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ABSTRACT: Oxidative homocoupling of arenes is a challenging but attractive method converting non-activated aromatics into 
biaryl compounds. Applications and mechanistic understanding of bimetallic nanocatalysts for arene C–H bond activation are limited 
at present. In this study, we found that Pd-Ru bimetallic catalyst supported on Al2O3 showed remarkably high catalytic activity for 
the oxidative homocoupling of arenes owing to the synergistic effect between Pd and Ru. Structural analyses by high-angle annular 
dark-field scanning transmission electron microscopy with energy dispersive X-ray spectroscopy and X-ray absorption spectroscopy 
revealed that Pd nanoparticles were decorated by partially oxidized Ru clusters. Mechanistic studies indicated that the arene C–H 
bond cleavage was the rate-determining step and proceeded by concerted metalation deprotonation mechanism. It was proposed that 
the role of Ru is promoting the C–H activation step by generating electron deficient Pd sites, which was supported by DFT calculations. 
The Ru-decorated Pd nanoparticles showed large turnover numbers for simple arenes. 

Introduction.	The	biaryl	structure	is	an	essential	structural	
unit	included	by	many	important	chemicals	such	as	bioac-
tive	 compounds	 and	 pharmaceuticals.1,2	 Oxidative	 homo-
coupling	of	arenes	via	direct	C(aryl)–H	bond	activation	is	a	
highly	efficient	molecular	transformation	affording	biaryls	
in	one	step	(Figure	1a).3–6	In	particular,	when	using	molec-
ular	oxygen	as	an	oxidant,	only	H2O	was	generated	as	a	by-
product.	 The	 high	 atom/step	 economy	 is	 the	 clear	 ad-
vantage	of	the	oxidative	coupling	over	the	conventional	cou-
pling	 reactions	 requiring	 halogenated	 aromatics.7,8	 Metal	
nanoparticle	(NP)	catalysts	for	the	arene	homocoupling	re-
actions	have	been	developed	by	using	Pd,	Au,	or	Ru	as	an	
active	metal	element	with	metal	oxides,	organic	polymers,	
or	carbon	as	a	support	(Figure	1b).9–15	Zhou	and	Wang	re-
ported	 that	 Pd	 clusters	with	 average	 size	 of	 1.2	 nm	 sup-
ported	on	hypercrosslinked	polymer	functionalized	by	di-
carboxylic	acid	(Pd/HCP)	showed	large	turnover	numbers	
(TONs)	for	the	oxidative	homocoupling	of	benzene	using	O2	
in	the	presence	of	trifluoromethanesulfonic	acid	and	acetic	
acid.13	According	to	the	report	by	Serna	and	Corma,	Au	NPs	
(~3	nm)	on	TiO2	catalyzed	the	homocoupling	reactions	of	
benzene	derivatives	with	O2	 under	 acid	 free	 conditions.11	
Co3O4-	and	ZrO2-supported	Au	NPs	(Au/Co3O4	and	Au/ZrO2)	
were	developed	by	Ishida	and	Tokunaga	for	the	regioselec-
tive	homocoupling	of	di-substituted	benzenes	such	as	dime-
thyl	phthalate	under	O2	in	acetic	acid	solvent.12	Feuillastre	
and	 Pieters	 demonstrated	 that	 carbon-supported	 Ru	 NPs	
(Ru/C)	catalyzed	the	homocoupling	of	2-arylpyridines	with	

high	regioselectivity	to	less	sterically	hindered	products	us-
ing	FeCl3	as	an	oxidant	in	toluene	solvent.15	

