
Published: September 28, 2011

r 2011 American Chemical Society 10718 dx.doi.org/10.1021/ic201207x | Inorg. Chem. 2011, 50, 10718–10723

ARTICLE

pubs.acs.org/IC

Photo- and Electrochemical Redox Behavior of Cyclometalated Ru(II)
Complexes Having a 3-Phenylbenzo[b][1,6]naphthyridine Ligand
Sumanta Kumar Padhi and Koji Tanaka*

Department of Life and Coordination-Complex Molecular Science, Institute for Molecular Science, 5-1, Higashiyama, Myodaiji,
Okazaki, Aichi 444-8787, Japan

bS Supporting Information

1. INTRODUCTION

At present, the world highly demands renewable energy
resources for the storage of solar energy. One of the key
interests for environmental scientists is to find out the
alternative sources for the utilization of light driven energy
in the form of chemical energy.1 In the realm of coordination
chemistry ruthenium-poly pyridyl complexes have been paid
superior attention for molecular light-to-chemical energy
conversion because of their unique photophysical properties
and chemical stabilities.2 The photoinduced proton coupled
“multielectronic reservoirs” of ruthenium complexes are far
less common.3 The Brewer,4 MacDonnell,5 Nocera,6 and
Rau7 groups have reported the storage of more than one
photoexcited electron into the π* orbital of the poly pyridyl
ligands in the presence of sacrificial electron donors upon
irradiation with visible light. Very recently our group has
developed two, four, and six reversible electron storing ability
of [Ru(bpy)2(pbn)](PF6)2, [Ru(bpy)(pbn)2](PF6)2, and
[Ru(pbn)3](PF6)2 (pbn = 2-(2-pyridyl)benzo[b]-1,5-naphthy-
ridine), respectively.8 However, there are no reports of the photo-
chemical redox behavior of a cyclometalated complex. Recently we
have reported the two electron reduction of the cyclometalated
complex [Ru(pad)(bpy)2]PF6 to [Ru(padHH)(bpy)2]PF6
under controlled potential electrolysis at �1.5 V vs SCE
(pad = 2-(pyridin-2-yl)acridine; padHH = 2-(pyridin-2-yl)-9,10-
dihydroacridine).9 In this Article we report the synthesis, char-
acterization, and the proton coupled two electron reduction
of [Ru(phbn)(bpy)2]PF6 ([1]PF6; phbn = 3-phenylbenzo-
[b][1,6]naphthyridine).

2. RESULTS AND DISCUSSION

2.1. Syntheses. The ligand 3-phenylbenzo[b][1,6]naph-
thyridine (phbn) was synthesized according to the synthetic
procedure outlined in Scheme 1. A reaction mixture of 2-(2-
phenylethynyl)quinoline-3-carbaldehyde and K2CO3 in ethanol
upon condensation with an excess aqueous NH3 solution at
80 �C affords an yellowish microcrystalline product of 3-phen-
ylbenzo[b][1,6]naphthyridine (phbn) (Yield: 47%). Treatment
ofphbnwith [(η6-C6H6)RuCl2]2,NaPF6, andNaOH in acetonitrile
provides [Ru(phbn)(CH3CN)4]PF6 (Yield: 97%). Further addi-
tion of 2 equiv of 2,20-bypiridyl with [Ru(phbn)(CH3CN)4]-
PF6 in 2-methoxyethanol gives [Ru(phbn)(bpy)2]PF6 ([1]PF6)
(Yield: 72%) (Scheme 2).
The complex [1]PF6 was reduced to [Ru(phbnHH)-

(bpy)2]PF6 ([1HH]PF6) by chemical, electrochemical, and
photochemical methods (Scheme 3). By the treatment of
[1]PF6 with NaBH4 in methanol/H2O mixture (9:1 v/v) under
nitrogen atmosphere, [1HH]PF6 was isolated in a very good
yield of 80%. The purple color of [1]PF6 gradually turned to
brownish red under the controlled potential electrolysis at �1.15 V

