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Reversible Multistep and Multielectron Redox Behavior of an Oxo-Centered Trinuclear
Ruthenium Complex with a Redox-Active Ligand, [Ru3(u3-O)(#-CH3CO,)s(mbpy ")3]4"
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A series of new oxo-centered triruthenium, trirhodium, and mixed diruthenium—rhodium complexes having three
redox-active terminal ligands, N-methyl-4,4"-bipyridinium ion (mbpy™), were prepared: [Rus(u3-O)(u-CH3CO»)¢-
(mbpy*):](PFe); (1), [Rus(us-O)(u-CH3CO1)g(mbpy ")31(PFe)s (2), [Rus(us-O)(u-CeHsCO,)s(mbpy™)31(PF)(Cl04)3
(3), [RuzRh(u3-0)(u-CH3CO,)6(mbpy™):1(Cl04)4 (4), and [Rhi(u3-O)(u-CH3CO2)s(mbpy™*)3](PFs)s (5). Their
versatile electrochemical properties were investigated by means of cyclic voltammetry, differential-pulse
voltammetry, and controlled-potential absorption spectroscopy. Rus complexes 1 and 2 provide nine-step 11-
electron redox waves (involving eight reversible waves) in 0.1 M (n-C4Hg)sNPFs—CH;CN solution in the range
from +2.0 to —3.0 V vs ferrocene/ferrocenium (Fe/Fe™) couple at 22 °C (M = mol dm™?), consisting of five
Rus(us-O) core-based one-electron processes at +1.62, +0.64, —0.34, —1.75, and —2.76 V and the terminal
ligand-based steps at —1.23, —1.37, —1.99, and —2.09 V. The two couples of terminal ligand-based processes,
mbpy */mbpy* and mbpy*/mbpy~, split into two steps in 2:1 current intensity ratio. Complex 3 exhibits similar
redox behavior. The Ru;Rh complex 4 exhibits eight-step 10-electron redox waves (involving six reversible
waves), with the core-based redox processes at +1.65, +0.74, —0.72, and —~1.88 V, mbpy*/mbpy* steps at —1.14,
—1.26, and —1.45 V, and mbpy*/mbpy~ steps at ~2.14 V (3e). The Rh3 complex 5 shows two-step four-electron
redox behavior with a core-oxidation at +0.97 V and one-step three mbpy™ reductions at —1.21 V (3e). The
splitting of the ligand-based redox waves are caused by the ligand—ligand interactions through an empty dz—px
molecular orbital in the trinuclear M3(u3-O) framework.

Introduction

Multiple-electron transfer reactions in transition-metal com-
plexes have received considerable attention in recent years in
view of both purely scientific aspect and electrochemical and
catalytic applications.'™® The design of multielectron redox
systems have included approaches to introduction of two or more
redox-active metal ions into one structural unit or redox-active
ligands into a metal center. Cluster complexes therefore would
serve as excellent structural units to such systems.

Oxo-centered carboxylate-bridged trinuclear complexes of the
type [Ms(us3-O)(u-RCO2)6L3]"" (L = neutral monodentate
ligand)’ widely occur in a variety of first-row®™!' and second-
and third-row'?~40 transition-metal ions. Among those, tri-
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ruthenium analogs exhibit versatile redox properties;'5~% they
serve as reversible multistep and multielectron redox systems.
Thus, triruthenium complex [Rus(u3-O)(u-CH3CO)s(py)sl™ (py
= pyridine) shows four one-electron reversible redox waves at
Eip = +1.67, +0.74, —0.32, and —1.59 V vs Ag/Ag* in
CH;:CN (0.1 M [(n-C4Hyg)4N]PF¢) at room temperature (M =
mol dm™?).*° Ruthenium-containing mixed-metal complexes
[Ru",M(u3-0)(u-CH3CO1)L3 1" (M = Rh!! and several first-
row transition metal ions; L = pyridine and H,O; n = 1 and
0)*'4? also show reversible multistep redox nature. It has been
established that the multistep and multielectron redox behavior
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Rusz, RuyRh, and Rh; Complexes

originates from successive electron removal or occupation at
dst(Ru)—pm(us-O) molecular orbitals in the trinuclear Ru;(us-
0) or RuyM(u3-0) cores, 92204142

It has also been demonstrated that their redox potentials are
tunable by synthetic modifications on terminal ligands (L)% or
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bridging carboxylates (RCO,7).26 The triruthenium clusters may
be promising as potential electrocatalysts involving multiple
electron-transfer processes. It is noteworthy that the triruthe-
nium complexes have been found to be an efficient catalyst to
several organic reactions.’® The triruthenium and the ruthenium-
containing mixed-metal complexes may serve as an appropriate
cluster unit for the reversible multistep and multielectron redox
systems involving as many as 10 or more electrons. Meyer
and co-workers reported two extended arrays of triruthenium
units by using pyrazine as a bridging ligand: [{(py)2Rus(us-
0)(u-CH3CO2)6} (u-pz) {Ru3(u3-0)(u-CH3CO2)6(py)2}1-
(PFs),* and [(py):Rus(p3-O)(u-CH3CO2)e(u-pz)l2[Rua(us-O)(u-
CH;3CO,)6(CO)J*° (pz = pyrazine). These compounds show
reversible redox waves involving 8 or more than 10 electrons
in CH3CN, respectively. However, no further works to construct
these extended oligomers have appeared.*?

