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ABSTRACT: A series of phosphine-substituted ruthenium poly-
pyridine complexes, cis(P,Cl)-[Ru(trpy)(Pqn)Cl]PF6 (cis-Cl), trans-
(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)](PF6)2 (trans-PN), cis-
(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)](PF6)2 (cis-PN), and [Ru-
(trpy)(dppbz)(MeCN)](PF6)2 (PP), were synthesized and
crystallographically characterized (trpy = 2,2′:6′,2″-terpyridine,
Pqn = 8-(diphenylphosphanyl)quinoline, and dppbz = 1,2-bis-
(diphenylphosphanyl)benzene). In electrochemical measurements
for cis-PN and PP, the reduction of cis-PN resulted in the formation
of trans-PN via cis−trans isomerization and that of PP proceeded
via a two-electron-transfer reaction. The mechanism of the
electrochemical behaviors is discussed through consideration of
five-coordinated species, [Ru(trpy)(Pqn)]n+ or [Ru(trpy)(dppbz)]n+ (n = 0−2), formed by liberation of a monodentate labile
ligand.

■ INTRODUCTION
Ruthenium(II) polypyridine complexes have been studied to
gain knowledge of fundamental coordination chemistry,
electrochemistry, photochemistry, and photophysics1,2 and
also to find potential applications to energy conversion,
luminescent sensors, electroluminescence displays, and bio-
technology.3−6 Of particular interest are ruthenium(II)
complexes containing tridentate and bidentate polypyridine
ligands and a monodentate labile ligand, [Ru(N−N−N)(N−
N)(L)]n+ (N−N−N = tridentate polypyridine ligand, N−N =
bidentate polypyridine ligand, and L = monodentate labile
ligand), because these complexes can act as catalysts for
chemical conversions such as oxidation,7−10 reduction,11−13 and
photoinduced reactions.14

Ruthenium(II) phosphine complexes are also attractive
targets for potential applications to photophysics15 and
catalysis16−19 because the introduction of phosphine ligands
can control electronic structures of the ruthenium center due to
σ-donating and π-accepting abilities. Thus, the introduction of
phosphine ligands to ruthenium(II) polypyridine complexes
should be one of the key strategies in developing metal
complexes with novel properties and reactivities. In fact, there

have been several examples of ruthenium(II) polypyridine
complexes containing monodentate phosphine ligands.20,21

However, surprisingly, few studies examining substitution of
phosphine for pyridine moiety in [Ru(N−N−N)(N−N)-
(L)]n+-type complexes have been reported; there have been
only a few studies of diphosphine-coordinated ruthenium(II)
polypyridine complexes, [Ru(N−N−N)(P−P)(L)]2+ (P−P =
diphosphine ligand), and no crystal structures have been
reported.22 In addition, no studies involving the introduction of
only one phosphine moiety into [Ru(N−N−N)(N−N)(L)]n+-
type complexes, e.g., [Ru(P−N−N)(N−N)(L)]2+ or [Ru(N−
N−N)(P−N)(L)]2+, have been reported. Thus, the inves-
tigation of phosphine-substituted [Ru(N−N−N)(N−N)-
(L)]n+-type complexes is important not only for the design
and development of new catalysts but also for an understanding
of their basic properties.
This report describes the syntheses, structural character-

ization, and electrochemical and spectroscopic properties of a
series of ruthenium(II) polypyridine complexes containing 8-
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(diphenylphosphanyl)quinoline (Pqn), cis(P,Cl)-[Ru(trpy)-
(Pqn)Cl]PF6 (cis-Cl) and trans(P,MeCN)- and cis(P,MeCN)-
[Ru(trpy)(Pqn)(MeCN)](PF6)2 (trans-PN and cis-PN, trpy =
2,2′:6′,2″-terpyridine), or 1,2-bis(diphenylphosphanyl)benzene
(dppbz), [Ru(trpy)(dppbz)(MeCN)](PF6)2 (PP) (Scheme 1).

Effects of the number and position of phosphine donors on the
structures and electronic properties also were investigated on
the basis of comparisons with [Ru(trpy)(bpy)(MeCN)](PF6)2
(NN).9,12,13,23,24 Control over the spectroscopic and electro-
chemical properties is expected to be achieved by changing the
number and position of phosphine donors in [Ru(N−N−
N)(N−N)(L)]n+-type complexes. Indeed, characteristics of
crystal structures and spectroscopic properties were simply
explained through σ donation and π back-donation of
phosphine donors. However, the electrochemical measure-
ments of these complexes showed distinct behavior in their
reduction reactions; reduction of cis-PN resulted in cis−trans
isomerization to trans-PN, and that of PP proceeded via a two-
electron-transfer reaction (Scheme 2). The mechanism of these
electrochemical behaviors was explained in conjunction with
the liberation of a monodentate labile ligand.

■ RESULTS
Synthesis. trans-PN, cis-PN, and PP were synthesized

according to the reactions shown in Scheme 3, while NN was
prepared by a method reported previously.25 The unsym-
metrical bidentate Pqn ligand, which contains diphenylphos-
phanyl and quinolyl groups, was used for the syntheses of the
two geometrical isomers trans-PN and cis-PN and can form a
strain-free five-membered chelate ring similarly to 2,2′-
bipyridine (bpy) or 1,10-phenanthroline (phen).26

cis-Cl, the PF6
− salt of the chloro precursor for trans-PN and

cis-PN, was synthesized by the reaction of [Ru(trpy)Cl3]·
H2O

27 with Pqn, followed by the addition of an aqueous
solution of NaPF6. The

31P{1H} NMR spectrum of cis-Cl in
CD3CN showed a singlet at δ 51.16. 1H and 31P{1H} NMR
spectroscopy confirmed that isomerization and ligand sub-
stitution of cis-Cl does not occur in acetonitrile at room
temperature. The preparation of single crystals of cis-Cl suitable
for X-ray crystallography was not successful. Crystals suitable
for the analysis were obtained as the BPh4

− salt, cis(P,Cl)-
[Ru(trpy)(Pqn)Cl]BPh4 (cis-Cl′), prepared by an ion-exchange
reaction from PF6

− to BPh4
−. Note that the trans complex was

isolated not as the Cl-coordinated form but as the solvent-
coordinated form in the reaction of [Ru(trpy)Cl3]·H2O with
Pqn. Although an unidentified compound was detected in the
1H NMR spectrum of the reaction mixture (Figure S2,

Supporting Information), further treatment of the mixture
with acetonitrile afforded the MeCN-coordinated complex
trans-PN as a byproduct of the reaction; trans-PN was
identified by 1H and 31P{1H} NMR spectra. This may be due
to easy dissociation of the chloride ligand at the trans position
of the phosphino group in trans(P,Cl)-[Ru(trpy)(Pqn)Cl]+

(trans-Cl), which affords trans(P,L)-[Ru(trpy)(Pqn)(L)]2+ (L
= monodentate labile ligand; e.g., solvent molecules) through
the trans-labilizing effect.28

