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Introduction

An ionic CugNa4-phenylsilsesquioxane/
bis(triphenylphosphine)iminium complex:
synthesis, unique structure, and catalytic activityt

Alexey N. Bilyachenko, (2 **® Victor N. Khrustalev, (2 < Zhibin Huang,”
Kristina D. Dubinina,” Elena S. Shubina, ©2 2 Nikolai N. Lobanov,” Di Sun, (¢
Elisabete C. B. A. Alegria © ®f and Armando J. L. Pombeiro*’

The synthesis of a high nuclear (CugNa4) complex 1 via the self-assembly of copper(i) phenylsilsesquioxane
induced by complexation with bis(triphenylphosphine)iminium chloride (PPNCL) was successfully achieved.
This complex, which includes two bis(triphenylphosphine)iminium PPN* cations, represents the first
example of a metallasilsesquioxane/phosphazene compound. The CugNay-silsesquioxane cage demon-
strates a nontrivial combination of two pairs of Sig-cyclic/Sis-acyclic silsesquioxane ligands and a fusion of
two Si;pCuysNa, fragments, combined via the central ninth copper ion. The catalytic efficacy of the copper(i)
compound (1) was evaluated through the peroxidative oxidation of toluene using tert-butyl hydroperoxide
(t-BuOOH) as the oxidant. The primary oxidation products were benzaldehyde (BAL), benzyl alcohol (BOL),
and benzoic acid (BAC), with BAC being the predominant product, especially in acetonitrile (NCMe). The for-
mation of cresols, indicating oxidation at the aromatic ring, was observed only in water and under microwave
irradiation (MW) in NCMe. Remarkably, the highest total yield of 40.3% was achieved in water with an acidic
additive at 80 °C, highlighting the crucial role of the acid additive in enhancing reaction efficiency and
selectivity. This study underscores our copper(i) complex as a highly effective catalyst for toluene oxidation,
demonstrating its significant potential for fine-tuning reaction parameters to optimize yields and selectivity.
The unprecedented structure of the complex and its promising catalytic performance pave the way for
further advancements in the fields of metallasilsesquioxane chemistry and catalysis.

thetics." Multiplicity of nuclearities, compositions, and struc-
tures various multiple functionalities to CLMSs. Important

Cage-like metallasilsesquioxanes (CLMSs) are a fast-growing
family of metallacomplexes with impressive molecular aes-
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physical properties of CLMSs include magnetic (single-mole-
cule magnet and spin glass behaviors)” and luminescence pro-
perties (with examples of ratiometric luminescent thermo-
meters).” CLMSs are suitable for the design of functional
coordination polymers® and other important materials (semi-
conductors,” photoswitches,® fungicides,” ceramic silicates,®
and objects with flame-retardance/intumescence properties®).
In addition to sporadic reports on CLMS-involved activation of
small molecules,>**° numerous works are devoted to the cata-
lytic properties of CLMSs."" These include recent reports on
their activity in the Baeyer-Villiger reaction,'” tandem deaceta-
lization/deketalization-Knoevenagel condensation reactions,"
synthesis of quinazolinones,'* or amidations."®

Keeping in mind the reported activity of copper complex
catalysts'® and rich opportunities for the design of copper sil-
sesquioxane architectures via complexation with auxiliary
organic ligands,"” we decided to develop new types of mixed
ligand copper silsesquioxane complexes with potential cata-
Iytic activity in transformations of volatile organic compounds
(VOCs).