Our approach to the multielectron redox systems is to
introduce redox-active monodentate ligands to the redox-active
trinuclear cluster units. We chose N-methyl-4,4"-bipyridinium
ion (mbpy*) as a redox-active ligand,***5 which undergoes
successive two one-electron reversible reductions in non-aqueous
media to produce mbpy* and mbpy~ species, respectively.*®

In this paper, we describe versatile electrochemical behavior
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Chart 1
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[Ru'Ru™™(413-0)(u-CH3CO,)s(mbpy*)3) (PF¢)3 1
[RulM3(413-0)(1-CH3CO,)6(mbpy*)31(PFe)s 2
[Rum3(u3-O)(u-C6H5C02)6(mbpy+)3](PFﬁ)(C104)3 3
[RuM,REY 113-0)(11-CH3CO,)¢(mbpy )31 (Cl04)4 4

[Rh!3(13-0)(u-CH3CO,)g(mbpy*)31(PFe)s 5
mbpyt = ND—CN*—CH;

of the triruthenium complexes having three mbpy* ligands,
[Rus(u3-O)u-CH3CO,)s(mbpy T )31(PFe)s (1), [Rus(u3-O)(u-CHs-
CO26(mbpy™)31(PFe)s (2), and [Rus(uz-O)(u-CeHsCO,)s(mbpy*)al-
(PFg)(Cl104)3 (3). Mixed-metal Ru;Rh and Rhj analogs [Ru;-
Rh(u3-0) (u-CH3CO,)s(mbpy)31(Cl04)4 (4) and [Rha(us-O)(u-
CH;CO,)s(mbpy™)3](PFg)s (8) are also prepared (see Chart 1).
Cyclic and differential-pulse voltammetric studies confirmed that
the Rus and the Ru;Rh complexes exhibited multistep redox
processes, in which 11 and 10 electrons were involved,
respectively. These redox waves are unambiguously assigned
either trinuclear metal-centered or terminal ligand-centered
processes on the basis of cyclic- and differential-pulse voltam-
metry together with controlled-potential absorption spectroscopy.
It was found that the mbpy*/mbpy* process split into two and
three steps in the Ruz and the Ru;Rh complexes, respectively.
In contrast, the Rh3 analog shows no splitting in the corre-
sponding process. Interactions between the terminal ligands in
1-5 are also discussed.

Experimental Section

1. Preparation of Precursor Oxo-Centered Trinuclear Com-
plexes and the Ligand. a. [Ru™;(x3-0)(u-CsHsCO;)s(C;HsOH);]-
PFs. Previously we reported a benzoate-bridged triruthenium complex
[Rus(u3-0)(u-CeHsCO2)e(py)3]PFs. ¢ In this study, the C;HsOH deriva-
tive was isolated as a precursor to complex 3. To a hot suspension of
NaOH (1.00 g, 0.025 mmol) and benzoic acid (10.0 g, 82.0 mmol) in
C,HsOH (20 c¢m®) was added a C,HsOH solution (25 c¢m?®) of
RuClsnH>0O (1.00 g). The solution was refluxed for an hour, during
which the color changed from red-brown to dark green. The resulting
solution was cooled to room temperature and filtered. Dark green filtrate
was evaporated to ca. 20 cm® and was treated with column chroma-
tography (Sephadex LH-20 resin). A blue green band was eluted with
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Meyer, T. J. Inorg. Chem. 1989, 28, 2271—2280. (c) Sullivan, B. P.;
Abruna, H.: Finklea, H. O.; Salmon, D. J.; Nagle, J. K., Meyer, T. J.;
Sprintschnick, H. Chem. Phys. Lett. 1978, 58, 389—393.

(46) In this text, one-electron and two-electron reduced species of mbpy™
are abbreviated as mbpy* and mbpy~, respectively. Redox potentials
of [mbpy*JPFe (E}2 in V vs Fc/Fc™ in 0.1 M [(n-C4Hg)sN]PF—CHj-
CNat 22 & 1 °C. In parentheses are given AE, inmV): Ejp = —1.33
(60) [mbpy™/mbpy*], —2.02 (60) [mbpy*/mbpy~].
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C,HsOH. The eluent was evaporated to ca. 20 cm?®, and NH,PF¢ (0.20
g, 1.23 mmol) was added. Addition of n-hexane (50 cm?) produced
black crystals of [Rua(u3-O)(u-CeHsCO2)e(C.HsOH ):1PFs:3H,0 in 18%
yield (380 mg). Anal. Caled for [Rus(u:-O)(u-CeHsCO7)e-
(C2HsOH);]PF¢3H,O: C, 40.77; H, 3.73%. Found: C, 40.66; H,
3.65%. FAB MS, m/z = 1139 ([RU;O(C6H5COQ)(,(C3H50H)2(H20)]+).
Electronic spectrum (CoHsOH), Ana/nm (¢/M™! cm™): 680 (2600),
610 (2600), 300 (20700), 270 (25300), 230 (81700). 'H NMR
(CD;CN) 6 9.91 (12H, Ph-1,5-H), 8.13 (6H, Ph-3-H), 7.88 (12H, Ph-
2,4-H), 3.54 (6H, —CH,—), 1.11 (9H, CH3).

