres due to their large thermal parameters (see the Exper
imental Section for discussion of disorder in the crystal). (b) Core angles and distances in the Fe2O(OAc) unit. Selected bond distances (Å) and angles (deg): Fe1-Fe1i 

3.223(1)b, Fe1-Oac 1.980 (0), Fe1-Ooxo 1.796(1), Fe1-O3 1.952(1), Fe1-N1 2.277(3), Fe1-N2 2.153(1), Fe1-N3 2.219(3), Fe1-O-Fe1i 127.61(2), Oac –C1ac- Oac_i 131.76 
(4), N2-Fe1-N1 76.58(5), N1-Fe1-N3 72.29(5), N2-Fe1-O3 86.70(3), N3-Fe1-Oac 86.35(5), N3-Fe1-Ooxo 93.55(1), N1-Fe1-Ooxo 165.06(2), N3-Fe1-Ooxo 93.31(1), O3- 
Fe1-Oac 94.59(2), O3-Fe1-Ooxo 102.89(4). 
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irreversible peaks at 0.72 V and 1.22 V may be attributed to the Fe(II)Fe 
(II)/Fe(II)Fe(III) and Fe(II)Fe(III)/Fe(III)Fe(III) couples, respectively. 
The irreversibility appears to be due to chemical irreversibility caused 
by changes in the coordination environment of the iron ion upon 
reduction [28]. 

2.4. Reactivity studies 

Several oxido and/or carboxylate-bridged diiron complexes have 
been studied as alkane oxidation catalysts with the purpose of estab
lishing structural and functional models for Fe-dependent oxygenases 
[29]. Using tert-butyl hydroperoxide (TBHP) as oxidant and the dinu
clear complex [Fe(III)2(μ-O)(NO2)2(BBP)2(CH3OH)2](NO3)2 [BBP = 2,6- 
bis(1-methyl-1H-benzo[d]imidazol-2-yl)pyridine] as a catalyst, Wang et 
al. [30] found 51% substrate conversion in the oxidation of cyclohexane 
with an alcohol/ketone (A/K) ratio of 1.2, indicating the involvement of 
freely diffusing carbon-centered radicals. On the other hand, Itoh et al. 
reported that the oxidation of cyclohexane by meta-chloroperoxybenzoic 
acid (m-CPBA), using the dinuclear [FeIII

2(μ-O)((S)-L)(OBz)2](ClO4) 
[(S)-LH2 = (S)-3,3-bis[N,N-bis(2-pyridylmethyl)aminomethyl]-1,1-bi-2- 
naphthol; OBz = benzoate] complex as catalyst, gave high A/K ratios 
and high normalized 3◦/2 ◦C-H selectivity values for adamantane 
oxidation, indicating a metal-based mechanism [29]. However, when 
H2O2 or TBHP was used as oxidants instead of m-CPBA, radical-based 
mechanisms were favored [31], clearly demonstrating that the nature 
of the mechanism is dependent on the nature of the oxidant/oxo atom 
donor. 

In the present study, several combinations of solvents and oxidants 
have been investigated (Table 1). The ability of 1 to catalyze the 
oxidation of alkanes was studied in MeCN at 40 ◦C, using H2O2 as an 
oxidant and cyclohexane as a model substrate (Table 2). Although m- 
CPBA is also commonly used as a terminal oxidant [32], H2O2 is pref
erable as H2O is the only sideproduct from the oxidant. High reactivity 
with low alcohol to ketone (A/K) ratio is characteristic for 1 when acetic 
acid is used as an additive (Table 2, entry 2). Carboxylic acids are 
commonly added when hydrogen peroxide is used as an oxidant, espe
cially in the case of olefin expoxidation [33]. A carboxylic acid additive 
assists the heterolytic cleavage of the O-O bond of hydrogen peroxide 
more efficiently than water [34] resulting in higher turnovers and 
yields. It may also assist in the formation of a peracid that coordinates to 
the metal and is cleaved to form a metal-based oxidant [35]. 

