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The integration of two entirely unrelated organic reactions into a novel reaction poses a formidable
challenge. While diatomic catalysts (DACs) have exhibited promise as a framework for realizing this
concept, the fusion of disparate organic reactions using DACs remains exceptionally uncommon. The
reason for this is that there are often interactions between the two metal sites in DACs, which create
new difficulties in catalyst design for already complex reaction systems. Based on this situation, the
incorporation of two completely isolated single-atom catalytic systems into the same reaction is
a promising solution. Herein, we synthesized a Mn—-Rh dual single-atom catalyst (DSAC, Mn;—Rh;@0O-
TiC) and this DSAC demonstrates remarkable selectivity and conversion efficiency in the oxidation
reaction of cumene, facilitating the highly efficient production of acetophenone (AP) in an almost
quantitative form. The two completely isolated metal catalytic centers, Mn and Rh, each playing
a distinct role in the reaction, synergistically propel the directed conversion of cumene to AP in a well-
defined manner. This investigation not only illustrates a rare instance of dual single-atom catalyst-
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Introduction

Single-atom catalysts (SACs) combine the advantages of both
homogeneous and heterogeneous catalysts, offering potential
catalytic materials with high activity and low cost.* However,
the structure of SACs, being relatively singular, often lacks inter-
atomic synergistic effects.*” Consequently, achieving efficient
catalysis in complex reactions solely through modulation of the
central metal atom species, atomic coordination structure, and
carrier structure remains challenging for SACs.**° To address
this limitation and enable synergistic modulation in complex
reactions, diatomic catalysts (DACs) with heterogeneous active
centers hold significant promise.”** While DACs have found
utility in organic synthesis reactions, existing DACs often rely
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on one atomic site as the primary site, with the other atom
providing support through electron perturbation or co-
adsorption mechanisms.'>* As a result, these catalysts exhibit
impressive catalytic efficiency but struggle to influence or
control reaction selectivity by altering the reaction pathway.**>*
In contrast, using two different single-atom catalysts in the
same reaction can accommodate two isolated catalytic systems
simultaneously, with each single atom performing distinct
functions in the catalytic reaction.**** This “division of labor”
between the two catalytic sites not only maximizes the utiliza-
tion of metal atoms but also holds the potential for significant
enhancements, or even complete reversals, in product selec-
tivity within complex catalytic systems.?*"**

The selective activation of inert C(sp®)-H bonds through
oxidative processes presents a significant challenge that
researchers worldwide strive to overcome, as it is closely tied to
various industrial applications such as the production of
phenol and thick-ringed aromatic acids.**** However, the high
bond energy and low polarity of C(sp®)-H bonds make achieving
selective oxidative activation under mild conditions thermo-
dynamically and kinetically demanding.**** Among the
research areas dedicated to the aerobic oxidation of C(sp’)-H
bonds, the oxidation of cumene holds particular importance in
industrial production, as approximately 90% of the world's
phenol production relies on this process.*” In the conventional
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catalytic cycle, the oxidation of cumene generates a complex
mixture of products with various side reactions.** The products
typically include cumene peroxide (CHP), dimethyl phenyl
methanol (BP), and acetophenone (AP) (Fig. 1A).*> Although the
reaction conditions are relatively manageable, the presence of
multiple oxidized compounds in the product hampers the
desired selectivity.**** As a result, the broader applicability of
this process for achieving high selectivity in the production of
other value-added products is constrained.*>** Addressing these
challenges is crucial for advancing the field and enabling the
targeted production of desired oxidation products.*”** By
developing novel catalytic strategies and reaction conditions, it
becomes possible to enhance the selectivity and control the
reaction pathway, opening doors to the synthesis of high-value
products with improved efficiency and purity.*>>

In the conventional reaction mechanism, cumene oxidation
is typically catalyzed by various non-precious metals, resulting
in the formation of a mixture of dimethyl phenyl methanol (BP)

