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Dimeric and monomeric supported single-site Fe(II) pre-catalysts 

on SiO2 have been prepared via organometallic grafting and 

characterized with advanced spectroscopic techniques. 

Manipulation of the surface hydroxyl concentration on the 

support influences monomer/dimer formation. While both pre-

catalysts are highly active in liquid-phase hydrogenation, the 

dimeric pre-catalyst is ~3x faster than the monomer. Preliminary 

XAS experiments on the H2-activated samples suggest the active 

species are isolated Fe(II) sites. 

The need for chemicals throughout the world has increased 
the need for catalysts that perform desired chemical 
transformations with high efficiency. Catalysts that effect the 
hydrogenation of unsaturated bonds are one of the most 
critical types as these compounds have applications in the 
energy, pharmaceutical, agrochemical, and commodity 
chemical industries. As these industries grow and the demand 
for catalysts increases, the need to move away from precious 
metal catalysts toward more sustainable and cost-effective 
earth-abundant catalysts1 such as those which contain first-
row transition metals (Co,2 Fe,2 V3), has become an 
increasingly important endeavor.  

In addition to employing first-row transition metals for 
catalysis, our lab and others4-10 are interested in utilizing 
Surface Organometallic Chemistry (SOMC)11-15 to functionalize 
solid supports such as SiO2, Al2O3, TiO2 and ZrO2. The 
combination of a tailored support surface and organic ancillary 
ligands can not only stabilize the metal coordination sphere 
through sterics, but also tune the electronic properties of the 
metal active site, which in turn may modulate the catalytic 
activity. Furthermore, catalytic function is likely influenced by 
metal nuclearity on the surface. As such, we are interested in 

methods for manipulating and controlling the nuclearity and 
understanding how the imparted structures affect the catalytic 
performance.4, 7, 16 In addition, we are interested in 
understanding the influence and fate of the precursor ligands, 
as well as their role in catalytic processes. 

Recently, it has been shown that Fe(II) single-atom17 ions 
supported on silica are active for propane dehydrogenation at 
650 °C18 as well as methane aromatization at higher 
temperatures.19 In addition, homogeneous2, 20-22 and 
heterogeneous1, 23 iron catalysts are active in hydrogenation 
reactions. Furthermore, iron catalysts are found in enzymes 
such as methane monooxygenase,24 which contains a 
bimetallic iron core, and the FeMo cofactor of nitrogenase,25 
which is a cluster containing multiple iron centers. These 
multimetallic systems are able to catalyze reactions in ways 
that monometallic systems cannot. As such, chemists have 
long sought to understand the fundamental chemistry of these 
cooperative catalytic processes and to apply the knowledge to 
the rational design of new catalysts. 

With this in mind, we decided to target dinuclear iron(II) 
complexes as molecular precursors to generate supported 
single-site iron(II) catalysts for alkene hydrogenation. This 
approach offered several avenues for gaining insight such as 
understanding how the surface structure affects metal 
nuclearity and whether or not the resulting nuclearity can 
induce metal-metal cooperative effects.26, 27 An intriguing 
report by Copéret and coworkers proposed the bimetallic 
precursor [Fe(µ-Mes)Mes]2

28 (Mes = C6H2(CH3)3) reacts with 
SiO2 dehydroxylated at 700 °C (SiO2-700) to form a likely 
terminally-bound surface bimetallic species according to eqn 
1.29 However, no catalytic tests have been reported to date 
employing this material.  

Fe Fe O

Si
OO

O

Fe

Fe

+ SiO2-700C

- C6H3Me3
(1)

 

It is known that the hydroxyl concentration on the surface 
of amorphous silica is tunable and various degrees of 
dehydroxylation can be achieved by thermal treatment.13, 30 As 
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a consequence, it may be possible to affect the surface species 
by varying the support surface in this way. Two silica supports, 
SiO2-700 and SiO2-200, were prepared by heating the same batch of 
silica gel to 700 °C and 200 °C, respectively, under vacuum (15 
mtorr) for 12 h, resulting in partially-dehydroxylated silica with 
silanol concentrations of ca. 0.813 and 4.93 OH/nm2, respectively. 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFTS) shows a decrease in the vicinal silanols in SiO2-700 
compared to SiO2-200 as seen by the loss of the broad signal centred 
around 3500 cm-1 (Figure S1). The result is that SiO2-700 contains 
mostly isolated silanols (5-10% geminal13), while SiO2-200 contains a 
larger number of vicinal silanols.  

The dimeric precursor [Fe(µ-Mes)Mes]2 reacts with SiO2-700 
in toluene at –30 °C to form the air-sensitive reddish-brown 
bimetallic FeSiO2-700 (1), Scheme 1. It will be seen that, through 
a combination of spectroscopic techniques, the structure of 1 
is different from that previously proposed (vide infra). In 
addition, a green, air-sensitive, monometallic analogue, FeSiO2-

200 (2) can be generated by reacting the same precursor, [Fe(µ-
Mes)Mes]2, with SiO2-200 in toluene at room temperature, 
Scheme 1.  