Reaction of cis-Cl with an equimolar amount of AgPF6 in a
2/1 mixture of 2-butanone and water at 100 °C and further
treatment with MeCN gave trans-PN as a major product, and
the product was characterized by 1H NMR spectroscopy. The
cis isomers were not detected under these reaction conditions.
The 31P{1H} NMR spectrum of trans-PN in CD3CN showed a
singlet at δ 58.80, similar to the signal reported for
[Ru(bpy)2(Pqn)](PF6)2 (δ 58.81 (s)).29 Note that a solvent
with a high boiling point is required to obtain trans-PN because
the isomerization of cis-Cl or the formed cis-PN to the
corresponding trans complex during the reaction is required.
(For details of heat-induced isomerization behavior, see
Solvent-Induced and Photoinduced Isomerization.)
In contrast, the reaction of cis-Cl with an equimolar amount

of AgPF6 in acetonitrile at 70 °C gave cis-PN as a major
product, which was confirmed by 1H NMR spectroscopy.
Recrystallization from diethyl ether/chloroform/acetonitrile
yielded cis-PN as orange crystals. The 31P{1H} NMR spectrum

Scheme 1. Structures of a Tridentate Ligand (trpy) and
Bidentate Ligands (bpy, Pqn, and dppbz) Used in This Study

Scheme 2. Schematic Illustration of Electrochemical
Reduction Reactions for (a) trans-PN, (b) cis-PN, and (c)
PPa

aEach polyhedron represents a ruthenium polypyridine complex with a
phosphine donor (P) and a monodentate labile ligand (L).
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of cis-PN in CD3CN gave a singlet at δ 55.96, showing an
upfield shift (Δδ = 2.84) in comparison to the signal in the
spectrum of trans-PN.
It should be noted that there have been several reports on

photolabile ruthenium polypyridyl complexes.10,30 Therefore,
syntheses of cis-Cl, trans-PN, and cis-PN were also performed
in the dark. However, the effect of light shielding on the yields
of products is negligible (Table S3, Supporting Information),
suggesting that photoisomerization of these complexes does not
proceed under the synthetic conditions.
The ruthenium diphosphine complex PP was produced by

the reaction of [Ru(trpy)Cl3]·H2O with 1 equiv of dppbz. The
reaction in ethanol afforded a mixture of [Ru(trpy)(dppbz)Cl]+

and [Ru(trpy)(dppbz)(EtOH)]2+. The resulting mixture was
then refluxed in acetonitrile to afford PP. The 31P{1H} NMR
spectrum of PP in CD3CN afforded two doublets at δ 68.57
and 69.77 with coupling constants of 20.2 Hz. These peak
positions are similar to those of [Ru(bpy)2(dppbz)](PF6)2 (δ
69.51 (s)).29

Crystal Structures. The molecular structures of cis-Cl′, cis-
PN, trans-PN, and PP were determined by single-crystal X-ray
crystallography. The crystallographic data are shown in Table
S1 in the Supporting Information. cis-Cl′ crystallizes with two
crystallographically independent ruthenium complexes, two
BPh4 anions, and one acetonitrile molecule as the crystal
solvent in the asymmetric unit of the triclinic P1 ̅ space group.
No significant difference exists between the structures of the
two independent ruthenium complexes. An ORTEP drawing of
one of the cationic moieties of cis-Cl′ is shown in Figure 1.
Two chelate ligands, trpy and Pqn, coordinate to the metal ion
in a perpendicular manner to form a distorted-octahedral
geometry at the ruthenium atom, where the phosphorus donor
of Pqn and the chloro ligand are located in cis positions of the
octahedron. Bond distances between the ruthenium atom and
middle nitrogen atom of trpy (Ru1−N2 and Ru2−N6) of cis-
Cl′ are 2.018(3) and 2.011(4) Å, respectively, and are
significantly longer than that of the 2,2′-bipyridine analogue
(1.951(2) Å for [Ru(trpy)(bpy)Cl]PF6). In contrast, the Ru−
Cl distances (2.4049(11) and 2.4102(12) Å for Ru1−Cl1 and
Ru2−Cl2, respectively) are similar to that of [Ru(trpy)(bpy)-
Cl]PF6 (2.3969(7) Å).

31

The asymmetric unit of the monoclinic P21/c crystal of trans-
PN contained one cationic ruthenium complex, two PF6 anions,
and one dichloromethane molecule. An ORTEP drawing of the
cationic moiety is shown in Figure 2a, and selected bond
distances and angles are presented in Figure 3 and Table S2
(Supporting Information). Trpy and Pqn coordinate to the
ruthenium center in a mutually perpendicular manner and
create a distorted-octahedral environment, where the phospho-
rus donor of Pqn and nitrogen atom of the acetonitrile ligand
are located in trans positions. The bond distance between the
ruthenium atom and nitrogen atom of the acetonitrile ligand is
2.127(5) Å, which is longer than that found in NN (2.03(1)
Å)24 due to the stronger trans influence of the phosphorus
atom of Pqn in comparison to that of the nitrogen atom of bpy.
The crystals of cis-PN showed a triclinic P1 ̅ space group with

one cationic ruthenium complex, two PF6 anions, and one
chloroform molecule as the asymmetric unit. The structure of
the cationic moiety of cis-PN (Figure 2b) was basically similar
to that of cis-Cl′, except for coordination of an acetonitrile
ligand instead of an anionic chloro ligand. The bond distance
between the ruthenium atom and nitrogen atom of the
acetonitrile ligand is 2.041(2) Å, which is much shorter than
that of trans-PN (2.127(5) Å) but is similar to that of NN
(2.03(1) Å). The bond distance between the ruthenium atom
and the middle nitrogen atom of trpy (Ru1−N2, 2.033(2) Å)
in cis-PN is significantly longer than those of trans-PN
(1.967(5) Å) and NN (1.953(8) Å), due to the trans influence

Scheme 3. Syntheses of cis-Cl, trans-PN, cis-PN, and PP

Figure 1. ORTEP drawing (50% probability level) of one of the
cationic complexes in cis-Cl′. Hydrogen atoms are omitted for clarity.
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of the phosphorus atom of Pqn. For the same reason, the
average value of the N−Ru−N bite angles of the [Ru(trpy)]
moiety in cis-PN (77.9°) is much smaller than those in trans-
PN (79.5°) and NN (79.9°).

PP crystallizes with one ruthenium complex, two PF6 anions,
and one dichloromethane molecule as the asymmetric unit in
the orthorhombic Pbca space group. An ORTEP drawing of the
cationic moiety is shown in Figure 2c, and selected bond
distances and angles are shown in Table S2 (Supporting
Information). The Ru−N(MeCN) bond distance of in PP is
2.110(3) Å, which is much longer than those in cis-PN and NN
and is close to that in trans-PN. The long Ru−N distance
(Ru1−N2, 2.024(3) Å) and small N−Ru−N bite angles
(average 78.0°) of the [Ru(trpy)] moiety in PP are also
affected significantly by the trans influence of the phosphorus
atom of dppbz.

