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The reaction mechanism of o-Fe,Oz-supported Au-catalyzed silylation of ether C(sp*)—O bonds by disi-
lane is investigated using both experimental and computational approaches. The experimental study
suggests that ether activation is the rate-determining step in the silylation of C(sp®)—O bonds and that
this reaction proceeds via an Sy2-type mechanism involving radical species. DFT calculations demon-
strate that the Si—Si bond cleavage in disilane occurs at the interface between the Au cluster and the
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1. Introduction

Ether moieties are commonly found in natural compounds,
and ethers are widely used as solvents, intermediates, and
protective groups in organic synthesis due to their versatility
and stability. Currently, the activation and direct functionaliza-
tion of ether C-O bonds remain a significant challenge in
organic and organometallic chemistry owing to their high bond
dissociation energy and inherent chemical inertness,"> which
hinder the application of traditional methods for cleaving C-O
bonds. Conventional approaches for the cleavage of the C(sp®)-
O bond in alkyl ethers typically require harsh conditions, such
as heating with HBr, the use of strong Lewis acids,” or hydro-
genolysis under high temperature and pressure conditions.*™®
Therefore, the development of catalytic systems for direct
functionalization of ether C(sp®)-O bonds under mild condi-
tions is of great importance for the efficient utilization of
ethers.

Several transition-metal-based catalysts have been devel-
oped for the selective cleavage of C(sp?)-O bonds in ethers.
Organometallic complexes, such as Ir and Ni complexes, have
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been employed to activate these bonds, leading to efficient
C(sp®)-0 bond functionalization. In particular, Ir catalysts have
demonstrated considerable efficiency in the cleavage of C(sp®)-
O bonds in alkyl-alkyl ethers under mild conditions.'® Also, Ni-
catalyzed boron insertion into C(sp*)-O bonds has also been
reported.™

Organometallic complexes have thus proven to be effective
for the activation of C(sp*)-O bonds in alkyl ethers; however,
the reusability of these homogeneous catalysts remains limited.
On the other hand, supported metal catalysts have been widely
employed in fine chemical synthesis, where the strong metal-
support interaction provides unique reactivity and enhanced
stability across various applications. For the selective cleavage of
ether C(sp®)-O bonds, Miura et al. reported the borylation of
alkyl ethers using Au nanoparticles supported on o-Fe,O3, which
exhibited high activity under mild conditions.”* Silylation by
disilanes through alky-silyl coupling to afford alkylsilanes repre-
sents another important reaction for selective cleavage of ether
C(sp®)-O bonds. Alkylsilanes serve as valuable scaffolds and
intermediates in the synthesis of value-added molecules. Very
recently, Miura et al. reported that Au nanoparticles supported
on ZrO, efficiently promoted alkyl-silyl cross-coupling, enabling
silylation of ethers with C(sp*)-O bonds using disilanes to
produce diverse alkylsilanes in high yields."* Notably, the reac-
tion of branched cyclic alkyl ethers proceeded regioselectively,
yielding products in which only the C(sp®)-O bond with lower
steric hindrance was cleaved (see Fig. 1 and also Fig. S1). These
findings suggest that the reaction proceeds not through
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Fig. 1 Reaction scheme of Au/ZrO,-catalyzed silylation of ethers with
C(sp®) -0 bonds using disilanes to produce alkylsilanes.

carbocationic intermediates but rather via the Sy2 mechanism,
characterized as a radical substitution reaction (see Fig. S2). It
has been proposed that the cooperation of Au nanoparticles and
metal oxide supports facilitates the generation of radical inter-
mediates, thereby enabling efficient alkyl-silyl coupling.