b. Other Materials. The ligand [mbpy*]PF, was prepared ac-
cording to the reported methods with slight modifications.** (u3-Oxo)-
hexakis(u-acetato)tris(methanolruthenium(IIl)) acetate, [Ru'll3(z3-O)(u-
CH:CO,)6(CH30H)3](CH3CO3),% (u3-0x0)hexakis(u-acetato)tris(aqua-
rhodium(IIl)) perchlorate, [Rh'"3(3-0)(1-CH3CO2)6(H20)31C104,* (13-
oxo)hexakis(u-acetato)bis(aquaruthenium(IIl))aquarhodium(III) perchio-
rate, [Ru™,Rh"(3:-0)(u-CH3CO1)6(H20):]ClO4,* and their pyridine
analogs were synthesized according to the reported methods.

2. Preparations of the Complexes Having mbpy* Ligands. a.
[Ru”Rumz(,u3-0)(;4-CH;COz)g(mbpy+)3](PF6)3 (1) To a CH3OH
solution (50 cm?) of [Ru"3(u3-0)(1-CH3CO2)(CH30H);1(CH:CO2)*
(420 mg, 0.51 mmol) was added [mbpy*]PF (510 mg, 1.61 mmol).
Refluxing of the mixture for an hour gave deep purple microcrystals
of [RufRu"(u3-0)(u-CH3CO2)¢(mbpy™*)3](PFe)2H20 in 52% yield
(440 mg). Anal. Caled for [Ruj(u:-O)(u-CHiCO4)e(mbpy™):1(PFe)s
2H,0: 32.59; H, 3.35; N, 5.07. Found: C, 32.48; H. 3.23; N, 4.97.
FAB MS, m/z = 1622 ([RusO(CH3CO»)s(mbpy™):](PFe);*). IR (1800—
1400 cm™' region, KBr pellet, cm~") 1430 s (Y4m(COO)), 1650 s, 1610
m, 1540 m, 1500 m.

b. [Rumg(,ug-O)(,u-CH;COz)g(mbpy+)3](PF6)4 (2). Toa CH}OH
solution (20 cm?) of [Ru"Ru"s(u3-O)(1-CH3CO,)e(mbpy™)31(PFs);2H,0
(70 mg, 0.042 mmol) was added 10% of Br»/CHiOH solution dropwise
until the color changed from deep purple to green. An addition of
NH4PF¢ (50 mg, 0.31 mmol) with stirring afforded green precipitates,
which were collected and washed with CH3;OH and diethyl ether.
Recrystallization of the crude product from acetone/n-hexane (1/1 v/v)
at 0 °C gave [Ru3(u3-O)(u-CH3CO1)s(mbpy™)s}(PFg)eH>0 in 78%
yield (60 mg). The sample for electrochemical measurements was
obtained by column chromatographic purification (Sephadex LH-20
resin, CH3CN). Green main fraction was collected, evaporated to
dryness, and the residue was recrystallized from CH;CN/diethyl ether
(1/1 wv/v). Anal. Caled for [Rua(us;-O)u-CH3CO2)e(mbpy™)s]-
(PFe)+H20: C, 30.28; H, 3.00; N, 4.71. Found: C, 30.38; H, 3.11; N,
4.67. FAB MS, m/z = 1622 ([Ru;0(CH;COx)s(mbpy™)s(PFs);]%). IR
(1800—1400 cm™! region, cm™!): 1430 s (¥yu(COO)). 1650 s, 1620
m, 1580 w, 1550 m, 1535 m, 1500 m.

¢ [Ru™3(u3-0)(u-CsHsCO,)s(mbpy*)3)(PFe)(ClO4)s (3). To a
CzH_sOH solution (30 cm3) of [Ru1“3(113-0)(/I-C6H5CO:)(,(C2H50H)3]-
PF¢-3H,0 (100 mg, 0.075 mmol) was added [mbpy"]PFs (100 mg, 0.32
mmol), and the solution was refluxed for 30 min, during which the
color changed from blue-green to dark green, and then green solid
products formed. These were collected and washed with hot C;HsOH
and then diethyl ether (160 mg). A CH;CN solution (2 ¢cm?) of crude
products was subjected to column chromatography (Sephadex LH-20
resin, C;HsOH). A green main fraction was collected (ca. 10 cm?),
NaClOy (0.2 g) and water (10 cm®) were added, and the mixture was
allowed to stand for 3 days at 0 °C. Microcrystalline solids formed
were recrystallized from hot CH;OH to give {Ru"3(u3-0)(u-CeHsCO2)6-
(mbpy*)3](PFs}(C104)36H,0 in 62% yield (91 mg). Anal. Caled for
[Rus(u3-0)(u-CsHsCO1)e(mbpy):](PFe)(ClO,)3*6H-0:  C, 42.67; H,
3.59; N, 3.98. Found: C, 42.80; H, 3.61; N, 3.94. FAB MS§, m/z =
1857 ([Ru;O(Cf,HsCOg)6(mbpy*)3-(ClO4)3]‘“). IR (1800—1400 cm™!
region, cm™'): 1425 5 (v,w(COO0)), 1640 m. 1620 m, 1580 w, 1540
m, 1530 m, 1500 m.