It	has	been	demonstrated	that	the	synergistic	effects	of	
different	metal	elements	are	of	great	importance	for	devel-
oping	 highly	 active,	 selective,	 and	 durable	 heterogeneous	
catalysts	for	various	reactions.16–34	Some	reports	described	
the	effectiveness	of	bimetallic	catalysts	for	arene	C–H	bond	
activation	reactions;35–39	for	instance,	we	have	recently	de-
veloped	the	carbon-supported	Rh-Ru	bimetallic	oxide	clus-
ter	catalyst	(RhRuOx/C)	that	showed	remarkably	high	cata-
lytic	activity	for	cross-dehydrogenative	coupling	of	arenes	
and	carboxylic	acid	under	O2	due	to	the	synergy	of	Rh	and	
Ru.39	Jiang	demonstrated	that	carbon	supported	Cu-Ag	NPs	
(CuAg/C)	showed	improved	catalytic	activity	and	selectiv-
ity	for	benzene	hydroxylation	by	H2O2	compared	to	mono-
metallic	counterparts.35	Zhang	reported	the	enhanced	cata-
lytic	activity	of	CuPd	alloy	NPs	supported	on	reduced	gra-
phene	 oxide	 (CuPd/rGO)	 for	 the	 C–H	 acylation	 of	 2-phe-
nylpyridine	by	benzyl	alcohol	using	tert-butyl	peroxybenzo-
ate	as	an	oxidant.38	On	the	other	hand,	bimetallic	catalysts	
have	 not	 been	 applied	 to	 the	 oxidative	 homocoupling	 of	
arenes	to	the	best	of	our	knowledge.	Thus,	it	is	essential	re-
search	target	to	develop	highly	active	bimetallic	catalyst	for	
arene	homocoupling	and	elucidate	the	origin	of	synergistic	
catalysis.	
	
	



 

	
Figure	1.	(a)	Oxidative	homocoupling	of	arenes.	(b)	Previ-
ously	 reported	 heterogeneous	 catalysts	 for	 the	 oxidative	
homocoupling	of	arenes.	(c)	Al2O3-supported	Pd	NPs	deco-
rated	by	partially	oxidized	Ru	clusters	(PdRu/Al2O3)	devel-
oped	for	the	arene	homocoupling	(this	work).		
	

In	this	study,	we	developed	Al2O3-supported	Pd	NPs	dec-
orated	by	partially	oxidized	Ru	clusters	(RuOx)	for	the	oxi-
dative	 homocoupling	 of	 arenes	 (Figure	 1c).	 Remarkable	
synergy	of	Pd	and	Ru	was	observed;	the	turnover	number	
of	Pd	for	benzene	homocoupling	was	enhanced	~4	times	by	
Ru.	Electron	microscopic	and	spectroscopic	methods	clari-
fied	the	formation	of	Pd	nanoparticles	(NPs)	decorated	by	
partially	oxidized	Ru	clusters.	Mechanistic	experiments	in-
dicated	that	C–H	bond	activation	step	was	rate-determining	
and	 proceeded	 by	 concerted	 metalation	 deprotonation	
mechanism.	It	was	proposed	that	electron	deficient	Pd	sites	
generated	by	Ru	act	as	active	sites	for	C–H	activation.	DFT	
calculated	free	energy	profile	of	benzene	C–H	bond	activa-
tion	by	model	clusters	supported	the	proposed	mechanism.	
PdRu/Al2O3	was	applicable	to	simple	arenes	and	high	TONs	
were	 achieved	 without	 strong	 acids	 such	 as	 trifluoro-
methanesulfonic	acid.	
	
Results	and	Discussion.	Alumina-supported	monometallic	
catalysts,	 M/Al2O3	 (M	 =	 Pd,	 Pt,	 Ir,	 Rh,	 Ru),	 were	 initially	
tested	for	the	oxidative	homocoupling	of	benzene	(Figures	
2a,	2b).	The	 supported	metal	 catalysts	were	prepared	by	
the	deposition	of	preformed	metal	NPs,	which	were	synthe-
sized	by	the	reduction	of	precursor	metal	ions	by	ethylene	
glycol	in	the	presence	of	polyvinylpyrrolidone.	The	catalytic	
tests	were	carried	out	with	1	mL	of	benzene	and	1	mL	of	
acetic	acid	at	150	°C	under	0.6	MPa	of	O2	for	16	h.	Pd/Al2O3	
showed	the	highest	yield	of	biphenyl	(373	µmol),	whereas	
the	catalytic	activities	of	 the	other	monometallic	catalysts	
for	the	oxidative	homocoupling	were	much	lower.	Pt	and	Ir	
catalysts	afforded	low	biphenyl	yield	(<30	µmol)	and	no	bi-
phenyl	was	detected	after	the	reaction	with	Rh	or	Ru	cata-
lysts.	In	addition	to	the	oxidative	homocoupling,	the	oxida-
tive	acetoxylation	of	benzene	also	proceeded	to	form	phenyl	
acetate	 (3a).	The	selectivity	of	Pd/Al2O3	 to	homocoupling	
over	acetoxylation	was	high	(97%).		