These observations motivate us to investigate the reaction
mechanism of supported Au-catalyzed silylation of ether C(sp*)-
O bonds using both experimental and computational approaches.
Density functional theory (DFT) calculations are performed for the
reaction between 2-methyltetrahydrofuran (2-MeTHF) and hexam-
ethyldisilane (HMDS) as a model system. The use of a smaller
cyclic ether allowed us to reduce the computational cost, while the
inclusion of methyl substituents in 2-MeTHF is intended to discuss
the regioselectivity of the reaction. We focus on the reaction
mechanism catalyzed by Au nanoparticles supported on «-Fe,O;,
as Au/o-Fe,O3 has exhibited superior catalytic activity compared to
other supports in experimental studies. A detailed understanding
of the structure of the active species and the underlying reaction
mechanism is expected to provide valuable insights into the design
and development of novel catalysts that facilitate the efficient
utilization of ether compounds.

2. Experimental and computational
details
2.1. Preparation of supported Au catalysts

The Au/a-Fe,Oj; catalyst was prepared via a deposition—precipi-
tation method using urea.'* A total of 0.97 g of support material
was added to 152 mL of an aqueous solution of HAuCl, (1 mM,
the Au concentration in solution corresponds to a theoretical
Au loading of 3 wt%) and urea (0.1 M). The suspension was
heated at 80 °C and stirred vigorously for 16 h, during which
the pH increased from approximately 3 to 8. The resulting dirty
yellow precipitate was separated from the suspension and then
washed three times with distilled water. The resulting powder
was dried at 80 °C and subsequently calcined in air at 300 °C for
4 h to obtain supported Au catalysts. All other metal-oxide-
supported Au catalysts, except Au/SiO,, were prepared using the
same deposition-precipitation method. The Au/SiO, catalyst
was prepared via a deposition-precipitation method employing
Au(en),Cl; as the Au precursor (see the SI for details).
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2.2. DFT calculations

Spin-polarized DFT calculations were performed using pseudo-
potentials based on the projector-augmented wave (PAW)
method. The VASP program package'®'® was employed in this
study. The Perdew-Burke-Ernzerhof (PBE) functional was used
to describe the exchange-correlation potentials. A plane-wave
cutoff energy of 600 eV was applied. The DFT+U method was
utilized for the 3d orbitals of Fe atoms, and the value of the
parameter was set to U = 5.3 eV, following the previous work."”
To account for dispersion forces, the DFT-D3 method was used.
Gaussian smearing with a smearing parameter of 0.05 eV was
employed, and convergence criteria for the energy in the self-
consistent field calculation and the force in the geometry
optimization were set to 1 x 10™° eV and 0.03 eV A™*, respec-
tively. The transition state structures were located by the
climbing-image nudged elastic band method (CI-NEB), followed
by the dimer method to refine the obtained transition state
structure. Frequency analysis confirmed that only one imaginary
frequency exists in the transition state structures, except for
negligible imaginary frequencies within numerical uncertainty.

