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Fundamental	electron-transfer	and	proton-coupled	electron-
transfer	properties	of	Ru(IV)-oxo	complexes	
Hiroaki	Kotani,a	Hinatsu	Shimomura,a	Momoka	Horimoto,a	Tomoya	Ishizuka,a	Yoshihito	Shiota,b	
Kazunari	Yoshizawa,b	Sachiko	Yanagisawa,c	Yuka	Kawahara-Nakagawa,c	Minoru	Kuboc	and	
Takahiko	Kojima*a		

Isolation	and	characterization	of	RuIV(O)	complexes	were	accomplished	to	investigate	their	fundamental	electron	transfer	
(ET)	and	proton-coupled	ET	(PCET)	properties.	Reorganization	energies	(l)	in	electron	transfer	(ET)	and	proton-coupled	ET	
(PCET)	from	electron	donors	to	the	isolated	RuIV(O)	complexes	have	been	determined	for	the	first	time	to	be	in	the	range	
of	1.70–1.88	eV	(ET)	and	1.20–1.26	eV	(PCET).	It	was	suggested	that	the	reduction	of	the	l	values	of	PCET	in	comparison	
with	those	of	ET	should	be	due	to	the	smaller	structural	chage	in	PCET	than	that	in	ET	on	the	basis	of	DFT	calculations	on	1	
and	 1e–-reduced	 1	 in	 the	 absence	 and	 presence	 of	 TFA,	 respectively.	 In	 addition,	 the	 smaller	 l values	 for	 the	 RuIV(O)	
complexes	than	those	reported	for	FeIV(O)	and	MnIV(O)	complexes	should	be	due	to	the	lack	of	participation	of	ds	orbitals	
in	 the	 ET	 and	 PCET	 reactions.	 This	 is	 the	 first	 example	 to	 evaluate	 fundamental	 ET	 and	 PCET	 properties	 of	 RuIV(O)	
complexes	leading	to	further	understanding	of	their	reactivity	in	oxidation	reactions.			

Introduction	
High-valent	 metal-oxo	 complexes	 (Mn+(O))	 have	 been	
recognized	to	play	crucial	roles	 in	oxidation	reactions	as	a	key	
intermediate.1	So	far,	extensive	efforts	have	been	devoted	to	a	
development	 of	 Mn+(O)	 to	 elucidate	 their	 reactivity	 in	
oxidation	 reactions.2,3	 These	 oxidative	 reactions	 have	 been	
triggered	 by	 hydrogen-atom	 transfer	 from	 C-H	 bonds	 of	
organic	 substrates	 to	Mn+(O).	 In	 the	 course	 of	 the	 reactions,	
Mn+(O)	can	accept	a	proton	and	an	electron	as	a	net	hydrogen-
atom	 transfer	 (H•	 =	 H+	 +	 e–)	 via	 a	 proton-coupled	 electron	
transfer	 (PCET)	 mechanism.4	 As	 shown	 in	 Scheme	 1,	 PCET	
includes	 concerted	 proton-electron	 transfer	 (CPET),	 in	 which	
one	H+	and	one	e–	are	transferred	in	a	single	kinetic	step,	and	
stepwise	pathways	involving	electron	transfer	(ET)	followed	by	
proton	 transfer	 (PT)	 and	 PT	 followed	 by	 ET,	 which	 are	
mentioned	as	ET/PT	and	PT/ET,	respectively.	In	addition,	at	the	
beginning	 of	 CPET	 reactions	 by	 Mn+(O),	 the	 interaction	 of	
proton	with	 the	 oxo	 ligand	 should	 facilitate	 ET	 from	 electron	
donors	 to	 Mn+(O)	 to	 induce	 positive	 shifts	 of	 the	 redox	
potentials.4	 Therefore,	 the	 reactivity	 of	 Mn+(O)	 in	 oxidation	
reactions	is	related	to	their	controlling	factors	in	PCET.	
	 Recently,	 fundamental	 ET	 and	 PCET	 properties	 of	 Mn+(O)	
such	 as	 a	 reorganization	 energy	 (l),	 which	 is	 determined	 on	
the	basis	of	the	Marcus	theory	of	ET,	have	been	recognized	as			

Scheme	1	PCET	mechanism	by	metal-oxo	complexes	

	

one	 of	 factors	 to	 elucidate	 the	 reactivity	 of	 the	 Mn+(O)	
species.5,6	For	instance,	Mayer	and	co-workers	have	suggested	
that	the	rate	constants	in	hydrogen-atom	transfer	reactions	by	
Mn+(O)	 could	 be	 estimated	 on	 the	 basis	 of	 the	Marcus	 cross	
relation.3a,7	So	far,	the	l	values	of	ET	and	PCET	reactions	for	an	
FeIV-oxo	complex,	 [FeIV(O)(N4Py)]2+,	have	been	reported	to	be	
the	 same	 (l	 =	 2.74	 eV).6a,b	 The	 generality	 of	 the	 conclusion,	
however,	 has	 yet	 to	 be	 assured;	 because	 the	 PCET	 reactivity	
depends	on	the	proton	acceptability	of	the	basic	ligand	that	is	
the	oxo	ligand	for	Mn+(O)	and	the	electron-acceptability	of	the	
metal	 centre,8	 both	 of	 which	 depend	 on	 the	 metal	 centres.	
Thus,	investigation	on	ET	and	PCET	properties	of	Mn+(O)	is	still	
required	not	only	for	Mn+(O)	of	the	first-row	transition	metals	
but	for	that	of	the	second-row	transition	metals.	As	a	target	of	
the	 scrutiny	 on	 ET	 and	 PCET	 properties	 of	 the	 second-row	
Mn+(O),	 we	 have	 chosen	 RuIV(O)	 species.	 High-valent	 Ru-oxo	
complexes	 have	 also	 been	 intensively	 investigated	 as	 active	
species	 in	 substrate	 oxidation	 reactions.7a,9-12	 However,	 the	
determination	 of	l	 values	 of	 either	 ET	 or	 PCET	 reactions	 has	
yet	to	be	reported	for	high-valent	Ru-oxo	complexes.	
	 We	report	herein	the	first	determination	of	the	l	values	of	
ET	 and	 PCET	 for	 an	 isolated	 RuIV-oxo	 complex,	
[RuIV(O)(MeBPA)(bpy)]2+	 (1;	 MeBPA	 =	 N-methyl-N,N-bis(2-
pyridylmethyl)amine),	 bpy	 =	 2,2’-bipyridyl)	 and	 a	 well-known	
RuIV(O)	complex,	[RuIV(O)(bpy)2(py)]

2+	(2;	py	=	pyridine)7a,10a	as	
shown	in	Fig.	1.		