A Oxidation of cumene

Inert C(sp®)-H bond
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and acetophenone (AP), with both compounds present in the
product. It has been observed that AP is predominantly gener-
ated through two well-known routes: the classical Hayashi route
and the cumyl-hydroperoxide route.>* These routes operate via
free radical reaction mechanisms, making the production of AP
nearly unavoidable in cumene oxidation.*" In contrast, among
classical transition metal-catalyzed C-O bond activation reac-
tions, certain transition metals (such as Fe, Hf, Re, etc.) can
undergo oxidative addition to the C-O bond of tertiary alcohols,
leading to the formation of alkenes through a B-H elimination
mechanism (Fig. 1B).** Inspired by this observation, we envi-
sioned utilizing the oxidation properties of classical transition
metals (M1), known for their strong oxidation-promoting abil-
ities, to facilitate the formation of a mixture of dimethyl phenyl
methanol (BP) and acetophenone (AP) from cumene.” Subse-
quently, another metal atom (M2) would employ a B-H elimi-
nation mechanism to selectively convert BP into a-substituted
styrene (AMS, Fig. 1C).** The high olefin oxidation activity of M1
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Fig. 1 Research background. (A) Metal meditated oxidation of cumene; (B) the dehydration of alcohols; (C) the oxidation of a-substituted

styrenes.
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Fig. 2 The design of the cumene oxidation reaction route.

would accelerate the cleavage of olefin functional groups, ulti-
mately enabling the production of AP with exceptionally high
selectivity (Fig. 2).*® By implementing this innovative dual
single-atom catalytic approach, we aim to reverse the typical
chemoselectivity observed in inert C-H bond oxidation, instead
favoring the pathway of C-C bond cleavage.*®

Results and discussion

To achieve highly selective conversion of cumene to acetophe-
none (AP), it is essential to construct a single-atom catalyst
(SAC) with high reactivity towards cumene oxidation. In our
study, we conducted a high-throughput screening of SACs
supported by oxides, carbides and nitrides (Fig. 3B and ESI
Tables S1-5107). The screening results revealed that transition
metal manganese (Mn) catalysts exhibited superior efficiency,
enabling smooth catalysis of the cumene oxidation reaction
with various Mn-based SACs. Classical Mn SACs supported by
oxides typically exhibit a localized reactivity center with a Mn-
Ox-M basic coordination structure. However, we observed that
Mn;@TiN, with a Mn-Nx coordination structure, displayed
lower reactivity in the reaction. This highlights the necessity of
the Mn-Ox-M basic coordination structure for optimal catalytic
performance. Considering that the oxygen-treated TiC surface
could potentially exhibit a similar coordination structure to
metal oxides, we speculated that oxygen-treated titanium
carbide might facilitate efficient conversion in the reaction. We
subjected the TiC support to a simple treatment involving
concentrated alkali, resulting in the formation of a uniform
layer of reactive oxygen atoms/hydroxyl groups on its surface.
The Mn atoms were trapped by the hydroxyl groups on the
surface of the alkali-treated TiC, forming stable Mn-Ox-Ti active

© 2025 The Author(s). Published by the Royal Society of Chemistry

/

Unavoidable mixture

sites after the release of a molecule of HCI. After impregnation
and heating, Mn atoms were uniformly anchored onto the
support surface. Among the various catalyst formulations
tested, we found that the best catalytic performance was ach-
ieved when Mn was loaded onto the surface of the oxygen-
modified TiC support (Mn;@O-TiC). This catalyst formulation
enabled the conversion of all feed-stocks into a mixture of
dimethyl phenyl methanol (BP) and acetophenone (AP) with
nearly quantitative yields within a 12-hour reaction period (up
to 98% conversion with a selectivity of 52% for AP). The
successful development of the Mn;@O-TiC catalyst demon-
strates the significance of tailored SAC design and the impor-
tance of the Mn-Ox-Ti coordination structure in achieving
highly efficient and selective cumene oxidation. This catalytic
system holds great promise for the synthesis of AP with excep-
tional yields and selectivity.