a-Fe,0; was considered as the support in this work, as it was
experimentally determined to be the most effective support for
this reaction (see the experimental results below). The lattice
constants of bulk o-Fe,0; were determined to be a = b = 5.09 A
and ¢ = 13.77 A through cell optimization using the 4 x 4 x 2
grid for k-point sampling, which was generated by the Mon-
khorst-Pack method. The calculated values were in good agree-
ment with the experimental lattice parameters (@ = b = 5.03 A
and ¢ = 13.74 A).*® The most stable (110) surface with the O-Fe-O
termination was considered in this work (see Table S1 for surface
energy calculations).”® The o-Fe,0;(110) surface contains five-
coordinated Fe atoms and three- and four-coordinated O atoms.
For modeling the o-Fe,03(110) surface, a 5 x 1 supercell contain-
ing two O-Fe-O tri-layers was constructed, where the dimensions
of the supercell were set to a =27.83 A, h=8.84 A, and ¢ = 24.54 A,
with @ = # = y = 90 degrees. A vacuum layer of 20 A thickness
was included to prevent interactions between periodic images.
During the geometry optimization, the bottom O-Fe-O layer was
fixed. The interface between Au and o-Fe,O; was modeled using a
rod model, where 24 Au atoms were placed on the a-Fe,03(110)
surface described above (see Fig. 2 for the slab model). The
Au(111) surface was modeled as a periodic 4 x 4 supercell cleaved
from its pre-optimized fcc structure, where the calculated lattice
constant was determined to be a = b = ¢ = 4.07 A, which is
consistent with the experimental value.** The Au slab model
consists of four atomic layers, separated by approximately 15 A
of vacuum space along the z-direction. The dimensions of the
Au(111) slab model were then set to a= b =11.52 A, c = 26.16 A, o, =
f =90 degrees, and y = 120 degrees. The Au-Au bond length in the
top layer of the pristine Au(111) surface was 2.86 A, and this value
is consistent with the scanning tunneling microscopy (STM)
measurement of 2.88 A.?* The two bottom layers were fixed during
the geometry optimization. In all slab model calculations, the
Brillouin zone was sampled only at the I" point. For calculation of
gas-phase molecules, only the I' point was used, and a cubic
simulation cell with @ = b = ¢ = 20.0 A was employed.
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Fig. 2 (a) Side and (b) top view of the slab model of the Au/a-Fe,0Ox(110)
interface. Color coding: brown for Fe, red for O, and light brown for Au.

The adsorption energy of a molecule E, on the a-Fe,03(110),
Au(111), and Au/o-Fe,03(110) surface is calculated according to

Ex = Emot+surt — Emol — Esurf

where Eousurr 1S the total electronic energy of the surface-
molecule system, while Eg,s and Ey, are the energies of the
surface without molecules and an isolated molecule, respec-
tively. In this definition, the more negative value of adsorption
energy indicates a stronger binding interaction with the
surface.

3. Results and discussion
3.1. Optimization of catalysts and kinetic analysis

Previous experimental studies have shown that the coupling
reaction between ether and HMDS occurs efficiently on the Au/
ZrO, catalyst." In this study, the initial examination focuses on
evaluating the catalytic activity of metal oxide-supported Au
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catalysts for the reaction between decyl ether and HMDS.
Among the five catalysts tested (Au/a-Fe,O3, Au/ZrO,, Au/TiO,,
Au/Al, 03, and Au/SiO,), the Au/a-Fe,O; catalyst demonstrated
the highest activity at 100 °C under an Ar atmosphere (see
Table 1). Our previous study demonstrated that Au/a-Fe,O5 also
exhibits high catalytic activity for the borylation of C(sp*)-O
bonds in allylic esters and alkyl ethers."> This was attributed to
the high Lewis acid density and also strength of the Lewis acid
sites on the metal oxide surface surrounding Au nanoparticles
(see Table S3 and Fig. S11),"** and thus it is suggested that the
main catalytic active site for the silylation of C(sp®)-O bonds in
alkyl ethers is the interface between Au nanoparticles and the
metal oxide support.

For the Au/a-Fe,O; catalyst, the reaction orders with respect
to decyl ether and HMDS were determined to be 1.1 and 0.4,
respectively (Fig. 3). This result suggests that the rate-
determining step is the activation of the ether. According to
previous studies, the cleavage of the Si-Si bond in HMDS
occurs on metal oxide-supported Au catalysts, leading to the
formation of silyl cations and silyl radicals."*** To further
support a mechanism involving silyl radicals, radical-trapping
experiments using 2,2,6,6-tetramethylpiperidine 1-oxyl radical
(TEMPO) were carried out. The results confirmed that the
progression of the alkyl-silyl coupling was inhibited, and
silylated TEMPO was detected by gas chromatography-mass
spectrometry (GC-MS) analysis (Fig. S3), suggesting the transi-
ent formation of silyl radicals. We believe that the generated
silyl radicals are unlikely to diffuse freely into the gas phase, as
the coupling reactions take place near the interface between Au
nanoparticles and the a-Fe,O; surface. Under these conditions,
TEMPO likely acts as an effective inhibitor due to its strong
interaction with the surface, which may facilitate the capture of
radical species in close proximity to the surface.