Scheme 1. Synthesis of Ligand phbn
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ABSTRACT: Cyclometalated Ru(II) complexes having a
3-phenylbenzo[b][1,6]naphthyridine (phbn) ligand have been
synthesized and characterized by spectroscopic methods. The
photo- and electrochemical redox behavior of the complexes are
demonstrated. Complex [Ru(phbn)(bpy)2]PF6 ([1]PF6) read-
ily undergoes proton coupled two electron reduction by chemi-
cal, electrochemical, and photochemical methods to generate
[Ru(phbnHH)(bpy)2]PF6 ([1HH]PF6). The photochemical
oxidation of [1HH]PF6 was also observed in presence of p-
chloranil.
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(vs SCE) in CH3CN/H2O (9:1 v/v) containing Bu4NPF6 as a
supporting electrolyte (0.1 M), and [1HH]PF6 was produced after
consumption of 2 equiv of electrons in the electrolysis (Yield 55%).
The high-resolution electrospray ionization (HR-ESI) mass spectra,
cyclic voltammogram, and theUV�vis spectra of the resultant product
are consistent with those of [1HH]PF6 obtained by the chemical
reductionmethod. The 1HNMR spectrumof [1HH]PF6 inCD3OD
displayed 17 different signals with a total intensity of 29 protons, out of
which 27 are in the aromatic region generated from two bpy and a
phbnHH ligand. An AB patterned doublet was observed at 3.36 {1H,
d, (J, Hz) = 19.53}, 3.52 {1H, d, (J, Hz) = 18.93} ppm because of the
germinal coupling of the methylene protons.
2.2. Molecular Structure. In complex [1]PF6 3CH3COCH3,

the asymmetric unit consists of amono-cationic part [1]+, a PF6
�

counteranion, and an acetone as solvent of crystallization. Two
2,20-bipyridyl and one NC coordinating phbn generate a pseudo-
octahedral geometry at the metal center. A perspective view of
[1]+ is displayed in Figure 1a. Here Ru�N bond distances are
much longer than the σ-Ru1�C1 2.004(7) Å. A longer Ru1�N4
2.120(6) Å is due to the trans-influence of the σ-coordinated sp2-
C1 atom. The torsional angle 4.6(1)� between the two planes
due to the benzonapthyridine moiety and the phenyl plane is less
than that of the [Ru(phbn)(CH3CN)4]PF6 complex (see Support-
ing Information, Figure S5). The unit cell of [1HH]PF6 3CH3OH
consists of amono-cationic part [1HH]+, a PF6

� counteranion, and
a methanol as solvent of crystallization. The molecular representa-
tion of [1HH]+ has been displayed in Figure 1b. Because of the
trans-influence of σ-coordinated sp2-C1 atom, the Ru1�N4
2.102(2) Å is longer than the Ru1�C1 2.032(4) Å bond distance.
The torsional angle 2.1(1)� between the two planes due to the 5,10-
dihydro-benzo[b][1,6]naphthyridine moiety and the phenyl plane
is less than that of the [Ru(phbn)(CH3CN)4]PF6 as well as that of

the [1]PF6 complex. Crystal data and refinement parameters are
tabulated in Table 1. The most important thing to notice between
[1]+ and [1HH]+ is the carbon center C17,which is respectively sp2

and sp3 hybridized in these complexes. The bond lengths of
C10�C17 [1.377(11) and 1.426(7) Å] and C12�C17 [1.395-
(11) and 1.550(8) Å] significantly vary from the oxidized to the
reduced complex.
2.3. Optical Properties. In the visible region 400�600 nm

each of these complexes exhibits the metal-to-ligand charge-
transfer (MLCT) band. The intraligand charge transfer (ILCT)
peaks that appeared in the UV region of 250�280 nm are of
nfπ* (from phbn and phbnHH) origin (Figure 2 a, b, and c).
The πfπ* transitions occur in the 285�375 nm region. Under
protic conditions the UV�vis spectra of [1]PF6 shows a bath-
ochromic shift in the MLCT absorption band from 535 to
740 nm based on the phbn ligand as the color changes from
purple to orange. It causes the decrease of energy of theπ* orbital
in phbn after protonation, resulting in a red shift for the
Ru(t2g)fphbn(π*) orbital. The pKa of [1H]2+ was determined
to be 3.65 from the pH dependent UV�vis spectra in (CH3CN/
H2O (1:9, v/v) solution (Supporting Information, Figure S6).
The complex [1]PF6 exhibits emission maximum at 860 nm, and
[1HH]PF6 emits at 865 nm upon excitation at 550 nm (Table 2
and Supporting Information, Figure S7).
2.4. Photochemical Reduction and Oxidation. The contin-