Pd-based	bimetallic	catalysts,	PdM/Al2O3	(M	=	Ru,	Ir,	Pt,	
Rh),	were	prepared	by	the	co-reduction	of	equimolar	mix-
ture	of	precursors	and	applied	 to	 the	oxidative	homocou-
pling	 of	 benzene	 (Figure	 2b).	 PdRu/Al2O3	 exhibited	 re-
markably	 enhanced	 catalytic	 activity	 for	 oxidative	

homocoupling	compared	 to	monometallic	Pd	catalyst,	 alt-
hough	the	pure	Ru	catalyst	was	inactive	for	the	homocou-
pling.	Biphenyl	yield	increased	from	373	µmol	to	728	µmol	
by	the	synergy	of	Pd	and	Ru,	whereas	the	selectivity	was	al-
most	 retained	 (96%	 and	 97%	 for	 PdRu	 and	 Pd,	 respec-
tively).	In	contrast	to	the	PdRu	catalyst,	the	other	bimetallic	
catalysts	showed	lower	biphenyl	yield	than	that	by	the	pure	
Pd	catalyst.	The	effect	of	the	ratio	between	Pd	and	Ru	was	
further	studied;	biphenyl	yield	and	turnover	number	(TON)	
based	on	Pd	were	plotted	against	the	Ru	content	(x)	in	Fig-
ure	2c.	TON	reached	the	maximum	value	of	146	at	Pd-Ru	
ratio	of	~1:1,	which	was	almost	four	times	that	of	pure	Pd	
catalyst	(37).	On	the	other	hand,	Pd-rich	bimetallic	catalysts	
(x:	0.1–0.5)	showed	similar	biphenyl	yields.	For	the	equimo-
lar	 PdRu	NPs,	 different	 supports	were	 tested	 (Table	 S1).	
The	 observed	 catalytic	 activity	 was	 in	 the	 order	 of	
PdRu/Al2O3	>	PdRu/TiO2	>	PdRu/hydrotalcite	>	PdRu/MgO.	
Hereafter,	we	will	discuss	PdRu/Al2O3	with	equimolar	com-
position	as	an	optimized	catalyst.	
	

	
Figure	2.	(a)	Oxidative	homocoupling	of	benzene.	(b)	Yield	
of	2a	(green)	and	3a	(orange)	in	µmol	unit	for	monometallic	
and	bimetallic	catalysts	with	the	total	metal	amount	of	10	
µmol.	(c)	The	product	yields	in	µmol	unit	as	a	function	of	Ru	
content	in	Pd1–xRux/Al2O3	catalyst.	
	



 

The	structure	of	PdRu/Al2O3	was	analyzed	by	high-angle	
annular	dark-field	scanning	transmission	electron	micros-
copy	 (HAADF-STEM)	 with	 energy	 dispersive	 X-ray	 spec-
troscopy	(EDS).	Figure	3a	shows	the	representative	HAADF	
image	of	PdRu/Al2O3.	In	the	left	region	of	Figure	3a,	parti-
cles	with	diameters	of	~16	nm	were	observed,	whereas	~2	
nm	sized	particles	were	distributed	in	the	entire	region.	EDS	
elemental	mapping	revealed	that	the	larger	particles	were	
Pd	NPs	(size:	16	±	2	nm,	Figures	3d,	S1a)	and	smaller	ones	
correspond	to	Ru	clusters	(size:	2.3	±	0.4	nm,	Figures	3e,	
S1b).	Although	Ru	clusters	were	distributed	on	both	Pd	NPs	
and	Al2O3	support,	all	the	observed	Pd	NPs	were	decorated	
by	 Ru	 clusters	 (Figure	 3f).	 Thus,	 the	 active	 site	 of	
PdRu/Al2O3	catalyst	was	the	surface	of	Pd	NPs	modified	by	
Ru	clusters.		
	