This journal is © The Royal Society of Chemistry 2024
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The presence of VOCs in the atmosphere has raised sig-
nificant concerns due to their harmful effects on human
health and the environment. Current VOC mitigation strat-
egies involve either their replacement by safer compounds or
treating them before atmospheric release. Thermal oxidation
converts these compounds into carbon dioxide and water,
significantly reducing pollution, although it is energy-inten-
sive and less effective for low VOC concentrations.'®
Recently, diverse technologies have been explored to elimin-
ate VOCs.'® Among them, partial and selective catalytic oxi-
dation is particularly promising due to high VOC conversion
rates and the formation of high-value products such as
benzyl alcohol, benzaldehyde, and benzoic acid which are
crucial intermediates in various industries. BTEX compounds
—benzene, toluene, ethylbenzene, and xylene—pose signifi-
cant risks. Toluene is a prominent pollutant, and in the
industrial oxidation of toluene, various catalytic processes
are employed to achieve efficient conversion. One widely
used method involves thermal -catalytic oxidation, where
toluene is oxidized over noble metal catalysts such as plati-
num (Pt) and palladium (Pd) supported on different sub-
strates. This process is effective at high temperatures, typi-
cally 200 to 600 °C, and results in the formation of CO, and
H,0." Moreover, several technologies, such as thermal or
non-thermal catalytic oxidation,>® adsorption,”* photo-
catalytic oxidation,” and plasma thermal catalysis,>® have
been deployed for the mitigation of the problem. Catalytic
oxidation is highly effective for toluene removal, but its
success depends on the reaction conditions and catalyst
performance.”*

Common catalysts for oxidative conversion include noble
metals, other transition metals, metal-organic frameworks
(MOFs),>® perovskite catalysts,”® and spinel-based catalysts.””
Noble metals are efficient but costly and sensitive to chloride
poisoning®® whereas non-noble transition metal oxides®® and
composite oxides®® can be more cost-effective and perform
well.

Recent research has concentrated on developing novel cata-
lysts that combine noble metal nanoparticles (such as Pd, Pt,
Au, Ru, and Ag) with various materials and metal oxide-based
catalysts (like Co, Mn, Ce, Al, La, Zn, Ni, and Cu) to enhance
environmental catalytic reactions, especially for the oxidation
of toluene.?

Moreover, supported noble metal alloys, prepared by
adding a second noble metal, have demonstrated superior per-
formance in toluene oxidation.>?

Doping precious metals like Pt, Pd, Au, and Ru in

VOC catalytic combustion has revealed synergistic
effects, attributed to electronic or  geometric
changes.*?

In this study, the catalytic performance of a metallasilses-
quioxane/phosphazene compound was examined, to our
knowledge for the first time, for the oxidation of VOCs, with
toluene serving as a model substrate due to its widespread use
in industrial applications and its prevalence as an environ-
mental pollutant.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

For the method of synthesis, a three-step reaction was chosen.
First, reactive siloxanolate [PhSi(O)Na], species were in situ
prepared via alkaline hydrolysis®® of PhSi(OMe); assisted by
the action of NaOH in ethanol solution. Second, an exchange
reaction with CuCl, was used for the formation of
{[PhSiO,],[Cu],[Na],} species. In the third stage, the in situ pre-
pared {[PhSiO,],[Cu],[Na],} intermediate was reacted with bis
(triphenylphosphine)iminium chloride (PPNCI). Very recently,
we observed that such copper-sodium silsesquioxanes are
structurally flexible upon complexation with organic ligands.?’
Indeed, as a result of the synthetic procedure (Scheme S17),
intriguing ionic complex [(PPN)"], CuoNa,[(PhgSigO;,)s-
(Ph4Si,00),]>~ 3.5EtOH 1 has been isolated in 69% yield
(Fig. 1). Complex 1 (Fig. 1, top) exhibits several unusual (for
CLMSs) structural features. First of all, compound 1 is the very
first observation of the metallasilsesquioxane/phosphazene
complex. In turn, the cage component of complex 1 included
an unusual set of silsesquioxane ligands: two pairs of Sis-cyclic
and Si,-acyclic ones (Fig. 1, bottom left). This allows the for-
mation of an intriguing metal oxide core of CulNa} nuclearity
(Fig. 1, bottom right). In sum, it provides 22 positive charges,
which could not be compensated by 24 negative charges from
four silsesquioxane ligands (two (PheSis01,)°” cycles and two
(Ph,4Si,0,)°” acyclic species). Due to the presence of two exter-
nal PPN" cations, the whole complex 1 is electrobalanced with
central cage copper-sodium silsesquioxane playing the role of
an unusual dianionic component.

