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ABSTRACT: Noble-metal-based bimetallic oxide clusters are promising novel catalysts. In this study, we developed carbon-sup-
ported RhRu bimetallic oxide clusters (RhRuO,/C) with a mean diameter of 1.2 nm, which showed remarkable catalytic activity for
the cross-dehydrogenative coupling (CDC) of arenes and carboxylic acids with O, as the sole oxidant. RhRu bimetallic oxide cluster
formation was confirmed by aberration-corrected high-angle annular dark-field scanning transmission electron microscopy with en-
ergy-dispersive X-ray spectroscopy and synchrotron X-ray absorption spectroscopy. Kinetic isotope and substituent effects indicated
that arene C—H bond cleavage was the rate-determining step and proceeded via electrophilic concerted metalation—deprotonation
mechanism, with a carboxylate as an internal base. Density functional theory calculations supported the proposed mechanism and
indicated that the active center for C—H bond activation was Rh(V) rather than Rh(III), while Ru enhanced the electrophilicity of the
Rh(V) site by decreasing the negative charge of the surrounding oxygen atoms. Electron-rich arenes showed relatively high reactivity
for RhRuO,/C-catalyzed CDC reaction, and both aliphatic and aromatic carboxylic acids were applicable to the reaction. The
RhRuO,/C catalyst is promising for the CDC reaction of arenes and carboxylic acids to produce aryl esters. This work will promote

the development of noble-metal-based bimetallic oxide clusters for C—H bond activation reactions.

Introduction. Bimetallic nanoparticles (NPs) and clusters have
attracted great interest owing to their enhanced or novel cataly-
sis derived from unique geometric and electronic structures. '
In particular, noble-metal-based bimetallic catalysts have been
intensively developed, and their high catalytic performance has
been demonstrated for various hydrogenation, oxidation, dehy-
drogenation, electrocatalytic, photocatalytic, and synthetic re-
actions.” ! However, the noble metals in the bimetallic cata-
lysts in such reaction systems tend to have oxidation states of
zero. Furthermore, noble-metal-based bimetallic oxide NP and
cluster catalysts have not been extensively studied. Bimetallic
oxide clusters based on group III-VII metals, known as hetero-
polyoxometalates, are excellent catalysts for various reactions,
such as acid-catalyzed and oxidation reactions.??* Therefore,
exploring the catalysis of noble-metal-based bimetallic oxide
clusters is an interesting research target.

Cross-dehydrogenative coupling (CDC) reactions between aro-
matic C-H and X-H (X = C, N, O) bonds have recently at-
tracted considerable interest owing to their step/atom econ-
omy.?>! CDC reactions between arenes and carboxylic acids
can produce aryl esters directly from nonactivated substrates.*®
Homogeneous catalysts such as Co,*? Ru,333% Rh,**# pd,*—
and Au’*’! complexes have been developed for the coupling of
arenes and carboxylic acids (Figure 1a). Oxidants are generally
required for these reactions to occur. Representative oxidants
include phenyliodine(Ill) diacetate (PIDA) and persulfate and

silver salts. However, molecular oxygen is a preferable oxidant
in terms of atom economy, availability, and nontoxicity.?
Shindo e al. reported heterogeneous CDC reactions with O, as
the sole oxidant, where polycyclic aromatics and CX3COOH (X
=F, Cl) were applicable substrates (Figure 1b).>> Thus, there is
still need for exploration of heterogeneous catalysts utilizing O,
as the sole oxidant with wide applicability to arenes and ali-
phatic/aromatic carboxylic acids.
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Figure 1. CDC reactions of arenes and carboxylic acids cata-
lyzed by (a) homogeneous catalysts, (b) carbon-supported Rh
(Rh/C), and (c) carbon-supported RhRu bimetallic oxide cluster
(RhRuO,/C) (this work).