[Mn+(OH)]+ [M(n–1)+(OH)]

[Mn+(O)] [M(n–1)+(O)]–ET
PT

ET

+e–

+e–

+H+
PT
+H+

CPET
H+ + e–
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Fig.	 1	 Chemical	 structures	 of	 (a)	 [RuIV(O)(Mebpa)(bpy)]2+	 (1)	 and	 (b)	
[RuIV(O)(bpy)2(py)]2+	(2).		

Results	and	discussion	
Synthetic	procedures	

A	precursor	Ru(II)-aqua	complex,	[RuII(Mebpa)(bpy)(OH2)]
2+	(3),	

was	 prepared	 by	 following	 the	 reported	 procedure13	 and	 its	
crystal	structure	was	determined	by	X-ray	crystallography	(Fig.	
S1	 in	 the	 ESI†).	 As	 compared	 to	 the	 reported	 structure	 of	
[RuII(bpea)(bpy)(OH2)]

2+	 (bpea	 =	 N,N-bis(2-pyridylmethyl)-
ethylamine),13	 no	 structural	 change	 was	 observed	 by	
introducing	a	methyl	group	on	the	N	atom	instead	of	an	ethyl	
group.	 Then,	 synthesis	 of	 1	 was	 accomplished	 by	 addition	 of	
(NH4)2[Ce

IV(NO3)6]	 (CAN)	 as	 an	 oxidant	 to	 3	 in	 water	 as	
described	 in	 the	 experimental	 section.	 Similarly,	 complex	 2	
was	 synthesized	 by	 the	 reported	 procedure.10b	 Crystal	
structures	 of	 1	 and	 2	 were	 successfully	 determined	 by	 X-ray	
crystallography	 (Fig.	 2).	 Although	 complex	 2	has	 been	 known	
for	a	long	time,	this	is	the	first	report	on	the	crystal	structure.	
In	the	case	of	1,	the	oxo	ligand	located	at	the	trans	position	of	
the	 tertiary	 amino	 group	 of	 the	 Mebpa	 moiety	 as	 expected	
from	the	structure	of	3.	The	oxo	ligand	of	2	bound	at	the	trans	
position	of	one	of	pyridyl	moieties	of	the	bpy	ligands.	The	Ru-O	
bond	lengths	(1.769(5)	Å	for	1,	1.794(7)	Å	for	2)	are	within	the	
range	 of	 the	 previously	 reported	 values	 of	 RuIV(O)	 (1.718–
1.862	Å).12c	As	a	strong	evidence	to	support	the	formation	of	1,	
resonance	 Raman	 spectroscopy	 allowed	 us	 to	 observe	 a	
Raman	 scattering	due	 to	 the	RuIV(16O)	 vibration	 (nRu-O)	 at	 797	
cm–1,	which	shifted	 to	760	cm–1	 (Dn	=	37	cm–1)	 in	 the	case	of	
18O-labeled	 RuIV(18O)	 as	 shown	 in	 Fig.	 S2	 in	 the	 ESI†.10c	 The	
observed	 isotropic	 shift	 was	 consistent	 with	 the	 calculated	
value	(Dn	=	38	cm–1).	

	

Fig.	 2	 ORTEP	 drawings	 of	 a)	 [RuIV(O)(Mebpa)(bpy)]2+	 (1)	 and	 b)	
[RuIV(O)(bpy)2(py)]2+	(2).	Hydrogen	atoms	and	counter	ions	were	omitted	for	
clarity.	 (c)	An	ORTEP	drawing	of	2	with	50%	probability	 thermal	 ellipsoids.	
Hydrogen	atoms	and	counter	ions	were	omitted	for	clarity.	

Redox	Properties	of	RuIV(O)	complex	

	 The	 one-electron	 reduction	 potentials	 (Ered)	 of	 1	 and	 2	 in	
acetonitrile	(CH3CN)	at	298	K	were	determined	to	be	0.01	V	vs.	
SCE	 and	 0.17	 V,	 respectively,	 by	 cyclic	 voltammetry	 (CV)	 and	
square	 wave	 voltammetry	 (SWV)	 as	 shown	 in	 Fig.	 S3	 in	 the	
ESI†.	 The	 reversible	 redox	 couples	 indicate	 a	 formation	 of	
reduced	species	of	RuIV(O)	complexes	such	as	RuIII	complexes14	
are	both	stable	under	the	experimental	conditions.	
	 Next,	 chemical	 reduction	 of	1	 was	 performed	 by	 addition	
of	decamethylferrocene	 (Me10Fc;	Eox	=	–0.08	V	vs.	 SCE)

15	 to	1	
in	CH3CN.	The	ET	 reaction	was	confirmed	 to	be	a	1e–	process	
by	UV-vis	 spectral	 titrations	 of	Me10Fc,	where	 the	 absorption	
band	at	490	nm	due	to	RuIII	species	increases	accompanied	by	
an	 increase	 of	 the	 absorption	 band	 at	 780	 nm	 due	 to	 the	
corresponding	ferricenium	ion	(Me10Fc