oy N
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Fig. 1 Top: Molecular structure of copper—sodium phenylsilsesquiox-
ane/bis(triphenylphosphine)iminium complex 1. Bottom left: Structures
of two pairs of (Sig cyclic and Sis acyclic) ligands in 1. Bottom right:
CugNa, metal core in 1. Color code: Si, yellow; O, red; Cu, green; Na,
aqua; P, orange; and C, gray. Hydrogen atoms are omitted for clarity.
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In more detail, the type of molecular structure represents a
“fusion” of two CuyNa,-based fragments via the central ninth
copper ion. One can see that these Cu,Na,-based fragments
(Fig. 2 top) are distorted sandwich architectures (similar to
Si;,-based potassiumcopper*® or rubidiumcopper®” silses-
quioxane cages). An absence of two silicon atoms in “unfin-
ished” Si;(CuyNa,-units allowed them to be connected
through the central copper ion as a pivot point. It is intriguing
that the resulting cage nevertheless represents some flexibility
in its geometry, e.g. the opposite Na---Na distances are not the
same (8.117 A vs. 8.205 A).

In general, the idealized symmetry of the cage-like dianion
is C2h(2/m). However, in the crystal, due to the crystal packing
effects complex 1 possesses the intrinsic symmetry C1 (1). The
coordination environment of all copper cations is a planar
square. The sodium cations can be divided into “external”
(Na2 and Na4) having the tetragonal-pyramidal coordination
and “internal” (Nal and Na3) adopting the distorted mono-
capped octahedral coordination (see the ESIf).

Peroxidative oxidation of toluene

Complex 1 was explored as a catalyst for the peroxidative oxi-
dation of toluene, as illustrated in Scheme 1.

Fig. 2 Top: Molecular structure of the unfinished Si;gCusNa,-sandwich
fragment of 1. Bottom left: Si;;CusK,>-based compound from ref. 35.
Bottom right: Si;»Cu4Rb4-based compound from ref. 4b.
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Scheme 1 Peroxidative oxidation of toluene catalyzed by 1. TOL -
toluene; BOL — benzyl alcohol; BAL — benzaldehyde; BAC — benzoic
acid; MW — microwave irradiation.

In this study, tert-butyl hydroperoxide (--BuOOH) (aq. 70%
was used as its source) was chosen as the oxidant as it is
known to be highly effective in various oxidation reactions, as
well as compatible with a wide range of metal catalysts, includ-
ing those based on copper, which makes it a very versatile
oxidant. -BuOOH is relatively stable at higher temperatures
compared to other peroxides, namely hydrogen peroxide (also
known as an environmentally friendly oxidant); it is soluble in
both organic solvents and water, making it possible to include
more environmentally friendly solvents.’”’*° Acetonitrile is
always our first choice as an organic solvent because it is very
stable, does not undergo unwanted reactions under oxidising
conditions, is compatible with a wide range of oxidants and
catalysts and has a high dielectric constant, making it an excel-
lent solvent for polar reactions, which often include oxidation
processes.*!

As shown above, 1 demonstrates a nontrivial combination
of two pairs of Sig-cyclic/Siy-acyclic silsesquioxane ligands and
a fusion of two Si;oCuyNa, fragments, combined via the
central ninth copper ion. At first glance, a high catalytic
activity can be predicted for this complex because its molecule
has nine potentially active metal centres.