	
Figure	3.	(a)	HAADF-STEM	image	and	(b)	Al,	(c)	O,	(d)	Pd,	
(e)	Ru,	and	(f)	Pd	+	Ru	elemental	maps	of	PdRu/Al2O3	ob-
tained	by	STEM-EDS.	
	

The	structure	of	Ru-decorated	Pd	NPs	was	further	stud-
ied	 by	 high-resolution	 HAADF-STEM.	 Representative	
HAADF	images	of	NPs	#1–#3	are	displayed	in	Figures	4a,	
S2a,	and	S3a,	respectively.	All	of	the	three	NPs	showed	clear	
lattice	planes	with	interplanar	spacing	of	0.23	nm	(Figures	
4b,	S2b,	S3b),	which	is	assignable	to	{111}	planes	of	Pd.40,41	
The	hexagonal	particle	images	and	direction	of	{111}	planes	
suggested	that	the	Pd	NPs	have	cuboctahedral	three-dimen-
sional	structures	(Figures	4c,	S2c,	S3c).	Since	most	of	ob-
served	Pd	NPs	showed	nearly	hexagonal	images,	the	funda-
mental	structure	of	Pd	core	in	PdRu/Al2O3	was	thought	to	
be	cuboctahedron,	which	is	a	well-known	morphology	of	Pd	
NPs.42,43	The	distribution	of	Ru	on	single	Pd	NP	was	not	uni-
form	but	localized	to	several	spots	with	dimension	of	a	few	
nm	(Figures	4e,	S2e,	S3e).	Thus,	the	formation	of	Ru-deco-
rated	Pd	NPs	rather	than	Pd@Ru	core-shell	NPs	was	sup-
ported.	
	

	
Figure	 4.	 Structural	 analysis	 of	 NP	#1	 in	 PdRu/Al2O3	 by	
high-resolution	STEM	imaging:	(a)	HAADF-STEM	image,	(b)	
enlarged	image	showing	lattice	spacing,	(c)	plausible	three-
dimensional	structure	of	Pd	core,	and	(d–f)	elemental	maps	
obtained	by	STEM-EDS	for	(d)	Pd,	(e)	Ru,	and	(f)	Pd	+	Ru.	
	

The	electronic	states	and	coordination	structures	of	Pd	
and	 Ru	 were	 studied	 by	 X-ray	 absorption	 fine	 structure	
(XAFS)	analysis.	Figures	5a	and	5b	display	the	Pd	K-	and	Ru	
K-edge	X-ray	absorption	near	edge	structures	 (XANES)	of	
PdRu/Al2O3	 with	 those	 of	 standard	 samples.	 The	 XANES	
spectra	indicated	that	Pd	in	the	catalyst	was	in	metallic	state,	
whereas	Ru	was	partially	oxidized.	Consistent	results	were	
obtained	in	the	analysis	of	extended	X-ray	absorption	fine	
structures	 (EXAFS).	 Pd	K-edge	 EXAFS	 of	 PdRu/Al2O3	was	
well	reproduced	by	the	fitting	with	the	Pd–Pd	bond	(Figure	
4c,	Table	1).	The	Pd–Pd	coordination	number	(CN)	was	cal-
culated	to	be	8.9	±	1.2,	indicating	the	formation	of	Pd	NPs.	
The	spectral	feature	of	Ru	K-edge	FT-EXAFS	of	the	catalyst	
suggested	the	presence	of	the	Ru–O	bond	(Figure	4d).	The	
curve-fitting	analysis	resulted	in	the	CNs	of	5.2	±	0.7	for	Ru–
Ru	bond	and	1.8	±	0.7	for	Ru–O	bond,	supporting	the	partial	
oxidation	of	Ru	clusters.	The	smaller	Ru–Ru	CN	than	that	of	
Pd–Pd	was	in	agreement	with	the	results	of	electron	micro-
scopic	analysis.	Collectively,	HAADF-STEM,	EDS,	and	XAFS	
analyses	 revealed	 the	 formation	of	 cuboctahedral	 Pd	NPs	
(16	 nm)	 decorated	 by	 partially	 oxidized	 Ru	 clusters	 (2.3	
nm).		