When MeCN:CH2Cl2 was used as solvent system, the selectivity to
wards alcohol increases significantly, but with low overall oxidative 
activity (Table 1, entry 3). A higher loading of terminal oxidant de
creases the A/K ratio (Table 1, entry 4), consistent with earlier reports 
on related systems by Reedijk et al. [36] In the oxidation of cyclohexane 
using [Fe(pca)2(py)2]py (pca− = pyrazine-2-carboxylate; py = pyridine) 
as catalyst and H2O2 as oxidant, these investigators found a decrease in 
product yield and the A/K ratio (from 2.4 to 2) on increasing the number 

of equivalents of H2O2 from 10 eq. to 100 eq. In order to investigate the 
potential role of oxygen as a key reactant in formation of the active 
catalytic species, the reaction was performed under inert atmosphere 
(Argon) using H2O2 as the sacrificial oxidant (Table 1, entry 5). The 
conversion was slightly lower than the corresponding reaction run under 
air/H2O2 (entry 2), indicating that O2 does not play a significant role in 
the oxidation mechanism. 

Next, we studied the catalytic reactivity of complex 1 using a series of 
substrates. Oxidation of methylene sites in simple cycloalkanes (Table 2, 
entries 1–3) was accomplished, affording the corresponding products in 
90–98% yields with an almost 1:1 A/K ratio. Interestingly, the more 
challenging linear alkanes, such as n-octane and n-decane, were pref
erentially oxidized at C2 in 32–52% combined yields. 

Cis and trans-1,2-dimethylcyclohexane are often used as diagnostic 
substrates to probe the lifetime of any emerging alkyl radical in alkane 
hydroxylation reactions. High retention of the original configuration is 
consistent with metal-based oxidation or evidence for the formation of 
very short lived alkyl radicals [21b,29,37]. With 1/H2O2, cis-1,2-dime
thylcyclohexane is preferentially oxidized at the tertiary site in 42% 
yield while for trans-1,2-dimethycyclohexane, possessing sterically more 
protected tertiary C-H bonds, oxidation occurs with high preference 
towards the methylene sites (Table 2, entries 7 and 8). The enantiomeric 
excesses may be anticipated from consideration of the bond dissociation 
energies (BDEs); the C-H bonds on the tertiary carbons should and often 
do react more quickly [38]. Upon reaction with the trans- isomer, acti
vation of the C-H bonds on secondary carbons is favored, albeit only 
slightly. Isopropyl-cylohexane is also oxidized in the tertiary position 
only, with 4% yield (Table 2, entry 9). 

As shown with a series of alkene substrates, the catalyst is capable of 
oxidizing alkenes with good conversions and turnover numbers (TONs) 
(Table 2, entries 10–13). Epoxide products from aliphatic alkene sub
strates suggest a mechanism involving a two electron oxidant [39]. 
Similar product distributions have been reported by Feng et al., using a 
Pd(II) complex of a dipyridyl based ligand [40]. 

Interestingly, the styrene oxidation gives benzaldehyde with an 
excellent yield and selectivity (Table 2, entry 11, 93% and 90% 
respectively). This points towards the possible formation of a carbon 
radical intermediate, which may readily react with dioxygen to form 
benzaldehyde [41]. Hu et al. have observed selective formation of 
benzaldehyde from styrene with Schiff base-modified ordered meso
porous silica materials impregnated with transition metal- 
monosubstituted Keggin-type polyoxometalates [42]. They proposed 
that these results indicate the presence of transient high-valent metal- 
oxido species that are formed via metal-peroxido intermediates and 
react with the styrene substrate to form benzaldehyde as a major 
product together with a trace amount of styrene oxide. 

Examination of the product distributions and yields (conversions) for 
different substrates provides further indications that the oxidations 
proceed by formation of metal-oxido intermediates, but also significant 
involvement of radical intermediates in some cases. The small cyclic 
alkanes cyclohexane and cyclopentane (entries 1 and 2, Table 2) give the 
best turnover numbers and turnover frequencies by a considerable 
margin. It appears that both the radical and metal oxido pathways are 
effective in oxidation of these substrates, whereas for a corresponding 
alkene (e.g. cyclohexene, entry 10), it is mainly the oxidation pathway 
involving a metal-oxido intermediate that is effective, proceeding via an 
epoxide intermediate and resulting in formation of diols and corre
sponding ketones [43]. The fact that the radical pathway plays such a 
significant role in the case of the small cyclic alkanes leads to signifi
cantly higher conversions than for the alkenes. 