UV−Vis Absorption Spectra. Figure 4 shows the UV−vis
absorption spectra of the series [Ru(trpy)(BL)(MeCN)](PF6)2

(NN, trans-PN, cis-PN, and PP), where BL is a bidentate
ligand such as bpy, Pqn, or dppbz. Spectral data for these four
complexes and related compounds29 are given in Table 1. All of
the complexes display intense absorption bands in the UV
region, assigned to ligand-based π−π* transitions. Additionally,
a moderately intense band in the visible region for each
complex is assigned to the metal-to-ligand charge transfer
(MLCT) transition from the dπ orbitals of ruthenium to the π*
orbitals of trpy and BL. The absorption maxima (λmax) of the
MLCT transitions of trans-PN, cis-PN, and PP were blue-
shifted in comparison with that of NN. The degrees of the blue
sh i f t s (Δλ c o m p l e x (MLCT) = λm a x ,NN (MLCT) −
λmax,complex(MLCT)) were 18 nm for trans-PN, 41 nm for cis-
PN, and 66 nm for PP. A similar blue shift of the MLCT band
was also observed in the series [Ru(bpy)2(BL)]

2+ (Table 1),29

which is attributed to the stabilization of the dπ orbitals of the
ruthenium center upon introduction of the phosphine donors.
Note that the MLCT transition energy of cis-PN experienced a
larger shift than that of trans-PN despite the isomeric
relationship between trans-PN and cis-PN, suggesting that
the position of the phosphorus atom affects the electronic
structure of the complexes (for a detailed explanation of
phosphorus atom affects, please see Phosphine as σ-Donor and
π-Acceptor in the Discussion). The molar absorption
coefficient of PP was nearly half those of NN, trans-PN, and
cis-PN.

Electrochemistry. The cyclic voltammograms (CVs) of
NN, trans-PN, cis-PN, and PP are shown in Figure 5.
Electrochemical data of these complexes and related com-

Figure 2. ORTEP drawings (50% probability level) of the cationic
complexes in (a) trans-PN, (b) cis-PN, and (c) PP. Hydrogen atoms
are omitted for clarity.

Figure 3. Comparison of bond distances (Å) around ruthenium
centers of NN, trans-PN, cis-PN, and PP.

Figure 4. UV−vis absorption spectra of NN, trans-PN, cis-PN, and PP
in acetonitrile at room temperature.
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pounds are given in Table 1. The CVs were measured in 0.1 M
tetraethylammonium perchlorate (TEAP)/acetonitrile. All
complexes displayed one reversible oxidation wave, which was
assigned to a Ru(III)/Ru(II) redox couple. The half-wave
potentials (E1/2) of NN, trans-PN, cis-PN, and PP were +0.92,
+0.97, +1.05, and +1.27 V vs ferrocene/ferrocenium (Fc/Fc+),
respectively. The positive shift on introduction of the
phosphine donors is due to the stabilization of the dπ orbitals
of the ruthenium center (for details, see Phosphine as σ-Donor
and π-Acceptor in the Discussion). This tendency was also
observed in the series [Ru(bpy)2(BL)]

2+ (Table 1).29 Note that
the oxidation potential of cis-PN was more positive than that of
trans-PN.
CVs in the negative potential region are shown in Figure 5b.

Each complex exhibited distinct electrochemical behavior,
unlike those in the positive potential region. The CV of
trans-PN showed two redox waves at E1/2 = −1.73 and −2.13
V. The results of controlled-potential electrolysis (CPE), square
wave voltammetry (SWV), and the CV simulation of the wave
at E1/2 = −1.73 V indicate that two one-electron processes with
similar redox potentials (E°′1(trans-PN) = −1.70 V and
E°′2(trans-PN) = −1.77 V) exist in this region (Figure S5,
Supporting Information). The first reduction potentials
(E1/2(1)) of NN (−1.65 V) and trans-PN (−1.70 V) are
assigned to reduction of the trpy ligand.32

The CV of cis-PN at a scan rate of 100 mV/s showed an
irreversible reduction peak at Epc = −1.56 V, followed by two
reversible redox waves at E1/2 = −1.73 and −2.13 V. The two
reversible redox waves of cis-PN are very similar to those of
trans-PN (Figure S6a), which implies that irreversible and rapid
isomerization of cis-PN to trans-PN occurred on the electrode
surface along with reduction of cis-PN (for a detailed
mechanism of the electrochemically induced isomerization
behavior of the complex, see Mechanism of Isomerization and
Electrochemical Behavior).
To further investigate the cis−trans transformation, potentials

were swept in a positive or negative direction from the open
circuit potential (−0.19 V) at a scan rate of 1.0 V/s in a cis-PN
solution (Figure S6b, Supporting Information). The positive-
direction sweeping showed an oxidation wave at E1/2 = 1.05 V,
which is assigned to a Ru(III)/Ru(II) redox couple of cis-PN.
In contrast, the negative-direction sweeping showed that the

E1/2 value matched that of trans-PN (E1/2 = 0.97 V). Figure 6
shows CVs of cis-PN at a scan rate of 1.0 V/s, for which the
negative edges of potential sweeping were changed between
−1.5 and −2.0 V at an interval of 0.1 V. The results clearly
indicate that cis-PN is converted to trans-PN upon the
electrochemical reduction reaction and that the cis−trans
conversion occurs after the first irreversible reduction around
−1.6 V. The first irreversible reduction peak of cis-PN (−1.6 V)
is probably due to electron insertion into the π* orbital of the
trpy ligand. The electrochemical behavior of cis-PN and trans-
PN is summarized in Scheme 4.
For PP, the first reduction wave was observed at E1/2 = −1.47

V with a peak potential separation ΔEp of 41 mV (where ΔEp =
Epa − Epc). The E1/2 value was relatively positive in comparison
to those of the analogues NN (−1.65 V), trans-PN (−1.70 V),
and [Ru(bpy)2(dppbz)](PF6)2 (−1.82 V).29 The number of
electrons transferred in the first reduction wave of PP was
determined to be 2.13 by CPE (Figure S3, Supporting
Information). The results of CV simulation gave the two
redox potentials E°′1(PP) = −1.50 V and E°′2(PP) = −1.46 V
vs Fc/Fc+, indicating the potential inversion of two redox
processes (Figure S5, Supporting Information). These results
indicate that the first reduction step of PP is a two-electron-
transfer process with potential inversion. Subsequent reduction
was observed in a much lower negative potential region (−2.49
V).