According	to	the	characterization	results	of	monometal-
lic	Pd/Al2O3	by	TEM	and	XAFS	analysis	(Figure	S4),	the	Pd	
NPs	 contained	 in	 the	 monometallic	 catalyst	 was	 smaller	
than	that	of	Pd	core	of	PdRu/Al2O3.	TEM	images	of	the	Pd	
catalyst	showed	the	size	distribution	with	mean	diameter	of	
4.6	nm	and	standard	deviation	of	0.7	nm.	Considering	the	
smaller	 surface-to-volume	 ratio	 of	 the	 PdRu	 catalyst,	 the	
catalytic	activity	of	surface	Pd	atoms	 in	PdRu	system	was	
much	higher	than	that	in	monometallic	Pd	catalyst.	
	



 

	
Figure	5.	(a)	Pd	K-	and	(b)	Ru	K-edge	XANES	spectra.	(c)	Pd	
K-	 and	 (d)	 Ru	 K-edge	 FT-EXAFS	 spectra	with	 fitting	 data	
(dashed	curves).	
	
Table	1.	Structural	Parameters	of	PdRu/Al2O3	Obtained	
by	Curve-Fitting	Analysis	of	Pd	and	Ru	K-edge	EXAFS	
Edge	 Bond	 CN	 r	

(Å)	
σ2	
(Å2)	

R	
(%)	

Pd	K	 Pd–Pd	 8.9	
±	1.2	

2.74	
±	0.01	

0.0066	
±	0.0013	 4.9	

Ru	K	
Ru–Ru	 5.2	

±	0.7	
2.67	
±	0.01	

0.0082	
±	0.0015	 6.4	

Ru–O	 1.8		
±	0.7	

2.02		
±	0.03	

0.0077	
±	0.0074	

	
XAFS	analysis	of	PdRu/Al2O3	after	the	oxidative	homo-

coupling	of	benzene	revealed	that	the	oxidation	states	of	Pd	
and	Ru	did	not	significantly	change.	Pd	NPs	retained	the	me-
tallic	state	(Figure	S5a),	although	further	oxidation	of	Ru	
NPs	slightly	proceeded	(Figure	S5b).	

To	obtain	 insight	 into	 the	reaction	mechanism,	kinetic	
isotope	 effect	 (KIE)	 was	 evaluated	 for	 PdRu/Al2O3	 and	
Pd/Al2O3	by	comparing	 the	reaction	rate	 for	benzene	and	
benzene-d6	(Figure	6a).	Both	bimetallic	and	monometallic	
catalysts	showed	clear	KIE	(PdRu:	3.3,	Pd:	5.0),	 indicating	
that	 the	 cleavage	 of	 aryl	 C–H	 bond	was	 rate-determining	
step.	According	to	the	results	of	control	experiments	illus-
trated	 in	Figure	6b,	acetic	acid	was	 indispensable	 for	 the	
oxidative	homocoupling.	Figure	6c	summarizes	the	TONs	of	
PdRu/Al2O3	 for	 the	 reactions	with	mono-substituted	ben-
zenes.	There	was	a	trend	that	electron	withdrawing	groups	
increased	 the	 reactivity,	 although	 the	 unsubstituted	 ben-
zene	showed	much	higher	TON	(453)	under	the	same	con-
ditions	probably	due	to	the	steric	effect.	The	primary	KIE,	
pivotal	role	of	acetic	acid,	and	substituent	effect	 indicated	
that	the	C–H	bond	activation	proceeded	by	concerted	meta-
lation	 deprotonation	 (CMD)	 mechanism	 (Figure	 7,	 step	