Copper’s remarkable catalytic capabilities have been show-
cased across a range of oxidation reactions, namely arising
from its capacity to participate readily in redox processes due
to its easily variable oxidation states, notably Cu(i) and
Cu(u).*>** These oxidation states are expected to play a pivotal
role in catalyzing the oxidation of organic substances such as
toluene. The cage-like structure, on the other hand, can
prevent substrate molecules from easily accessing these active
centres, potentially affecting the overall catalytic efficiency. In
addition, the complex shows low solubility in the solvents
tested, acetonitrile and water, which can give a heterogeneous
characteristic to the catalytic system, which can lead to lower
yields, but with the advantage of allowing the catalyst to be
recovered and reused. During this study, several parameters
were investigated, including the catalyst amount, reaction
time, effect of an acid additive, heterogeneity of the catalytic
system, microwave irradiation as an alternative energy input,
amount of oxidant, and temperature. Our standard conditions
involved a temperature of 80 °C and a reaction time of

This journal is © The Royal Society of Chemistry 2024
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24 hours. The oxidation of toluene was evaluated both
without a catalyst and under typical reaction conditions. No
significant products were detected without a catalyst, under-
scoring its essential role. Similarly, the presence of the oxidant
was crucial, as in its absence no oxidation products were
observed.

The catalytic studies started with the examination of the
catalyst loading effect, conducting the reactions with 0.5 mmol
of toluene and 1 mmol (2 equiv.) of +BuOOH oxidant in
0.3 mL of acetonitrile at 80 °C, without any additives for
24 hours. It was observed that increasing the catalyst amount
from 0.2 to 1 mol% did not significantly increase the total
reaction yield, with a very slight decrease noted at 0.4 mol%
(Fig. 3a and Table 1, entries 1-3). Considering the limited solu-
bility of the catalyst and the small reaction volume, the
addition of more catalysts may hinder substrate diffusion,
thereby reducing access to the metal centers. Therefore, to
make better use of the catalyst, the remaining studies were
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Fig. 3 (a) Influence of catalyst loading (mol% based on toluene) on the
yield and selectivity. Reaction conditions: toluene (0.5 mmol), t-BuOOH
(1 mmol), 80 °C, 24 h. (b) Influence of the amount of oxidant on the
yield and selectivity. Reaction conditions: 1 pmol of 1 (0.2 mol%),
toluene (0.5 mmol), 80 °C, 24 h. BOL - benzyl alcohol; BAL — benz-
aldehyde; and BAC - benzoic acid.
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carried out with the lowest catalyst loading, 0.2 mol%, for
toluene oxidation. Typical reactions were carried out with a
1:2 excess of oxidant relative to the substrate. Tests with pro-
portions of 1:1 and 1:4 were conducted to understand the
effect of the amount of oxidant (Fig. 3b and Table 1, entries 10
and 11). Using a smaller amount of TBHP (equimolar with the
substrate) resulted in a significant drop in the total yield,
especially for the more oxidized products, benzaldehyde and
benzoic acid, whereas the total yield of the less oxidized
product (benzyl alcohol) increased significantly (around six
times more). Increasing the oxidant concentration to a
1:4 molar ratio only led to a slight total yield increase of
about 3%, but the product distribution shifted, with a much
greater quantity of acid being produced compared to the other
products. Regardless of the amount of oxidant, benzoic acid
was always the major product, showing that the oxidation of
toluene in the presence of catalyst 1 is considerably selective
for the acid.

The addition method of the oxidant was investigated by
comparing the effect of its entire addition at the beginning of
the reaction with that of the addition of the same volume but
sequentially. Thus, we repeated the conditions of assay 7, a
reaction conducted for 6 h at 80 °C, but with the oxidant being
added in small volumes every hour (Table 1, entry 13).
Effectively, sequential addition resulted in a higher total yield,
33.6% (Table 1, entry 13), compared to 21.7% (Table 1, entry
7). Another intriguing observation was the presence of a sub-
stantially larger amount of benzyl alcohol, indeed the highest
value recorded throughout the catalytic study. Nevertheless,
benzoic acid remained the predominant product.