In this study, we found that a carbon-supported RhRu bimetallic
oxide cluster (RhRuO,/C) catalyst showed much higher cata-
lytic activity for the CDC reaction of benzene and acetic acid
(Figure 1c) than other noble-metal-based monometallic and bi-
metallic catalysts. Detailed structural analyses using aberration-
corrected high-angle annular dark-field scanning transmission
electron microscopy (AC-HAADF-STEM) and synchrotron X-
ray absorption spectroscopy (XAS) revealed the formation of
bimetallic oxide clusters on the carbon support. The clusters had
a narrow size distribution and an average diameter of 1.2 nm.
Mechanistic studies using substituted and deuterated benzenes
indicated that the CDC reaction proceeded via electrophilic and
concerted C—H bond activation by the Rh—acetate site of
RhRuO; and that Ru enhanced the electrophilicity of the Rh ac-
tive center to promote the rate-determining C—H bond activa-
tion step. RhRuO,/C was applicable to reactions with various
arenes and carboxylic acids using O, as the sole oxidant. We
believe that this study opens a novel research paradigm for no-
ble metal-based bimetallic oxide cluster catalysts.

Results and Discussion.

Catalyst Optimization. We initially screened several carbon-
supported noble-metal-based monometallic catalysts, namely,
Rh/C, Pt/C, Ir/C, Ru/C, Pd/C, Au/C, and Ag/C. The catalysts
were prepared by depositing preformed metal particles on car-
bon supports. The metal particles were synthesized using a con-
ventional polyol method;> metal salts were treated at 180 °C in
the presence of NaOH using ethylene glycol as the solvent. The
activities of the prepared catalysts for the CDC reaction of
arenes and carboxylic acids were evaluated using benzene (1a)
and acetic acid (2a) as model substrates (Figure 2a). The reac-
tions were carried out at 150 °C in 0.5 MPa O; as the sole oxi-
dant. Rh/C exhibited a much higher yield of phenyl acetate
(3aa) than the other monometallic catalysts (Figure 2b). Alt-
hough the formation of biphenyl (4a) was confirmed, Rh/C
showed high selectivity (98%) toward the CDC product, 3aa.
The Ir, Ru, and Au catalysts also selectively catalyzed the CDC
reaction, whereas comparable amounts of 4a and 3aa were
formed when using the Pt and Pd catalysts. Notably, the 3aa
yield of Rh/C (270 pmol) was significantly higher than that of
a commercially available carbon-supported Rh catalyst (98
pmol).
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Figure 2. (a) CDC reaction of benzene (1a) and acetic acid (2a).
(b) Yield of 3aa (red) and 4a (blue) using various monometallic
and bimetallic catalysts (total metal amount: 10 pmol). (¢) Yield
of 3aa (red) and 4a (blue) using RhRu bimetallic catalyst
(RhyRu;-,/C) as a function of x.

We also screened several noble-metal-based bimetallic cata-
lysts, namely, RhRu/C, Rhlr/C, RhPt/C, PtRu/C, and IrRu/C,
for the CDC reaction. These catalysts were prepared by synthe-
sizing metal colloids from an equimolar mixture of precursors
and depositing them on carbon supports. The 3aa and 4a yields
using these catalysts (total metal amount: 10 pmol) are shown



in Figure 2b. Remarkable synergy between Rh and Ru was ob-
served: RhRu/C had a 3aa yield of 703 pmol, which was more
than 2.5 times that of Rh/C (270 pmol), while retaining high
selectivity for 3aa. By contrast, Rhlr/C and RhPt/C exhibited
comparable catalytic activities to that of Rh/C. The effect of the
Rh/Ru molar ratio was further studied. The 3aa and 4a yields
of various RhRu,-,/C catalysts are plotted against the Rh con-
tent (x) in Figure 2c. Synergy between Rh and Ru was observed
for all Rh,Ru,-,/C catalysts, although the highest catalytic ac-
tivity was achieved at a molar ratio of ~1:1.