(ii)).44–48	The	lower	KIE	of	the	PdRu	catalyst	than	that	of	the	
Pd	catalyst	suggested	the	promotion	of	C–H	bond	activation	
step	by	Ru.	Arrhenius	plot	of	PdRu-	and	Pd-catalyzed	oxida-
tive	homocoupling	of	benzene	 revealed	 that	 the	apparent	
activation	energy	for	Pd/Al2O3	(114	kJ/mol)	was	decreased	
by	Ru	 to	73	kJ/mol	 (Figure	6d).	 Considering	 the	 catalyst	
structure	 clarified	 by	HAADF-STEM,	 EDS,	 and	 XAFS	 anal-
yses,	 it	was	 proposed	 that	 the	 electron	 deficient	 Pd	 sites	
generated	by	the	surface	modification	by	partially	oxidized	
Ru	clusters	worked	as	the	active	site	for	C–H	bond	activa-
tion	with	decreased	activation	barrier	(Figure	7).	The	pres-
ence	of	electron	deficient	Pd	in	PdRu/Al2O3	was	supported	
by	the	results	of	X-ray	photoelectron	spectroscopy	(XPS)	in	
Figure	S7.	The	plausible	 catalytic	 cycle	was	 illustrated	 in	
Figure	 7:46,48	 surface	 oxidation	 by	 O2	 in	 the	 presence	 of	
AcOH	 generates	 Pd–OAc	 site	 (step	 (i));	 the	 C–H	 bond	 of	
arene	is	activated	by	CMD	mechanism	(step	(ii));	the	second	
arene	 is	 activated	similarly	 (step	 (iii));	 reductive	elimina-
tion	produces	biaryls	and	recovers	the	catalyst	(step	(iv)).	
The	surface	oxidation	of	Pd	by	O2	in	acetic	acid	(step	(i))	was	
confirmed	by	XPS	(Figure	S8).	
	

	
Figure	6.	(a)	Kinetic	isotope	effect	and	(b)	Arrhenius	plot	of	
the	 oxidative	 homocoupling	 of	 benzene	 catalyzed	 by	
PdRu/Al2O3	and	Pd/Al2O3.	
	



 

	
Figure	7.	Proposed	reaction	mechanism.	
	

The	proposed	C–H	bond	activation	mechanism	(Figure	
7,	step	(ii))	was	supported	by	theoretical	calculations	based	
on	density	functional	theory	(DFT).	DFT	calculations	were	
carried	out	by	Gaussian	16	program49.	PBE	functional50	and	
basis	 sets	of	LANL2DZ	(Pd,	Ru),	6-31G(d,p)	 (C,	H),	and	6-
31+G(d)	(O)	were	applied	 for	optimization	and	frequency	
calculations.	 Electronic	 energies	 were	 obtained	 by	 single	
point	 calculations	 using	 PBE-D3	 functional50,51	 and	 basis	
sets	 of	 cc-pVTZ-PP	 (Pd,	 Ru),	 cc-pVTZ	 (C,	 H),	 and	 aug-cc-
pVTZ	(O).	Solvent	effects	on	the	electronic	energies	were	in-
cluded	by	polarizable	continuum	model	(PCM)	with	param-
eters	for	benzene.	The	structures	of	Pd	clusters	have	been	
studied	 by	 DFT	 calculations	 with	 PBE	 functional.52,53	 We	
employed	 the	most	 stable	 isomer	of	Pd10	with	pseudo-C3v	
symmetry	recently	reported	by	Da	Silva	as	a	model	of	pure	
Pd	catalyst	(Figure	S6a).53	The	model	of	bimetallic	catalyst	
was	constructed	by	attaching	oxidized	Ru(IV)	to	the	surface	
of	the	Pd10	cluster	(Figure	S6b).	Gibbs	energies	of	the	struc-
tural	isomers	of	the	bimetallic	model	were	compared	(Fig-
ure	S7)	and	the	most	energetically	 favorable	one	(isomer	
#1)	was	applied	in	this	study.	The	surface	decoration	of	Pd10	
core	by	oxidized	Ru	did	not	induce	significant	change	of	the	
core	structure.	The	Pd10	core	in	the	bimetallic	system	was	
positively	charged	and	the	net	charge	was	calculated	to	be	
0.817	by	natural	bond	orbital	(NBO)	analysis	(Figure	S11a).		