uous photolysis at (λ g 420 nm) of a 0.1 mM solution of
[1]PF6 in CH3CN/Et3N or CH3CN/triethanolamine
(CH3CN/TEOA) (4:1, v/v) causes a decrease in the absorp-
tion bands of [1]+ (λmax = 550 nm) and the appearance of a
new species with bands (λmax = 425 nm) as shown in Figure 3
with a gradual change in color of [1]PF6 from purple to
brownish red (Table 3). The HR-ESI mass spectrum of the
final solution displayed a parent peak at m/z 671.15 found
671.18 (calculated with z = 1), consistent with the formation
of [1HH]+ by the reaction of two protons and two photo-
produced electrons (yield 57%). In our previous findings of
photochemical reduction of [Ru(bpy)2(pbn)]

2+, photoche-
mically generated [Ru(bpy)2(pbn

�•)]+ undergoes proton-
ation, and the resultant [Ru(bpy)2(pbnH

•)]2+ forms an
intermediate π 3 3 3 π dimer {[Ru(bpy)2(pbnH

•)]2+}2. The
subsequent proton coupled electron transfer between
the two [Ru(bpy)2(pbnH

•)]2+ moieties in the dimer causes
the disproportionation reaction to produce [Ru(bpy)2-
(pbnHH)]2+ and [Ru(bpy)2(pbn)]

2+. In the present study,
we could not observe any intermediate species in the absorp-
tion spectra during the photo irradiation. It is expected that
the one electron reduced species might be an unstable
species. Here we propose that (Scheme 4) the radical ligand
may generate upon the initial reduction, protonates (Step 1),
and then disproportionates (Kdis = 3.0 � 10�14; Kdis is the
disproportionation constant) through electron and proton
transfer to afford [1HH]+ and [1]+ (Step 2). The similar
proton-coupled two electron reduction of [1]+ to [1HH]+

was also observed in (acetone/TEOA) solution (4:1, v/v)
(Table 3). The (0�0) transition energy of [1]+ in CH3CN at
298 K is calculated to be 1.44 eV based on the emission
maximum 860 nm. The excited state redox potential for the
(RuII*/RuI) couple is correlated with E1/2 (phbn�•/phbn)
and Eem(0�0), eq 1,8a,11a and determined to be 0.83 V vs
SCE. The redox potential of the (RuII*/RuI) couple is located
at more positive potential than the oxidation potential of
sacrificial agents therefore indicates that electron transfer

Scheme 2. Synthesis of [Ru(phbn)(bpy)2]PF6 ([1]PF6)

Scheme 3. Synthesis of ([1HH]PF6)
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from TEA or TEOA to the ruthenium center is highly possible.

EðRuII�=RuIÞ ¼ E1=2ðphbn�•=phbnÞ þ Eemð0�0Þ ð1Þ

The photochemical reduction of [1]+ in CH3CN/Et3N solu-
tion (4:1, v/v) becomes faster in the presence of 1 equiv of

hydroquinone. The reduction process does not proceed only in
presence of hydroquinone without the sacrificial agent Et3N. It is
expected that the process is accelerated here because of the
proton source of hydroquinone. However under similar condi-
tion the presence of NAD+/NADH model ligand 2-(pyridin-
2-yl)-9,10-dihydroacridine (padHH) retards the photoreduction
process. This is due to the role of Et3N which usually accelerates
deprotonation of padHH rather immediate involvement as
sacrificial agent (Scheme S4).11b�d

The photochemical oxidation of [1HH]+ to [1]+ was also
observed in the presence of 1 equiv of p-chloranil. The final
product was isolated and confirmed from the HR-ESI mass

Figure 1. ORTEP (30% probability) of (a) [1]+ and (b) [1HH]+.