d. [Ru;Rh™(g;-0)(u-CH3CO,)s(mbpy*):}(Cl04)s (4). To an
aqueous solution (20 cm?) of [Ru™,Rh™(z3-0)(u-CH3CO2)6(H20)s]-
Cl1045NaCl0,*' (100 mg, 0.069 mmol) was added a CH3;OH solution
(20 cm®) of [mbpy*]PFs (280 mg, 0.89 mmol), and the mixture was
heated under reflux for 1 h. Green products obtained by evaporation
of the reaction mixture were purified by column chromatography
(Sephadex LH-20 resin with acetone as an eluent). The green main
fraction was evaporated to ca. 10 cm?, and diethyl ether (20 cm?) was
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added to give green precipitates in 87% yield (130 mg). Microcrystals
were obtained with recrystallization from hot CH;OH. Anal. Caled
for [RuaRh(u3-O)(u-CH3CO;)s(mbpy)3]1(Cl04)#NaClO,2H,0: C, 30.96;
H, 3.18; N, 4.82. Found: C, 31.10; H, 3.11; N, 4.80. FAB MS, m/z
= 1019 ([Ru;RhO(CH3CO3)s(mbpy™).]*). IR (1800—1400 cm™!
region, cm™'): 1590 8 (V45ym(COQO)), 1420 s (¥ym(COO)), 1640 m, 1560
m, 1490 m.

e. [Rh'3(u3-0)(u-CH3CO2)s(mbpy*)s1(PFs)s (5). [Rh!™3(u3-0)(u-
CH;C0,)s(H20);1C104*' (70 mg, 0.084 mmol) and [mbpy*]PF, (140
mg, 0.44 mmol) were dissolved in CH;OH (20 ¢m?), and the mixture
was refluxed for 1 h, affording yellow microcrystalline precipitates in
48% yield (73 mg). Anal. Caled for [Rh;(u3-O)(u-CH3COz)e-
(mbpy *);1(PFe)+3H,0: C, 29.59; H, 3.15; N, 4.60. Found: C, 29.49;
H, 3.34; N, 4.61. FAB MS, m/z = 1626 ([Rh;O(CH3CO,)s(mbpy™)3]-
(PFe);*). IR (1800—1400 cm™! region, cm™'): 1620 s (Vagym(COO)),
1425 s (v4m(CO0O)), 1550 w, 1530 w, 1500 w.

Caution! Although the perchlorate salts reported in this study were
not found to be explosive, the materials should be handled with extreme
care in small quantities.

3. Materials. CH;CN used in electrochemical measurements was
distilled twice over PO and then once over CaH, under a nitrogen
atmosphere before use. Tetra-n-butylammonium hexafluorophosphate
[(n-C4H9)sN]PFs was prepared by mixing aqueous solutions of [(n-
CsHy):N]Br and of NH,PF,, and then was recrystallized three times
from hot ethylacetate/benzene and dried in vacuo at 140 °C for more
than 12 h. RuClynH,0, RhCl::3H,O (Wako Pure Chemicals), and other
reagents were used as received.

4. Measurements. Electronic absorption spectra were recorded on
a Hitachi 330 or 340 spectrophotometer. 'H NMR spectra were
obtained on a JEOL GSX-270 FT NMR spectrometer at 270 MHz.
Infrared absorption spectra were recorded with KBr pellets on a Jasco
IR-810 spectrophotometer. Mass spectra were measured with a JEOL
JMS-HX 110 mass spectrometer with 3-nitrobenzyl alcohol as a matrix.

Cyclic voltammetry (CV) and differential-pulse voltammetry (DPV)
were carried out by using a YANACO P-1100 polarographic analyzer
with a WATANABE WX 1100 X-Y recorder. A three-electrode cell
consisting of a glassy carbon working electrode, a platinum wire counter
electrode, and an Ag/Ag™ ([AgClO,] = 0.01 M in CH;CN) reference
electrode was used. CV was performed at scan rates of 5 to 500 mV
s~!. The half-wave potentials £, = (Epe + Ep)/2, where Ec and Ep,
are the cathodic and anodic peak potential, respectively, are given at a
scan rate of 100 mV s™'. Under these experimental conditions, the
one-electron reversible wave of ferrocene (1 mM) was detected at £,
= +0.09 V vs Ag/Ag™ with AE, (= E,, — Epc) = 60 mV. DPV was
performed at scan rates of 5—~20 mV s~} with pulse height of 5 mV.
Coulometry was carried out with a thin-layer cell.#” Controlled potential
absorption spectra were obtained with an optically transparent thin-
layer electrode (OTTLE) cell (an optical path length, 0.5 mm) by using
a gold mesh working electrode in conjunction with the Hitachi 330
spectrophotometer. All electrochemical and spectroelectrochemical
measurements were carried out under a nitrogen atmosphere.