To investigate the influence of reaction time on both yield
and selectivity in the peroxidative oxidation of toluene, experi-
ments were carried out at 1, 3, 6, 24, and 48 h (Fig. 4a).
Increasing the reaction time from 1 to 24 h significantly
enhanced the formation of more oxygenated products, particu-
larly the aldehyde and even more the acid, especially with pro-
longed reaction times. Notably, no alcohol was observed after
the longest reaction periods. The total yield improved from a
modest 3.6% after 1 h (Table 1, entry 5) to 24.8% after 24 h
(Table 1, entry 1). This increase in yield was accompanied by a
substantial rise in the selectivity for benzoic acid, which
increased from 31% to 65% (Table 1, entries 5 and 1, respect-
ively). Extending the reaction time beyond 24 h (48 h in total)
resulted in a modest increase in yield to 26.2%, but with a
more marked selectivity for benzoic acid of 73% (Table 1,
entry 8).

Temperature has a high impact on the conversion rate of
toluene. At 30 °C, the conversion into the oxidized products
was barely above 1%, while increasing the temperature to
50 °C raised it to nearly 7% (Fig. 4b and Table 1, entries 14
and 15). However, these results remain modest compared to
those achieved at 80 °C (Fig. 4b and Table 1, entry 1). This
outcome is expected given the relatively high stability of the C-
H bond in hydrocarbons such as toluene. Higher temperatures
provide the necessary thermal energy to overcome the acti-
vation energy barrier for bond dissociation. Additionally, cata-

Nanoscale, 2024, 16,19266-19275 | 19269
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Table 1 Peroxidative oxidation of toluene with t-BuOOH as the oxidant and using 1 as the catalyst®
Yield® (%)

Entry Reaction time (h) Solvent NaciaMeat Cresols BAL BOL BAC Total
1 24 NCMe — n.d. 8.4 0.3 16.1 24.8
2°¢ 24 NCMe — n.d. 8.0 0.5 15.7 24.2
3¢ 24 NCMe — n.d. 5.8 0.6 20.7 27.1
4 24 H,0 — 1.3 1.0 n.d. 6.7 9.0
5 1 NCMe — n.d. 1.8 0.6 1.2 3.6
6 3 NCMe — n.d. 2.5 0.7 3.6 6.8
7 6 NCMe — n.d. 6.3 1.1 14.3 21.7
8 48 NCMe — n.d. 7.1 n.d. 19.1 26.2
9 24 NCMe 5 n.d. 5.3 n.d. 22.0 27.3
10° 24 NCMe — n.d. 2.5 1.8 6.0 10.3
11/ 24 NCMe — n.d. 3.0 1.1 23.7 27.8
128 24 NCMe — n.d. 6.8 n.d. 10.1 16.9
13" 24 NCMe — n.d. 6.6 4.6 22.4 33.6
14'_ 24 NCMe — n.d. 0.4 0.3 0.6 1.3
15/ 24 NCMe — n.d. 2.7 3.5 0.5 6.7
16* 24 NCMe — n.d. 5.8 0.2 14.1 20.1
17 24 H,0 5 0.2 7.7 n.d. 9.5 17.4
18 24 H,0 50 0.8 6.2 1.8 28.5 37.5
19 24 H,0 100 0.4 n.d. n.d. 39.9 40.3
20 0.5 NCMe — 1.5 3.6 1.3 0.3 6.7
21 1.5 NCMe — 1.9 4.8 n.d. 0.6 7.3
22! 0.5 H,0 — 0.7 4.1 n.d. 1.3 6.1

“Reaction conditions: catalyst (1 pmol; 0.2 mol%), toluene (0.5 mmol), tBuOOH (1 mmol), water or acetonitrile (0.3 mL) 80 °C, 24 h. BAL -
benzaldehyde; BOL - benzyl alcohol; BAC - benzoic acid; n.d. - not detected. ® Molar yield (%) based on the substrate, i.e. moles of product
(cresols, benzaldehyde, benzyl alcohol or benzmc acid) per 100 mol of toluene, determined by GC, using the 1nterna1 standard method.

€0.4 mol% of catalyst. 91 mol% of catalyst. °0.5 mmol of +-BuOOH (1:1).

/2 mmol of +BuOOH (1: 4). ¢ Separation of the catalyst after 6 h and

continuation of the reaction until completing 24 h. " Addition of the ox1dant sequentlally, approximately 0.15 mmol h™ over the course of the
6 h reaction. ' Reaction performed at 30 °C.” Reaction performed at 50 °C. *2nd cycle. ' Under MW irradiation (10 W).

lysts often become more active at elevated temperatures,
offering more active sites for the reaction.*?