3.2. Adsorption of 2-methyltetrahydrofuran and disilane on
the Au/a-Fe,0; surface

Using DFT calculations, the electronic properties of the Au/a-
Fe,0; model were first investigated. After the geometry optimi-
zation, Bader charge analysis revealed that Au atoms directly
interacting with surface O atoms exhibit a positive charge

Table 1 Reaction of decyl ether and HMDS by metal oxide-supported Au catalysts

Supported Au catalyst
(3 mol% as Au)

C10H21_O—C10H21 + Megsi—SiMe3

C10H21—SiMe3 + C10H21—OSiMe3

Toluene (1 mL)

1 2 100 °C, 1 h, Ar 3 4
(0.3 mmol) (0.9 mmol)

Entry Catalyst Yield (%)

1 Au/o-Fe,O4 102

2 AU/ZrO, 90

3 AU/TiO, 70

4 Au/AlL O3 5

5 Au/SiO, 0

“Yields exceeding 100% are possible because the silyl ether product can undergo further reaction, leading to the formation of two alkylsilane

molecules from a single ether molecule.
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Fig. 3 Reaction order with respect to the concentration of (a) decyl ether and (b) HMDS.

ranging from +0.05e to +0.25e (Table S2). Overall, a net charge
transfer of —1.1e from the Au rod model to the o-Fe,O; surface
was observed. This finding is consistent with X-ray photoelec-
tron spectroscopy (XPS) measurements (Fig. S12), which indi-
cate that Au atoms at the interface exhibit cationic properties.*>

The adsorption structures of HMDS and 2-MeTHF were next
investigated on the Au(111) and a-Fe,05(110) surfaces, as well
as at the interface between Au and a-Fe,O3, and the results are
presented in Fig. 4 along with the adsorption energies. For
HMDS, the strongest adsorption was observed at the interface
between Au and o-Fe,O3, with an adsorption energy of —1.58 eV
(Fig. 4(c)). In this configuration, one of the Si atoms is oriented
towards the surface, while the other is located in close proxi-
mity to the Au atoms. The Si-Si bond length at the interface was
calculated to be 2.38 A, slightly longer than the gas-phase bond
length of 2.36 A. Bader charge analysis revealed a slight charge
asymmetry between the two Si atoms, with the Si atom located
near the Au atoms exhibiting a positive charge of +0.06e
(Fig. S4). This observation is consistent with the charge dis-
tribution of the interface, where Au atoms interacting with the
surface O atoms are more positively charged. Another adsorp-
tion structure at the interface (Fig. 4(d)) shows that the Si-Si

) 238A (®) 2404 (2.)38A
. Q‘* Y 5%

(a

-1.09 eV -1.32 eV -1.58 eV
(e) ()
—0.94 eV -2.36 eV -2.63 eV

Fig. 4 Adsorption structures of HMDS and 2-MeTHF on (a) and (e)
Au(111), (b) and (f) a-Fe,O3(110), and (c), (d), () and (h) at the Au/a-
Fe,O3(110) interface. The Si-Si bond lengths of HMDS are also given.
Color coding: brown for Fe, red for O, light brown for Au, blue for Si, white
for H, and dark brown for C.
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bond is aligned parallel to the interface between Au and a-Fe,O3,
and its adsorption energy is slightly weaker than that of the
configuration shown in Fig. 4(c). In the case of 2-MeTHF, the
molecule is also preferentially adsorbed at the interface, where
the O atom of 2-MeTHF interacts with a surface Fe atom via
acid-base interaction (Fig. 4(g)). The adsorption energy was
calculated to be —3.17 eV, which is much stronger than that of
HMDS at the interface (—1.58 eV). Adsorption of 2-MeTHF on the
a-Fe,0; surface is strong, with an adsorption energy of —2.36 eV
(Fig. 4(f)), which is also stronger than that observed for HMDS.