When the catalyst precursors (RhCl; and RuCls) were used sep-
arately and together as homogeneous catalysts for the CDC re-
action, the catalytic activities were much lower than that of
RhRu/C, with 3aa yields of less than 2 pmol (Table S2). In ad-
dition, no synergistic effect was observed between RhCl; and
RuCls. Moreover, separating RhRu/C from the reaction system
by filtration completely stopped the reaction (Figure S1). The
catalytic activity of recovered RhRu/C did not show dramatic
decrease compared to that of the fresh catalyst (Figure S2).
These results suggest that the active species for the CDC reac-
tion are not leached metal species but rather the metal particles
on the carbon support.

Structural Analysis of RhRu Catalyst. The particle size and
elemental distribution of RhRu/C were analyzed using AC-
HAADF-STEM with energy-dispersive X-ray spectroscopy
(EDS). A representative HAADF image of RhRu/C is presented
in Figure 3a. The observed metal particles had a narrow size
distribution and diameter of 1.2 + 0.2 nm (mean + standard de-
viation) (Figure 3b). Furthermore, atomic-resolution images of
~1 nm sized particles were successfully obtained (Figure 3c).
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Figure 3. Size distribution of RhRu/C: (a) representative
HAADF image and (b) histogram of particle diameters. (c)
Atomic resolution HAADF image.

The EDS mapping results of the region in Figure 4a are shown
in Figures 4b—f. The distributions of Rh and Ru showed good
agreement (Figure 4f), indicating the coexistence of Rh and Ru
in individual particles. We successfully analyzed a single parti-
cle using EDS (Figures S3 and S4) and found that Rh and Ru
were homogeneously distributed within the particle. The Rh/Ru
atomic ratio in the particle was 45:55, as calculated by quanti-
tative analysis of the EDS spectrum, which is in reasonable
agreement with the inductively coupled plasma—atomic emis-
sion spectrometry result (Rh/Ru = 47:53; Table S1). EDS anal-
ysis of a larger area yielded a similar result; for example, the
Rh/Ru atomic ratio in the area corresponding to Figure 4a was
46:54 (Figure S5).
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Figure 4. Elemental mapping results of RhRu/C: (a) HAADF
image of the area analyzed by EDS and elemental maps of (b)
carbon, (c) oxygen, (d) rhodium, and (e) ruthenium. (f) Overlay
of rhodium and ruthenium distributions.

The electronic structures and coordination environments of Rh
and Ru in RhRu/C were studied by XAS. The Rh and Ru K-
edge X-ray absorption near-edge structures (XANES) are
shown in Figures 5a and 5b, respectively. The spectra resemble
those of the metal oxides (Rh,O; and RuO., respectively), indi-
cating that Rh and Ru exist in an oxidized state. Consistent re-
sults were obtained by the analysis of Rh and Ru K-edge ex-
tended X-ray absorption fine structures (EXAFS; Figure S6);
the Fourier-transform EXAFS spectra contained peaks corre-
sponding to Rh—O and Ru—-O bonds, respectively, whereas no
clear peaks of direct metal-metal bond were observed (Figures
5c and 5d). Curve-fitting analysis with metal-oxygen bonds
showed reasonable agreement between the experimental and
fitting data (Table 1). The coordination numbers (CNs) of the
Rh—O and Ru-O bonds were calculated to be 3.2 + 0.3 and 3.2
+ 0.3, respectively. These low CNs suggested that the metal at-
oms are coordinatively unsaturated and can be active sites for
CDC reactions. According to XAS of other monometallic and
bimetallic catalysts, Rh, Pt, Ir, and Ru species are also fully ox-
idized, except for partially oxidized Ir in monometallic Ir/C
(Figures S7 and S8).

