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ABSTRACT 

Two new symmetrical and unsymmetrical diiron(III) complexes were synthesized and 

characterized by X-ray diffraction analysis, mass spectrometry, UV-Visible and 

Mössbauer spectroscopies. They proved to be good catalysts for alkene and alkane 

oxidation reactions by H2O2 in acetonitrile solution, and interesting effects of both the 

nature and the symmetry of the complexes were observed on catalysis in the 

presence of water. 

 

Soluble methane monooxygenase (MMOs), present in methanotrophic bacteria, 

converts methane to methanol thanks to the reductive activation of dioxygen at its di-

nuclear iron center.1 Upon interaction with dioxygen, this enzyme forms an unstable 

bridging diiron(III)-peroxo intermediate (P)2 which evolves into a catalytically active 

diiron(IV) di-oxo intermediate (Q).3 This enzyme belongs to a large family of di-

nuclear iron proteins which bind dioxygen rather similarly but activate it for different 

catalytic purposes.2,4 Overall, the stability and reactivity of these intermediates seem 



to be finely tuned by subtle differences in the first and second coordination spheres 

of the Fe ions present in the active sites. Enhancing the knowledge about the 

influence of the coordination sphere, and more generally about the microenvironment 

surrounding metal ions, is therefore of great interest, not only to better understand 

enzyme mechanisms, but also to improve the efficiency and selectivity of bioinspired 

catalysts. 

Numerous di-nuclear iron complexes can generate μ-peroxo diiron(III) intermediates 

upon addition of dioxygen or hydrogen peroxide,5 and their spectroscopic parameters 

are now well established.6–17 Some attempts have been made to study the influence 

of structural and environmental changes on the activity of these diiron complexes. 

For example, the stability of diiron(III) peroxo species have been evaluated in 

different solvents, and it was shown that strongly coordinating ligands such as DMSO 

helped stabilizing the peroxo intermediate.10 Introducing bulkiness around the metals 

in symmetrical9 and unsymmetrical alkoxide bridging ligands in diiron complexes,12 

was shown to slow down the formation of the peroxo intermediate. Finally, diiron 

complexes of bulky carboxylate-rich ligands were also studied18 and led to the 

observation of a superoxo species upon interaction of the diiron(II) center with 

dioxygen.19 The effect of pyridyl ligands bearing electron-donating or electron-

withdrawing pyridyl ligands have also been studied with mononuclear iron 

complexes,20–23 but very few examples of diiron complexes are known to date. Que 

and co-workers have developed di-nuclear iron complexes based on -oxo-bridged 

mono-nucleating units bearing electron donating groups, which allowed the 

characterization of the first diiron(IV) di-oxo synthetic intermediate.24 The same 

complex also led to the formation of a dinuclear high spin iron(IV)-oxo intermediate 

with a good specificity for hydrogen abstraction catalysis.25 Finally, another diiron(IV) 



complex bearing electron donating pyridyl ligands was also demonstrated to cleave 

strong C-H and O-H bonds.26 Overall, very few studies focus on non-symmetrical 

diiron complexes with the aim to address the influence of symmetry on dioxygen or 

hydrogen peroxide activation at diiron centers. In terms of catalysis, examples of the 

use of diiron complexes for oxidation reactions are very scarce and most of the 

reported examples lead to  intra-molecular oxidation of the ligands using dioxygen or 

hydrogen peroxide.27–29 The best non-heme diiron catalyst known to date for olefin 

epoxidation is a complex based on a TPA like di-nucleating ligand which catalyzes 

the epoxidation of cyclooctene with a good selectivity and high turnover numbers.30 

This catalyst is also an excellent functional model of MMOs since both the diiron(III) 

peroxo and the diiron(IV) di-oxo intermediates have been characterized prior to olefin 

epoxidation.31 Furthermore, this complex was also demonstrated to be capable of 

cleaving strong C-H bonds in good yields.32 

Here, we report the synthesis, characterization, and catalytic activity for selective 

oxidation, of two new diiron complexes bearing electron-donating pyridyl groups in a 

symmetrical (complex [3]) and unsymmetrical way (complex [2]) (Fig. 1). The effects 

of the nature and the symmetry of the ligand in these complexes, on the catalytic 

oxidation of different substrates by H2O2, were evaluated and compared to those 

previously described with complex [1].33 



 