Despite the advantages of using acetonitrile as the solvent,
the search for environmentally sustainable systems led us to
test water as an alternative. The reaction in water resulted in a
lower total yield (9%) (Table 1, entry 4) compared to 24.8% in
acetonitrile (Table 1, entry 1) under the same conditions (24 h
at 80 °C). Moreover, there are other notable differences. The
reaction in water favored the formation of cresols, accounting
for 14% of the total yield, which was not observed in aceto-
nitrile. Additionally, we investigated the effect of adding an
acid additive (Fig. 5). Using a nitric acid-to-catalyst ratio of 5,
the total yield in acetonitrile increased slightly from 24.8 (in
the absence of HNOj3) (Fig. 5 and Table 1, entry 1) to 27.3% (in
the presence of HNO3) (Fig. 5 and Table 1, entry 9), respect-
ively. Interestingly, when the same amount of acid was used in
the reaction in water, the total yield increased significantly
from 9% (in the absence of HNOj3) (Fig. 5 and Table 1, entry 4)
to 17.4% (in the presence of HNOj3) (Fig. 5 and Table 1, entry
17). In both cases, the increase was mainly due to a higher pro-
duction of benzoic acid. These results motivated us to explore
the effect of the acid additive in water further, testing ratios of
50:1 and 100:1. In these cases, the positive effect was even
more pronounced, with the total yield rising to 37.5% (50:1)
(Fig. 5 and Table 1, entry 18) and 40.3% (100:1) (Fig. 5 and
Table 1, entry 19), mainly due to an increased production of
benzoic acid. In the latter case, benzoic acid was almost the

19270 | Nanoscale, 2024, 16,19266-19275

sole product at 39.9%, with only a small amount of cresol
(0.4%) breaking its exclusivity.

The promoting effect of adding an acid additive aligns with
observations from other catalytic systems,*’ although in this
study, the effect is more pronounced in the presence of water.
The acidic environment created by HNO; in water can lead to a
greater activation of the catalyst, improving its ability to facili-
tate the oxidation process. This may involve the protonation of
the catalyst (e.g., ligand protonation with the generation of
vacant coordination positions) or the formation of other more
reactive catalytic species.***> In acetonitrile, these effects are
less pronounced because the solvent already provides an
optimal environment for the reaction.

To exploit the advantages of heterogeneous catalysts such
as selectivity and reuse, we investigated the heterogeneous
nature of 1, and a hot filtration test was performed (Table 1,
entry 12).*37%%® The catalytic reaction was carried out under
the standard conditions for 6 h, whereafter the catalyst was
removed by hot filtration and the supernatant was kept under
the same conditions for the full 24 h period (Table 1, entry
12). The results were compared with those obtained after 6 h
(Table 1, entry 7) and 24 h (Table 1, entry 1) in the presence of
the catalyst. The 24 h yield obtained upon removing the cata-
lyst after 6 h (16.9%, entry 12) was much lower than that
obtained in its presence (24.8%, Table 1, entry 1) and was not
higher than that after 6 h (21.7%, Table 1, entry 7), thus
suggesting a suppression of catalytic activity upon solid

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Influence of the reaction time on the yield and selectivity.
Reaction conditions: 1 pmol of 1 (0.2 mol%), toluene (0.5 mmol), TBHP
(1 mmol), 80 °C, 1-48 h. (b) Influence of the reaction temperature on
the yield and selectivity. Reaction conditions: 1 pmol of 1, toluene
(0.5 mmol), TBHP (1 mmol), 24 h. BOL - benzyl alcohol; BAL — benz-
aldehyde; and BAC - benzoic acid.
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Fig. 5 Influence of the acid additive on the yield and selectivity for the
oxidation of the methyl group in toluene. Reaction conditions: 1 pmol of
1 (0.2 mol%), toluene (0.5 mmol), TBHP (1 mmol), NCMe or H,O, nitric
acid (Nacia/Ncat = 0, 5, 50 or 100), 80 °C. BOL — benzyl alcohol; BAL —
benzaldehyde; and BAC — benzoic acid.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

catalyst removal and substantiating a heterogeneous behaviour
of the catalyst. However, at the end of the reactions, although a
catalyst deposit is visible, the reaction solution exhibits a blue
coloration typical of a copper compound, indicating that cata-
lyst solubility has occurred to a limited extent, but (see above)
forming an inactive dissolved species.

