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A series of RUSNS nanoparticles, prepared by decomposition of
Ru(COD)(COT) with H, in the presence of an SNS ligand, have been
found to catalyse the reduction of the greenhouse gas N,O to N,
employing different hydrosilanes.

Nitrous oxide (N,O) is a potent ozone-depleting, greenhouse
gas, with a climate warming impact three hundred times that of
carbon dioxide."” The increasing concentration of this gas in the
Earth’s atmosphere is attributed to human activities involving
the use of fertilizers, the large-scale combustion of fossil fuels
and biomass, and industrial chemical processes that produce it
as a by-product.® Therefore, there is a significant interest in the
development of chemical transformations for the degradation of
N,O into non-harmful species,” as well as for its revalorization as
a chemical feedstock in the context of a circular economy.’
A procedure for N,O mitigation consists of the hydrogenation
of this molecule to innocuous nitrogen gas (N,) and water, which
can be carried out using heterogeneous catalysts operating
under relatively harsh conditions.® Moreover, transition metal
complexes have also been recently demonstrated to catalyse the
hydrogenation”® and the hydroboration® of N,O.

Although lacking the future prospects of clean, large-scale
production of H, from renewable sources, hydrosilanes are
commonly employed as reducing agents in both academic
laboratories and industrial settings since reduction of a large
diversity of compounds, including small gas molecules such as
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CO0,," can be efficiently performed.'* Advantages associated
with the use of silanes as reducing agents include their low
cost, easy handling and for some derivatives, as in the case of
poly(methylhydrosiloxane) (PMHS), their attributed low envir-
onmental impact. However, the reduction of N,O with silanes
has only been briefly investigated. In 2017, Milstein et al. made
use of a Ru-PNP pincer complex in the reduction of N,O with
PhMe,SiH, Ph,MeSiH and ‘BuMe,SiH.” Reactions were carried
out using 1-2 mol% Ru at 65 °C under 3.4 bar of N,O for 36—
72 h. Recently, Cantat et al. reported a metal-free reduction of
N,O using disilanes."” It is also worth noting that oxidation of
hydrosilanes with N,O leads to the formation of technologically
important Si-O containing derivatives, such as silanols and
siloxanes, with applications in the synthesis of silicon-based
polymeric materials as well as reagents in organic synthesis."?
This process could contribute to the use of waste N,O in the
context of a circular economy, and complement current methods
for silane oxidation based on the use of H,0, H,0, and 0,.**

Metal nanoparticles (NPs) have been widely employed in a
diverse range of catalytic processes due to their particular
electronic configurations and much larger surface areas when
compared with bulk metals.”® The preparation of NPs through
the decomposition of an organometallic precursor with H, in
the presence of substoichiometric amounts of a ligand, as
pioneered by Chaudret, Philippot et al, provides materials
possessing well-controlled size, shape and surface state.'®
Herein, we report on the synthesis and characterization of a
series of Ru NPs stabilized with readily available SNS ligands.
More interestingly, based on the known reactivity of related NPs
in hydrosilylation reactions,'” these nanocatalysts have been
tested in the reduction of N,O with hydrosilanes.

Ru-L NPs were easily synthesized by exposing THF solutions
of Ru(COD)(COT), (1,5-cyclooctadiene)(1,3,5-cyclooctatriene)-
ruthenium(0), to 3 bar of H, in the presence of the SNS ligands
L1-L4'® (Scheme 1). Different ligand/metal ratios were explored
to obtain well-controlled metal nanoparticles. Thus, a series of
colloids were prepared using 0.5 equiv of L1-L4. In all the
cases, small and well-dispersed crystalline nanoparticles
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Scheme 1 Preparation of Ru-L NPs, and SNS ligands employed as
stabilizers.

exhibiting mean sizes between 1.5 and 1.9 nm were obtained,
as revealed by TEM (Fig. 1 and Fig. S1-S6, ESIt). The metal
content (32-47% Ru) in the nanoparticles was determined by
inductive coupled plasma (ICP) analysis of the purified materials.
Attempts to obtain monodispersed nanoparticles using lower
amounts of ligand, ie. 0.2 equiv, yielded agglomerated metal,
with the exception of L4 that led to the main formation of small
and monodispersed nanoparticles (mean size: 2.3 (0.4) nm) along
with slight metal agglomeration, as observed on the TEM grid
(Fig. S7 and S8, ESIf). As observed previously for Ru NPs, the
mean size of the particles slightly decreases upon using higher
ligand/metal ratios."®

The crystalline character of the Ru-L NPs thus prepared
is clearly demonstrated by HRTEM observations for Ru-L2°°
(Fig. S11, ESI1) and Ru-L4°” (Fig. 2). The fast Fourier transform
(FFT) analysis of the micrographs shows interplanar spacings
and angles that correspond to a ruthenium hexagonal close-
packed (hcp) structure. In addition, the observation of some
NPs along the [10—10] and [0001] zone axis clearly reveals the
presence of (0001), {01—11} and {01—10} crystal facets.