Results

1. Preparation of the New Complexes. Reactions of
trinuclear complexes having three coordinated solvent molecules
[M!3(u3-0)(u-CH3CO2)6(S5)3]* (M3 = Rus, Rhs, and RuRh; S
= CH;0H or H;0) and [Ru™3(u3-0)(u-CsHsCO,)s(CHsOH)3]™
with excess [mbpy*]PFs; in CH3;0H (or CH;OH/H,0) at
refluxing temperature produce the corresponding mbpy™* deriva-
tives. These synthetic procedures are analogous to those for
the pyridine complexes [M3(u3-O)(u-CH;CO,)e(py)s]™ (M; =
Ru;,2° Ru;Rh,*' and Rhs*') and [Ru3(43-O)(u-CsHsCO)s-
(py)3]*.2 For the acetate-bridged Ruj complex, RuRu'l,
complex 1 rather than Ru''y complex 2 precipitates under the
present synthetic conditions. The divalent state in complex 1
is considered to be delocalized over the three Ru ions as
previously mentioned for other RuRu"l; complexes.2’ Oxida-

(47) Unoura, K.; Iwase, A.: Ogino, H. J. Electroanal. Chem. 1990, 295,
385-392,
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tion states of isolated Ruj complexes may depend on the nature
of terminal ligands as well as bridging carboxylates.*® Rull;
complex 2 is obtained by bromine oxidation of Rul'Rull,
complex 1. The symmetrical carboxylate stretching vibrations,
¥sym(COO), of Rus complexes 1, 2, and 3 in IR spectra appear
in the range 1420~1430 cm™! with strong absorptions. How-
ever, the asymmetrical ones V,5,m(COO) are unclear due to a
significant overlap with those from the coordinated mbpy™*
ligands. In contrast, both stretches are detectable in RhoRh
complex 4 (V45ym(COO) = 1590 and v4ym(COO) = 1420 cm™')
and Rh; complex 5 (v4y(COO) = 1620 and v4yn(COO) = 1425
cm™') with strong vibrations. The different band shape of vVaoym-
(COQ) has been seen in the aqua and pyridine complexes of
these three Rus, Rhs, and Ru;Rh cores, and was discussed in
terms of symmetry lowering of the Ru; complexes.’” Differ-
ences between V;ym(COO) and ¥4yr(COO) (170 cm™! for 4 and
195 cm™! for 5) indicate a bridging mode of the acetate
ions.'®39  All acetate-bridged mbpy* compounds are highly
soluble in CH3CN, (CH;3),CO, and water. This is in marked
contrast to high solubility of the py and the aqua complexes
only in organic solvents and water, respectively. The present
complexes are fairly stable in solutions as evidenced by
absorption and 'H NMR spectroscopy.

2. 'H NMR Spectroscopy. 'H NMR chemical shifts for
complexes 1—5§ in CD3iCN at 25 °C and their assignments are
listed in Table 1 along with those of the free mbpy™ ligand.
Complexes 1 (Ru'Ru'y), 4 (Ru;Rh™), and § (Rhil;) are
essentially diamagnetic.?%4! Signals of aromatic and methyl
protons of coordinated mbpy™ ligands of complexes 1, 4, and
5 appear in the ranges 6 9.49—8.13 and 6 4.45—4.39 in CD;CN,
respectively. They are slightly downfield shifted as compared
with those of a free mbpy™ ligand (6 8.84—7.79 for aromatic
ring protons and 0 4.32 for CH; in CD3CN). Acetate methyl
resonances are observed in the range 6 2.03—2.56. In the Ru;Rh
complex 4, two kinds resonances with 2:1 integrated intensity
ratios are observed, reflecting the symmetry lowering of the
trinuclear core.*! Resonances of complexes 2 and 3 (Rulll;)
are paramagnetically shifted, but they are rather sharp.2’ As
compared with the free ligand, aromatic and methyl protons of
coordinated mbpy* ligands in 2 and 3 show upfield and
downfield shift, respectively. Acetate methyl resonance of 2
exhibits downfield shift as compared with the diamagnetic
Rul'Ru'"; analog 1. The trend in chemical shifts on going from
RullRu", to Ru'll; complexes is in fair agreement with that
observed in [Rus(u3-O)(u-CH3CO2)e(py)s]"t (n = 0 and 1).20

3. Absorption Spectroscopy. Absorption spectral data of
the new complexes in CH3CN and H,O are collected in Table
2, in which each absorption spectrum is classified into three
bands (bands I—III). The present complexes exhibit distinctive
spectral patterns. Ru; complexes 1—3 and Ru;Rh complex 4

(48) The spontaneous one-electron reduction also took place for the tris-
(4-cyanopyridine) and tris(pyrazine) complexes,*® while not for the
tris(pyridine) complex and mbpy™* derivative of the Ruj u-benzoate
complex 3.