Steric factors may also influence the outcome of a metal-based 
oxidation pathway. Inclusion of methyl units on substrate backbones 
induces steric hindrance, hence lowering the reactivity further. It may 
be noted that cyclohexane and cyclopentane are the least sterically 
bulky substrates that have been tried, and that we can expect steric 
discrimination for approach of the substrates to the iron complex, with 

Table 1 
Additive effects on cyclohexane oxidation using 1 as catalyst precursor.a  

Entry Additive Conversion[%] A/K ratio 

1 — 79 0.6 
2b Acetic acid 98 0.7 
3c CH2Cl2 10 5 
4d 5xH2O2 89 0.2 
5e Ar 93 0.6  

a [Complex 1] 1.8 × 10− 4 M; alkane, 1.0 mM; H2O2 2.5 mM (33% v/v H2O2 in 
water), MeCN as solvent (1.5 ml). The results were analyzed via GC–MS using 
1,2-dichlorbenzene as internal standard. 

b 1.5 ml solvent (MeCN:Acetic acid 1.0:0.5 ml), reaction occurred in open air. 
c 1.5 ml solvent (MeCN:CH2Cl2 1.0:0.5). 
d 5 equiv. H2O2 is used instead of 2.5 equiv. 
e 1.0 mM substrate; H2O2 2.5 mM (33% v/v H2O2 in water), MeCN: Acetic acid 

1.0:0.5 ml as solvent and under Ar atmosphere. 
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Table 2 
Catalytic oxidation reactions using 1 as catalyst precursor. 

a Reaction conditions: catalyst 1: substrate: oxidant ratios are 1.8:100:250, MeCN:acetic acid (1.0:0.5 ml) as solvent, 
45 ◦C. The products were analyzed by GC–MS using 1,2-dichlorobenzene as an internal standard. Each experiment was 
repeated 3 times and the values above are the averages of the runs. b. reaction time 2–3 h. c. No other product is 
formed. 
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the uncoordinated pendant arm of the ligand adding increased steric 
hindrance and emulating a second coordination sphere. 

In order to enable a comparison of the present oxidation system to 
related systems, the oxidation of the benchmark substrate cyclohexane 
by a number of diiron(III) complexes with different terminal oxidants is 
listed in Table 3. It may be noted that the alcohol/ketone ratios are low 
(on the order of 0.5–1.5, entries 1–3 and 10–12) when hydrogen 
peroxide is used as an oxidant, but considerably higher (on the order of 6 
or higher, entries 4–9) when the strong oxygen donor m-CPBA is used. 
The latter oxidant is known to be able to generate high-valent metal- 
oxido complexes and thus supports a metal-based oxidation pathway. Of 
the hydrogen peroxide-based systems that are compared, the present 
system, which incorporates acetic acid as an additive, gives the best 
substrate conversions and yields Table 4. 

2.5. Detection of intermediates in oxidation reactions 

Low temperature UV–Vis spectroscopy has been extensively used to 
study the relatively unstable iron-peroxido and iron-oxido intermediates 
that are involved in oxidative C-H bond activation catalyzed by non- 
heme iron complexes [46,47]. 

Several other reactive intermediates are possible when a non-heme 
iron complex is activated with an H2O2 /acetic acid mixture. Based on 
DFT studies, Wang et al. have proposed the formation of ferric peracetate 
and an oxo-ferryl-AcO• radical from [Fe(S,S-PDP)(NCMe)2]2+ (White’s 
catalyst, PDP = 2-[[2-(1-(pyridin-2-ylmethyl)pyrrolidin-2-yl)pyrrolidin- 
1-yl]methyl]pyridine) [48]. Previously, using low-temperature UV–Vis 
spectroscopy and ESI-MS at rapid positive detection mode, we could 
propose formation of a high valent diiron(IV) oxido-peroxido [Fe 
(IV)2(μ-O)(μ-O2)(LiDPCPMPP)2]2+ species during C-H bond activation 
when a 1:1 combination CH3COOH and H2O2 was used as oxidant and 
[Fe2(μ-O)(LiDPCPMPP)2](ClO4)2 as catalyst [13c]. 