The recyclability of 1 was evaluated for another cycle after
24 h of reaction. To achieve this, the solid catalyst was isolated
by filtration after the first catalytic cycle and thoroughly
washed with 10 mL of NCMe. The isolated catalyst was then
dried for a minimum of 15 h at 68 °C before being reintro-
duced for reuse under identical reaction conditions. In this
second cycle, we observed a decline of approximately 19% in
its catalytic activity compared to the first cycle, although main-
taining the same distribution of products. This behaviour can
be accounted for by the decrease of the solid catalyst load in
view of its decomposition, to some extent, into an inactive
soluble species (see above).

The catalytic performance of compound 1 was also evalu-
ated under microwave radiation (MW) in acetonitrile and
water. The objective was to evaluate the possibility of convert-
ing toluene in a short period. Indeed, it was found that when
the reaction was conducted under MW radiation at 80 °C, a
total yield of 6.3% was achieved in 0.5 h in acetonitrile
(Table 1, entry 20), a value identical to the 6.5% obtained after
3 h when the reaction occurred at the same temperature using
conventional heating (Table 1, entry 6). However, unlike the
catalytic studies performed with conventional heating, MW
radiation seems to promote the oxidation of the aromatic ring,
making the reaction less selective. In the case of the reaction
carried out in water, the acceleration is more pronounced, as
the total yield of 7.3% obtained after 0.5 h (Table 1, entry 22)
is not much lower than the 9% yield obtained after 24 h of
conventional heating (Table 1, entry 4).

It is known that the peroxidative oxidation of toluene can
occur both at the methyl group (side-chain oxidation) and at
the aromatic ring (ring oxidation).'*****%” In our study, the
oxidation of the methyl group is markedly prominent, leading
to the formation of benzyl alcohol, benzaldehyde and benzoic
acid, while the oxidation of the aromatic ring occurs in reac-
tions carried out in water or when using MW radiation as an
alternative energy input. The C-H bonds in the methyl group
are weaker and less stable compared to the aromatic C-H
bonds, making them generally easier to activate. Ring oxi-
dation is more difficult to achieve due to the high stability and
delocalized nature of the aromatic ring, which requires higher
activation energy.*%*’

To demonstrate the radical mechanism of toluene oxi-
dation, diphenylamine (Ph,NH) was used as a radical scaven-
ger in a stoichiometric amount relative to +BuOOH. This sig-
nificantly inhibited the oxidation of toluene when catalyst 1
was present, suggesting a radical pathway. The expected
mechanism possibly involves a branched chain process
initiated by the activation of TBHP by copper complex 1. This
activation leads to the formation of tert-butylperoxyl (BuOO")
and tert-butoxyl (¢-BuO’) radicals via the reduction of Cu(u)

Nanoscale, 2024, 16,19266-19275 | 19271


https://doi.org/10.1039/d4nr02298j

Published on 01 October 2024. Downloaded on 1/22/2026 6:23:23 PM.