DFT Calculations. To discuss the electronic structures of
trans-PN, cis-PN, and PP, density functional theory (DFT)
calculations were conducted using the Gaussian 09 programs33

with the B3LYP functional34,35 and LanL2DZ basis set.36 All
calculations were performed with the polarizable continuum
model (PCM)37 to account for solvent effects in acetonitrile.
The highest occupied molecular orbitals (HOMOs, HOMO

to HOMO−2) and the lowest unoccupied molecular orbitals
(LUMOs, LUMO to LUMO+2) are illustrated in Figure S8
(Supporting Information). The HOMOs of trans-PN and cis-
PN contain dπ (dxy, dyz, and dzx) characteristics of ruthenium
with distribution to the π* orbitals of trpy, Pqn, and acetonitrile
ligands and σ* orbitals of P−C bonds in the phosphine donors.
The LUMOs are dominated mainly by π* orbitals of trpy or
Pqn. The frontier orbitals of PP are similar to those of trans-
PN and cis-PN, except that the π* orbitals of dppbz are not

Table 1. UV−Vis Absorption Data (λmax/nm (10−3 ε/M−1 cm−1)) and Redox Potentials (E1/2/V vs Fc/Fc+) for NN, trans-PN,
cis-PN, PP, and Related Compounds in Acetonitrile at Room Temperature

λmax reduction

complex MLCT transition π−π* transition E1/2(1) E1/2(2) E1/2(3) oxidation E1/2(Ru
II/III)

NNa 454 (9.72) 325 (16.58),d 305 (27.24), −1.65 −1.95 +0.92
286 (37.95), 273 (29.83)d

trans-PN 436 (8.62) 330 (16.25), 299 (28.89), −1.70e −1.77e −2.13 +0.97
284 (23.97)d, 274 (22.57)

cis-PN 413 (8.05) 332 (15.40)d, 309 (27.31), f f f +1.05
282 (25.48), 275 (24.57)

PP 388 (3.76) 333 (16.24), 301 (18.01)d, −1.50e −1.46e −2.49 +1.27
290 (18.36), 276 (16.77)

[Ru(bpy)3](PF6)2
b 452 (13.2), 410 (7.48)d 287 (77.2) −1.86 −2.02 +0.75

[Ru(bpy)2(Pqn)](PF6)2
b 418 (10.02) 285 (46.98) −1.80 −2.03 +0.91

[Ru(bpy)2(dppbz)](PF6)2
b 377 (8.09) 319 (15.65),d 278 (34.92) −1.82 −2.07 +1.18

[Ru(trpy)2](PF6)2
c 475 (14.7) 308 (63.4), 270 (38.8) −1.66 −1.90 +0.89

aSee also ref 23. bReference 29. cReference 31. dAbsorption shoulder. eSimulated values. See also Table S4 (Supporting Information). These two
redox couples of PP at −1.50 and −1.46 V were observed as a single wave with E1/2 = −1.47 V. fcis-PN underwent isomerization to trans-PN upon
reduction.
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involved in orbitals from HOMO−2 to LUMO+2. The
HOMO energy levels of trans-PN, cis-PN, and PP were
−6.24, −6.30, and −6.53 eV (Figure S9, Supporting
Information), respectively, indicating a tendency similar to
that observed in the oxidation potentials in cyclic voltammo-
grams (+0.97, +1.05, and +1.27 V vs Fc/Fc+, see Table 1), as
discussed above.
Electronic transitions for the complexes were investigated

using the time-dependent density functional theory (TD-DFT)
method.38 Calculated excitation wavelengths and oscillator
strengths for selected transitions are given in Table S5
(Supporting Information), and absorption spectra based on
these calculated transitions with Gaussian functions are
depicted in Figure 7. The profiles of convoluted absorption
spectra are similar to those observed experimentally. For trans-
PN and cis-PN, transitions in the visible light region arise
mainly from the MLCT transition from the dπ orbitals of
ruthenium (HOMOs) to the π* orbitals of trpy (LUMO and
LUMO+1) and Pqn (LUMO+2). For PP, the transitions arise

Figure 5. Cyclic voltammograms of NN, trans-PN, cis-PN, and PP
(0.5 mM) in 0.1 M TEAP/acetonitrile under an Ar atmosphere
scanned in the (a) positive and (b) negative regions (working
electrode, glassy carbon; counter electrode, Pt wire; reference
electrode, Ag/Ag+; scan rate, 100 mV/s).

Figure 6. Cyclic voltammograms of cis-PN (0.5 mM) in 0.1 M TEAP/
acetonitrile under an Ar atmosphere (working electrode, glassy carbon;
counter electrode, Pt wire; reference electrode, Ag/Ag+; scan rate, 100
mV/s): (a) full-scale view; (b) magnified view in the range −2.1 to
−1.3 V; (c) magnified view in the range +0.7 to +1.3 V. Negative
edges of potential sweeping were switched between −1.5 V (blue) and
−2.0 V (red) at an interval of 0.1 V. Potential sweeps were started
from the open circuit potential (−0.19 V).

Scheme 4. Electrochemical Behavior of trans-PN and cis-PN

Figure 7. Simulated absorption spectra of trans-PN, cis-PN, and PP in
acetonitrile on the basis of TD-DFT calculations.
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mainly from dπ orbitals of ruthenium (HOMOs) to π* orbitals
of trpy (LUMO and LUMO+1), which do not involve the π*
orbitals of dppbz. The intensity of the simulated absorption of
PP was nearly 50% of those of trans-PN and cis-PN, which is
consistent with the experimental results (Figure 4).
Solvent-Induced and Photoinduced Isomerization.

Isomerization of cis-PN to trans-PN does not occur in
acetonitrile, even upon heating to temperatures near the
boiling point (75 °C) for 1 day (Figure S10, Supporting
Information). In contrast, the isomerization proceeded upon
moderate heating in N,N-dimethylformamide (DMF) or by
visible-light irradiation (λ >370 nm).
The time course of spectral changes of cis-PN in DMF

heated at 110 °C is shown in Figure 8. Note that the

dissociation of the acetonitrile ligand was not observed for cis-
PN in DMF (Figures S11 and S12, Supporting Information) at
room temperature and the spectrum at 0 min was consistent
with that of cis-PN at room temperature. The anchored
isosbestic points at λ 314 and 432 nm indicate that only two
species were involved without the formation of side products or
intermediates. On the basis of comparisons with the absorption
spectrum of trans-PN in DMF (Figure S11), the product of this
isomerization reaction was identified as the DMF-coordinated
trans isomer trans(P,DMF)-[Ru(trpy)(Pqn)(DMF)](PF6)2
(trans-PNDMF, λmax for MLCT transition 462 nm). Therefore,
the spectral change observed at 110 °C is attributed to the
transformation from cis-PN to trans-PNDMF.
The reaction kinetics of the transformation was investigated

using UV−vis spectroscopy in DMF at 70, 80, 90, 100, and 110
°C. The spectral changes were analyzed using the singular value
decomposition (SVD) method. The SVD-based spectral
analysis in SPECFIT39 confirms that the isomerization is first
order at 70−110 °C with rate constants of k = [2.10(11)] ×
10−5, [7.5(4)] × 10−5, [2.36(15)] × 10−4, [6.05(14)] × 10−4,
and [1.52(5)] × 10−3 s−1, respectively. The thermodynamic
parameters for the conversion of cis-PN to trans-PNDMF were
calculated using the Eyring equation.40 The Eyring plot shown
in Figure 9 affords an entropy of activation (ΔS⧧) of 111(8) J
mol−1 K−1 and an enthalpy of activation (ΔH⧧) of 120(3) kJ
mol−1. The large positive value of ΔS⧧ indicates the dissociative
mechanism of this transformation.40 The ΔH⧧ value (120(3) kJ
mol−1) appears to correspond to the dissociative energy of the
Ru−N(MeCN) bond.41 Therefore, the dissociation of an
acetonitrile ligand is the isomerization rate determining step,