Figure 1. a) Symmetrical [1], [3] and unsymmetrical [2] diiron complexes used in this study. b) X-ray 

crystal structures of complexes [2] (top) and [3] (bottom). (See S.I., tables S1 and S2) 

 

The three ligands used in this study have all been synthesized via synthetic methods 

adapted from Suzuki and coll.12 and the three corresponding diiron complexes were 

obtained by addition of two equivalents of Fe(III)(ClO4)3 as described in supporting 

information. Slow diffusion of diethyl ether into these solutions yielded crystals 

suitable for X-ray diffraction analysis, and the structures of [2] and [3] are presented 

in Fig.1b. As previously described for [1],33 in both complexes [2] and [3], the two 

metal ions are hexacoordinated with a distorted octahedral geometry and each bear 

two exogenous ligands. In all cases, the two iron ions are bridged by the alkoxy 

group of the ligand and each iron binds two pyridyl groups in a trans geometry. 

Interestingly, both [1] and [3] are perfectly symmetrical, including the exogenous 

ligands, while [2] presents both an unsymmetrical bi-nucleating ligand and different 

exogenous ligands coordinated to iron(1) and iron(2). 

a b
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The Mössbauer spectra of [1], [2], and [3] were recorded in the solid state at 5 K 

(Fig. S1). All appear as a single quadrupole doublet accounting for 100% of the 

signal. The spectrum of [1] is a relatively narrow quadrupole doublet ( ca 0.33 mm 

s-1) which can be simulated by a single Fe site with an isomer shift δ = 0.46(2) mm s-1 

and a quadrupole splitting ΔEQ = 1.02(4) mm s-1 showing that the two Fe ions are too 

similar to be distinguished. These parameters are consistent with high-spin Fe(III) 

ions with a tetragonal O/N environment. The spectrum of [3] can be simulated 

similarly by considering two identical high-spin iron(III) sites with the following 

parameters δ = 0.42(2) mm s-1, ΔEQ = 0.84(4) mm s-1 and  ca 0.33 mm s-1. Finally, 

the Mössbauer spectrum of [2] is constituted by a quadrupole doublet with similar 

isomer shift and quadrupole splitting, but much larger linewidth than that of [1] and 

[3] (δ = 0.42(2) mm s-1, ΔEQ = 0.99(4) mm s-1,  ca 0.41 mm s-1) (Fig. 2a and Fig. 

S1). This increased linewidth undoubtedly reflects the difference of the two Fe sites. 

To investigate more in depth the effect of this difference on the Mössbauer 

parameters of the two iron ions, we performed simulations of the spectrum of [2] 

taking into account different individual sites. As shown in Fig. 2b, the experimental 

spectrum can be reproduced quite satisfactorily based on equal contributions of two 

sites with parameters and linewidths close to those of [1] and [3] (δ = 0.42(2) mm s-1, 

ΔEQ = 1.18(4) mm s-1 and δ = 0.42(2) mm s-1, ΔEQ = 0.79(4) mm s-1, common 

linewidth  = 0.32 mm s-1). Accordingly, Mössbauer spectroscopy allowed to 

evidence the differences between the two iron sites in the unsymmetrical complex 

[2]. 

UV-visible spectra of [1], [2], and [3] were recorded in acetonitrile (Fig. 3), and each 

complex showed similar spectra with two π-π transition bands in the regions 

between 200 and 220 nm and between 260 and 270 nm, as well as a third band 



between 350 nm and 370 nm (ε ≈ 10000 M-1 cm-1). For the highest energy band, the 

molar extinction coefficient was proportional to the amount of donating substituents 

on the pyridyl ligands present in the complex, with the ε values of ε = 94000 M-1 cm-1 

for complex [3], ε = 74000 M-1 cm-1 for complex [2] and ε = 60000 M-1 cm-1 for [1]. 

The characterization of the three complexes in solution was then completed by high 

resolution mass spectrometry analysis which are described in supporting information. 