+)	as	shown	in	Fig.	S4	in	
the	ESI†.	In	addition,	the	formation	of	the	RuIII	species	was	also	
confirmed	by	electron	spin	resonance	(ESR)	spectroscopy	(Fig.	
S5	in	the	ESI†).	The	observed	ESR	signal	at	g	=	1.91,	2.16,	and	
2.32	 is	 characteristic	 for	 Ru(III)	 species	 with	 the	 rhombic	
anisotropy.12b,16	 When	 octamethylferrocene	 (Me8Fc;	 Eox	 =	 –
0.04	 V	 vs.	 SCE)17	 was	 employed	 as	 an	 electron	 donor,	 the	
concentration	 of	 RuIII	 species	 increased	 with	 saturation	
behavior	rather	than	a	stoichiometric	reaction	(Fig.	S6a	 in	the	
ESI†),	 indicating	 that	 the	 ET	 reaction	 reached	 to	 an	 ET	
equilibrium.18	 The	ET	equilibrium	between	RuIV(O)	 and	Me8Fc	
was	analyzed	on	the	basis	of	the	Nernst	equation	(eqn	1),		
	

Ered’ = Eox + (RT/F)lnKet      (1) 
	
where	 F	 is	 the	 Faraday	 constant	 and	 Ket	 is	 an	 ET-equilibrium	
constant.17	The	Ket	value	was	determined	to	be	13	±	8	at	243	K	
by	 fitting	 the	 plot	 as	 shown	 in	 Fig.	 S6a	 in	 the	 ESI†.	 Based	 on	
eqn	1,	the	apparent	one-electron	reduction	potential	(Ered’)	of	
1	was	 determined	 to	 be	 0.01	 ±	 0.01	 V,	which	was	 consistent	
with	 that	 obtained	 by	 the	 aforementioned	 CV	measurement.	
In	addition,	the	Ered’	value	of	2	(0.14	V)	was	also	determined	by	
the	same	method	with	use	of	1,2,3,4,5-pentamethylferrocene	
(Me5Fc;	Eox	=	0.15	V	vs.	SCE)

19	as	an	electron	donor	(Fig.	S6b	in	
the	ESI†).	The	ET	equilibrium	between	RuIV(O)	complexes	and	
ferrocenes	indicates	the	formation	of	RuIII	species	including	the	
naked	oxo	moiety	as	a	RuIII(O)	complex	without	protonation	of	
the	oxo	ligand,	as	confirmed	by	DFT	calculations	including	two	
H2O	 molecules	 interacting	 with	 the	 oxo	 ligand	 via	 hydrogen	
bonding	(Fig.	3).	

	
Fig.	3	A	DFT	optimized	structure	of	RuIII(O)	with	two	hydrogen-bonded	H2O	
molecules.	

(a) (b)

RuIV
N

N
N
N
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(a) (b)
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ET	and	PCET	reactions	by	RuIV(O)	complex	

	 In	 order	 to	 determine	 the	 ET	 rate	 constants	 (ket)	 from	
electron	donors	to	1	and	2	 in	CH3CN,	we	employed	a	series	of	
ferrocenes	 (Me10Fc,	 Me8Fc,	 and	 Me5Fc)	 as	 electron	 donors.	
Upon	addition	of	Me8Fc	to	a	CH3CN	solution	containing	1,	we	
observed	the	increase	of	absorbance	at	490	nm	due	to	RuIII(O)	
and	 that	 at	 760	 nm	 due	 to	 Me8Fc

+	 (Fig.	 4).	 The	 ET	 reaction	
obeyed	 pseudo-first-order	 kinetics	 in	 the	 presence	 of	 excess	
Me8Fc	(Fig.	4c).	The	pseudo-first-order	rate	constant	(kobs)		

	
Fig.	4	(a)	Reaction	scheme	for	ET	reduction	of	1	by	Me8Fc.	(b)	UV-vis	spectral	
change	observed	upon	addition	of	Me8Fc	(1.25	mM)	to	a	CH3CN	solution	of	1	
(25	µM)	at	243	K.	(c)	The	time	profile	of	the	absorbance	at	l	=	490	nm.	(d)	A	
plot	of	kobs	vs.	[Me8Fc]	in	the	reaction	of	1	with	Me8Fc.	

increased	linearly	with	increasing	concentrations	of	Me8Fc	(Fig.	
4d).	 The	 second-order	 ET	 rate	 constant	 (ket)	 was	 determined	
from	the	slope	of	linear	correlation	of	kobs	vs.	[Me8Fc]	to	be	4.6	
×	 102	 M–1	 s–1.	 Similarly,	 ket	 values	 for	 other	 electron	 donors	

were	determined	(Figs.	S8	and	S9	in	the	ESI†)	as	summarized	in	
Table	1.	
	 Although	no	ET	 reaction	 to	1	was	observed	 in	 the	 case	of	
ferrocene	 (Fc;	 Eox	 =	 0.37	 V	 vs.	 SCE)

15	 as	 an	 electron	 donor,	
addition	 of	 trifluoroacetic	 acid	 (TFA)	 to	 a	 CH3CN	 solution	
containing	1	and	Fc	allowed	us	to	observe	a	PCET	reaction	by	
UV-vis	spectroscopy	(Fig.	S10	in	the	ESI†).	As	the	PCET	product	
derived	 from	 1,	 the	 RuII-OH2	 complex	 (3)	 was	 only	 observed	
without	any	intermediates.	In	addition,	the	PCET	reaction	was	
confirmed	to	be	a	2e–	pathway	by	spectroscopic	titration	using	
Me10Fc	 as	 an	 electron	 donor	 (Fig.	 S11	 in	 the	 ESI†).	 Thus,	 we	
conclude	 that	 the	 reduction	 of	 a	 RuIII	 intermediate	 is	 faster	
than	that	of	1	in	the	presence	of	TFA.		
	 Electrochemical	measurements	of	1	and	2	 in	the	presence	
of	 TFA	 (pKa	 =	 12.6	 in	 CH3CN)

20	were	performed	 to	 determine	
the	Ered	values	of	1	and	2	in	PCET	reactions.	The	Ered	value	of	1	
in	the	presence	of	TFA	([TFA]	=	2.5	mM)	was	determined	to	be	
0.69	V	in	CH3CN	at	298	K	with	a	large	positive	shift	(DEred	=	0.68	
V)	 in	 comparison	with	 that	 of	 1	 without	 TFA	 (Fig.	 S12	 in	 the	
ESI†).	 Under	 the	 same	 conditions,	 the	 Ered	 value	 of	 2	 was	
determined		
	

	
Fig.	 5	 CV	 traces	 for	1	 (1.0	mM)	 in	 the	presence	of	550	mM	acids:	 TFA	 (a),	
DCA	(b),	MCA	(c),	and	CH3COOH	(d)	in	CH3CN	containing	0.1	M	TBAPF6	as	an	
electrolyte	at	298	K.	(e)	A	plot	of	E	values	in	the	presence	of	acids	(550	mM)	
relative	to	pKa	values	of	the	acids	used.	