(49) Hashimoto, M.; Hishikawa, M.; Abe, M.; Sasaki, Y.; Ito, T. Unpub-
lished results.

(50) Nakamoto, K. Infrared and Raman Spectra of Inorganic and Coor-
dination Compounds, 4th ed.; John Wiley & Sons: New York, 1986.

(51) In order to determine the multistep redox waves of Rus and RusRh
complexes with mbpy™ ligands, redox potentials of the known pyridine
complexes were remeasured under the present condition (Ey in V vs
Fc/Fe* in 0.1 M [(n-C4Hg)aNJPFe—CH3CN at 22 = 1 °C. In
parentheses are given AE, values in mV. Scan rate, 100 mV s~'),
[Ru3(u3-0)(u-CH3CO2)s(py)3]PFs: E12 = +1.56 (100), +0.59 (70),
=047 (60), —1.74 (70), and E,c = —245 V., [Rus(us-O)-
(u-CeHsCO2)s(py)3]PFe: Ein = +1.49 (100), +0.62 (70), —0.35 (60),
and —1.63 (60) V.; [RUthQLt3-O)QLt-CH]COz)G(py)J]CIOAZ E]/g =
+1.68 (70), +0.79 (60), —0.77 (60) V, and E,. = —1.80 V.



4494 [norganic Chemistry, Vol. 34, No. 17, 1995 Abe et al.
Table 1. 'H NMR Data for the Ligand and the New Complexes*
CH;
; +
complex aromatic (mbpy™) mbpy* acetate
[mbpy*]PF, 8.84 2H,d) 8.71(2H,d) 830(2H,d) 7.79(2H,d) 4.32(3H,s)
[Rus(u3-0)(u-CH;CO-)6(mbpy¥)s](PFs)3 (1) 9.49 (6H,d) 8.82(6H,d) 8.53(6H,d) 8.25(6H,d) 4.39(9H,s) 2.03(18H,s)
[Rus(u3-0)(u-CH3COx)s(mbpy )31 (PFe)s (2) 845(6H,d) 7.67(6H.s) 585(6H.s) 0.75(6H,s) 4.11 (9H,s) 5.39 (I8H,s)
[Rus(u3-0)(u-CoHsCO2)e(mbpy )3 [(PFe)(Cl04); (3) 8.49 (6H,d)  7.78 (6H,d)  6.15(6H,s) 1.67 (6H,s) 4.12 (9H,s)

(phenyl ring: 9.57 (12H, d, Ph-2,6-H), 7.89 (6H, t, Ph-4-H), 7.78 (12H, t, Ph-3,5-H))

[RUgRl’](}l3-0)(M-CH3C02)6(mbpy+)g](C104)4 (4) 8.99 (4H, d)“J
9.22 (2H, dy
[Rha(u3-O)(-CH3CO:)s(mbpy )3 1(PFe)s (5) 9.01 (6H, d)

8.88 (4H,d)* 853(4H,d)* 845(4H,d)* 4.45(6H,s)* 2.56 (12H,s)?
8.85 (2H, d)*
8.82 (6H. d)

8.45(2H,d)* 8.23 (2H,d)y 442 (3H,s) 2.07 (6H, s)
842 (6H,d) 8.13(6H,d) 4.39(9H,s) 2.24(18H,s)

“In CD;CN at 25 °C. Chemical shifts are referenced to TMS. ? Coordinated to Ru. < Coordinated to Rh. ¢ Bridging Ru* * ‘Rh. ¢ Bridging Rue * Ru.

Table 2. Absorption Spectral Data for the New Complexes in CH;CN and Water?

Amax/nm (/M1 cm™!)

complex solvent band I band II¢ band II1¢
[Rus(243-0)(u-CH3CO1)o(mbpy *)3](PFs )5 (1) CH;CN 950 (25000) 570 (18600), 350sh (9800) 260 (94800)
water 910 (20900) 502 (16300) 260 (90200)

[Rus(£3-0)(14-CH1CO1)s(mbpyT)3](PFe )4 (2) CH;CN

700 (8300), 620sh (5800)
water 700 (8300), 620sh (5800)

395 (12500)
380sh (11400), 330sh (14700)

255 (63500)
252 (61000)

[Rus(u3-0)(u-CeHsCOa)e(mbpy ):](PFe)(Cl04); 3)  CH;CN 718 (8700) 392 (16600) 270sh (77100)
235 (114600)¢
[RuzRh(u3-0)(4-CH3CO1)s(mbpy*)3](Cl04)s (4) CH;CN 596 (5200) 408 (11000), 364 (10900) 255 (63500)
water 597 (5200) - 408sh (7100), 360sh (10600) 250 (54800)
[Rh3(£43-0)(14-CH1CO1)e(mbpy )3)(PFs)s (5) CH:CN 388 (6400) 252 (62500)
water 370sh (10100) 250 (62200)

“ Measured at 25 °C. sh = shoulder. ¢ Transitions between molecular orbitals arising from d;z(metal)—psm(u;-O) interactions within the Ma(u;-
0) core. < Charge-transfer transitions from dsz—pa orbitals of the M3(u3-O) core to s* orbitals of the mbpy™ ligands. ¢ 7—s* transitions in mbpy*

ligands. ¢ m—a* transitions in benzoate phenyl rings.