 

Figure 2. Simulations of the Mössbauer spectra of complex [2] in solid state (hatched bars) recorded 

at 5 K and calculated fit (black solid line) taking into account: a) a single quadrupole doublet with 

parameters δ = 0.42(2) mm s
-1

, ΔEQ = 0.99(4) mm s
-1

,  ca 0.41 mm s
-1

) and b) equal contributions of 

two high-spin iron(III) species with parameters δ = 0.42(2) mm s
-1

, ΔEQ = 1.18(4) mm s
-1

 (blue line) 

and δ = 0.42(2) mm s
-1

, ΔEQ = 0.79(4) mm s
-1

 (red line), common linewidth  = 0.32 mm s
-1

. 
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Figure 3. UV-visible spectra of complexes [1] (black line), [2] (red line) and [3] (green line) in 25 M 

acetonitrile solution. 

 

The three complexes were then tested for the catalytic oxidation of sulfides, alkenes 

and alkanes by H2O2. All the experiments were performed at room temperature, in 

triplicate, under aerobic conditions, using a syringe pump system. The results 

obtained for the different substrates are summarized in Table 1. The epoxidation of 

cyclooctene was first investigated using 10 equivalents of H2O2 with respect to the 

catalyst, and solely epoxide was obtained as product in good yields, ranging from 73 

to 79%. These results are comparable to those reported for the best di-nuclear iron 

complex known to date for the catalytic epoxidation of cyclooctene, both in terms of 

selectivity and yields.30 When a larger amount of hydrogen peroxide was added (200 

equiv.), the high selectivity for the epoxide was conserved, but the yields did not 

exceed 23%, pointing out the limit of these catalysts for cyclooctene epoxidation (46 

turn-overs). As one could expect, moving to oxidation of cyclohexene gave a different 

selectivity with rather high yields for allylic oxidation (40 to 50%) and very low yields 

for epoxidation (less than 3%). For these two alkenes, no tendency could be drawn 

depending on the structure of the complex. The catalytic activity was then evaluated 



for the oxidation of thioanisole that gives almost exclusively the sulfoxide product with 

only traces of sulfone. Complex [3] was the best catalyst for sulfoxidation leading to a 

70% conversion, but the yield decreased to 48.5% and then 24.6% for [2] and [1] 

respectively. In this case, the more donating groups are present, the more active is 

the complex. However, the symmetry of the complex does not seem to have an 

effect. Finally, hydrogen abstraction catalysis was also explored with four substrates 

bearing C(sp3)-H bonds with BDE ranging from 82 kcal mol-1 for diphenylmethane, to 

98 kcal mol-1 for cyclohexane. Diphenylmethane and ethylbenzene (BDE = 87 kcal 

mol-1) gave very similar results with about 50 to 58 turnovers for the three complexes. 

In the case of toluene (BDE = 90 kcal mol-1) the yields went down to about 8 

turnovers and the oxidation of cyclohexane (BDE = 98 kcal mol-1) gave rather similar 

results with about 10 turnovers. The drop in activity for a BDE value above 90 kcal 

mol-1 indicates the limits of these complexes in terms of oxidation capacities. No 

clear effect of the coordination sphere or the symmetry of complex could be observed 

for C-H activation, neither in terms of yield, nor in terms of selectivity. Yet, the 

microenvironment of enzyme’s active sites is not restricted to the variety or the 

symmetry of the iron coordination spheres and the presence of water into their 

hydrophobic microenvironment may also influence catalysis. We have therefore 

performed catalysis with increasing amounts of water into the acetonitrile solution. No 

clear effect could be observed for cyclohexane, cyclohexene or thioanisole, but some 

interesting results were obtained for diphenylmethane and cyclooctene, as reported 

in Fig. 4. First of all, one can observe that the catalytic activity is almost completely 

lost above 20% of water added for cyclooctene and 5% for diphenylmethane. In the 

latter case, the activity is completely lost above 2% of water for complex [1], but the 

progressive introduction of electron-donating groups in [2] and [3] clearly helped to 



maintain activity with low proportion of water, with even a gain of activity of 1/3 for 

complex [3] when 1% of water was added. Concerning the oxidation of cyclooctene, 

the symmetrical incorporation of electron donating groups in [3] did not change very 

much the catalytic behavior compared to [1]. However, the unsymmetrical character 

of [2] clearly influenced both the yield and the selectivity of the reaction when about 