	
	
Table	1.	Ered	Values	of	Electron	Donors	and	Second-Order	Rate	Constants	(ket	and	kpcet)	in	ET	or	PCET	by	1	or	2	at	243	K	in	CH3CN.	

Electron	
Donor	

Eox	/		
V	vs.	SCE		

–DGet	/	eV	 ket	/	M
–1	s–1	 –DGpcet	/	eV	 kpcet	/	M

–1	s–1	

1	 2	 1	 2	 1	 2	 1	 2	

Me10Fc	 –0.08	 0.09	 0.22	 4.3	×	103		 2.1	×	105		 0.77	 0.84	 too	fast	 too	fast	

Me8Fc	 –0.04	 0.05	 0.18	 4.6	×	102	 2.3	×	103	 0.73	 0.80	 too	fast	 too	fast	

Me5Fc	 		0.15	 –0.14	 –0.01	 1.4	 7.2	 0.54	 0.61	 too	fast	 too	fast	

BrFc	 		0.54	 –0.53	 –0.40	 n.d.b	 n.d.b	 0.15	 0.22	 3.3	×	105		 1.4	×	106	

Br2Fc	 		0.72	 –0.71	 –0.58	 n.d.b	 n.d.b	 –0.03	 0.04	 2.1	×	104	 4.4	×	105	

Ph3N	 		0.83	 –0.82	 –0.69	 n.d.b	 n.d.b	 –0.14	 –0.07	 3.3	×	103	 2.0	×	104	

(MeO)3Ph
a	 		0.93	 –0.92	 –0.79	 n.d.b	 n.d.b	 –0.24	 –0.17	 2.7	×	10		 n.d.b	

a	1,2,4-trimethoxybenzene.	b	n.d.	denotes	not	determined.
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Fig.	6	(a)	Reaction	scheme	for	PCET	reduction	of	1	by	Ph3N	in	the	presence	
of	TFA.	(b)	UV-vis	spectral	change	observed	upon	addition	of	Ph3N	(3.5	mM)	
to	a	CH3CN	solution	containing	1	(25	µM)	and	TFA	(2.5	mM)	at	243	K.	Inset:	
The	time	profile	of	the	absorbance	at	l	=	464	nm.	(c)	A	plot	of	kobs	vs.	[Ph3N].		

	
Fig.	 7	A	plot	of	kobs	vs.	 [TFA]	 in	 the	PCET	reaction	 from	Ph3N	to	 (a)	1	 (0.05	
mM)	or	(b)	2	(0.03	mM)	in	the	presence	of	Ph3N	(2.5	mM)	in	the	presence	of	
TFA	in	CH3CN	at	243	K.	

to	be	0.76	V,	which	was	also	positively	shifted	by	0.62	V	from	
that	without	TFA.	When	TFA	 is	replaced	by	weaker	acids	 (550	
mM)	such	as	acetic	acid	(pKa	=	23.5),

20	monochloroacetic	acid	
(MCA;	 pKa	 =	 18.9),

20	 and	 dichloroacetic	 acid	 (DCA;	 pKa	 =	
15.9),20	the	Ered	value	of	1	is	lower	(0.55	V,	0.74	V,	and	0.81	V,	
respectively)	than	that	in	the	presence	of	550	mM	TFA	(1.04	V)	
(Fig.	5).	The	Ered	value	depends	on	pKa	values	with	the	slope	(–
43	mV/pKa),	 indicating	 that	 PCET	 reactions	 correlate	with	 the	
apparent	proton	concentration	([H+])	in	CH3CN.

6b			
	 On	the	basis	of	the	Ered	values	of	1	and	2	in	the	presence	of	
TFA	 (2.5	mM),	ET	 reactions	 from	several	electron	donors	 to	1	
and	 2	 were	 investigated	 in	 CH3CN	 at	 243	 K	 in	 light	 of	 the	
Marcus	 theory	of	ET.	Addition	of	 triphenylamine	 (Ph3N)	as	an	
electron	donor,	which	was	not	protonated	by	TFA,	to	1	 in	the	
presence	of	TFA	resulted	in	the	formation	of	3	at	464	nm	and	
Ph3N

•+	at	647	nm21	as	shown	in	Fig.	6.	The	second-order	PCET	
rate	constants	 (kpcet)	 for	electron	donors	were	determined	by	

the	 same	 procedures	 of	 ket	 determination,	 which	 are	
summarized	 in	Table	1	and	Figs.	S13	and	S14	 in	 the	ESI†.	The	
driving	 force	 (–DGpcet)	 of	 PCET	 was	 calculated	 based	 on	 the	
difference	 between	 Ered	 values	 in	 the	 presence	 of	 TFA	 (2.5	
mM)	and	Eox	values	of	electron	donors.	It	should	be	noted	that	
the	 Eox	 values	 of	 electron	 donors	 are	 not	 affected	 by	 the	
presence	of	TFA.	When	we	investigated	the	[TFA]	dependence	
of	the	kobs	value	for	PCET	from	Ph3N	to	1	and	2,	the	kobs	values	
showed	second-order	dependence	on	[TFA]	(Fig.	7).	This	result	
indicates	that	two	protons	are	involved	in	the	PCET	from	Ph3N	
to	RuIV(O)	species	(Fig.	6a),	whereas	the	amount	of	protonated	
RuIV(O)	species	is	negligible	to	be	detected	under	the	reaction	
conditions.6c		 The	 driving-force	 dependence	 of	 ket	 and	 kpcet	
values	was	analyzed	in	light	of	the	Marcus	theory	of	adiabatic	
ET	(eqn	2),	
	