3.3. Energy profile for the Si-Si bond cleavage and silyl radical
formation

Based on the results of adsorption structures described above,
it is suggested that cleavage of the Si-Si bond occurs preferen-
tially at the interface between the Au nanoparticle and metal
oxide. Bader charge analysis and XPS measurements confirmed
that cationic Au atoms are generated at the interface between
Au nanoparticles and metal oxide support. Therefore, it has
been proposed that a single-electron transfer from HMDS to the
Au nanoparticles occurs, leading to the formation of a cationic
radical species. Subsequently, cleavage of the Si-Si bond takes
place, resulting in the generation of a silyl cation and a silyl
radical.”® Based on this proposed mechanism, we investigated
the energy profile associated with the cleavage of the Si-Si
bonds in HMDS at the Au/a-Fe,O5 interface.

Fig. 5 shows the potential energy profile for cleavage of the
Si-Si bond at the Au/a-Fe,O; interface. For comparison, clea-
vage on the o-Fe,O; surface alone was also examined. The
structures of the initial state (IS) were taken from the optimized
adsorption structures for each system (Fig. 4(b) for the a-Fe,0;
surface and Fig. 4(c) for the Au/a-Fe,O; interface). The energy
barrier for Si-Si bond cleavage at the Au/a-Fe,O; interface was
determined to be 0.77 eV, whereas on the o-Fe,O; surface, it
was calculated to be 1.97 eV, indicating that the cleavage is
energetically more favorable at the Au/a-Fe,O; interface. Bader
charges of the Si atoms at the initial state (IS), the transition
state (TS), and the final state (FS) are shown in Fig. S5. On the o-
Fe,0; surface, the Bader charges of the Si atoms at the IS were
close to zero. In contrast, at the Au/o-Fe,O; interface, a charge
bias between the two Si atoms (+0.06e and —0.08e) was

This journal is © the Owner Societies 2025
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Fig. 5 Potential energy profile for the Si—Si bond cleavage on the a-Fe,Os3
surface (black) and at the Au/a-Fe,Os interface (red). Color coding: brown
for Fe, red for O, light brown for Au, blue for Si, white for H, and dark brown
for C.

observed. In the dissociative adsorption at the FS, the Bader
charge of the Si atom bound to the Au atoms increases to +0.80e,
indicating that a single electron is transferred to the Au atoms.

From the dissociative adsorption state at the Au/o-Fe,O3
interface (shown as the FS in Fig. 5), the formation of radical
active species was investigated. Fig. 6 shows the potential
energy curves for the desorption process of each silyl radical,
starting from the dissociative adsorption state. The potential
energy curve was obtained by fixing the distance between each
Si atom and its nearest (i) Au atom or (ii) O atom along the Si-
Au or Si-O direction at the dissociative state, while optimizing
all other degrees of freedom. The energies required for
desorption of the silyl radical from the (i) Au atom or (ii) O
atom were estimated to be 2.4 eV and 4.5 eV, respectively,
indicating that desorption from the Au atom is energetically
more favorable. The partial density of states (PDOS) of
the Si(3p) orbitals during the desorption process is shown in
Fig. S6. When the distance from the Au atom reaches 4.0 A,
formation of a radical species is confirmed from PDOS, where a
clear asymmetry between the up-spin and down-spin is
observed around the Fermi energy. We note that the desorption
energy of 2.4 eV is relatively high considering the experimental
conditions. Therefore, it is likely that silyl radicals do not
desorb into the gas phase completely but instead remain in
close proximity to the catalyst surface, as the reactions take
place near the interface between Au nanoparticles and the
a-Fe,O3 support. To further explore the behavior of silyl radi-
cals on the surface, the activation energy for the migration of a
silyl radical on the Au surface was calculated and found to be
~0.3 eV (see Fig. S7). This low barrier suggests that surface
migration of silyl radicals is energetically facile.