followed by the coordination of a DMF molecule to give trans-
PNDMF. The half-life for the transformation from cis-PN to
trans-PNDMF in DMF is estimated to be longer than 1 year at
room temperature (τ = 394 days at 20 °C), consistent with the
fact that the acetonitrile ligand of cis-PN barely dissociates in
DMF at room temperature.
Photo responses of obtained complexes were investigated by

irradiating acetonitrile solutions of complexes with visible light.
Under these experimental conditions, cis-Cl and trans-PN did
not show a photo response (for details, see Figure S13 in the
Supporting Information). In contrast, irradiation of an
acetonitrile solution of cis-PN with visible light resulted in
isomerization to trans-PN, which was monitored by UV−vis
spectroscopy, as shown in Figure 10. The existence of isosbestic

points at λ 307, 325, 332, 419, and 488 nm indicates that the
isomerization proceeds without side products or stable
intermediates. The kinetic profile of the photoisomerization
process was first order with respect to the concentration of the
complex. The rate constant was determined using the SVD
method to be k = [4.2(6)] × 10−4 s−1 at room temperature.
Along with the dissociative mechanism of solvent-induced
isomerization in DMF, the photochemical isomerization is
probably related to ligand dissociation from the triplet metal-
centered (3MC) state, which has antibonding nature between
the metal ion and the acetonitrile ligand and is thermally
accessible from the 3MLCT photoexcited state.10d

Water Oxidation. As mentioned earlier, thee [Ru(N−N−
N)(N−N)(L)]n+-type ruthenium polypyridine complexes can
serve as catalysts for some chemical conversions.7−14 Because

Figure 8. Time course of spectral changes of cis-PN in DMF at 110
°C. Spectra were recorded at 3 min intervals.

Figure 9. Eyring plot for the transformation of cis-PN to trans-PNDMF.

Figure 10. Time course of spectral changes of cis-PN under
photoirradiation (λ >370 nm) in acetonitrile at room temperature.
Spectra were recorded at 10 min intervals.
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the reduction or photoirradiation can lead to cis−trans
isomerization (see Electrochemistry), in the present study,
water oxidation catalyses of trans-PN and cis-PN, together with
that of PP, were investigated in order to examine the difference
in reactivities between the geometrical isomers. The reaction
was initiated by adding a solution of a catalyst in acetonitrile
(0.1 mL) to a solution of Ce(NH4)2(NO3)6 (0.40 mmol) in
water (1.9 mL) at 20 °C under an Ar atmosphere, where
acetonitrile was used to improve the solubility of the PF6

− salt
of the catalyst. The oxygen evolved was monitored using an
oxygen probe (YSI 5331/5300), and the results are shown in
Figure 11. The turnover numbers (TON) of trans-PN, cis-PN,

and PP after 1 h were determined to be 24.8, 6.7, and 0.4,
respectively. The order of the catalytic activities is trans-PN >
cis-PN > PP, although their activities are less than that of NN.9

This order of catalytic activities matches the order of oxidation
potentials of the ruthenium center shown in Table 1.

■ DISCUSSION
Phosphine as σ-Donor and π-Acceptor. The differences

in the redox potentials and UV−vis absorption spectra among
trans-PN, cis-PN, PP, and NN can be reasonably interpreted by
considering the properties of the phosphine group.
The σ-donor character of the phosphine group significantly

elongates the bond length between the ruthenium center and
the ligand located at the position trans to the phosphine group,
called the trans influence. The red lines in Figure 3 correspond
to the elongated bonds. The σ donation also affects the kinetics
of ligand substitution reactions. trans-Cl, the geometrical
isomer of cis-Cl, was not isolated because the chloride ligand
at the position trans to the phosphino group in trans-Cl easily
dissociates to afford trans(P,L)-[Ru(trpy)(Pqn)(L)]2+ due to
the trans-labilizing effect.28 The chloro ligand of [Ru(trpy)-
(dppbz)Cl]+ was more labile than that of cis-Cl, allowing the
transformation of [Ru(trpy)(dppbz)Cl]+ to PP in acetonitrile
without addition of silver ion (Ag+). The trans-labilizing effect
also explains the difference in ligand substitution rates of cis-PN
and trans-PN; trans-PN immediately converted to trans-
PNDMF in DMF at room temperature, whereas the structure
of cis-PN was preserved under the same conditions (Figures
S11 and S12, Supporting Information).
In contrast, the π-acceptor character of phosphines stabilizes

the energy levels of the dπ orbitals of the ruthenium center. As

the number of phosphine donors increases, the dπ orbitals are
more stabilized. Indeed, the oxidation potential of Ru(III)/
Ru(II) for PP is higher than those of trans-PN and cis-PN,
while that of NN is the lowest (Figure 5a). The blue shifts
observed in the UV−vis absorption spectra upon introduction
of phosphine moieties (Figure 4) also can be explained by
stabilization of the dπ orbitals of the ruthenium center. These
observations are supported by DFT and TD-DFT calculations
(Figure 7 and Figure S9 (Supporting Information)) and are
consistent with the results reported for the series [Ru-
(bpy)2(BL)](PF6)2 (see Table 1).29

The difference in the stabilization of the dπ orbitals between
trans-PN and cis-PN can be explained by considering
interactions with the π* orbitals of trpy, Pqn, and acetonitrile
ligands, as well as σ* orbitals of the P−C bonds of Pqn. The σ*
orbitals of the P−C bonds can interact with two of the three dπ
orbitals (dyz and dzx orbitals, with the Ru−P bond along the z
axis). For both trans-PN and cis-PN, the two dπ orbitals
stabilized by π back-bonding of the phosphine compose
HOMO−2 and HOMO−1 (Scheme 5a and Figure S8
(Supporting Information)). As a result, the remaining dπ
orbital without contribution from the π back-bonding of
phosphine forms the HOMO. The HOMO of trans-PN lies in
plane with the trpy ligand and can interact only with the π*
orbitals of the quinoline moiety of Pqn. In contrast, that of cis-
PN lies perpendicular to the trpy ligand and quinolone moiety

Figure 11. Oxygen evolution from a 19/1 water/acetonitrile mixture
(2 mL) containing Ce(NH4)2(NO3)6 (200 mM) in the presence of
trans-PN, cis-PN, or PP (0.125 mM) as a catalyst.