k	=	Zexp[−(l/4)(1	+	DG/l)2/kBT]	 	 	 	 (2)	

	
where	Z	is	the	collision	frequency	(1	×	1011	M–1	s–1	in	CH3CN),	l	
is	 the	 reorganization	 energy	 of	 ET,	 kB	 is	 the	 Boltzmann	
constant,	and	T	is	the	absolute	temperature.22	The	l	values	of	
1	and	2	in	ET	were	determined	to	be	1.70	±	0.06	eV	and	1.88	±	
0.03	 eV,	 respectively,	 in	 CH3CN	 at	 243	 K	 on	 the	 basis	 of	 the	
Marcus	 plots	 in	 Fig.	 8.	 It	 should	be	noted	 that	 the	previously	
reported	l	values	of	FeIV(O),	MnIV(O),	and	CrV(O)	complexes	in	
ET	 are	 summerized	 in	 Table	 2.	 These	 l	 values	 of	 RuIV(O)	
complexes	in	ET	(1.70–1.88	eV)	were	clearly	smaller	than	those	
of	 FeIV(O)	 complexes	 (2.00–2.74	 eV)5b,17	 and	 MnIV(O)	
complexes	 (2.24–2.27	 eV)6d	 because	 of	 the	 lack	 of	
participation	 of	 ds	 orbitals	 in	 the	 ET	 reactions	 of	 Ru

IV(O)	
complexes.	 In	 addition,	 the	l	 values	of	1	 and	2	 in	PCET	were	
also	determined	to	be	1.26	±	0.04	eV	and	1.20	±	0.07	eV,	which	
are	 much	 smaller	 than	 those	 of	 ET.	 In	 sharp	 contrast	 to	 the	
cases	 of	 1	 and	 2,	 negligible	 changes	 of	 l	 values	 have	 been	
reported	 in	 the	 case	 of	 FeIV(O)	 and	 MnIV(O)	 complexes	 as	
shown	in	Table	2.	The	significant	difference	between	l	values	
of	RuIV(O)	complexes	in	ET	and	PCET	is	assumed	to	be	derived	
from	the	difference	of	averaged	structural	changes	before	and	
after	ET	or	PCET	reactions.	
	

	
Fig.	 8	Marcus	plots	of	 logket	 against	driving	 forces	of	ET	 for	ET	 reactions	1	
(blue	 circle)	 and	 2	 (light	 blue	 triangle)	 in	 CH3CN	 at	 243	 K,	 and	 those	 of	
logkpcet	 for	PCET	 reactions	 in	 the	presence	of	 TFA	 (2.5	mM)	1	 (red	 square)	
and	2	(orange	diamond)	in	CH3CN	at	243	K,	respectively.	
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Table	2.	Comparison	of	Ered	values	and	l	values	of	Mn+(O)	

Mn+(O)	 Ereda	/	V	 lET	/	eV	 lPCET	/	eV	 ref	
1	 0.01	 1.70	±	0.06	 1.26	±	0.04	 This	work	
2		 0.14	 1.88	±	0.03	 1.20	±	0.07	 This	work	

FeIV(O)(Bispidine)	 0.37-0.73	 2.00		–		2.28	 n.d.b	 5b	
FeIV(O)(N4Py)	 0.51	 2.74	±	0.06	 2.74	 6b,	17	
FeIV(O)(TMC)	 0.39	 2.37	±	0.04	 n.d.b	 17	
MnIV(O)(N4Py)	 0.80	 2.27	±	0.03	 2.20	±	0.02	 6d,6e	

MnIV(O)(BnTPEN)	 0.78	 2.24	±	0.03	 2.15	±	0.03	 6d,6e	
CrV(O)(TPA-COO)	 1.23	 1.03	±	0.05	 n.d.	 23	

a	Ered	values	(V	/	vs	SCE)	of	Mn+(O)	without	acids	b	n.d.	denotes	not	determined.	

Theoretical	calculations		

	 In	 order	 to	 gain	 deeper	 insights	 into	 the	 ET	 and	 PCET	
reactions	of	1,	DFT	calculations	were	performed	to	clarify	 the	
structural	 change	 between	 1	 and	 the	 RuIII(O)	 species	 in	 the	
absence	 and	 presence	 of	 two	 TFA	 molecules	 by	 comparing	
bond	lengths	around	the	Ru	centres.	In	the	absence	of	TFA,	the	
averaged	change	of	the	coordination	bond	lengths	around	the	
Ru	centre	 is	determined	to	be	0.058	Å	as	shown	in	Fig.	S15	in	
the	ESI†.	On	the	other	hand,	 the	RuIII-O	species	 is	protonated	
to	 be	 a	 RuIII(OH)	 complex	 in	 the	 presence	 of	 TFA	 as	
demonstrated	by	DFT	calculations	(Fig.	S16	in	the	ESI†).	In	this	
case,	 the	 hydrogen	 bonding	 of	 TFA	 with	 the	 oxo	 ligand	
elongates	 the	Ru-O	bond	 in	1	 prior	 to	 the	PCET	 reaction.	The	
elongation	should	cause	the	smaller	structural	change	in	PCET	
than	 that	 in	 ET	 as	 represented	 by	 the	 difference	 of	 the	
averaged	 bond	 length	 change	 of	 0.043	 Å	 in	 PCET	 (Fig.	 S16	 in	
the	ESI†)	than	that	(0.058	Å)	in	ET	mentioned	above.	The	order	
of	magnitudes	of	the	structural	changes	calculated	for	1	 in	ET	
and	PCET	is	consistent	with	that	of	the	l	values	of	ET	and	PCET	
obtained	by	the	kinetic	analysis	based	on	the	Marcus	theory	of	
ET.		