Table 1. Crystal Data and Refinement Parameters

[1]PF6 3CH3COCH3 [1HH]PF6 3CH3OH

CCDC number 809691 809692

empirical formula C41H33F6N6OPRu C39H33F6N6OPRu

formula weight 812.04 847.75

temperature (K) 153(2) 295(2)

wavelength, Å 0.71073 0.71073

crystal system monoclinic monoclinic

space group P21/c P21/c

a, Å 12.310(6) 10.327(3)

b, Å 27.225(12) 21.854(5)

c, Å 12.262(6) 15.447(4)

α, deg 90 90

β, deg 117.337(6) 96.185(3)

γ, deg 90 90

V, Å3 3651(3) 3465.9(16)

Z 4 4

Dcalc (g cm�3) 1.586 1.625

μ, (mm�1) 0.548 0.575
aGOF on F2 0.999 1.018

R [I > 2σ(I)] bR1 = 0.0678,
cwR2 = 0.1911

bR1 = 0.0430,
cwR2 = 0.1370

R indices (all data) bR1 = 0.0833,
cwR2 = 0.2201

bR1 = 0.0469,
cwR2 = 0.1406

aGOF = [∑w(Fo
2� Fc

2)2/(M�N)]1/2 (M = number of reflections,N =
number of parameters refined). bR1 = ∑||Fo| � |Fc||/∑|Fo|.

cwR2 =
[∑w(Fo

2 � Fc
2)2/∑w(Fo

2)].

Figure 2. UV�vis Spectra of (a) [Ru(phbn)(CH3CN)4]PF6, (b)
[1]PF6, and (c) [1HH]PF6 in 0.1 � 10�3 M CH3CN.

Table 2. Luminescence Dataa

complexes

λex
(nm)

λem
(nm)

λabs (nm)(ε [�104

M�1 cm�1]) Φ reference

[Ru(bpy)3](PF6)2 460 615 451(1.4) 0.062 10

[Ru(bpy)2(ppy)](PF6)2 545 800 546(1.0) 10

[Ru(phbn)(bpy)2]PF6 550 860 550(1.3) 0.005 this work

[Ru(phbnHH)(bpy)2]PF6 550 865 565(1.1) 0.006 this work

[Ru(pad)(bpy)2]PF6 535 750 530(0.78) 0.003 this work
aThe emission spectra were recorded in CH3CN at room temperature.
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spectra as well as protonNMR spectra (Yield 78%). The isolation
of two electron oxidized product [1]+ occurs with release of
hydride to p-chloranil. However the reaction does not proceed
under bare conditions upon irradiation. In this case the peak at
550 nm increases with a decrease in the intensity of the band at
450 nm which is similar to the UV�vis spectra of [1]+ after the
completion of the reaction. The redox potential of the (RuII*/
RuI) couple is much less compared to the oxidation potential of
phbnHH in [1HH]+ and consequently electron transfer from
phbnHH to the ruthenium center is not possible. Therefore, the
p-chloranil was chosen here as the oxidizing agent. Very recently
we have reported the cyclometalated complex [Ru(pad)-
(bpy)2]PF6 which does not undergo the photochemical reduc-
tion under similar conditions.9

2.5. Cyclic Voltammetry. The cyclic voltammogram of [1]-
PF6 in dry CH3CN exhibits the reversible (RuII/RuIII) redox
couple at E1/2 = +0.51 V(vs SCE). One reversible cathodic wave
at�0.92 V was observed due to (phbn/phbn�•) along with two
reversible (bpy, bpy/bpy�•, bpy) and (bpy�•, bpy/bpy�•,
bpy�•) redox couples at E1/2 = �1.72 V and �2.02 V, respec-
tively (Supporting Information, Figure S8). On addition of 2
equiv of acetic acid to the solution the cathodic peak at �0.92 V
underwent an anodic shift to �0.84 V. Consumption of 2F/mol
of electrons in the exhaustive controlled potential electrolysis of
1 mM [1]PF6 solution in CH3CN/H2O (9:1 v/v) containing
Bu4NPF6 as a supporting electrolyte (0.1 M) at �1.15 V (vs
SCE) clarified the irreversible redox reaction as proton coupled
two-electron reduction of phbn affording phbnHH. In case of
[1HH]PF6 the two redox couples at �1.67 and �1.92 V are
respectively due to the reduction of (bpy, bpy/bpy�•, bpy) and
(bpy�•, bpy/bpy�•, bpy�•) (Supporting Information, Figure S9).
An irreversible oxidation wave was observed at the anodic end