Based on these results, we then directed our research
towards the design and construction of DSACs (Fig. 3C, ESI
Tables S11 and S127). Initially, considering the cost of the
catalyst, we synthesized a dual single-atom catalyst (Mn-Fe
DSAC). While the reaction maintained a good overall yield, the
catalyst selectivity not only failed to improve but also decreased
to 38%. In contrast, Hf, which had shown promise in previous
studies, emerged as the most favorable and operationally
feasible metal precursor for promoting the successful dehy-
dration of dimethyl phenyl methanol (BP) into acetophenone
(AP). Introducing Hf into the single-atom catalytic system led to
a remarkable improvement in the reaction selectivity, reaching
95%. However, regrettably, this modification also caused
a decrease in the overall yield to 70%. Motivated by these
findings, we shifted our focus to precious metals such as Pd, Ir,
and Rh. To our excitement, the Mn;-Rh;@O-TiC catalyst

Chem. Sci., 2025, 16, 7329-7338 | 7331
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Fig. 3 Synthesis and optimization of catalysts. (A) Schematic synthetic procedure of the dual single-atom catalyst. (B) Heat map for high-
throughput screening of SACs. (C) Radar chart for dual single-atom catalyst screening.

(Fig. 3A) demonstrated exceptional performance. Incorporating
Rh as the second metal species in the catalyst allowed us to
maintain high conversion in the reaction while achieving an
outstanding selectivity of 99% for AP. Ultimately, we explored
the grinding ratio of the two metals, which was suggested to
strongly influence the catalytic performance, and found that the
optimal catalytic activity and selectivity were achieved when the
mass ratio of Mn to Rh was 10:1 (ESI Table S177).

After achieving the desired catalytic outcomes, it became
crucial to verify whether the catalyst structure aligned with our
initial vision for a dual single-atom catalyst. To address this, we
conducted meticulous characterization of the catalyst. In the
classical impregnation method for synthesizing SACs with oxide
supports, the metal-loading of SACs is often very low due to the
lack of strong metal-support interactions. Inductively coupled
plasma atomic emission spectrometry (ICP-AES) analysis
revealed that the Mn loading in the Mn;-Rh;@O-TiC catalyst
was 0.93 wt%, while the Rh loading was 0.61 wt% (ESI Table
S197). This indicates that a stable M-O interaction has indeed
formed between the metal atoms and the support in the Mn;-
Rh;@O-TiC catalyst, rather than simple physical mixing/
adsorption. Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HR-TEM)
images of Mn;-Rh;@O-TiC confirmed the absence of cluster
or nanoparticle formation during the catalyst's preparation and
synthesis (ESI Fig. S2 and S3f). Elemental energy dispersive
spectroscopy (EDS) mapping of the oxygen-treated TiC (O-TiC)
supports indicated that the surface of the support had under-
gone oxidative modification by alkali treatment. Furthermore,

7332 | Chem. Sci,, 2025, 16, 7329-7338

EDS mapping of the catalysts demonstrated the uniform
distribution of Rh and Mn elements on the O-TiC support
surface (ESI Fig. S41). Additionally, spherical aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) images revealed only
a small number of isolated bright spots diffused within the
material, with no aggregation of bright spots, indicating the
absence of Mn or Rh clusters or nanoparticles (Fig. 4G). X-ray
diffraction (XRD) analysis of the catalyst showed no peaks cor-
responding to manganese or rhodium nanoparticles (ESI
Fig. S11 and S12%), consistent with the results obtained from
various electron microscopy characterization studies.

In accordance with the K-edge X-ray absorption near-edge
structure (XANES, Fig. 4A) spectra of Rh for Mn;-Rh;@O-TiC,
the valence state of Rh in the catalyst differs significantly from
that in Rh foil and Rh,03, suggesting a unique structure distinct
from both samples. The intensity of the absorption edge and the
white line peak of Rh in the catalyst is more similar to that of the
Rh,0; sample, indicating that its oxidation state is closer to +3,
which agrees with the results from XPS (ESI Fig. S13 and S14+).