Conclusions	
In	 summary,	 we	 have	 successfully	 determined	 the	
reorganization	 energies	 (l)	 of	 ET	 and	 PCET	 of	 RuIV(O)	
complexes	in	light	of	the	Marcus	theory	of	ET	for	the	first	time.	
The	obtained	smaller	l	values	of	RuIV(O)	complexes	than	those	
of	 FeIV(O)	 and	 MnIV(O)	 complexes	 were	 interpreted	 by	 the	
smaller	 structural	 change	 for	 the	RuIV(O)	 complexes	 owing	 to	
the	 lack	 of	 participation	 of	 ds	 orbitals	 in	 the	 ET	 or	 PCET	
reactions.	In	addition,	the	l	value	of	PCET	for	1	is	much	smaller	
than	 that	 of	 ET	 to	 indicate	 that	 the	 PCET	 process	 for	 1	
proceeds	much	more	 effectively	 than	 ET	 in	 terms	of	 reaction	
rates.	 The	 determination	 of	 l	 values	 for	 RuIV(O)	 species	
reported	 here	 will	 contribute	 the	 further	 understanding	 the	
controlling	factors	in	oxidation	reactions	by	high-valent	Ru-oxo	
complexes.		

Experimental	Section	
General.	 UV-vis	 absorption	 spectra	 were	 measured	 in	
acetonitrile	 (CH3CN)	on	Agilent	8453	and	8454	 spectrometers	
at	 various	 temperatures	 with	 a	 cryostat	 (CoolSpek	 from	

UNISOKU)	 and	 a	 UNISOKU	 USP-SFM-CRD10	 double	 mixing	
stopped-flow	 apparatus	 at	 243	 K	 under	 N2.	

1H	 NMR	 spectra	
were	 recorded	on	a	Bruker	AVANCE400	 spectrometer.	CH3CN	
was	 distilled	 over	 CaH2	 under	 Ar	 prior	 to	 use.	 Toluene	 was	
distilled	 from	 Na/benzophenone	 under	 Ar	 before	 use.	
Chemicals	 were	 used	 as	 received	 unless	 otherwise	 noted.	
Mebpa24	and	[RuIIICl3(Mebpa)]25	were	synthesized	according	to	
literature	methods.	
[RuIICl(Mebpa)(bpy)](PF6).	 [Ru

IIICl3(Mebpa)]	 (502.0	 mg,	 1.19	
mmol)	 and	 LiCl	 (125.0	 mg,	 2.95	 mmol)	 were	 added	 in	 an	
EtOH:water	=	3:1	(v/v)	mixed	solvent	(120	mL),	and	stirred	for	
10	min	at	323	K.	NEt3	(0.4	mL,	0.287	mmol)	was	added	to	the	
reaction	mixture.	The	mixture	was	stirred	for	20	min	to	form	a	
dark	green	solution.	2,2’-Bipyridine	(247.5	mg,	1.56	mmol)	was	
added	to	the	reaction	mixture	and	refluxed	for	4	h	to	afford	a	
dark	red	solution.	The	reaction	mixture	was	concentrated	to	a	
small	volume	under	reduced	pressure.	NH4PF6	(797.5	mg,	4.89	
mmol)	in	water	was	added	to	the	solution	to	afford	the	brown	
precipitate.	 The	 precipitate	 was	 collected	 by	 filtration	 and	
dried	 under	 vacuum	 to	 obtain	 a	 dark	 red	 powder.	 The	 red	
powder	was	 recrystallized	 from	2-propanol,	 and	 the	 resulting	
precipitate	was	filtered	and	dried	under	vacuum	to	obtain	the	
reddish	 brown	 powder	 of	 the	 title	 compound	 in	 58%	 yield	
(447.6	mg,	0.69	mmol).	 1H	NMR	 (acetone-d6):	d	 2.13	 (s,	 3H,	 -
CH3),	4.38	(ABq,	4H,	J	=	16	Hz,	-CH2-),	7.42-7.53	(m,	6H,	bpy-3H,	
bpy-5H	 and	Mebpa-4H),	 7.84	 (t,	 2H,	 J	 =	 8.0	 Hz,	Mebpa-5H),	
8.04	(t,	2H,	J	=	8.0	Hz,	bpy-4H),	8.48	(d,	2H,	J	=	4.0	Hz,	Mebpa-
3H),	 8.70	 (d,	 2H,	 J	 =	 8.0	 Hz,	bpy-6H),	 9.62	 (d,	 2H,	 J	 =	 8.0	 Hz,	
Mebpa-6H).	 Anal.	 Calcd	 for	
C23H23ClF6N5PRu•0.75H2O•0.4acetone:	 C,	 42.27;	 H,	 3.94;	 N,	
10.18.	 Found:	 C,	 42.01;	 H,	 3.63;	 N,	 9.88.	 The	 amount	 of	
acetone	was	confirmed	by	1H	NMR	measurements	in	CD3OD.	
[RuII(Mebpa)(bpy)(OH2)](PF6)2	 (3•(PF6)2).	 A	 solution	 of	
[RuIICl(Mebpa)(bpy)](PF6)	(127.8	mg,	0.196	mmol)	in	water	(80	
mL)	was	stirred	for	1	h	at	323	K.	AgNO3	(37.3	mg,	0.220	mmol)	
in	water	was	added	to	the	mixture	and	the	mixture	was	heated	
at	 333	K	 for	5	h.	 The	 reaction	mixture	was	 filtered	 through	a	
filter	paper	to	remove	AgCl.	The	filtrate	was	concentrated	to	a	
small	volume	under	reduced	pressure.	NH4PF6	(307.7	mg,	1.89	
mmol)	in	water	was	added	to	the	concentrated	filtrate	and	the	
solution	was	cooled	in	a	refrigerator	to	form	a	red	precipitate.	
The	 red	 precipitate	 was	 collected	 by	 filtration,	 washed	 with	
water	and	dried	under	vacuum	to	obtain	a	red	powder	of	the	
title	compound	in	72%	yield	(110.4	mg,	0.142	mmol).	1H	NMR	
(D2O):	d	1.92	(s,	3H,	-CH3),	4.16	(s,	4H,	-CH2-),	7.37-7.49	(m,	6H,	
bpy-3H,	bpy-5H	and	Mebpa-4H),	7.79	(t,	2H,	J	=	8.0	Hz,	Mebpa-
5H),	 8.05	 (t,	 2H,	 J	 =	 8.0	 Hz,	 bpy-4H),	 8.50	 (d,	 2H,	 J	 =	 8.0	 Hz,	
Mebpa-3H),	8.57	(d,	2H,	J	=	8.0	Hz,	bpy-6H),	8.82	(d,	2H,	J	=	8.0	
Hz,	Mebpa-6H).	Anal.	Calcd	for	C23H25F12N5OP2Ru:	C,	35.49;	H,	
3.24;	N,	9.00.	Found:	C,	35.43;	H,	3.01;	N,	8.89.	