5% of water was added to the acetonitrile solution. For example, when 6% of water 

was added, the overall yield (epoxide + diol) obtain with [2] was 28-fold higher than 

with [1] and 12-fold higher than with [3]. More interestingly, the addition of water did 

not change the selectivity in the case of the symmetrical complexes [1] and [3], but 

drastically modified the one of the unsymmetrical complex [2] with a 20% yield in diol 

formed for 2% of water added, which is 200-fold higher than for [1] and 10-fold higher 

than for [2]. Since these differences may be arising from various parameters, we are 

now exploring in more details this interesting behavior. 

 

Table 1. Catalysis experiments in MeCN, at room temperature, with a syringe pump over 30 minutes. 

Substrate Cata. Products (TON) Yield(%) 

  Epoxide Diol  

 

 

 

 

 

[1] 7.8 (0.5)
a
 - 78.0

a
 

[2] 7.9 (0.2)
a
 - 79.0

a
 

[3] 7.3 (0.4)
a
 - 73.0

a
 

[1] 45.3 (2.7)
b
 0.5 (0.1)

b
 22.9

b
 

[2] 37.1 (3.5)
b
 1.4 (0.2)

b
 19.3

 b
 

[3] 33.7 (3.3)
b
 0.7 (0.1)

b
 17.2

 b
 

 

 

 

 

 Epoxide Enol Enone  

[1] 2.2 (06) 18.2 (1.2) 22.4 (1.9) 42.9 

[2] 3.5 (03) 21.8 (1.6) 27.7 (12) 53.0 

[3] 1.8 (01) 17.2 (1.0) 31.6 (34) 50.6 

 

 

 

 

 Sulfoxide Sulfone  

[1] 20.3 (1.7) 0.3 (0.0) 20.6 

[2] 40.1 (1.7) 0.4 (0.0) 40.5 

[3] 58.5 (4.3) 0.7 (0.0) 59.2 

 

 

 

 

 Alcohol Ketone  

[1] - 45.2 (0.5) 45.2 

[2] - 41.6 (0.5) 41.6 

[3] - 44.4 (1.2) 44.4 

  Alcohol Ketone  

[1] 18.9 (1.0) 39.9 (0.4) 58.7 

[2] 17.2 (0.4) 36.9 (0.8) 54.1 

[3] 12.4 (0.1) 45.8 (1.2) 58.2 

S



  Alcohol Aldehyde  

[1] 1.8 (0.0) 6.7 (0.2) 8.5 

[2] 1.6 (0.0) 5.9 (0.3) 7.5 

[3] 1.1 (0.1) 5.1 (0.1) 6.2 

  Alcohol Ketone  

[1] 4.0 (0.2) 4.8 (0.3) 8.8 

[2] 4.6 (0.1) 5.8 (0.2) 10.4 

[3] 4.5 (0.0) 7.1 (0.1) 11.6 

Conditions: catalyst/H2O2/substrate (1/100/1000) excepted for: (a) catalyst/H2O2/substrate (1/10/1000) and (b) 

catalyst/H2O2/substrate (1/200/1000). 

 

 

Figure 4. Oxidation reactions catalyzed by complexes [1] (black), [2] (red) and [3] (green) using H2O2 

in MeCN solution with an increasing amount of H2O. 

 

In conclusion, we have synthesized and characterized two new symmetrical and 

unsymmetrical diiron complexes that proved to be efficient for alkene and alkane 

oxidations in acetonitrile solution. The addition of increasing amounts of water to the 

solution showed that the introduction of electron donating groups to the pyridyl ligand 

help maintaining and even improving catalysis in the presence of low proportion of 

water. Furthermore, the presence of water clearly modified both the catalytic activity 

and the selectivity of the unsymmetrical complex [2], which was not the case for 

symmetrical complexes [1] and [3]. 
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