Collectively, the structural analyses using AC-HAADF-STEM
and XAS indicate the formation of RhRu bimetallic oxide clus-
ters (RhRuOy) on the carbon support. Because the Rh and Ru
K-edge XAFS of the RhRu colloids before deposition corre-
sponded to metallic states (Figure S9), the oxidation of Rh and
Ru occurred during the deposition process conducted in air.
Rh/C and Ru/C also formed oxide clusters (RhO, and RuO., re-
spectively) with sizes similar to those of RhRuO,/C (Figures
S8 and S10, Table S3). Thus, the significantly higher catalytic
activity of RhRuO,/C cannot be ascribed to differences in par-
ticle size.
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Figure 5. XAS results of RhRu/C. (a) Rh and (b) Ru K-edge
XANES spectra. Fourier transform of (c) Rh and (d) Ru K-edge
EXAFS spectra. Solid and dashed curves correspond to experi-
mental and fitting data, respectively.

Table 1. Structural parameters obtained by curve-fitting analy-
sis of Rh and Ru K-edge EXAFS

AT o R
Edge | Sample | Bond | CN (A" | (Aye (%) ¢
2.04 | 0.0034
Rh Rh-O 3.2 + + 5.6
K +0.3
RhRu/C 0.01 | 0.0017
R 30 2.07 | 0.0077
Ku Ru-O | V' o3 | % + 8.1
"~ 10.01 |0.0023

“ Coordination number. ® Bond length. ¢ Debye-Waller factor. ¢
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Characterization of the RhRuO,/C catalyst after the CDC reac-
tion revealed that the RhRuO, clusters did not undergo large
structural changes. Size evaluation using transmission electron
microscopy revealed similar average diameters before and after
the reaction (Figure S11). The white line intensity in the Rh and
Ru K-edge XANES and the CNs of the metal-oxygen bonds
both increased slightly following the reaction (Figure S12, Ta-
ble S4), confirming that the RhRu bimetallic oxide clusters pro-
vided the active sites for the catalytic reaction.

Mechanistic Studies. To gain insight into the reaction mecha-
nism, the effects of isotopes and substituents on the CDC



reaction using the RhRuO,/C catalyst were studied and com-
pared to those using a RhO,/C catalyst. The kinetic isotope ef-
fect (KIE) was evaluated by comparing the reaction rates of
benzene and benzene-dg (Figure 6a). Primary KIE values of 2.4
and 2.8 were obtained for RhRuO,/C and RhO,/C, respectively.
These results indicate that C—H bond cleavage was the rate-de-
termining step for both catalytic systems. The turnover frequen-
cies (TOFs) of RhRuO,/C and RhO,/C for substituted benzenes
(anisole, toluene, and bromobenzene; R = OMe, Me, and Br,
respectively) are shown in Figure 6b. In both cases, the TOF
increased as the electron-donating ability of the substituent in-
creased. According to previous studies, this trend suggests two
possible reaction mechanisms: (1) electrophilic aromatic substi-
tution (SgAr) mechanism and (2) base-assisted internal electro-
philic substitution/electrophilic concerted metalation deproto-
nation (BIES**%/eCMD®"-%*) mechanism. The reactions by
SeAr mechanism generally show small KIE values;**¢ for in-
stance, KIE of 1.0 was reported for Rh-catalyzed intramolecular
C-H bond amination.®® Considering the primary KIE values, it
was concluded that C—H bond activation on RhRuO,/C and
RhO,/C (KIE: 2.4 and 2.8, respectively) proceeded via eCMD
mechanism, with a carboxylate as an internal base (Figure 7).
The addition of KOAc did not increase the initial reaction rate
of the CDC reaction of benzene and acetic acid (Figure S13),
supporting the intramolecularly carboxylate-assisted mecha-
nism.®”% The reason for the decrease of reaction rate is proba-
bly the suppression of arene coordination to cluster surface by
excess acetate ligands. Furthermore, because the KIE value of
RhRuO./C (2.4) was slightly lower than that of RhO,/C (2.8),
Ru likely promoted the rate-determining C—H bond activation
step. As discussed later by DFT calculations, Ru possibly en-
hances the electrophilicity of the Rh center in the bimetallic
RhRuO,/C system.
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Figure 6. Mechanistic studies of RhRuO,/C and RhO,/C cata-
lysts. (a) CDC reaction of benzene or benzene-ds with acetic
acid for the evaluation of KIE. (b) TOF for substituted benzenes

(R=0Me, Me, H, and Br). For RhRuO,/C, TOF was calculated
based on the total metal amount.
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Figure 7. Proposed eCMD mechanism for rate-determining C—
H bond activation step on RhRuO,/C.