at +1.15 V and assigned to phbnHH based oxidation along
with the reversible redox couples for (RuII/RuIII) at +0.35 V and
a shoulder at +0.55 V assigned to (RuIII/RuIV). Over the pH
range g3.5, the slope of the redox potential of (RuIIphbn/
RuIIphbnHH) is �59 mV/pH in CH3CN/H2O (1:1 v/v)
containing 0.1 M phosphate buffer.
2.6. Electrochemical Reduction and Electronic Absorp-

tion. The electrolytic reduction 1.0 mM of [1]PF6 containing
Bu4NPF6 as a supporting electrolyte (0.1 M) in acetonitrile/
H2O (9:1 v/v) mixture under controlled potential electrolysis
was carried out at �1.15 V vs SCE under argon atmosphere at
25 �C. An electrolysis UV-cell of path length 0.05 cm which
consists of three components: the working (platinum mesh) and
the counter (platinum wire) electrodes was used. The reference
electrode (Ag/AgNO3, +0.30 V vs SCE) was separated from the
working compartment by a Vycor glass. In this case the peak at
550 nm decreases with an increase in the intensity of the band at
450 nm which is similar to the UV�vis spectra of [1HH]+ after
the completion of the reaction (Figure 4). The final product was
isolated and confirmed from the HR-ESI mass spectra as well as
proton NMR spectra.

3. EXPERIMENTAL SECTION

3.1. Instrumentation and Materials. All the manipulations
were carried out using standard Schlenk techniques under nitrogen
atmosphere. Solvents like dimethylformamide (DMF), diethylether,
dichloromethane, acetonitrile, methanol, ethanol, 2-methoxyethanol,
and hexane were dried, degassed, and stored under nitrogen atmosphere
prior to use. NMR spectra were recorded on a JEOL JNM-A500
spectrometer (500 MHz for 1H) at room temperature. High resolution
ESI mass spectra were recorded on a Waters Micromass LCT. The
UV�vis�NIR spectra were recorded on a Shimadzu UVPC-3100 PC

Figure 3. Change in UV�vis spectra of photoinduced reduction of [1]PF6 in 0.1 � 10�3 M (a) CH3CN/TEA 4:1 v/v, (b) CH3CN/TEOA 4:1 v/v
upon irradiation with hν g 420 nm; inset is the absorbance vs time profile at 550 nm.

Table 3. Reaction Conditions for the Photochemical Reduction of [1]PF6

sacrificial agent solventa additive time/h bkrelative/s

TEA CH3CN:TEA (4:1 v/v) none 13.0 �2.38 � 10�5

TEOA CH3CN:TEOA (4:1 v/v) none 11.0 �5.33 � 10�6

TEOA CH3COCH3:TEOA (4:1 v/v) none 7.0 �3.70 � 10�7

TEA CH3CN:TEA (4:1 v/v) hydroquinone 8.75 �6.27 � 10�5

TEA CH3CN:TEA (4:1 v/v) padHH 14.5 �2.57 � 10�5

aThe concentration of the solution was 0.1 � 10�3 M and irradiated with hν g 420 nm. b krelative is the 1st order rate constant for the photochemical
reduction of [1]PF6.
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UV�vis�NIR scanning spectrophotometer or on an Agilent 8543A
diode-array spectrophotometer. Emission spectra were recorded on a
JASCO FP-6600 spectrofluorometer. Both cyclic voltammetry and
controlled-potential electrolysis were carried out under argon atmo-
sphere. Cyclic voltammetry was carried out using an ALS/Chi model
660A electrochemical analyzer under argon atmosphere at 25 �C at a
scan rate of 50 mV in acetonitrile containing Bu4NPF6 as a supporting
electrolyte (0.1 M) with a complex concentration of 1.0 mM. The
working, auxiliary, and reference electrodes were AS Glassy Carbon
electrode, platinumwire, and Ag/AgNO3 (0.01M, BASRE-5, +0.30 V vs
SCE), respectively.
X-ray Crystallographic Analysis. X-ray data were collected at 100 K

(for [Ru(phbn)(CH3CN)4]PF6), at 153 K for [1]PF6 3CH3COCH3,
and at 295 K for [1HH]PF6 3CH3OH on a Rigaku Saturn CCD area
detector with graphite monochromatic Mo�Kα radiation (λ = 0.71070 Å)
and processed using Crystal Clear.12a The structure was solved by
direct method (SHELX-97) and expanded using Fourier techniques.
Non-hydrogen atoms located from the difference Fourier maps were
refined anisotropically by full-matrix least-squares on F2 using SHELXL-
97.12b All hydrogen atoms included at the calculated positions were

refined isotropically using a riding model. The CCDC numbers of the
complexes are 809690�809692.