[RuIV(O)(Mebpa)(bpy)](PF6)2	 (1·(PF6)2).	
[RuII(Mebpa)(bpy)(OH2)](PF6)2	 (10.56	 mg,	 0.014	 mmol)	 was	
dissolved	 in	water	 (5	mL).	The	solution	was	stirred	for	50	min	
and	 (NH4)2[Ce

IV(NO3)6]	 (CAN)	 (15.88	 mg,	 0.029	 mmol)	 was	
added	 as	 an	 oxidant	 to	 the	 solution.	 Color	 of	 the	 solution	
changed	 from	 red	 to	 yellow.	 KPF6	 (5.67	 mg,	 0.031	 mmol)	
dissolved	in	water	was	added	to	the	reaction	mixture	and	the	
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solution	 was	 cooled	 in	 a	 refrigerator	 to	 form	 a	 light	 green	
crystal.	 The	 crystal	 was	 collected	 by	 filtration,	 dried	 under	
vacuum	 to	obtain	 a	 light	 green	 crystal	 in	 29%	yield	 (3.17	mg,	
0.004	mmol).	1H	NMR	(CD3CN):	d	–19.2,	11.7,	12.9,	17.4,	56.5.	
Anal.	 Calcd	 for	 C23H23F12N5OP2Ru:	 C,	 35.58;	 H,	 2.99;	 N,	 9.02.	
Found:	C,	35.31;	H,	2.86;	N,	9.22.	
[RuIV(O)(bpy)2(py)](ClO4)2.	 (2·(ClO4)2).	
[RuII(bpy)2(py)(OH2)](ClO4)2	 (2.43	 mg,	 0.003	 mmol)	 was	
dissolved	in	water	(2	mL).	The	solution	was	stirred	for	20	min,	
and	 CeIV(SO4)2•H2O	 (6.81	 mg,	 0.017	 mmol)	 was	 added	 as	 an	
oxidant	to	the	solution.	The	solution	was	stirred	for	20	min	and	
filtered	through	a	membrane	filter	to	remove	insoluble	solids.	
When	 the	 filtrate	 with	 1	 drop	 of	 sat.	 NaClO4	 was	 cooled	 at	
refrigerator	 for	 3	 days,	 a	 green	 crystal	 was	 appeared.	 The	
crystal	 was	 filtered	 and	 dried	 under	 vacuum	 to	 obtain	 green	
crystals	in	52%	yield	(1.10	mg,	0.2	µmol).	1H	NMR	(CD3CN):	d	–
41.3,	 –31.4,	 –28.1,	 –23.1,	 –19.2,	 –10.9,	 –8.6,	 6.6,	 12.6,	 12.8,	
13.0,	 13.7,	 14.7,	 18.2,	 26.2,	 51.0,	 53.7.	 Anal.	 Calcd	 for	
C25H21Cl2N5O9Ru•0.5H2O:	C,	41.91;	H,	3.10;	N,	9.78.	Found:	C,	
42.03;	H,	2.96;	N,	9.74.	
Me5Fc	 (1,2,3,4,5-pentamethylferrocene).	
Cyclopentadienyliron(I)	dicarbonyl	dimer	(533	mg,	1.51	mmol)	
was	 dissolved	 in	 distilled	 toluene	 (20	 mL)	 and	 1,2,3,4,5-
pentamethylcyclopentadiene	 (1.6	mL,	 9.86	mmol)	was	 added	
to	the	solution.	After	three	freeze-pump	thaw	(FPT)	cycles,	the	
solution	 was	 stirred	 for	 69	 h	 at	 353-363	 K.	 The	 reaction	
mixture	 was	 filtered	 through	 a	 filter	 paper	 to	 eliminate	
remaining	 FeI	 precipitate.	 The	 filtrate	 was	 concentrated	 to	 a	
small	volume	under	vacuum,	and	the	residue	was	dissolved	in	
small	 volume	of	hexane.	The	hexane	 solution	was	purified	by	
silica	 gel	 chromatography	 eluted	 with	 hexane	 including	 0.5%	
NEt3.	 The	 yellow	 fraction	 was	 collected	 and	 the	 solvent	 was	
evaporated	 under	 vacuum.	 The	 residual	 solid	 was	
recrystallized	from	acetone	and	H2O,	and	dried	under	vacuum	
to	obtain	yellow	powder	in	30%	yield.	1H	NMR	(acetone-d6):	d	
1.90	(s,	15H,	Cp*–),	3.66	(s,	5H,	Cp–).	Anal.	Calcd	for	C15H20Fe:	C	
70.33,	H	7.87;	Found:	C	70.38,	H	7.74.	
X-ray	 Crystallography.	 Red-colored	 single	 crystals	 of	
[RuII(Mebpa)(bpy)(OH2)](PF6)2	 were	 obtained	 by	
recrystallization	from	a	mixed	solvent	(EtOH:water	=	3:1	(v/v))	
with	 diffusion	 of	 AcOEt.	 Light-green-colored	 single	 crystals	 of	
1·(PF6)2	were	 grown	by	 cooling	 an	 aqueous	 solution	 of	 crude	
1·(PF6)2	 in	 a	 refrigerator	 overnight.	 Green-colored	 single	
crystals	 of	 2·(ClO4)2	 were	 grown	 by	 cooling	 an	 aqueous	
solution	of	2·(ClO4)2	with	1	drop	of	saturated	NaClO4	aqueous	
solution	 in	 a	 refrigerator	 for	 3	 days.	 A	 single	 crystal	 was	
mounted	on	a	mounting	loop.	X-ray	diffraction	measurements	
on	1·(PF6)2	and	 3·(PF6)2	were	performed	at	120	K	on	a	Bruker	
APEXII	Ultra	diffractometer	at	University	of	Tsukuba.	Those	on	
2·(ClO4)2	 were	 performed	 at	 93	 K	 on	 a	 Rigaku	 XtaLAB	 AFC12	
diffractometer	 at	 Rigaku	 Corp.,	 Akishima,	 Tokyo,	 Japan.	 The	
structures	were	solved	by	a	direct	method	(SIR-97	and	SHELXL-
97)26	 and	 expanded	 with	 differential	 Fourier	 technique.	 All	
non-hydrogen	 atoms	 were	 refined	 anisotropically	 and	 the	
refinement	was	carried	out	with	full	matrix	least	squares	on	F.	
All	 calculations	 were	 performed	 using	 the	 Yadokari-XG	
crystallographic	 software	 package.27	 In	 the	 structure	