The X-ray photoelectron spectroscopy (XPS) analysis of the Ti
2p peak at ~458.4 eV provides clear evidence of prominent Ti-O
bonds in the catalyst. This observation implies effective oxida-
tion of the titanium carbide surface, as corroborated by the ESI
(Fig. S13).7 A similar pattern is discernible in the XPS analysis of
O 1s. To delve into the microscopic coordination environments
of Rh within the catalyst, extended X-ray absorption fine struc-
ture (FT-EXAFS) fitting analysis was employed, revealing a major
peak at 1.5 A corresponding to Rh-O scattering (Fig. 4B).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structural characterization studies. (A) XANES of Rh foil, Rh,Oz, and Mn;—Rh;@O-TiC. (B) FT-EXAFS of Rh foil, Rh,O3, and Mn;-Rh;@O-
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MnO,, MnPc, and Mn;—Rh;@O-TiC. (F) Mn K-edge EXAFS fitting analysis of the Mn-sample in R space. (G) AC-HAADF-STEM of Mn;—Rh;@O-TiC.

(H-L) EDX spectroscopy mapping of Mn;—Rh;@O-TiC.

Further scrutiny, detailed in Fig. 4C and ESI Table S20,} indi-
cates that the Rh atom is coordinated with four O atoms.
Wavelet transforms (WTs) of the X-ray absorption spectroscopy
(XAS) results (ESI Fig. S18t) also exhibit distinctive Rh-O scat-
tering. We investigated the microscopic coordination environ-
ment of the Mn atom in the Mn-Rh catalytic system using X-ray
absorption fine structure (XAFS) spectroscopy. The K-edge X-ray
absorption near-edge structure (XANES) spectra (Fig. 4D) reveal
that the oxidation state of Mn in the catalytic system differs
significantly from that of Mn in foil and MnPc, falling within
the range of 0 to +2, with a closer alignment to +2. FT-EXAFS
shows two distinct signal peaks at 1.75 A and 2.42 A, attrib-
uted to Mn-O and Mn-O-Ti scattering, respectively (Fig. 4E).
The XAS results of the WTs revealed distinct Mn—-O scattering
features, whereas no Mn-Mn scattering signal was detected (ESI
Fig. S191). Furthermore, FT-EXAFS fitting indicates that the
average coordination number (CN) of Mn-O in the Mn-Rh
catalytic system is four (Fig. 4F and ESI Table S217). Neverthe-
less, the closely aligned atomic numbers of Mn and Ti, coupled
with Mn's marginally higher K-edge energy compared to Ti, give
rise to significant interference of Mn atoms by Ti during
synchrotron radiation and spherical aberration electron
microscopy characterization.

© 2025 The Author(s). Published by the Royal Society of Chemistry

In response to this challenge, we employed X-ray diffraction
(XRD) (ESI Fig. 510 and S117) and conducted energy-dispersive
X-ray spectroscopy mapping in AC HAADF-STEM (Fig. 4H-L) to
concisely demonstrate their atomic dispersion states. To gain
insights into the microscopic coordination environment of Mn
atoms, we optimized the structure of the Mn SAC by mimicking
the coordination structure of the Rh SAC through the first-
principles calculations. We simulated the microscopic coordi-
nation state of Mn single atoms on O-TiC. Computational
optimization results reveal that, in the initial state, Mn atoms
coordinate with three oxygen atoms and undergo self-oxidation
under oxygen conditions. This process leads to the formation of
Mn=O0 bonds, ultimately resulting in the establishment of
a stable Mn-04 coordination structure.

To discern the specific contributions of Mn and Rh atoms in
the catalyst to the reaction, a series of validation experiments
were conducted (ESI Tables S15, S16 and S23t). Rh atoms
loaded on O-TiC were prepared to elucidate their roles in
various reaction steps. Application of these catalysts to the
cumene oxidation reaction, with a reduced reaction time of 2
hours, revealed the presence of both BP and AMS intermediates
through liquid phase-high resolution mass spectrometry. This
suggests that the Rh catalyst may play a pivotal role in the BP
dehydration step. Substantiating this hypothesis, using BP as

Chem. Sci., 2025, 16, 7329-7338 | 7333
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the reactant under standard conditions yielded both AMS and
AP at the end of the reaction, emphasizing the criticality of the
AP dehydration step in the catalytic cycle. With the elevated
catalytic efficiency of the Mn SAC, it can rapidly and non-
selectively promote the generation of mixed products. In
contrast, controlled experiments reveal a sluggish catalytic
efficiency for Rh catalysts in catalyzing the direct oxidation of
cumene. This observation suggests that the key to promoting
the reaction to produce BP with high selectivity lies in the
continuous and highly selective dehydration and oxidation of
AP, which is rapidly accumulated in the reaction by the Mn
catalyst. Additionally, to verify the distinct reaction pathways of
our catalyst, we conducted electron paramagnetic resonance
(EPR) experiments on the cumene oxidation reaction (Fig. 5D).