In an initial attempt to monitor the reaction of 1 with H2O2 at room 
temperature, the absorptions at 334 and 289 nm (Fig. 5(a)) were found 
to disappear immediately upon addition of H2O2. This indicates 
decomposition of 1, which may be caused by the instability of iron in 
higher oxidation states at room temperature (Fig. S1). Further spectro
scopic studies were therefore carried out at low temperature. The re
action of 1 with CH3COOH and H2O2 (1:1, prepared from a 50% H2O2 
solution) was studied at 228 K in a solvent mixture of acetonitrile and 
dichloromethane (1:1 v/v); the solvent:CH3COOH:H2O2 ratio was 3:1:1. 
Upon addition of CH3COOH, the reddish brown color (λmax = 289, 334, 
498 nm) of 1 in acetonitrile/CH2Cl2 solution immediately turned blue 
(λmax = 289, 334, 538 nm, Fig. 5(a)), and in a few minutes after the 
addition of H2O2 at 228 K, the color turned greenish-blue (a broad band 
at 590 nm, cf. Fig. 5(b)). The greenish-blue color was stable at 228 K for 

5 h. 
Low temperature time-resolved UV–Vis spectroscopic measurements 

were performed by the direct addition of H2O2 + acetic acid (1:1) to a 
dichloromethane solution of 1 at 228 K, leading to the above-mentioned 
color changes from purple to blue-green. However, no isosbestic points 
could be detected, suggesting the existence of additional chemical steps 
[49]. Slow warming of the blue-green solution to room temperature led 
to a color change to pale yellow and concomitant evolution of oxygen 
gas as confirmed by the pyrogallate test (a colorless ethanol solution of 
potassium pyrrogalate [C6H3(OK)3] turns brownish-purple [3-hydroxy- 
1,3-benzenequinone] immediately on exposure to the gas). The evolu
tion of oxygen is evidently a part of a decomposition process of unknown 
nature. 

We posit that the blue color arises from a dinuclear iron-peroxido 
species. Earlier studies on μ-1,2-O2

2− diiron(III) complexes, where the 
two metal ions are bridged by a carboxylate, as well as a dinucleating 
ligand incorporating a bridging alkoxide, have reported similar ab
sorption spectra and a blue-green color [48,50]. The broad nature of the 
590 nm band may be attributed to the overlap of the peroxido band with 
the phenoxide to Fe(III) charge transfer band. The decrease in absor
bance at 590 nm with an increase in temperature is consistent with the 
expected instability of a putative peroxido species [51]. Unfortunately, 
the highly fluorescent nature of the complex prevented us from 
obtaining meaningful Raman spectra that might corroborate the exis
tence of a peroxido-bridged dinuclear species. 

The observed product distribution for the catalytic oxidation of 
styrene (vide supra), demonstrating a high selectivity towards benzal
dehyde, and the retention of stereostructures of cis- and trans-1,2 
dimethyl cyclohexane in the oxidation, are consistent with a metal- 
based oxidation mechanism, involving a high valent metal-oxido com
plex [39a,46b,52]. On the other hand, the alcohol:ketone ratios are, in 
general, low and solvent-dependent. These low A/K ratios suggest that 
radical-based, Fenton-like, oxidation reactions also take place. 