refinements,	 the	 exact	 positions	 of	 the	 solvent	 molecules	 of	
crystallization	could	not	be	determined	because	of	their	severe	
disorder.	 Their	 contribution	 was	 thus	 subtracted	 from	 the	
diffraction	 pattern	 by	 the	 "Squeeze"	 program.28	
Supplementary	crystallographic	data	of	3·(PF6)2,	2·(ClO4)2,	and	
1·(PF6)2	 are	 available	 from	 the	 Cambridge	 Crystallographic	
Data	Center	as	CCDC	1881732-1881734,	respectively.	
Resonance	Raman	Spectroscopy	on	1.	Samples	were	prepared	
by	 the	 modified	 procedures	 as	 described	 above	 for	
[RuIV(16O)(Mebpa)(bpy)]2+.	 [RuIV(18O)(Mebpa)(bpy)]2+	 was	
prepared	 by	 changing	 H2

16O	 to	 H2
18O	 as	 an	 oxygen	 source.	

Resonance	Raman	 spectra	were	measured	 in	CD3CN	at	 243	K	
under	 photoexcitation	 at	 441.6	 nm	 with	 a	 He-Cd	 laser	
(Kimmon	 Koha,	 IK5651R-G),	 dispersed	 by	 a	 single	
polychromator	 (Ritu	 Oyo	 Kougaku	 Co.,	 Ltd.,	 MC-100DG)	 and	
detected	 by	 a	 liquid-nitrogen-cooled	 CCD	 detector	 (HORIBA	
JOBIN	 YVON,	 Symphony	 CCD-1024	 ×	 256-OPEN-1LS).	 Raman	
shifts	were	 calibrated	 using	 indene	 and	 carbon	 tetrachloride,	
providing	an	accuracy	of	±1	cm–1	for	intense	isolated	lines.	The	
measurements	were	performed	at	243	K	using	a	spinning	NMR	
tube	(outer	diameter	=	5	mm,	wall	thickness	=	0.2	mm)	at	135°	
scattering	geometry.			
Electrochemical	Measurements.	Cyclic	 voltammetry	 (CV)	 and	
square	wave	voltammetry	 (SWV)	measurements	were	 carried	
out	in	CH3CN	containing	0.1	M	TBAPF6	as	an	electrolyte	at	298	
K	 under	 Ar	 using	 a	 BAS	 ALS-710D	 electrochemical	 analyzer	
with	 a	 platinum	 working	 electrode,	 a	 platinum	 wire	 as	 a	
counter	 electrode,	 and	 Ag/AgNO3	 as	 a	 reference	 electrode.	
The	potentials	measured	were	 calibrated	 to	be	 those	 relative	
to	SCE	by	adding	0.29	V.29		

ESR	 Measurements.	 ESR	 spectra	 were	 recorded	 on	 a	 Bruker	
BioSpin	 X-band	 spectrometer	 (EMXPlus9.5/2.7)	 with	 an	
ESR900	helium-flow	cryostat	 (Oxford	 Instruments)	 in	a	quartz	
tube	 (o.d.	 =	 4	 mm).	 The	 magnitude	 of	 the	 modulation	 was	
chosen	to	optimize	the	resolution	and	the	signal	to	noise	(S/N)	
ratio	 of	 the	 observed	 spectrum	 under	 non-saturating	
microwave	 power	 conditions	 (microwave	 power,	 5.0	 mW;	
modulation	 amplitude,	 15.0	 G;	 modulation	 frequency,	 100	
kHz).	An	ESR	sample	of	RuIII	species	was	prepared	by	mixing	1	
(1.0	 mM)	 and	 1.0	 eq.	 of	 Me8Fc	 as	 a	 reductant	 in	 CH3CN	 at	
room	 temperature.	 After	 bubbling	 He	 into	 the	 prepared	
solution,	 the	 sample	 solution	was	 transferred	 in	 quartz	 tubes	
under	He	atmosphere.	
Computational	Methods.	 All	 calculations	 were	 performed	 by	
the	 Gaussian	 16	 program	 package.30	 We	 optimized	 local	
minima	on	the	potential	energy	using	the	B3LYP	method.31	For	
the	Ru	atom,	we	used	the	SDD	basis	sets,32	and	for	the	H,	C,	N,	
O,	 and	 F	 atoms,	 we	 used	 the	 D95**	 basis	 set.33	 Vibration	
frequencies	were	 systematically	 computed	 in	order	 to	ensure	
that	 on	 a	 potential	 energy	 surface	 each	 optimized	 geometry	
corresponds	 to	 a	 local	 minimum	 that	 has	 no	 imaginary	
frequency.	Solvent	effect	of	acetonitrile	was	included	using	the	
corresponding	polarizable	continuum	model	(PCM).34	
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Reorganization	energies	(l)	of	electron	transfer	(ET)	
and	proton-coupled	ET	(PCET)	from	electron	donors	to	
isolated	RuIV(O)	complexes	were	determined	to	be	in	
the	range	of	1.70–1.88	eV	(ET)	and	1.20–1.26	eV	(PCET).	
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