Photochemical Reduction and Oxidation. Photochemical reduc-
tion of [1]+ were conducted in nitrogen-bubbled 0.1 mM CH3CN/TEA
(4: 1, v/v) or CH3CN/TEOA (4: 1, v/v) solution at 293 K and for the
oxidation of 0.1 mM CH3CN solution of [1HH]+ containing 1 equiv of
p-chloranil was irradiated with light through a cutoff filter (TOSHIBA
L-42) using a 150 W xenon lamp.

Electrochemical Reduction.The electrolytic reduction of [1]PF6 was
carried out in acetonitrile/H2O (9:1 v/v) mixture containing Bu4NPF6
as a supporting electrolyte (0.1 M) with a complex concentration of
1.0 mM under controlled potential electrolysis at�1.15 V vs SCE under
argon atmosphere at 25 �C. An electrolysis cell which consists of three
components: the working (glassy carbon) and the counter (platinum
plate) electrodes were separated by an anion-exchange membrane;
Nafion 117 was used. The reference electrode (Ag/AgNO3, +0.30 V
vs SCE) was separated from the working compartment by a Vycor glass.
3.2. General Procedures. The materials like 2-chloro-3-quinoline

carboxaldehyde13a and 2-(2-phenylethynyl)quinoline-3-carbaldehyde13b

were synthesized according to the literature procedures. The ligand
3-phenylbenzo[b][1,6]naphthyridine (phbn)13c was prepared using the
synthetic procedure outlined in Scheme 1. The details of synthesis are
provided in the Supporting Information. The complex syntheses are
mentioned in Scheme 2.

3.2.1. Synthesis of [Ru(phbn)(CH3CN)4]PF6. A suspension of [(η6-
C6H6)RuCl2]2 (0.256 g, 0.5 mmol), phbn (0.256 g, 1 mmol), NaOH
(0.04 g, 1 mmol), and NaPF6 (0.336 g, 2 mmol) in 60 mL of CH3CN
was stirred for 48 h at 60 �C. The crude mixture was purified by column
chromatography on neutral alumina using CH2Cl2/EtOH and isolated
as the pure product (0.650 g, 1.15 mmol, yield: 97%). The red colored
block like crystals of [Ru(phbn)(CH3CN)4]PF6 suitable for X-ray
crystallography were grown from the slow evaporation of acetonitrile
solution. HRMS (ESI): Calc. for C26H23N6Ru [Ru(phbn)(CH3CN)4]

+

m/z 521.10 found 521.19 and C24H20N5Ru [Ru(phbn)(CH3CN)3]
+

m/z 480.08 found 480.15. Calc. for C26H23F6N6PRu: %C 46.92, %H
3.48, %N 12.63; found %C 47.03, %H 3.51, %N 12.56. The 1H NMR
(500 MHz, CD3CN): δ, ppm (J, Hz): 1.95 (3H, s), 2.01(6H, s), 2.55
(3H, s), 6.99(1H, t, 7), 7.10 (1H, t, 7), 7.64 (1H, t, 7.63), 7.96 (3H, m),
8.16 (2H, t, 11.6), 8.34 (1H, s), 9.15 (1H, s), 10.00(1H, s).