Paper

and the oxidation of Cu(i), respectively. Initially, the #BuO’
radical abstracts a hydrogen atom from toluene, generating a
benzyl radical (PhCH,"). This benzyl radical then reacts with
molecular oxygen (O,) to form a benzyl peroxyl radical
(PhCH,00"). This benzyl peroxyl radical undergoes dismuta-
tion, producing benzyl alcohol and benzaldehyde.
Benzaldehyde can also result from the metal-catalyzed oxi-
dation of benzyl alcohol. Additionally, the benzyl peroxyl
radical (PhCH,00") can abstract a hydrogen atom from
toluene, regenerating the benzyl radical and forming benzyl
hydroperoxide, which subsequently oxidizes to yield benzoic
acid in the presence of the catalyst. Further chain branching
occurs when benzyl hydroperoxide generates new oxygen-
based radicals.*®

Complex 1 appears as a promising catalyst for the peroxida-
tive oxidation of toluene with a total conversion to the oxidized
products of 24.8% over 24 h at 80 °C without any additives. For
example, the catalyst exhibits a higher activity than the copper
compound [Cu,(p-1kONO'":2k00":3kO-HL)(p-1kONO':2k00'-
HL)],-4ADMF [H;L = (2,3-dihydroxybenzylidene)-2-hydroxyben-
zohydrazide] with a total conversion of 10.7% in 3 h at 80 °C,
despite the addition of HNO;.*® Other copper-based catalysts,
such as [Cu(tyr),], (tyr = r-tyrosinato) (with a total conversion
of 42.0% in 4 h, at 60 °C, with the addition of NaHCOj3) or
Fe;0,@Si0,/CPTMS/[Cu(tyr),],, [tyr = 1-tyrosinato; CPTMS = 3-
(chloropropyl) trimethoxysilane] (with a total conversion of
30.0% in 2 h, at 60 °C, with the addition of NaHCO;)*® and
[Cu(HL)CI(CH;0H)] [H,L = 2-hydroxy(2-hydroxybenzylidene)
benzohydrazide] (with a total conversion of 38.7% in 1 h, at
60 °C, under MW irradiation),”® demonstrate a higher catalytic
efficiency under varying conditions, some achieving higher
conversions in significantly shorter times and lower tempera-
tures, often with the aid of additives or MW irradiation.>®
Nevertheless, it is worth noting that the maximum yield
obtained for 1 was 40.3% in water in the presence of an acidic
additive.

Conclusions

A convenient self-assembly of copper-sodium silsesquioxane
in the presence of bis(triphenylphosphine)iminium chloride
led to an unprecedented metallasilsesquioxane/phosphazene
compound 1. This compound features a unique ionic structure
with a CugNay-silsesquioxane cage as a dianion and two exter-
nal PPN" cations, showcasing a specific connection of two
CuyNa,-sandwich fragments via a central copper center.

The catalytic performance of 1 was evaluated through the
peroxidative oxidation of toluene using tert-butyl hydroperox-
ide (-BuOOH). The primary oxidation products were benz-
aldehyde (BAL), benzyl alcohol (BOL), and benzoic acid (BAC),
with benzoic acid generally being predominant. The highest
total yield in acetonitrile (NCMe) was 33.6% without any addi-
tive, while in water, it reached 40.3% with an acidic additive at
80 °C. The presence of cresols was observed only in water and
under microwave irradiation in NCMe. Higher -BuOOH con-
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centrations and sequential addition of the oxidant improved
the total yield, favoring more oxidized products such as
benzoic acid.

The copper-sodium silsesquioxane complex offers high
catalytic efficiency and significant product yields. Its unique
ionic structure introduces a novel metallasilsesquioxane/phos-
phazene compound, paving the way for advancements in the
field. The catalyst’s versatility under different reaction con-
ditions allows fine-tuning for optimal yields and selectivity,
indicating its potential for industrial-scale oxidation appli-
cations. Nevertheless, the decomposition of the -catalyst,
although to a limited extent, into an inactive soluble species
hampers its effective recycling.

Moreover, the multi-step synthesis and precise conditions
may limit scalability. Additionally, its performance depends on
specific reaction conditions, complicating optimization. While
it is effective for toluene oxidation, further exploration is
needed for other substrates.

Overall, the copper-sodium silsesquioxane complex shows
promise as a toluene oxidation catalyst due to its high
efficiency, structural novelty, and tunable reaction conditions,
opening new research avenues in metallasilsesquioxane
chemistry.
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