Gibbs	free	energies	of	C–H	activation	for	different	initial	
structures	were	systematically	calculated	for	monometallic	
and	bimetallic	systems	(Table	S4,	Figures	S12–S23).	Fig-
ure	8	illustrates	the	most	energetically	favorable	pathways	
in	both	systems.	The	bimetallic	model	showed	a	lower	acti-
vation	Gibbs	energy	(133	kJ/mol)	than	that	of	monometallic	
system	(148	kJ/mol),	which	is	qualitatively	consistent	with	
experimental	 results.	 The	 Pd	 cluster	 core	 in	 A-TS1	 was	
more	positively	charged	than	that	 in	B-TS1	(Figure	S11),	
whereas	 the	 geometric	 structures	 of	 the	 transition	 states	
were	similar.	Therefore,	the	decrease	of	activation	barrier	
was	ascribed	to	the	electron	deficient	state	of	the	Pd	core	
induced	by	oxidized	Ru.	Thus,	DFT	calculations	supported	
the	proposal	that	electron	deficient	Pd	site	acts	as	the	active	
site	for	C–H	bond	activation	on	PdRu/Al2O3.	The	transition	
state	structures	were	 further	analyzed	by	More	O’Ferrall-

Jencks	 plot	 (Figure	 S15a).39,54–56	 Since	A-TS1	 and	B-TS1	
were	located	at	the	CMD	region	(Figure	S15b),	CMD	mech-
anism	was	supported	by	theoretical	results	as	well	as	exper-
imental	observations.	
	

	
Figure	8.	Free	energy	profiles	of	the	benzene	C–H	bond	ac-
tivation	by	(a)	Pd10Ru1O3(OH)1	and	(b)	Pd10	model	clusters.	
	

The	 applicability	 of	 PdRu/Al2O3	 catalyst	 to	 simple	
arenes	(1a–1g)	was	tested	and	summarized	in	Table	2.	Pd-
based	TON	of	PdRu/Al2O3	for	benzene	reached	453	with	the	
reaction	conditions	described	in	Table	2.	TONs	of	reported	
metal	NP	catalysts	for	arene	homocoupling	are	described	in	
Table	S6.	It	was	confirmed	that	oxidative	homocoupling	of	
mono-substituted	 (1b–1e)	 and	 di-substituted	 (1f)	 ben-
zenes	 proceeded	 with	 the	 PdRu	 catalyst	 and	 that	 high	
(>100)	TON	was	achieved	for	some	substrates	(1b–1d).	The	
trend	of	reactivity	suggested	that	both	electronic	and	steric	
effects	of	substituents	have	large	impact.	When	using	diphe-
nyl	ether	(1g)	as	a	substrate,	intramolecular	C–H/C–H	cou-
pling	 to	 dibenzofurane	 proceeded	 with	 very	 high	 TON	
(>1000).		
	
Table	2.	Substrate	scopea	



 

	
aConditions:	metal	(10	µmol),	arene	(34	mmol),	acetic	acid	
(1	mL),	O2	(0.8	MPa),	150	°C,	24	h.	Product	selectivity	of	sub-
stituted	benzenes	was	summarized	in	Table	S4.	
	
Conclusions.	 In	summary,	we	developed	Al2O3-supported	
Pd-Ru	 bimetallic	 catalyst	 by	 simple	 co-reduction	method.	
The	PdRu/Al2O3	catalyst	showed	high	TONs	for	the	oxida-
tive	homocoupling	of	simple	arenes,	due	to	the	synergy	be-
tween	Pd	and	Ru.	HAADF-STEM,	EDS,	and	XAFS	analyses	re-
vealed	 that	 the	 surface	 of	 cuboctahedral	 Pd	NPs	 (16	nm)	
was	decorated	by	partially	oxidized	Ru	clusters	 (2.3	nm).	
KIE	and	the	effects	of	acetic	acid	and	substituents	indicated	
that	C(aryl)–H	bond	cleavage	was	the	rate-determining	step	
of	PdRu/Al2O3-catalyzed	oxidative	homocoupling	and	pro-
ceeded	by	CMD	mechanism.	Arrhenius	plot	revealed	the	de-
crease	of	apparent	activation	energy	by	Ru	from	114	kJ/mol	
(Pd/Al2O3)	to	73	kJ/mol	(PdRu/Al2O3).	It	was	proposed	that	
the	 surface	modification	 by	partially	 oxidized	Ru	 clusters	
generates	electron	deficient	Pd	sites	working	as	the	active	
site	for	C–H	bond	activation.	DFT	calculations	on	model	sys-
tems	supported	the	proposed	mechanism.	
	
Materials	and	Methods.	Detailed	description	of	used	ma-
terials,	experimental	methods,	and	theoretical	calculations	
was	included	in	the	Supporting	Information.	
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