Fe Fe

O OH

SiSi
OO O

O
O O

Fe2
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- C6H3Me3

+ SiO2-200C

- 2 C6H3Me3
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- 30 
o
C r.t.

 

Scheme 1. Synthesis of FeSiO2-700, 1, and FeSiO2-200, 2. 
 
NMR grafting experiments show that, during the synthesis 

of 1, one mole of mesitylene is liberated per mole [Fe(µ-
Mes)Mes]2, and during the synthesis of 2, ca. 2.1 moles are 
liberated per mole [Fe(µ-Mes)Mes]2, Figure S2. Elemental 
analysis was conducted on compounds 1 and 2 and these data 
are consistent with the grafting studies. For 1, the surface iron 
concentration was 1.73% with a carbon-to-iron ratio of 3.25, in 
reasonable agreement with the calculated value of 2.9 for a 
[Fe2(Mes)3] unit. For 2, the surface iron concentration was 
1.52% and a carbon-to-iron ratio of ca. 1.6 was found 
corresponding to 0.8 mesityl ligands per iron center. 

EPR spectroscopy was used to probe the oxidation states 
after grafting (Figures S3-S6). Both 1 and 2 show high-spin 
Fe(II) signals, in agreement with XANES analysis (Figure S13). 
Upon exposure to air, both compounds rapidly oxidize to 
Fe(III). Compounds 1 and 2 were characterized by DRIFTS, 
Figure S7. The spectra of 1 and 2 exhibit bands at 2800-3100 
cm–1 and 1600 cm–1 corresponding to the C–H and C=C modes 
of the mesitylene ligands, respectively, suggesting the 
presence of an organo-iron fragment on the SiO2 supports. The 
Diffuse Reflectance Ultraviolet-Visible (DRUV) spectra of 1, 2, and 
[Fe(µ-Mes)Mes]2 show the electronic similarity between 1 and 
[Fe(µ-Mes)Mes]2, Figure S8. All three compounds absorb over a 
broad range of wavelengths in the visible region and contain a 
major feature at high energy (λmax at 375, 360, and 410 nm for 1, 2, 

and [Fe(µ-Mes)Mes]2, respectively). However, compounds 1 and 
[Fe(µ-Mes)Mes]2 also contain a second broad feature at 495 and 
525 nm, respectively, which is not observed in 2. This common 
feature at lower energy suggests a similar geometry between 1 and 
[Fe(µ-Mes)Mes]2, which is consistent with the identification of 1 as 
the surface structure (see Figure S9 for visual color comparison).  

The surface structures of 1 and 2 were probed by Raman 
spectroscopy in order to identify the presence or absence of 
bridging mesityl ligands, which would inform on the dimeric or 
monomeric nature of the surface sites, respectively. A 
comparison of 1 and 2 with their respective silica supports, the 
[Fe(µ-Mes)Mes]2 precursor, and free mesitylene, is shown in 
Figure 1. Density Functional Theory (DFT) was used to assign 
the bands in the spectra. A comparison of the experimental 
vibrational frequencies with those computed from the 
optimized surface structures (vide infra) is reported in Table 
S1. The bands centered around 560 cm-1, which are only 
present in [Fe(µ-Mes)Mes]2 and 1, are assigned to the Fe-C-Fe 
stretching vibrations. This matches well with the calculated 
value of 550 cm-1, confirming the dimeric nature of iron in 1. 

  

 

Figure 1. Raman spectra of 1 (red), SiO2-700 (teal), mesitylene (pink), 
[Fe(µ-Mes)Mes]2 (orange), 2 (blue) and SiO2-200 (black) 

The presence of iron in 1 and 2 allowed investigation by 
Mössbauer spectroscopy, and their respective spectra are shown in 
Figure 2. The spectrum of compound 1 indicates the presence of 
only one unique iron center with δ = 0.96 mm/s and ΔEQ = 1.91 
mm/s, favoring the (μ-oxo) structure shown for 1 in Scheme 1 over 
the terminally-bound structure previously proposed29 and shown in 
eqn 1. The terminally-bound structure should have two distinct iron 
signals, stemming from the two unique iron environments (i.e., an 
asymmetric molecule). While the (μ-oxo) structure was originally 
disfavored due to the higher reactivity of terminal vs bridging 
ligands, it is not unreasonable to imagine an initial reaction to form 
the terminally-bound structure which then rearranges to the (μ-
oxo) structure. Analysis of the spectrum of 2 indicates a mixture of 
species, with the major component (92%) having δ = 0.56 mm/s and 
ΔEQ = 1.02 mm/s, and the minor component having δ = 0.65 mm/s 
and ΔEQ = 2.17 mm/s. This minor component may be a thermal 
degradation product or a surface iron that does not contain a 
mesitylene ligand. The ferric product produced when 2 is exposed 
to air has a smaller isomer shift and quadrupole splitting of 0.25 
mm/s and 0.92 mm/s, respectively, Figure 2. 
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Figure 2. Mössbauer spectra of 2 (top), 1 (middle), and 2 after air 
exposure (bottom). The inserts represent the probability 
distribution function of the sample quadrupole splitting values. 