A 0.5
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The experimental results revealed that the presence of single
linear oxygen (*O,) was detected, but not -OOH radical species.
This result is obviously different from the classical -OOH-
induced radical deprotonation process,*” which is one of the
keys to achieve a significant improvement in the catalytic
performance.

Based on the above control experimental results and the
classical reaction mechanism,*® we propose the following
mechanism for the oxidation of cumene (CM) to acetophenone
(AP): first, the catalyst facilitates the activation of oxygen to
generate singlet oxygen (*0,), which abstracts hydrogen atoms
from CM to form tertiary carbon radical species (confirmed by
HPLC-MS detection). These radicals are then converted into BP
under the influence of the catalyst. Subsequently, BP undergoes
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a dehydration reaction to form AMS (confirmed by HPLC-MS
detection), which ultimately undergoes oxidative cleavage to
generate AP (confirmed by HPLC-MS detection). To further
validate this reaction mechanism and elucidate the specific role
of the catalyst in the catalytic cycle, we conducted first-
principles calculations on the reaction network. As shown in
the free energy diagram, the oxidation of CM to BP proceeds
through four steps: oxygen adsorption, CM adsorption,
hydrogen atom transfer from CM, and hydroxyl group transfer
(Fig. 5A). Among these, the rate-determining step is the
adsorption of cumene (for the structures of the reaction inter-
mediates, refer to Fig. S15t). For Mn atoms, the energy barrier
for cumene adsorption is relatively low (0.99 eV), whereas for Rh
atoms, it is significantly higher (2.08 eV). This indicates that Mn
atoms facilitate the conversion of CM to BP more effectively
than Rh atoms. The dehydration process of BP consists of four
main steps: adsorption of BP (M), dissociation of the hydroxyl
group in the substrate at the metal catalytic center (M-H),
dissociation of oxygen from the substrate hydroxyl group (M-H-
0), and dissociation of the B-position C-H bond after the
dissociation of the hydroxyl group on the substrate (M-H-OH)
(Fig. 5B). For Mn atoms, the rate-determining step is M-H, with
an energy barrier of 2.29 eV. In contrast, for Rh atoms, hydroxyl
hydrogen dissociation occurs more easily, making M-H-O the
rate-determining step, with a significantly lower energy barrier
of 1.67 eV (for the structures of the reaction intermediates, refer

© 2025 The Author(s). Published by the Royal Society of Chemistry

to Fig. S161). AMS oxidative cleavage is a highly exothermic
reaction that involves three main steps: AMS adsorption (M), O,
activation (M-0,), and AP formation (M-CH,O) following
molecular adsorption (Fig. 5C). For Rh atoms, the rate-
determining step is AP formation, with an energy barrier of
—1.49 eV, whereas for Mn atoms, the rate-determining step is O,
activation (M-0,), which has a relatively higher energy barrier
of —1.71 eV (for the structures of the reaction intermediates,
refer to Fig. S177). Therefore, compared to Mn atoms, Rh atoms
are more favorable for facilitating both BP dehydration and
AMS oxidative cleavage.