3. Summary and conclusions 

In this work, we describe a dinuclear iron complex that functions as a 
(pre)catalyst for oxidation of alkanes and alkenes with good ster
oeselectivity. The new pro-ligand HDPEAMP and the complex [Fe2(μ-O) 
(μ-OAc)(DPEAMP)2](OCH3) (1) have been prepared and fully charac
terized. A detailed study on the oxidative catalytic activity of complex 1 
has been performed, using several hydrocarbons as substrates. In an 
attempt to understand the nature of the active catalyst, low-temperature 
UV–Vis spectroscopic studies have been performed. We propose that a 
key step in the catalytic reaction is the formation of a ferric dinuclear 
peroxido-bridged species of unknown structure, resembling the initial 

Table 3 
Ligands used (Fig. 4) to prepare diiron complexes, corresponding cyclohexane oxidation products, TON and oxidant used.  

Entry Ligand used Cyclohexane oxidation Products (yields) TON Oxidant Ref 

1 DPEAMP Cyclohexanol (42%), Cyclohexanone (58%)a 100 H2O2/AcOH this work 
2 DPCPMPP Cyclohexanol (18%), Cyclohexanone (15%)b 51 H2O2/AcOH [13b] 
3 IPCPMP Cyclohexanol (11%), Cyclohexanone (9%)c 19 H2O2 [13a] 
4 L1 (TPA) Cyclohexanol (84%), Cyclohexanone (13%)d 431 m-CPBA [44] 
5 L2 Cyclohexanol (87%), Cyclohexanone (10%)d 494 m-CPBA [44] 
6 L3 Cyclohexanol (86%), Cyclohexanone (11%)d 456 m-CPBA [44] 
7 L4 Cyclohexanol (87%), Cyclohexanone (10%)d 513 m-CPBA [44] 
8 L5 Cyclohexanol (82%), Cyclohexanone (13%)d 451 m-CPBA [44] 
9 L6 Cyclohexanol (85%), Cyclohexanone (11%)d 390 m-CPBA [44] 
10 L7 Cyclohexanol (4%), Cyclohexanone (4.8%)e 0.5 H2O2 [45] 
11 L8 Cyclohexanol (4.6%), Cyclohexanone (5.8%)e 0.3 H2O2 [45] 
12 L9 Cyclohexanol (4.5%), Cyclohexanone (7.1%)e 0.1 H2O2 [45]  

a Catalyst (0.2 mM), Substrate (1 mM), H2O2(2.5 mM, 33% v/v H2O2in water), in MeCN:CH3COOH (2:1) at 45 ◦C. 
b Catalyst (0.02 mmol), Substrate (2 mmol), H2O2(10 mmol) in MeCN:CH3COOH (100:3) at 30 ◦C. 
c Catalyst = 0.7 mM and Catalyst ∶ H2O2∶ Substrate = 1 ∶ 140 ∶ 1000 at room temperature. 
d Catalyst (1 × 10− 3mM), Substrates (3 M), m-CPBA (0.8 M) in CH2Cl2: MeCN mixture (4:1) at room temperature. 
e Catalyst:H2O2: Substrates (1:100:1000) in MeCN at room temperature. 
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formation of intermediate P in the catalytic cycle of soluble methane 
mono‑oxygenase. 

The nature of the oxidative products, the stereoselectivity in the 
catalytic oxidation of 1,2-dimethylcyclohexane, and the formation of 
benzaldehyde (90%) and styrene oxide (3%) as the oxidation products 
from styrene, indicate a non-radical mechanism that possibly involves a 
high-valent iron oxido complex as a transient intermediate and active 

oxidant. However, the alcohol:ketone ratios in the oxidation reactions 
suggest that such metal-based oxidation occurs in parallel with radical- 
based mechanisms. These observations are consistent with our previous 
studies on oxidation reactions effected by complexes containing the Fe 
(III)-O-Fe(III) motif [13]. 

Fig. 4. Depiction of ligands used to prepare diiron complexes for cyclohexane oxidation (cf. Table 3).  