For samples Ru-L2%° and Ru-L4°*, the Ru composition of
the NPs was confirmed by the EDX spectra and elemental map
(Fig. S12 and Fig. 3, respectively). EDX also reveals (more
particularly for the Ru-L2°> sample) the presence of S expected
to come from the SNS ligands, and O that could indicate oxidation
of the NP surface. Although mostly detected in the NP regions,
S and O signals are also spotted in between the NPs which could
be explained by decomposition under the electron beam.

The nature and composition of the Ru-L nanoparticle sur-
faces were analysed using XPS (see ESIT). As is well known, the
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Fig.1 TEM image with the corresponding size distribution histogram for
Ru-L1%3.
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Fig. 2 Top: HRTEM images of single Ru-L4°">. Bottom: Fast Fourier trans-
forms with the extracted interplanar distances and angles characteristic of
the Ru hcp structure. In (b), the Ru NPs are viewed along the [10—10] and
[0001] zone axis, respectively.
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Fig. 3 STEM-EDX results for the Ru-L4%> NPs: (a) EDX spectra recorded
over various NPs and over the support (for reference). (b) STEM-HAADF
image. (c) Ru-L4°* intensity map using the Ru-L line.

main photoemission peak for ruthenium atoms is the Ru3d
signal, although this peak is very close and partially overlaps
with the C1s peak. For this reason, the Ru3p photoemission
signal is preferred for analysis.>® Fig. 4 shows the high-
resolution spectra for the Ru3p, N1s, and S2p regions for the
Ru-L1%® and Ru-L2%® nanoparticles. For the Ru-L1°® and
Ru-L2%® samples, high-resolution N1s peaks were found around
400 eV in binding energy (BE) and the S2p photoemission
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Fig. 4 High-resolution spectra for Ru3p, N1s and S2p of Ru-L1%° and
Ru-L2%%.
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Fig. 5 Experimental and fitted XPS spectra of the Ru3ps,, regions for
samples Ru-L1%° (a) and Ru-L2%° (p).

signal shows a wide peak centered at 163.5 eV. The Ru3p signal
of Ru-L1%? exhibits two peaks centered at 462.1 and 484.2 eV BE
corresponding to 3p;/, and 3p,,, photoemission peaks, respectively.
Ru-L2%° shows these peaks at 462.5 and 484.6 eV BE. As shown in
Fig. 5a, the high-resolution Ru 3p;, region for Ru-L1°? is well-fitted
with two components at 461.9 and 465.1 eV, corresponding to the
Ru(0) and Ru(iv) oxidation states, respectively.’>>" Likewise, the
Ru-L2°° species shows the Ru(0) 3ps, signal at 462.3 eV, and at
465.7 eV for Ru(wv) (Fig. 5b). The surface oxidation ratio of the
nanoparticles Ru-L1%° and Ru-L2%° was found to be very similar,
i.e. 9% of Ru(w). Finally, the separation between the major peaks
due to spin-orbit splitting took a value of 22.3 eV, in both analyzed
species. These results are in agreement with those previously
observed in similar size Ru(0) nanoparticles.””

The quantification of Ru, N, and S atoms on the surface of the
nanoparticles was estimated by means of the relative intensities
of the corresponding photoemission signals (Table 1). The N/S
ratio is similar and very close to that expected for the stoichio-
metry of both ligands. This fact enables us to rule out adverse
effects during the XPS analysis, such as fragmentation or decom-
position of organic compounds. The value of the Ru/N ratio can
be correlated to the degree of coverage of the nanoparticle
surface by the N-coordinating ligands. Moreover, it could depend
on the size of the Ru nanoparticles, although in these cases we
have found very similar sizes as determined by TEM. Ru-12% is
less covered than Ru-L1%? ie a higher Ru/N ratio, and this
could explain its higher observed catalytic activity since it leaves
more metal exposed to the reactants (vide infra).

The SNS-stabilized Ru nanoparticles were tested in the
reduction of N,O with silanes. Initial experiments were per-
formed using 1.0 mol% of Ru at 55 °C under 1 bar of N,O,
employing PhMe,SiH (1a) (Table 2). While the nanoparticles
synthetic precursor Ru(COD)(COT) provided a low silane con-
version (entry 1), the reaction with Ru-L1%° took place with 76%
conversion (based on silane), leading to a mixture of the
corresponding silanol (2a) and siloxane (3a) in a 4:6 ratio,

Table1l Quantitative analysis of the surface composition of nanoparticles
Ru-L1%° and Ru-L2%° (percentage in atomic concentration, % At)

RuL Ru (% At) N (% At) S (% At) N/Sratio Ru/N ratio
RuL1®® 31.6 21.8 45.3 0.48 1.5
Ru-L2%® 37.8 19.7 42.5 0.46 1.9
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Table 2 Reduction of N,O with PhMe,SiH using Ru-L nanoparticles