The reaction mechanism of the rate-determining C—H bond ac-
tivation step was studied by density functional theory (DFT).
Calculations were performed using Gaussian 16" with the
B3LYP-D3 functional.”'~” Solvent effects were included by the
polarizable continuum model with parameters for acetic acid.
First, we examined the reaction mechanism of the monometallic
RhO,/C system. A single Rh4Os cluster (without the carbon sup-
port) was employed as the model catalyst because of its highly
symmetrical structure with pseudo-Tg symmetry (Figure S14a).
Similar structures have been experimentally observed in gas
phase studies on rhodium oxide cluster cations isolated in vac-
uum.”*”* Considering that acetoxylation and some other C-H
activation reactions of arenes catalyzed by Rh complexes pro-
ceed by Rh(II)/Rh(V) redox cycling,*’**7¢7% and that our re-
action system was operated under a high O, pressure and high
temperature, we examined both Rh(IlI)—acetate and Rh(V)-ac-
etate species (in Rh4Os(OAc), and RhsOs(OAc), cluster models,
respectively; Figures S14b and S14c) as candidates for the ac-
tive center of the C—H bond activation reaction (Figure 8). Cal-
culated Gibbs free energies of the model clusters suggested that
the generation of Rh(V) species on the Rh oxide clusters by O,
is thermodynamically possible. The Gibbs free energy of the
following reaction (4G) was calculated to be negative (-79
kJ/mol, Figure S15):

Rh4Og + 2 AcOH + 1/2 O, — Rh4O4(OAc), + H,O
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Figure 8. Free energy profiles of C—H bond activation by dif-
ferent Rh sites with acetate ligands: (a) Rh(IIl) site of
Rh405(0OAc),, (b) Rh(V) site of RhsOs(OAc),, and (c) Rh(V)
site of Rh,RuyOs(OAc)s. C, H, O, Rh, and Ru are colored gray,
white, red, blue, and green, respectively.

The Gibbs free energy of C—H bond activation of benzene was
calculated for the model clusters with Rh(II1)-OAc and Rh(V)—
OAc active sites. The calculated free energy profiles are illus-
trated in Figures 8a and 8b, respectively, along with the opti-
mized structures of each state. The Rh(V)-OAc site had a sig-
nificantly lower activation barrier (84 kJ/mol) than the Rh(III)—
OAc site (146 kJ/mol), suggesting that the Rh(V) species is a
more plausible active site. At transition states of A-TS1 and B-
TS1, Rh—C and O-H bond formation and C—H bond dissocia-
tion simultaneously proceeded. The Gibbs free energies of C—
H activation for substituted benzenes (anisole and bromoben-
zene) were calculated for the Rh(V) model (Figure S16, Table
2). The calculated activation barrier decreased as the electron-
donating ability of the substituent increased. The electrophilic
nature of the active center was also confirmed by bond order

analysis of the initial, transition, and final states of the C—H ac-
tivation reaction.’”%*626* The More O’Ferrall-Jencks plots of
the Wiberg bond orders of the Rh—C and C—H bonds (Figure
9a) calculated for C—H activation of benzene, anisole, and bro-
mobenzene (Figures 9b, S18a, and S18b, respectively) re-
vealed that the transition states were located to the right of the
fully concerted trajectory lines connecting the initial and final
states. This indicates that Rh—C bond formation partially pre-
ceded C—H bond scission. Overall, the theoretical results indi-
cate that arene C—H bond activation proceeded at the Rh(V)
center of RhO,/C via eCMD mechanism, which is consistent
with the experimental observations.