To fully comprehend the intrinsic relationship between
catalysts and reactions, we embarked on exploring the practical
applications of this dual single-atom catalyst. An essential
characteristic of heterogeneous catalytic systems is their reus-
ability. To assess this, we conducted multiple cycles of cumene
oxidation using the Mn;-Rh;@O-TiC catalyst under an O,
atmosphere (1 atm). After each run, the Mn-Rh DSAC was
recovered through vacuum evaporation and underwent
sequential washing with methanol, ethyl acetate, and deionized
water. Remarkably, the conversion and selectivity (AP) of the
reaction remained consistently high for up to 6 cycles (Fig. 5G).
These findings demonstrate that the catalyst not only possesses
the fundamental attributes of a heterogeneous catalytic system
but also retains excellent stability across multiple reaction
cycles. Building upon these promising results, we sought to
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assess the viability of this catalytic system in large-scale appli-
cations, with a focus on exploring its potential for industrial
production. We scaled up the cumene oxidation reaction to
a volume of 58 mmol (expanded by a factor of 20 compared to
the amount of substrate used in the laboratory test), and the
experimental outcomes were highly encouraging. The catalytic
system successfully produced acetophenone (AP) with
a conversion rate of 90% and a selectivity of 99% (Fig. 5H and I),
underscoring its potential for industrial implementation. These
results underscore the practicality and scalability of the Mn-Rh
catalyst, further highlighting its potential for diverse industrial
applications. It's worth mentioning that the hot filtration test
and ICP-AES measurements demonstrate that there were no
manganese and rhodium leaching during the reaction (Fig. 5E
and ESI Table S19t). Meanwhile, we found that the catalytic
efficiency of Mn-Rh catalytic system-mediated tandem catalysis
in the oxidation process of cumene was significantly higher
than that of other similar catalysts that have been reported
(including metal complexes, transition-metal catalysts, and
inorganic non-metallic materials, Fig. 5F and ESI Table S187).

The remarkable performance of the Mn;-Rh;@O-TiC cata-
lyst has also been extended to probe the selective oxidation of
a wide range of inert C-H bonds under cumene oxidation
conditions (Fig. 6). Isopropyl benzene containing a variety of
substituents (e.g., methyl and halogen) was successfully con-
verted to the corresponding ketones (2b-2f, respectively) with
high conversion (>85%) and high selectivity (up to 99%), and
good to excellent yields (86-94%) could be obtained. In addi-
tion, the benzene heterocyclic molecule indan was also toler-
ated and 2,3-dihydro-1H-inden-1-one (2g) was obtained with
excellent conversion (99%), selectivity (99%), and yield (92%). It
is noteworthy that this dual single-atom catalyst was also able to
activate the sterically hindered substrate diphenylmethane
smoothly and with high conversion (84%) and selectivity (99%)
to obtain benzophenone (2h) in 76% yield.

Conclusions

In summary, we have successfully engineered a multifunctional
dual single-atom catalyst (Mn;-Rh;@O-TiC), and Mn;-Rh;@0O-
TiC exhibits precise promotion of each oxidation step in the
cumene oxidation process through distinct metal active centers.
This enables the establishment of a novel chemical oxidation
pathway for cumene, resulting in the efficient and highly
selective production of oxidized acetophenone (AP) products.
Through a comprehensive series of mechanism validation
experiments and theoretical calculations, we have elucidated
the individual roles of the Mn SAC and Rh SAC components
within the catalytic system. Specifically, the Mn SAC component
facilitates the rapid and effective oxidation of cumene, yielding
dimethyl phenyl methanol (BP) and AP. Concurrently, the Rh
SAC component catalyzes the dehydration of BP, generated in
the Mn SAC-mediated process, to produce o-methyl styrene
(AMS). Notably, the synergistic catalysis of the Mn SAC and Rh
SAC leads to the swift oxidation and cracking of AMS, ultimately
converting it into AP. Throughout the entire reaction sequence,
the two metal catalytic centers within the catalyst perform
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distinct yet complementary roles, working in relay to catalyze
the overall reaction with a high degree of selectivity. The dual
single-atom catalyst not only exhibits excellent selectivity
(>99%) but also achieves considerable catalytic activity in the
oxidation of cumene. The reaction achieves 99% conversion
and 94% separation yield, with the turnover number (TON)
calculated to be 1152. Moreover, it demonstrates comparable
efficacy in other highly selective oxidation reactions involving
inert C(sp®)-H bonds. This work not only marks a significant
achievement in realizing rare DSAC-mediated relay catalysis in
organic synthesis but also contributes valuable insights into the
rational design of catalytic systems for organic relay catalysis
reactions, offering a fresh perspective from the realm of inor-
ganic chemistry.
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