Fig. 5. UV–Vis spectroscopic study of complex 1 a) in acetonitrile(black), acetonitrile + acetic acid (3:1)(red) b) acetonitrile + dichloromethane + acetic acid +
H2O2 (1.5:1.5:1:1) at 228 K. 
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4. Experimental section 

4.1. Materials and methods 

The starting material 2-hydroxy-3-(hydroxymethyl)-5-methylben
zaldehyde (a, cf. Scheme 1) was prepared from the selective oxidation 
of (2-hydroxy-5-methyl-1,3-phenylene)dimethanol using 6 eq. of MnO2, 
following a published procedure [53]. All other chemicals and solvents 
were of analytical or spectroscopic grade purchased from Sigma Aldrich, 
Fischer chemicals or VWR, and were used without further purification. 
The 1H NMR spectra were recorded on a Varian Unity 500 MHz spec
trometer. Infrared spectra were recorded on KBr pellets in the 4000–400 
cm− 1 range on a Nicolet Avatar 360 FTIR spectrometer. Mass spec
trometry was performed with a Bruker HCT Ultra mass spectrometer in 
the ESI mode. UV–Vis spectra were recorded on a Cary 300 UV–Vis 
spectrometer. The low-temperature UV–Vis spectra were measured with 
a quartz transmission probe (1 mm, Hellma Analytics). Mössbauer 
spectra were recorded at 80 K with a 57Co source in a Rh matrix, using an 
alternating constant-acceleration Wissel Mössbauer spectrometer oper
ated in the transmission mode and equipped with a Janis closed-cycle 
helium cryostat or with a Mössbauer-Spectromag cryostat. 

Analytical achiral GC was performed on an Agilent 6850 GC with FID 
detector using an Agilent DB-WAX (30.0 m × 0.25 mm) column with He 
carrier gas flow. Chiral GC was performed on an Agilent 6850 GC with 
FID detector. The 1H NMR spectra of the analytes were recorded on a 
Varian Gemini 200 apparatus or a Varian Mercury 300 MHz spectrom
eter. All secondary alcohols gave spectroscopic data in agreement with 
those reported in the literature. GC–MS measurements were performed 
using 1,2-dichlorobenzene as internal standard and the products were 
compared to authentic purchased ones. 

4.2. Synthetic procedures 

4.2.1. Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-6- 
(hydroxymethyl)-4-methylphenol (b) 

Bis(pyridin-2-ylmethyl)amine (1.2 g, 6.022 mmol) was dissolved in 
dichloromethane (15 ml) and 4 Å molecular sieves were added. A total 
of 25 ml of a dichloromethane solution of a (1 g, 6.0 mmol, Scheme 2) 
was added dropwise to this solution under continuous stirring at room 
temperature. The color of the mixture turned from yellow to orange. 
After 2 h, NaBH(OAc)3 (2.3 g, 10.85 mmol) was added at room tem
perature and was stirred for 12 h. Afterwards a saturated NaHCO3-so
lution (15 mL) was added and the mixture was stirred for 1 h. The 
resulting mixture was filtered and extracted with dichloromethane (3 ×
20 mL). The organic layers were combined, dried over Na2SO4, filtered 
and concentrated under vacuum. A total of 1.76 g (yield 84%) of b was 
obtained as a yellow-brown solid. 1H NMR (500 MHz) CDCl3: δ 8.45 (m, 
2H), 7.50 (m, 2H), 7.21 (m, 2H), 7.04 (m, 2H), 6.89 (s, 1H), 6.71 (s, 1H), 
4.65(s, 2H), 3.76(s, 4H), 3.65(s, 2H), 2.13(s, 3H). 

4.2.2. Synthesis of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-6- 
((ethylamino)methyl)-4-methyl-phenol (HDPEAMP) 

A total of 1 g (2.86 mmol) 2-((bis(pyridin-2-ylmethyl)amino) 
methyl)-6-(hydroxymethyl)-4-methylphenol (b) was dissolved in 5 ml of 
dichloromethane and 12 ml of SOCl2 was added dropwise to the solution 
with continuous stirring. The yellow color changed to green immedi
ately upon addition of thionyl chloride and became brown after ca 30 
min. The mixture was stirred at room temperature for 12 h and dried 
under high vacuum overnight to remove excess HCl and SOCl2, giving 
1.02 g (2.78 mmol) of 2-((bis(pyridin-2-ylmethyl)amino)methyl)-6- 
(chloromethyl)-4-methylphenol (c) as a pale brown solid. This solid (c) 
was dissolved in EtOH and cooled to − 40 ◦C. Triethylamine was added 
dropwise until white fumes of Et3NH+Cl− ceased to form, after which 
the solution was allowed to warm to room temperature and an excess of 
EtNH2 (0.8 ml, 14.38 mmol) was added to the stirring solution, which 
was subsequently refluxed for 3 h, during which the reaction was 