Table 2. Gibbs free energy of C—H activation at Rh(V) site of
monometallic and bimetallic oxide clusters
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Figure 9. (a) Schematic illustration of More O’Ferrall-Jencks
plot for metal-catalyzed C—H activation. (b, ¢) More O’Ferrall-
Jencks plots of Wiberg bond orders calculated for systems B
and C corresponding to Figures 8b and 8¢, respectively.

A model of the bimetallic RhRuO,/C catalyst was constructed
by modifying the RhsOs(OAc), model. Specifically, the two
Rh(III) sites were replaced by Ru(IV) atoms with acetate lig-
ands to obtain RhoRu,O¢(OAc)4 (Figure S14d). Free energy di-
agrams of the C—H bond activation of benzene, anisole, and bro-
mobenzene in bimetallic system are shown in Figures 8¢, S17a,
and S17b, respectively. For each arene, bimetallic system
showed lower activation Gibbs energy than that in the mono-
metallic system (Table 2), which is consistent with the experi-
mental result. The calculated activation barrier in bimetallic



system decreased as the electron-donating ability of the substit-
uent increased. In the More O’Ferrall-Jencks plots of arene C—
H bond activation in bimetallic system (Figures 9¢, S18c,
S18d), transition states are located within the eCMD region.
These theoretical results supported eCMD mechanism for
RhRuO,/C-catalyzed C—H activation. Although there was no di-
rect bonding between Rh(V) and Ru(IV) in the model cluster,
the introduction of Ru(IV) to the second-nearest neighboring
sites of the active center decreased the activation barrier. The
charge distribution around the Rh(V) site was analyzed to ob-
tain a deeper understanding of the effect of replacing Rh(III)
with Ru(IV). The atomic charges before and after substitution
are illustrated in Figure S19. The most significant change was
observed for the O atoms bridging Rh(V) and Ru(IV); specifi-
cally, the absolute values of the negative charges on these atoms
decreased upon substitution. Thus, Ru(IV) indirectly enhanced
the electrophilicity of the Rh(V) active center via the reduction
of the net negative charge on the surrounding O atoms. Based
on the experimental and theoretical considerations, a catalytic
cycle for the CDC reaction of arenes and carboxylic acids cata-
lyzed by RhRuO,/C was proposed (Figure 10).
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Figure 10. Proposed catalytic cycle for the CDC reaction of
arenes and carboxylic acids catalyzed by RhRuO,/C.

Substrate scope. The applicability of the RhRuO,/C catalyst to
CDC reactions using various arenes (1a—i) and carboxylic acids
(2a—e) was examined (Figure 11). The acetoxylation reactions
of arenes (1a—i, 1 mmol) and acetic acid (2a, 2.7 mL) using
RhRuO,/C (total metal amount: 10 pmol) are summarized in
Figure 11a. The reactions were conducted in the presence of
acetic anhydride (0.3 mL) and O, (0.8 MPa) at 150 °C for 15 h.
As observed in the mechanistic studies above, electron-rich
arenes showed higher reactivity than electron-poor ones. The
acetoxylation of 1,2-dimethoxybenzene (1b) afforded both
mono- and di-acetoxylated products (total yield: 78%) at a ratio
of 69:31. The reaction of 1b could be conducted under milder
reaction conditions (120 °C, O, 0.3 MPa) and the products were
obtained with a yield of 77% (mono:di=71:29) after 48 h using
5 mol% of the catalyst. The reactivity of 1,4-dimethoxybenzene
(1c) was significantly lower than that of 1b, which was ascribed
to steric effects. C(aryl)-H bond activation by supported Au and
Ru catalysts preferentially occurs at less sterically hindered po-
sitions because the catalyst surface acts as a bulky ligand.”*
Consistently, the acetoxylation of mono-substituted benzenes

(1e, 1f, 1h, and 1i) showed low selectivity to ortho-position.
The reactions of arenes containing classical simple directing
groups such as 2-phenylpyridine and N-methylbenzamide af-
forded almost no product. This observation was ascribed to the
sterically crowded transition state structure of C—H activation
by the Rh(V) site. In the case of benzene, the Rh(V) center in
the transition state (B-TS1, Figure 8b) is hexacoordinated,
where additional coordination by an arene with directing group
is not suitable.