Scheme 5. (a) Two of the Three dπ Orbitals Stabilized by π-
Back-Donation of a Phosphine and (b) HOMOs of trans-PN
and cis-PNa

aThe HOMO of trans-PN lies in plane with the trpy ligand and can
interact only with π* orbitals of the quinoline moiety of Pqn. The
HOMO of cis-PN lies perpendicular to the trpy ligand and the
quinolone moiety of Pqn and thus is stabilized by the π* orbitals of
trpy, Pqn, and MeCN.
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of Pqn and thus is stabilized by the π* orbitals of trpy, Pqn, and
acetonitrile ligands (Scheme 5b and Figure S8). Therefore, the
HOMO of cis-PN was stabilized to a greater extent than that of
trans-PN, resulting in a positive shift of the Ru(III)/Ru(II)
potential and a blue shift of the MLCT band (Figures 4 and
5a).
Mechanism of Isomerization and Electrochemical

Behavior. Although the results of X-ray crystallography,
UV−vis absorption spectroscopy, and CVs in the positive
potential region can be understood on the basis of σ donation
and π back-donation of phosphine donors, the CVs of
phosphine-containing complexes in the negative potential
region exhibited behavior distinct from each other. Reduction
of cis-PN led to cis−trans isomerization (Figure 6), and that of
PP went through a two-electron transfer (Figure 5b). The
mechanism of these various electrochemical behaviors is
discussed in combination with cis−trans transformation
behavior of cis-PN by heating or photoirradiation.
The cis−trans transformation proceeded upon moderate

heating in DMF (Figure 8) and via visible-light irradiation
(Figure 10). The positive values of ΔS⧧ and ΔH⧧ for solvent-
induced isomerization in DMF indicate that the isomerization
proceeds via a short-lived intermediate, [Ru(trpy)(Pqn)]2+,
after dissociation of the acetonitrile ligand (Scheme 6, top).
Photochemical isomerization also can be explained by ligand
dissociation from the 3MC excited state to produce the short-
lived five-coordinated species (Scheme 6, middle).10d

The concept of the five-coordinated species also can be used
to explain the two-electron-transfer process of PP (Figure 5b)
and the reduction-induced cis−trans isomerization of cis-PN
(Figure 6). The two-electron process of PP implies that the
reduction potential for PP lies at a potential more negative than
that for the one-electron-reduced species of PP. Similar
electrochemical behavior was reported for a ruthenium arene
complex, [Ru(η6-C6Me6)(bpy)(MeCN)]2+, for which the

acetonitrile ligand was lost upon electrochemical reduction of
[Ru(η6-C6Me6)(bpy)(MeCN)]2+. [Ru(η6-C6Me6)(bpy)]

0 was
assumed to be the dominant form of the doubly reduced
species.13 On the basis of comparisons with the ruthenium
arene complex, the two-electron reduction of PP may involve
the five-coordinated doubly reduced species [Ru(trpy)-
(dppbz)]0.
To discuss the electrochemical behaviors of cis-PN and PP in

conjunction with five-coordinated species, bond dissociation
free energies (BDFEs) upon liberation of the acetonitrile ligand
were estimated. Table 2 shows BDFEs for the one-electron-

reduced species of trans-PN, cis-PN, and PP (trans-PN−, cis-
PN−, and PP−), determined by DFT calculations. The negative
BDFEs suggest that dissociation of the acetonitrile ligand is
favored in the equilibrium. Therefore, ligand dissociations are
favored for cis-PN− and PP− (reactions 2 and 3, respectively, in
Table 2), while dissociation is not favored for trans-PN−

(reaction 1). In particular, the large negative ΔG° value for
PP− implies that the equilibrium is largely shifted toward
formation of the five-coordinated species [Ru(trpy)(dppbz)]+

(reaction 3). The reduction potential for [Ru(trpy)(dppbz)]+/
[Ru(trpy)(dppbz)]0 may be more positive than that for
[Ru(trpy)(dppbz)(MeCN)]2+/[Ru(trpy)(dppbz)(MeCN)]+,
leading to the two-electron process.13,42 The generation of
[Ru(trpy)(dppbz)]0 upon reduction is also supported by the
BDFE (reaction 4). For cis-PN, one-electron reduction may
lead to ligand dissociation to give the five-coordinated species
[Ru(trpy)(Pqn)]+ (ΔG° < 0, for reaction 2), followed by rapid
coordination of an acetonitrile molecule to the five-coordinated
species to afford trans-PN− (ΔG° > 0, for reaction 1). Thus,
the equilibrium of cis-PN−, trans-PN−, and [Ru(trpy)(Pqn)]+

seems to be shifted toward trans-PN− to some extent, although
the |ΔG°| values are too small to explain the fact that only
trans-PN was formed by the reoxidation of the equilibrium
mixture (Figure 6). A reasonable explanation of the irreversible
cis−trans conversion is given by considering the first reduction
potentials of cis-PN (Epc ≈ −1.6 V) and trans-PN (E°′1 =
−1.70 V). In the potential region between these two potentials
(E ≈ −1.6 to −1.7 V), cis-PN is reduced to cis-PN− and the
generated cis-PN− reaches equilibrium with trans-PN− and
[Ru(trpy)(Pqn)]+. Then, trans-PN− in the equilibrium mixture
can be oxidized to trans-PN in the same potential region (for a
detailed explanation, see Scheme S1 in the Supporting

Scheme 6. Three Paths for Isomerization from cis-PN to
trans-PN: (Top) Solvent-Induced Isomerization; (Middle)
Photoinduced Isomerization; (Bottom) Reduction-Induced
Isomerizationa

aAll isomerization reactions from cis to trans proceed though the short-
lived intermediates.

Table 2. Bond Dissociation Free Energies (BDFEs) for the
One-Electron-Reduced Species of trans-PN, cis-PN, and PP
(trans-PN−, cis-PN−, and PP−, Respectively), and Two-
Electron-Reduced Species of PP (PP2−) Estimated by DFT
Calculationsa

reaction
ΔG°

(kJ/mol)

One-Electron Reduction
trans(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)]+ → [Ru(trpy)
(Pqn)]+ + MeCN (1)

2.5

cis(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)]+ → [Ru(trpy)(Pqn)]+

+ MeCN (2)
−1.4

[Ru(trpy)(dppbz)(MeCN)]+ → [Ru(trpy)(dppbz)]+ + MeCN
(3)

−45.3

Two-Electron Reduction
[Ru(trpy)(dppbz)(MeCN)]0 → [Ru(trpy)(dppbz)]0 + MeCN
(4)

−19.3

aSee also Table S6 (Supporting Information).
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Information). Therefore, the potential sweeping over E ≈ −1.6
to −1.7 V results in the irreversible conversion from cis-PN to
trans-PN via the five-coordinated species (Scheme 6, bottom).

■ CONCLUSION
This study describes the effects of the substitution of
phosphines for pyridine in a series of ruthenium(II)
polypyridine complexes with a monodentate labile ligand.
The structures and electronic properties of ruthenium(II)
complexes were expected to be systematically controlled by the
number and position of the phosphines. Indeed, the σ-donating
and π-accepting character of the phosphines clearly influenced
the dσ and dπ orbitals of the metal center, respectively, which
was supported by crystallographic, spectroscopic, and electro-
chemical analyses. Furthermore, electrochemical behaviors of
these complexes in their reduction reactions were totally
different among them. The mechanisms explaining these results
were elucidated by considering five-coordinated species formed
via liberation of the monodentate labile ligand. These results
are significant because they show a clear relation between the
redox properties of the metal complexes and the liberation of a
labile ligand and therefore provide important information for
the development of new catalysts for electrochemical and
photochemical reactions.