3Ru "Ruz0" (6]

Figure 1. Qualitative molecular orbital diagram for oxo-centered
triruthenium unit. A total of 18 electrons are shown in the diagram,
which corresponds to Ru'Ru'; oxidation state.

display two absorption bands in a visible region, while Rhs
complex 5 exhibits no strong band. These visible absorption
features are explained in terms of qualitative molecular orbital
diagram for the Rus(us-O) cluster 7 system in D3, symmetry
proposed by Cotton and Norman'®® and by Meyer and co-
workers,?” as shown in Figure 1. The molecular orbitals arising
from the interactions between ruthenium ds orbitals (d.., dr,
d,.) and a central oxide p- orbital with an sp? hybridization give
one bonding, one antibonding, and eight essentially nonbonding
orbitals. The Ru''Ru''; complex, as shown in Figure 1, has 18
electrons in one bonding and eight nonbonding orbitals (16 from
three Ru ions and two from a central oxide ion). The analogous
MO-type interactions are also proposed for both Rh3 and mixed-
metal RupRh complexes.*

Broad absorption band centered at 700 nm (¢ = 8300 M™!
cm™!) with a shoulder (around 620 nm) for Ru''y complex 2 in
CH;CN is assigned to transitions from occupied nonbonding

orbitals to a vacant antibonding orbital (band I). These
transitions are also observed for other Ru'; analogs in the
similar wavelength region.2222326  An absorption centered at
395 nm (¢ = 12 900 M~! em™') is attributed to charge-transfer
transitions from dz—psr molecular orbitals in the Ru3(u3-O) core
to z7* orbitals of the coordinated mbpy™ ligands (band II). This
assignment is supported by a significant shift of the band
maxima depending on the terminal ligands.?>?> In Ru'Ru!',
complex 1, both absorption bands are shifted toward a longer
wavelength region compared with those observed in Ru'ls
complex 2. This trend is in agreement with that found for the
pyridine analogs [Rus(u3-0)(u-CH3CO,)s(py)s]"t (n = 0, 1).2°
An absorption band around 260 nm can be assigned to 7—m*
transitions of terminal mbpy™ ligands (band III). Rul,Rhi!
complex 4 also shows three types of absorption bands.*' The
Rh'!'y complex, in which all dz—ps orbitals are filled with 20
electrons, shows no intense absorptions over 400 nm.'**!

The absorption spectra of the mbpy"™ complexes of Rus,
Ru;Rh, and Rh; in organic solvents are appreciably different
from those in water. Solvent effects on absorption spectra of
oxo-centered trinuclear complexes in both organic and aqueous
solutions have not been reported previously. A charge-transfer
band (band I1) in Ru'y complex 2 in CH3CN (Ana = 395 nm)
shifts to shorter wavelength in water with distinctive two
shoulders (around 380 and 330 nm), while transitions between
the dr—psr MO’s of the trinuclear core (band I) and the 7—a*
transitions of coordinated mbpy* ligands (band III) remain
almost unchanged in both solvents. The substantial solvent
effect seen only in the charge-transfer band is also observed in
the Ru;Rh and the Rh; analogs (Table 2).

4. Electrochemical Behavior. Figures 2—4 show cyclic and
differential-pulse voltammograms of complexes 2, 4, and 5§ in
a 0.1 M [(n-C4Ho)4N]PFs—CH:CN solution at room temperature,
respectively. The process numbering classified by the nature
of the redox waves are also included. Their E|,» values are
tabulated in Table 3.

a. [Ruz(u3-0)u-CH3CO;)s(mbpy™):]*t. As shown in
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Figure 2. Cyclic voltammogram (a) and differential-pulse voltammo-
gram (b) of [Rui(u;-ONu-CH;CO,)e(mbpy*);]*" in a 0.1 M [(n-
C.iHs):NIPFe—CH:CN solution. Scan rate = 100 mV s™! for cyclic
voltammetry and 5 mV s~! for differential-pulse voltammetry, respec-

tively.
Vie
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Figure 3. Cyclic voltammograms (a and b) and differential-pulse
voltammogram (c) of [Ru,Rh(u3-O)(u-CH;CO2)s(mbpy*);]** in a 0.1
M [(n-C4Hg)sN]PF¢—CH:CN solution. Scan rate = 100 mV s~! for
cyclic voltammetry and 20 mV s~! for differential-pulse voltammetry.
Asterisks are due to an impurity.