monitored by thin layer chromatography (every 20 min) to detect 
completion of the reaction. After 3 h, the solvent was removed using a 
rotary evaporator. A total of 20 ml of water was added and the product 
was extracted with dichloromethane (3 × 20 ml). The organic layers 
were combined and dried over anhydrous Na2SO4, which resulted in the 
formation of a yellowish hygroscopic solid. A total of 0.657 g (1.74 
mmol, yield 61%) of pale yellow solid of HDPEAMP was obtained after 
drying overnight under vacuum. Being quite hygroscopic in nature, 
special care was taken to keep the yellow solid (HDPEAMP) dry by 
keeping it in a vacuum desiccator for two days. 1H (500 MHz) CD3OD: δ 
8.4 (m, 2H), 7.47 (m, 2H), 7.12 (s, 2H), 6.99 (m, 2H), 6.84 (m, 1H), 3.67 
(s, 4H), 3.53 (s, 4H), 2.85 (q, 2H), 2.05 (s, 3H), 1.01 (t, 3H). IR (KBr, 
cm− 1): 3432(b, s), 3051(w), 2976(s), 2939(s), 2738(w), 2677(s), 2492 
(s), 2022(b, s), 1596(s), 1570(s), 1473(s), 1397(s), 1215(s), 1125(s), 
1037(s), 958(s), 792(s), 766(s), 634(s). 13C NMR (500 MHz, CD3OD): δ 
= 157.92, 148.27, 137.38, 132.14, 130.99, 130.43, 129.88, 128.17, 
127.55, 123.55, 122.59, 62.47, 58.61, 55.61, 52.39, 34.76, 19.29, 
11.77.ESI-MS calculated for C23H29N4O (M-H+): 377.2; found 377.1. 

4.2.3. Synthesis of [Fe2(μ-Ο)(μ-OAc)(DPEAMP)2](OCH3) (1) 
Caution:Transition metal perchlorates should be handled with great care 

and be prepared in small quantities, as metal perchlorates are hazardous and 
may explode upon heating. 

To a methanol solution of 0.5 g (1.32 mmol) of HDPEAMP, 0.231 g of 
Fe(OAc)2 (1.32 mmol) was added and the solution was stirred for 2 h at 
room temperature. The yellow color of the ligand solution turned dark 
green immediately after addition of iron(II) acetate, and changed further 
to dark brown after approximately half an hour. A total of 0.324 g of Na 
(ClO4) (2.65 mmol) was added and the resultant solution was stirred for 
an additional hour. No appreciable color change was visible upon the 
addition of Na(ClO4). The solution was filtered through a celite pad to 
remove iron hydroxide impurities. The filtrate was taken in a 50 ml 
round bottom flask and the solvent was removed using a rotary evapo
rator. Fifteen ml of ice cold water was added to remove unreacted 
perchlorate salt. After decanting the water, the flask was kept under high 
vacuum overnight, which gave 0.784 g (62.97%) of [Fe2(μ-O)(μ-OAc) 
(DPEAMP)2](OCH3) as a dark brown powder. This powder was re- 
dissolved in dry MeOH and slow vapor diffusion of diethyl ether into 
the methanol solution gave rise to dark brown crystals suitable for X-ray 
diffraction. Because of the hygroscopic nature of the crystals, they were 
stored under vacuum. 

UV–Vis (CH3CN): λmax = 498 nm (ε = 1200 M− 1 cm− 1), 334 nm (ε =
3400 M− 1 cm− 1) and 289 nm (ε = 5800 M− 1 cm− 1). 57Fe Mössbauer (80 
K) δ = 0.49 mm/s; ΔEQ = 1.38 mm/s; ESI-MS in acetonitrile solution, 
calculated for C23H27N4OFe+ (mononuclear species – Fe(DPEAMP)): 
431.15; found 429.9. 