Entry Ru cat. SiH conv. [%] 2a:3a ratio
1 Ru(COD)(COT) <5 —

2 Ru-L1%° 76 40:60

3 Ru-L2°° >99 12:88

4 Ru-L3%° >99 25:75

5 Ru-L4%° >99 20:80

6 Ru-L4%? 28 50:50

Reaction conditions: 1.0 mol% Ru, 1 bar N,O, 55 °C, THF. Reaction
time: 24 h. Conversion and selectivity were determined by 'H NMR
spectroscopy using mesitylene as the internal standard. N, formation
was detected by GC-MS analysis of the headspace gas (see ESI).

respectively (entry 2). Testing of other catalysts prepared using
Ru/L ratios of 0.5 led to complete silane conversions with
silanol:siloxane ratios ranging between 12:88 and 25:75
(entries 3-5); meanwhile, the Ru-L4%? nanoparticles showed a
decreased conversion (entry 6). TEM analysis of the reaction
with Ru-L4%® reveals that the size of the Ru NPs remains
practically constant after the catalytic reactions (mean size
1.5 (0.3) nm; Fig. S9 and S10, ESI+t).

Next, other hydrosilanes were tested as reductants using
Ru-L4%? as a representative catalyst (Table 3). Complete silane
conversion and a high selectivity towards the formation of the
silanol 2b were observed in the reaction with Ph,MeSiH (1b)
(entry 1). In marked contrast, the use of dimethylphenethylsi-
lane (1c) led to the opposite product distribution, with the
siloxane 3c formed with >99% selectivity. In addition, the
reaction of N,O with tripropylsilane (1d) proceeded with a
conversion of 95% with the formation of 2d and 3d in a 6:4
ratio, respectively; whereas no conversion was observed upon
using bulky ‘Pr;SiH (1e). Finally, the reaction with triethoxysi-
lane (1f) took place with a high conversion leading to the
corresponding silanol and siloxane derivatives in a 6:4 ratio

(entry 5).

N,O (1 bar)
. RuL . .
PhMe,SiH ——————— > PhMe,SiOH + PhMe,SiOSiMe,Ph
THF
1a 2a 3a

To get insight into the formation of the siloxane derivatives 3,
a series of control experiments were performed (Scheme 2). We
hypothesized that siloxane formation could take place through:
(i) the ruthenium catalysed condensation of two silanol

Table 3 Reduction of N,O with hydrosilanes using Ru-L4%°

Entry Silane SiH conv. [%] 2:3 ratio
1 Ph,MeSiH (1b) >99 >99:1
24 (PhCH,CH,)Me,SiH (1c) 98 >1:99

3 "Pr;SiH (1d) 95 58:42

4 'Pr;SiH (1e) 0 —

5 (EtO),SiH (1f) 98 63:37

Reaction conditions, unless otherwise noted: 1.0 mol% Ru, 1 bar N,O,
65 °C, THF. Reaction time: 24 h. Conversion and selectivity were
determined by "H NMR spectroscopy using mesitylene as the internal
standard. “ Reaction time: 48 h.

This journal is © The Royal Society of Chemistry 2022
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RuL4%®
. (1.0 mol%)
a) 2 PhMe,SiOH PhMe,SiOSiMePh + H,O
THF, 55 °C, 24 h
2a 3a, 0% conv.

Ru-L405
(1.0 mol%)

THF, 55 °C, 24 h

b) PhMe,SiSiMe,Ph + N0
4a (1 bar)

PhMe,SiOSiMePh + N,

3a, 0% conv.

Ru'L4%%
(1.0 mol%)
c) PhMe,SiH + PhMe,SiOH PhMe,SiOSiMePh + H,
THF, 55 °C, 24 h
1a 2a 3a, 60% conv.

Scheme 2 Control reactions for the formation of the siloxane product 3a.

molecules (silanol dehydration),* (ii) the oxidation of disilane
formed through the dehydrogenative coupling of the
hydrosilane,>>*> and/or (iii) the dehydrogenative coupling of
silanol and silane.*® While no reaction was observed when a
solution of PhMe,SiOH (2a) in THF was heated to 55 °C in the
presence of Ru-L4%® (Scheme 2a) or the disilane PhMe,SiSi-
Me,Ph (4a) was made to react with N,O (Scheme 2b), the reaction
of 2a with silane 1a under these conditions proceeded with 60%
conversion (Scheme 2c). These results are in agreement with the
formation of 3a taking place through a Ru catalysed coupling of
silanol and hydrosilane with concomitant H, release.

In conclusion, a series of narrowly-dispersed Ru nano-
particles stabilized by tridentate SNS ligands have been pre-
pared and characterized. These materials are able to catalyse
the reduction of N,O, a relevant harmful greenhouse and
ozone-depleting gas, with hydrosilanes under relatively mild
reaction conditions (1 bar N,0, 55-65 °C) to yield innocuous N,
and potentially useful Si-O containing derivatives.
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