The scope of carboxylic acids 2b—e was examined using elec-
tron-rich arenes 1b and 1e (Figure 11b). Both aliphatic and ar-
omatic carboxylic acids were applicable to this reaction system.

(a) Arene scope with 2a
o RhRuO,/C (1 mol%) N O\n/
—— 3 R

R—! + R—!
Z HOJ\ Ac,0 (0.3 mL), ~ O
1a-i 2a O, (0.8 MPa),

° 3
(1mmol) (27mL) 150°C,15h
~o
-0 o\n/ OY O\ﬂ/
\oj@/ ° 0 \Oj©/ 0
3ba o 3ca 3da
78% (mono:di=69:31) 7T as% 65% (4-:5-=91:9)
o\n/
OY O o O\[(
3ea 3fa 3ga

62% (0:m:p=3:5:92) 49% (0:m:p=0:32:68) 40% (1-:2-=18:82)

O\n/ (0] \n/ Br. O\r(

/©/ o ©/ 0 \©/ o
3ha 3aa 3ia

29% (0:m:p=4:38:58) 19% 6% (0:m:p=2:58:40)

(b) Carboxylic acid scope with 1b or 1e

RhRUO,/C (5 mol%) O__R

(0]

R—© + . —————> Rt b
Z HO” R 0, (0.8 MPa), ~ O

1bor 1e 2b-e 190 °C, 15 h
(8 mL) (0.2 mmol)

S o0 aadle saans
~0 (0] ~o (0]

3bb 3bc
56% 53%
3bd 3be 3ed
62% 73% 60% (0:m:p=4:10:86)

Figure 11. (a) Scope of arenes for acetoxylation. (b) Scope of
carboxylic acids for CDC reaction with electron rich arenes.

Conclusions. In this study, we prepared a carbon-supported
RhRu bimetallic oxide cluster catalyst, RhRuO./C, using a sim-
ple and reproducible method. RhRuO,/C showed much higher
catalytic activity for the CDC reaction of benzene and acetic
acid than other noble-metal-based mono- and bimetallic cata-
lysts owing to the synergistic effect between Rh and Ru. The
formation of bimetallic oxide clusters with a homogeneous size
distribution, mean diameter of 1.2 + 0.2 nm, and coordinatively
unsaturated metal sites was confirmed by AC-HAADF-STEM,



EDS, and synchrotron XAS. The kinetic isotope and substituent
effects on the CDC reaction of benzene and acetic acid indi-
cated that C—H bond cleavage was the rate-determining step and
proceeded via eCMD mechanism at the Rh—carboxylate site of
RhRuO.. DFT calculations of arene C—H bond activation by
model oxide clusters suggested that Rh(V)—carboxylate species
were the active centers for C—H activation. The dependence of
the calculated Gibbs free energies of C—H activation on the ben-
zene substituent and the results of bond order analysis provided
further evidence for the eCMD mechanism. The promotional
effect of Ru on C—H activation was observed for all calculated
systems, and charge analysis suggested that Ru indirectly en-
hanced the electrophilicity of the Rh active center by decreasing
the negative charges of the O atoms coordinating to the Rh cen-
ter. Finally, RhRuO,/C was applicable for the CDC reactions of
various arenes and carboxylic acids using O as the sole oxidant.
The findings of this study will contribute to the further devel-
opment of noble-metal-based bimetallic oxide clusters for C—-H
bond activation reactions.
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