Anal. Calcd for C49H77Cl3Fe2N8O25 [Fe2(μ-O)(μ-OAc)(DPEAMP)2] 
(OCH3).3HClO4.7H2O]: C, 42.15; H, 5.56; N, 8.03. Found: C, 42.16; H, 
5.69; N, 7.73. IR (KBr, cm− 1): 3440(b, s), 2958(b), 2917(b), 2855(b), 
1605(s), 1478(s), 1262(s), 1151(s), 1115(s), 1086(s), 1025(s), 849(s) 
559(s). 

4.3. X-Ray crystallography 

Dark brown single crystals of [Fe2O(OAc)(DPEAMP)2](OCH3) of 
reasonable X-ray quality were grown by slow vapor diffusion of diethyl 
ether into a concentrated methanolic solution of the iron complex. X-ray 
data were collected on a STOE IPDS II diffractometer with an area de
tector (graphite monochromated Mo-Kα radiation, λ = 0.71073 Å) by 
use of ω scans at 133 K. Data reduction was performed using STOE X-Red 
and was corrected for absorption and decay by X-shape [54]. The 
structure was solved by charge flipping as implemented in Super flip 
[55] and refined against F2 in JANA2006 [56]. The metal atom positions 
and most of the ligand positions were quickly identified, but the parts of 
the ligands relatively far away from the metal centers showed large 
thermal displacement parameters. The methyl residue of the bridging 

B. Das et al.                                                                                                                                                                                                                                      



Journal of Inorganic Biochemistry 231 (2022) 111769

10

acetate is disordered by symmetry since it occupies a position on a two- 
fold axis, forcing rotational disorder of the hydrogen positions. Further, 
as the terminal ethyl group(s) bound to N4 is pointing away from the 
metal center and into the surrounding solvent shell, this group shows 
very high thermal displacement parameters and is most probably con
formationally disordered. Finally, it was not possible to locate all solvent 
molecules, and some of these that were found also show large thermal 
motion and/or partial occupancy as might be expected in a structure 
with such a large solvent content. Final agreement parameters 
converged to R1 = 0.086 and Rw(F2) = 0.170, showing that substantial 
electron density is unaccounted for in the final model, but this residual 
density is located in the solvent subspace or on the disordered residues 
while the metal centers and the parts of the ligands directly neighboring 
these are very well ordered. 

4.4. General oxidation procedures 

Conversion of cyclooctane (as an example): Cyclooctane (114 mg, 
134 ml, 1 mmol) was added to a solution of 1 (0.01 mmol) in MeCN: 
acetic acid (1.5:0.5 ml). After the addition of H2O2 (33% in H2O; 227 μL, 
2.5 mmol), the reaction mixture was stirred vigorously at 45 ◦C for 3 h. 
The mixture was then allowed to cool to room temperature. The organic 
phase was extracted with Et2O (3 × 1 ml), washed with brine and dried 
(MgSO4). After filtration, the solvents of the filtrate were evaporated 
(rotary evaporator). The remaining mixture was separated by column 
chromatography (silica gel; diethyl ether: pentane = 1:20 as eluent) and 
the product was analyzed by GC–MS using 1,2-dichlorobenzene as an 
internal standard. 

4.5. GC analysis 

In the oxidation of cis-1,2-dimethylcyclohexane the reaction mixture 
was directly passed through a short path of silica to remove the iron 
catalyst followed by elution with ethyl acetate (2 mL). Calibration 
curves were obtained from commercial products purchased from Aldrich 
or TCI, when available, or from pure isolated products obtained from a 
catalytic reaction. The concentrations of each organic product were 
calibrated relative to that of an internal standard (dichlorobenzene) 
with a known concentration. Substrate conversions and product yields 
were calculated relative to the internal standard integration. The 
product yields should not be confused with product distribution ratios. 
All experiments were repeated at least three times, and the reported 
values are the average of all experiments. 
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