■ EXPERIMENTAL SECTION
General Methods. The 1H and 31P{1H} NMR spectra were

recorded at room temperature on a JEOL JNM-LA500 spectrometer
using tetramethylsilane as an internal reference for 1H NMR spectra
and phosphoric acid as an external reference for 31P{1H} NMR
spectra. UV−vis absorption spectra were obtained on a Shimadzu UV-
2450SIM spectrophotometer at room temperature. Elemental analyses
were conducted on a J-Science Lab Micro Corder JM10 elemental
analyzer. ESI-TOF mass spectra were recorded on a JEOL JMS-
T100LC mass spectrometer. All of the ESI-TOF mass spectrometric
measurements were obtained in the positive ion mode at a cone
voltage of 20 V. Typically, each sample solution was introduced into
the spectrometer at a flow rate of 10 mL min−1 using a syringe pump.
Cyclic voltammograms were measured at room temperature on a BAS
ALS Model 650DKMP electrochemical analyzer in acetonitrile
([complex] = 0.5 mM; 0.1 M tetraethylammonium perchlorate
(TEAP)). A glassy-carbon disk, platinum wire, and Ag/Ag+ electrode
(Ag/0.01 M AgNO3) were used as the working, auxiliary, and
reference electrodes, respectively. The redox potentials of samples
were calibrated against the redox signal for the ferrocene/ferrocenium
(Fc/Fc+) couple. The photoisomerization was performed using a 150
W xenon lamp (CX-04E, Eagle Engineering) as a probe with a cut
filter (λ >370 nm). Global kinetic analysis was conducted using the
singular value decomposition (SVD) method in SPECFIT,36 in the
range 300−600 nm. The amount of O2 evolved was monitored using a
YSI Model 5300A oxygen meter at room temperature under an Ar
atmosphere.9a

Materials. Pqn [8-(diphenylphosphanyl)quinoline],43

[RuCl3(trpy)]·H2O (trpy = 2,2′:6′,2″-terpyridine),27 and [Ru(trpy)-
(bpy)(MeCN)](PF6)2 (NN)25 were prepared by methods reported
previously. dppbz (1,2-bis(diphenylphosphanyl)benzene) and NaPF6
were purchased from Wako Pure Chemical Industries, Ltd. AgPF6 was
purchased from Sigma-Aldrich Co. All solvents and reagents were of
the highest quality available and were used as received.
Synthesis of cis(P,Cl)-[Ru(trpy)(Pqn)Cl]PF6 (cis-Cl). A mixture

of [RuCl3(trpy)]·H2O (94.0 mg, 0.205 mmol), Pqn (64.6 mg, 0.206
mmol), and ascorbic acid (68.7 mg, 0.390 mmol) in ethanol (100 cm3)
was refluxed for 4 h and then cooled to room temperature. The
solution was filtered and the purple filtrate concentrated to ca. 5 cm3

under reduced pressure. A saturated NaPF6/water solution was added
to the solution under refrigeration, resulting in a purple precipitate.
The crude product was further purified by gel permeation

chromatography (Sephadex LH-20) using an acetonitrile/methanol
(1/1) mixture as the eluent. The product was recrystallized from
dichloromethane and a small amount of acetonitrile/diethyl ether to
yield deep purple crystals of cis-Cl (0.089 mmol, 43%). ESI-TOF MS
(positive ion, acetonitrile): m/z 683 ([Ru(trpy)(Pqn)Cl]+). 1H NMR
(CD3CN): δ 6.70 (t, 2H, J = 6.5 Hz), 6.95 (t, 1H, J = 8.5 Hz), 7.38 (d,
2H, J = 6.0 Hz), 7.50 (t, 4H, J = 7.0 Hz), 7.57 (t, 2H, J = 7.5 Hz), 7.75
(t, 2H, J = 7.5 Hz), 8.08 (m, 7H), 8.20 (d, 1H, J = 9.0 Hz), 8.30 (t, 1H,
J = 7.5 Hz), 8.35 (d, 2H, J = 8.0 Hz), 8.56 (d, 2H, J = 8.5 Hz), 9.01 (t,
1H, J = 7.5 Hz). 31P{1H} NMR (CD3CN): δ 51.16 (s). Anal. Found:
C, 50.52; H, 3.44; N, 6.54. Calcd for C36.5H28F6Cl2N4P2Ru (cis-Cl·
0.5CH2Cl2): C, 50.36; H, 3.24; N, 6.44.

Synthesis of cis(P,Cl)-[Ru(trpy)(Pqn)Cl]BPh4 (cis-Cl′). This
complex was prepared by counterion exchange of cis-Cl (16.9 mg,
0.0194 mmol) with excess NaBPh4. The product was recrystallized
from dichloromethane and a small amount of acetonitrile/diethyl ether
to afford purple crystals of cis-Cl′ (0.0124 mmol, 64%). Anal. Found:
C, 71.72; H, 4.74; N, 5.59. Calcd for C60H47BClN4PRu (cis-Cl′): C,
71.90; H, 4.73; N, 5.59.

Synthesis of trans(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)](PF6)2
(trans-PN). A mixture of cis-Cl (108 mg, 0.124 mmol) and AgPF6
(34.8 mg, 0.138 mmol) in 2-butanone (10 cm3)/water (5 cm3) was
heated to 100 °C for 1 day. The resulting red solution was evaporated
to dryness under reduced pressure. The residue was extracted with a
small amount of acetonitrile, and the precipitate of AgCl was removed
by filtration. The product was recrystallized from dichloromethane and
a few drops of acetonitrile/diethyl ether to afford orange crystals of
trans-PN (0.102 mmol, 82%). ESI-TOF MS (positive ion,
acetonitrile): m/z 324 ([Ru(trpy)(Pqn)]2+), 345 ([Ru(trpy)(Pqn)-
(MeCN)]2+). 1H NMR (CD3CN): δ 6.59 (t, 4H, J = 8.5 Hz), 6.99 (t,
4H, J = 7.5 Hz), 7.15 (d, 2H, J = 6.5 Hz), 7.24 (t, 2H, J = 7.5 Hz), 7.57
(t, 2H, J = 6.0 Hz), 7.84 (t, 2H, J = 8.5 Hz), 7.96 (m, 3H), 8.07 (d, 2H,
J = 9.0 Hz), 8.22 (t, 1H, J = 7.5 Hz), 8.32 (d, 2H, J = 8.0 Hz), 8.52 (d,
1H, J = 7.5 Hz), 8.83 (d, 1H, J = 8.0 Hz), 9.85 (d, 1H, J = 7.5 Hz).
31P{1H} NMR (CD3CN): δ 58.80 (s). Anal. Found: C, 44.12; H, 3.24;
N, 6.59. Calcd for C39H32F12Cl2N5P3Ru (trans-PN·CH2Cl2): C, 44.04;
H, 3.03; N, 6.58.