DFT calculations were carried out to study the surface 
structures of 1 and 2 using cluster models for the silica support.33 
For 1, both the terminally-bound and (μ-oxo) structures were 
considered, but only the (μ-oxo) structure converged from the 
calculations, Figure 3. The 2.76 Å Fe-Fe distance in the optimized (μ-
oxo) structure of 1 is slightly longer than the 2.62 Å distance in 
[Fe(µ-Mes)Mes]2.28 For 2, both 3- and 4-coordinate Fe structures 
were found (Figure S11), with the 4-coordinate (Figure 3) being 
more stable by 2.2 kcal/mol.  

Pre-catalysts 1 and 2 were found to be active catalysts for the 
hydrogenation of olefins at 25 °C in the presence of H2. The reaction 
of 1 and 2 with H2 presumably forms surface iron hydride species, 
which are known to affect hydrogenation reactions,34 and specific 
homogeneous examples with iron are in the literature.35-37 
Hydrogenation reactions were conducted with liquid substrates in 
batch reactors. First, the hydrogenation of cyclohexene was 
examined. Since the hydrogenation of cyclohexene can only yield 
one product, cyclohexane, H2 gas consumption was used to 
measure the kinetics. Under the same catalytic conditions (100 mg 
catalyst, 200 psi H2, 0.25 M cyclohexene in dodecane, 700 rpm, 25 
°C), pre-catalysts 1 and 2 react with initial turnover frequencies 
(TOFs) of 0.082 and 0.027 s-1, respectively, Figure 4. Interestingly, 
the initial TOF of 1 is ~3x faster than that of 2. 

 
 
Figure 3. DFT calculated (B3LYP/CEP-31G) structures of 1 (left) and 
2 (right). The SiO2 cluster has been omitted for clarity. C, gray; Fe, 

orange; O, red; Si, blue. Full models including SiO2 clusters are 
shown in Figures S10 and S11. 

The hydrogenation of 1-octene was also attempted in order to 
confirm the generality of the difference in reactivity observed 
between 1 and 2. Both pre-catalysts 1 and 2 rapidly hydrogenate 1-
octene (50 mg pre-catalyst, 200 psi H2, 0.25 M 1-octene in 
dodecane, 700 rpm, 25 °C) to octane and internal olefins with initial 
rates of conversion to all products of 1.2(2) × 10-4 M/s and 4.1(2) × 
10-5 M/s, respectively, Figure 4.  Again it is observed that pre-
catalyst 1 reacts ~3x faster than 2. Note that the internal olefins 
generated are then further hydrogenated to octane in these 
systems. 

 

Figure 4. Hydrogenation results for 1 (blue) and 2 (red) for reactions 
with cyclohexene (left), and 1-octene (right). 

Under these conditions, the reduction of isolated iron(II) species 
to iron(0) nanoparticles might occur. It has been shown that iron(0) 
nanoparticles are competent catalysts for the hydrogenation of 
alkenes.38 However, the reaction conditions employed in this study 
(200 psi H2, 25 °C) are milder than those used to generate iron(0) 
nanoparticles (150 psi H2, 150 °C, 12 h).38 In addition, the lack of 
induction period during catalysis suggests that that the structure of 
the active species does not change over the course of the reaction. 
Nevertheless, TEM images were obtained on 1 and 2 as-prepared as 
well as after treatment with H2 at 180 °C for 30 min, Figure S12, 
suggesting no apparent nanoparticle formation.39. In addition, XAFS 
measurements indicate no iron metal nanoparticles for any of the 
samples, Figures S13 and S14. Defining quantitative sensitivity to 
metallic nanoparticles is difficult due to particle size effects.  
Nevertheless, the measurements strongly suggest no more than 5% 
of the Fe could be metallic. These data indicate that the iron(II) sites 
remain isolated even under reducing conditions at temperatures 
well above the hydrogenation reaction conditions. 

Both 1 and 2 are extremely sensitive to oxygen and moisture. 
Samples oxidized to iron(III) by exposure to air rapidly darken in 
color and become inactive for hydrogenation, indicating iron(II) is 
the active species. The oxygen and moisture sensitivity has led to 
difficulties with reproducibility in the initial testing of gas-phase 
hydrogenation reactions. In addition, preliminary data indicate that 
thermal catalyst decomposition to inactive iron(II) species may also 
be operative in some cases as catalytic rates tend to decrease with 
precatalyst age.  

In summary, modification of the degree of hydroxylation on the 
SiO2 surface has allowed for the isolation and characterization of 
both dimeric and monomeric SiO2-supported iron(II) species 
generated from the same organometallic precursor. Both 
compounds can be activated with H2 to form highly active 
hydrogenation catalysts, with the dimeric 1 forming an active 
catalyst having activity approximately 3x greater than that 
generated from the monomeric 2. The higher activity of pre-catalyst 
1 is likely due to nuclearity effects imposed by the SiO2 surface 
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manipulation prior to grafting. Elucidation of the active species and 
mechanistic pathways will inform on the nature of the differences 
observed in these two catalysts. Structural characterization of the 
active species on silica, mechanistic studies, and 
decomposition/deactivation pathway investigations, through both 
experimental and computational avenues, are currently underway.  
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