3.2.2. Synthesis of ([1]PF6). To a solution of (0.400 g, 0.60 mmol) of
[Ru(phbn)(CH3CN)4]PF6 in 50 mL of 2-methoxyethanol was added
with (0.190 g, 1.2 mmol) of 2,20-bipyridyl and saturated aqueous
solution of NaPF6 (0.100 g, 0.6 mmol). The above reaction mixture

Scheme 4. Mechanistic Approach for the Photochemical
Reduction of [1]PF6

Figure 4. Electrochemical reduction of [1]PF6 in CH3CN:H2O (9:1) containing Bu4NPF6 as a supporting electrolyte (0.1 M) with a complex
concentration of 1.0 mM. (a) Absorbance vs time profile at 550 nm during controlled potential electrolysis. (b) The change in UV�vis spectra.
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was refluxed at 80 �C for 24 h. The crude product contains a mixture
which was evaporated to dryness and purified by column chromatogra-
phy on neutral alumina using CH2Cl2/EtOH by 99:1 (v/v) ratio to give
[1]PF6 of (0.350 g, 0.43 mmol, Yield: 72%). Block like dark crystals
suitable for X-ray analysis were isolated from the slow evaporation of
acetone solution of [1]PF6. HRMS (ESI): Calc. for C38H27N6Ru [1]

+

m/z 669.13 found 669.50. Calc. for C38H27F6N6PRu: %C 56.09, %H
3.34, %N 10.33; found %C 56.20, %H 3.71, %N 10.11. The 1H NMR
(500 MHz, CD3OD): δ, ppm (J, Hz): 6.15 (1H, d, 7.35), 6.55(1H, t,
12.33), 6.69 (1H, t, 7.95), 6.91�7.03 (3H, m), 7.21�7.32 (3H, m), 7.50
(1H, d, 5.5), 7.53�7.58 (2H, m), 7.61�7.66 (1H, m), 7.67�7.73
(3H, m), 7.77 (1H, d, 8.55), 7.81�7.85 (2H, m), 8.01 (1H, d, 5.45),
8.18(1H,s), 8.19�8.29(3H,m), 8.38�8.43(1H,m), 8.48(1H, s), 8.58 (1H, s).
3.2.3. Synthesis of ([1HH]PF6). A solution of [1]PF6 (0.100 g, 0.12

mmol) in a two-necked round-bottom flask containing 20 mL of
methanol/H2O (9:1 v/v) was purged under nitrogen for 30 min
at �10 �C. The solid NaBH4 (10 mg, 0.26 mmol) was directly added
into the solution allowed to stir for 3 h. A brownish red colored
precipitate was collected under centrifugation followed by washing with
ice-cold methanol/H2O (9:1 v/v) mixture to give pure [1HH]PF6 (0.08
g (0.100 mmol) Yield: 80%). Block like dark red color crystals suitable
for X-ray analysis were isolated from the slow evaporation of methanolic
solution of [1HH]PF6. HRMS (ESI): Calc. for C38H29N6Ru [1HH]+

m/z 671.15 found 671.18. Calc. for C38H29F6N6PRu: %C 55.95, %H
3.58, %N 10.30; found %C 55.74, %H 3.66, %N 10.14. The 1H NMR
(500 MHz, CD3OD): δ, ppm (J,Hz): 3.36 (1H, d, 19.53), 3.52 (1H, d,
18.93), 6.08 (1H,d, 6.75), 6.48�6.58 (4H, m), 6.70(1H, d, 6.7),
6.72(1H, s), 6.78 (1H, t, 7.62), 6.93�6.99 (4H, m), 7.04 (1H, s), 7.19
(1H, t, 6.4), 7.41�7.55 (5H, m), 7.60 (1H, d, 4.9), 7.71�7.76 (2H, m),
7.92 (1H, d, 4.9), 8.13(2H, t, 8.85), 8.24 (1H, d, 7.9), 8.33(1H, d, 8.55).

4. CONCLUSION

The continuous photoirradiation of ([1]PF6) in CH3CN/
Et3N or CH3CN/triethanolamine (CH3CN/TEOA) (4:1, v/v)
under visible light (λ g 420 nm) readily causes the proton
coupled two electron reduction with the generation of ([1HH]PF6).
The reduced complex ([1HH]PF6) was also obtained by chemical as
well as electrochemical methods. Photo-oxidation of [1HH]+ con-
taining 1 equiv of p-chloranil in CH3CN gives the two electron
oxidized product [1]+. The complex [1HH]+ is an example of two
electron reservoir and opens the path to study the utilization of this
multielectronic reservoir in various aspects. The photochemical
reduction of [1]+ is expected to proceed through (i) initial radical
formation, (ii) protonation, and (iii) disproportionation paths to
generate [1HH]+. A detailed study of the mechanistic path is
underway and will be published later.
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