Synthesis of cis(P,MeCN)-[Ru(trpy)(Pqn)(MeCN)](PF6)2 (cis-
PN). A mixture of cis-Cl (85.1 mg, 0.103 mmol) and AgPF6 (28.0
mg, 0.111 mmol) in acetonitrile (15 cm3) was heated to 70 °C for 2
days and then cooled to room temperature. The resulting orange
solution was evaporated to dryness under reduced pressure. The
residue was extracted with a small amount of acetonitrile, and the
precipitate of AgCl was removed by filtration. The product was
recrystallized from chloroform and a few drops of acetonitrile/diethyl
ether to afford orange crystals of cis-PN (0.096 mmol, 93%). ESI-TOF
MS (positive ion, acetonitrile): m/z 324 ([Ru(trpy)(Pqn)]2+), 345
([Ru(trpy)(Pqn)(MeCN)]2+). 1H NMR (CD3CN): δ 6.83 (t, 2H, J =
6.5 Hz), 7.10 (d, 1H, J = 8.0 Hz), 7.26 (d, 2H, J = 6.5 Hz), 7.57 (t, 4H,
J = 7.0 Hz), 7.67 (t, 2H, J = 7.5 Hz), 7.77 (d, 2H, J = 8.0 Hz), 7.79 (d,
2H, J = 8.0 Hz), 7.89 (t, 2H, J = 8.0 Hz), 7.97 (d, 1H, J = 5.5 Hz), 8.04
(t, 1H, J = 7.5 Hz), 8.24 (d, 1H, J = 8.0 Hz), 8.28 (d, 1H, J = 8.0 Hz),
8.41 (d, 2H, J = 8.0 Hz), 8.50 (t, 1H, J = 8.0 Hz), 8.65 (d, 2H, J = 8.0
Hz), 8.89 (t, 1H, J = 8.0 Hz). 31P{1H} NMR (CD3CN): δ 55.96 (s).
Anal . Found: C, 44.38; H, 3.13; N, 6.73. Calcd for
C38.5H31Cl1.5N5P3Ru (cis-PN·0.5CHCl3): C, 44.53; H, 2.96; N, 6.74.

Synthesis of [Ru(trpy)(dppbz)(MeCN)](PF6)2 (PP). A mixture of
[RuCl3(trpy)]·H2O (62.0 mg, 0.135 mmol), dppbz (63.1 mg, 0.141
mmol), and ascorbic acid (52.3 mg, 0.297 mmol) in ethanol (50 cm3)
was refluxed for 4 h and then cooled to room temperature. The
solution was filtered and the purple filtrate concentrated to ca. 5 cm3

under reduced pressure. A saturated NaPF6/water solution was added
to the solution under refrigeration, which resulted in a purple
precipitate. Purification of the crude product by gel permeation
chromatography (Sephadex LH-20) using an acetonitrile/methanol
(1/1) mixture as the eluent produced an orange band followed by a
purple band of cis(MeCN,MeCN)-[Ru(trpy)(MeCN)2Cl]PF6 (trpy-
MeCN2Cl) (see the synthesis of trpyMeCN2Cl in the Supporting
Information). The orange solution was evaporated, and a saturated
NaPF6/acetonitrile solution (30 cm3) was added to the residue. The
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mixture was refluxed for 3 h, cooled to room temperature, and then
evaporated to dryness under reduced pressure. The residue was
extracted with dichloromethane, and the salts were removed by
filtration. After evaporation of the solvent, the dried solid was
dissolved in a minimum amount of dichloromethane and then loaded
onto a silica gel column. The column was eluted with dichloro-
methane/acetonitrile (9/1) to give an orange band followed by a
yellow band. PP was obtained from the yellow band after evaporation
and recrystallization from a dichloromethane/acetonitrile mixture (1/
1) and diethyl ether as yellow crystals (0.034 mmol, 25%). ESI-TOF
MS (positive ion, acetonitrile): m/z 391 ([Ru(trpy)(dppbz)]2+), 411
([Ru(trpy)(dppbz)(MeCN)]2+). 1H NMR (CD3CN): 6.56 (t, 4H, J =
8.0 Hz), 6.76 (t, 2H, J = 5.5 Hz), 6.83 (d, 2H, J = 6.0 Hz), 6.91 (t, 4H,
J = 8.0 Hz), 7.20 (t, 2H, J = 7.5 Hz), 7.51 (t, 4H, J = 8.0 Hz), 7.63 (m,
6H), 7.70 (t, 1H, J = 8.0 Hz), 7.82 (m, 3H), 7.99 (t, 1H, J = 7.5 Hz),
8.09 (d, 2H, J = 8.5 Hz), 8.37 (m, 3H), 8.53 (t, 1H, J = Hz). 31P{1H}
NMR (CD3CN): δ 68.57 (d, 2JP−P = 20.2 Hz), 69.77 (d, 2JP−P = 20.2
Hz). Anal. Found: C, 48.32; H, 3.52; N, 4.81. Calcd for
C48H40F12Cl2N4P4Ru (PP·CH2Cl2): C, 48.17; H, 3.37; N, 4.68.
Crystallography. Diffraction data at 123 K were obtained using a

Rigaku AFC8 diffractometer with a Rigaku Saturn CCD system.
Graphite-monochromated Mo Kα radiation (0.71075 Å) was used.
Cell parameters were retrieved using Crystal Clear-SM 1.4.0 software
and refined using Crystal Clear-SM 1.4.0 on all observed reflections.
Data reduction and empirical absorption correction using equivalent
reflections and Lorentzian polarization were performed with the
Crystal Clear-SM 1.4.0 software. The structure was solved by direct
methods using SIR-9244and refined on F2 with the full-matrix least-
squares technique using SHELXL-97.45 All non-hydrogen atoms were
refined anisotropically. Molecular graphics were generated using
ORTEP-3 for Windows46 and POV-RAY.47 For cis-PN, the diffused
electron densities resulting from residual solvent molecules were
removed from the data set using the SQUEEZE routine of PLATON
and refined further using the data generated.
Crystallographic data have been deposited with Cambridge

Crystallographic Data Center: deposition numbers CCDC 971295,
971296, 971297, and 971298 for cis-Cl′, trans-PN, cis-PN, and PP,
respectively. Copies of the data can be obtained free of charge via
www.ccdc.cam.ac.uk/data_request/cif.
DFT Calculations. Calculations were performed using the DFT

method implemented in the Gaussian 09 package of programs.33 The
structures were fully optimized using the B3LYP method, which uses
hybrid Becke’s three-parameter exchange functional34 with the
correlation energy functional of Lee, Yang, and Parr.35 All calculations
were performed using the standard double-ζ type LanL2DZ basis set36

implemented in Gaussian 09, without adding any extra polarization or
diffuse function. The LanL2DZ basis set also uses relativistic effective
core potentials (RECP) for the Ru atom to account for the scalar
relativistic effects of the inner 28 core electrons ([Ar]3d10) for Ru. All
calculations were performed using the polarizable continuum model
(PCM)37 to compute the structures in acetonitrile. All stationary
points were characterized by their harmonic vibrational frequencies as
minima. The free energies at 298 K and 1 atm were obtained through
thermochemical analysis of the frequency calculation, using the
thermal correction to Gibbs free energy as reported by Gaussian 09.
The excited states were calculated using the TD-DFT38 method within
the Tamm−Dancoff approximation as implemented in Gaussian 09.
These calculations employ the hybrid B3LYP functional along with the
basis sets described above. At least 100 excited states were computed
in each calculation. To obtain the simulated spectrum of each species,
transition energies and oscillator strengths have been interpolated by a
Gaussian convolution with a common σ value of 0.2 eV.
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