3.4. Ether C(sp®)-O bond cleavage via the Sy2-type
mechanism

After the formation of radical species, the next step involves
cleavage of the ether C(sp®)-O bond via attack by the silyl

This journal is © the Owner Societies 2025
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Fig. 6 Potential energy curves for the desorption process of each silyl
radical, starting from the dissociative adsorption state. Color coding:
brown for Fe, red for O, light brown for Au, blue for Si, white for H, and
dark brown for C.

radical. Experimental results suggest that the reaction proceeds
via a Sy2-type mechanism, characterized by a substitution
reaction involving radical intermediates. As shown in Section
3.2, 2-MeTHF strongly adsorbs onto the a-Fe,O; surface, with
the O atom of 2-MeTHF interacting with a surface Fe atom
(Fig. 4(f) and (g)). This adsorption structure facilitates selective
radical attack at the a-carbon atom of the ether. Therefore, in
this study, the attack of a silyl radical on the adsorbed 2-MeTHF
species was considered. Fig. 7 shows the potential energy
profile for the reaction between the silyl radical and adsorbed
2-MeTHF on o-Fe,0; (shown in Fig. 4(f)). The activation energy
for the C(sp®)-O bond cleavage was calculated to be 1.18 eV,
which is reasonable considering the experimental observations.
This activation barrier is higher than that for the Si-Si bond
cleavage of HMDS at the Au/o-Fe,O; interface (0.77 eV), which is
consistent with experimental results, indicating that the Sy2
reaction is the rate-determining step, and that the reaction order
with respect to the ether is 1.1 (as described in Section 3.1). The
overall potential energy profile for the reaction is presented in Fig.
S9. The desorption energy of the alkyl silane product (1.74 eV)
appears to be relatively high; however, it is important to note that
additional factors, such as surface coverage and thermodynamics
effects, particularly the contribution of translational entropy in
the desorption process, need to be considered for a more quanti-
tative comparison with experimental results.

We also examined the regioselectivity of the ether C(sp®)-O
bond activation. Attempts to calculate the activation barrier for
cleavage of the other C(sp®)-O bond on the a-Fe,O; surface
were unsuccessfully due to convergence issues in geometry
optimization, as the targeted C(sp*)-O bond was oriented away
from the surface (see the IS in Fig. 7). To investigate the origin
of this selectivity, gas-phase calculations were performed using

Phys. Chem. Chem. Phys., 2025, 27,18651-18657 | 18655
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Fig. 7 Potential energy profile for cleavage of the ether C(sp®)-O bond
on the a-Fe,O3 surface. Color coding: brown for Fe, red for O, blue for Si,
white for H, and dark brown for C.

the Gaussian software package, and it was clearly shown that
cleavage of the less sterically hindered C(sp®)-O bond is ener-
getically more favorable, consistent with experimental observa-
tions and intuitive expectations (see Fig. S8). These results
support the observed regioselectivity of the reaction.

4. Conclusions

The reaction mechanism of Au-catalyzed ether silylation was
investigated using both DFT calculations and experimental
approaches. The reaction between HMDS and 2-MeTHF was
employed as a model system. Our findings indicate that the Si-
Si bond readily dissociates at the interface between Au and o-
Fe,O; with a low activation energy of 0.77 eV. Subsequently, the
silyl radical migrates from the Au atoms and attacks the 2-
MeTHF molecule adsorbed onto the o-Fe,O; surface. The
C(sp®)-0 bond cleavage in the ether proceeds via the Sy2-type
reaction, with the activation barrier for this step calculated to
be 1.18 eV, which is reasonable considering the experimental
observations. The continuous development of novel catalytic
materials and a deeper understanding of the reaction mechan-
isms will contribute to the realization of more efficient and
selective catalytic systems for the utilization of ether
compounds.
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