Figure 2, complex 2 exhibits essentially reversible multistep
redox processes. Eight reversible steps labeled I to VIb and
one irreversible step labeled VII are obtained in 0.1 M [(n-
C4Ho)sN]PEs—CH;CN in the range from +2.0 to —3.0 V vs
Fc/Fct, which involves a total of 11 electrons (vide supra).
Complex 1 gives the same CV and DPV as complex 2.
Comparison of the redox potentials with those of [Rus(us-O)(u-
CH3CO,)s(py)]PF¢’! enables us to assign reversible waves I,
IL, III, and V (Ey;; = +1.62, +0.64 , —0.34, and —1.75 V,
respectively) and an irreversible wave VII (E,c = —2.76 V) to
Rui(u3-O) trinuclear core-based processes of RuRu!v/Ru,RutY/
../Ru'l, A coulometric measurement at —0.2 V established that
process III is of one-electron nature (# = 0.9 + 0.1). The other
trinuclear core-based waves are also concluded to be one-
electron processes as judged from the current intensities.
Processes IVa, IVb and VIa, VIb are terminal ligand-based.
It is interesting to note that the mbpy*/mbpy* process splits into
two steps with 2:1 current intensity ratio (IVa and IVb), which
are clearly detectable as two peaks in DPV at —1.23 and —1.37

(52) When the potential is scanned to —3.0 V, ill-defined irreversible waves
are detected in CV at E,. = —1.35, —1.69, —2.00, and —2.62 V.
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Figure 4. Cyclic voltammogram (a) and differential-pulse voltammo-
gram (b) of [Rh3(u;-O)(u-CH3CO2)e(mbpy*);]°* in a 0.1 M [(n-
CsHy)4NJPFe—CH;CN solution. Scan rate = 100 mV s~! for cyclic
voltammetry and 20 mV s~! for differential-pulse voltammetry.

V. Splitting feature is also seen in the mbpy*/mbpy~ process
(—1.99 and —2.09 V for processes VIa and VIb, respectively).
The redox processes of Rus complex 2 are summarized as
follows:

[RUMIRUY;(13-0)(-CHaCOg)s(mbpy*)]6*
e~ N—e‘ @

[RUIL,RUTY(113-0)(-CHaC OZ) (Mbpy*)a]s*
e @

[Rullly(113-0) (1-CHCOZ)g(mbpy™)al**

o H_e_ (I11)

[RUIRUIL, (113-0) (1-CH3COR)s(mbpy*)al*
o w

[RUIRUILy(15-0)(-CH3CO)s(Mbpy*)(Mmbpy® Yol

o U_e_ (IVb)

[RUTRUIT, 13-0)(1-CH3C Oz )6(mbpy® )oJ°
. 0

[RUIRUM (5-O)(-CHaC Og)s(Mbpy® )]~
126 n— 2e- (Via)

[RUI,RUM(115-0)(1-CH3CO)e(mbpy® )(mbpy=)o]3~

o e (VIb)

[RURu{p13-Of-CHaCOp)s(mbpy~ )4~
' o M_E_ (VII)

[Rulls(u-CH3COR)s(mbpy=)s]2~ + 02

A substantial effect of the complex charge on the core-based
redox potentials should be noted. The complex species involved
in the electrode process have highly positive and negative
charges (+6 to —4), and this leads to a positive shift in the
potentials for processes I, II, and III and a negative shift for
process VII in the case of 2 relative to those for the Rus;—
pyridine complex.’'

The irreversible process in the most negative region (Ru;RulY/
Ru'';) has been previously claimed to be accompanied by a loss
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of central us;-oxide ion.'*?* We assume that the similar u:-
oxide loss also takes place in complex 2 (process VII).

b. [Rus(u3-0)(u-CsHsCO;)¢(mbpy™)s]4". The benzoate-
bridged Ru; complex 3 also exhibits multistep redox behavior
arising from both the Rus(u3-O) framework and the terminal
ligands. The stronger electron withdrawing property of benzoate
ions leads to the positive shifts in the core-based redox potential
for complex 3 relative to those for acetate-bridged complex 2
(by 70—190 mV). The same trend has been found in pyridine
complexes [Rus(u3-O)(u-CHiCOs)s(py)3:]PFs and [Rus(u3-O)(u-
CsHsCO2)s(py)3]PFe.*8 Ligand-based processes are observed
at E, = —1.25 and —1.36 V for mbpy*/mbpy* (IVa and IVb)
and —2.05 and —2.10 V for mbpy*/mbpy~ (VIa and IVb) in
DPV. Splitting of ligand-based redox waves (110 .mV for
mbpy*/mbpy* and 50 mV for mbpy*/mbpy~) is comparable to
the case for the acetato complex 2. The effects of bridging
carboxylate on the terminal ligand reduction potentials and the
extent of their splittings seem to be small.

¢. [RuzRh(g3-0)(u-CH3CO2)s(mbpy™);:]**. This complex
shows six reversible one-electron redox waves and two irrevers-
ible waves in the range from +2.0 to —3.0 V as shown in Figure
3. Reversible processes labeled I, II, and III (E;» = +1.65,
+0.74, and —0.72 V, respectively, Figure 3a) and an irreversible
process V (E, = —1.88 V, Figure 3b) are assignable to redox
in the RuRh(u3-O) moiety.*'3! The first oxidation wave
(process II) should certainly correspond to Ru''';Rh!!/RuRu!V.
Rh' redox couple. The second oxidation (process I) is due to
either one-electron oxidation of the second Ru or the Rh site.
A group of the splitting process labeled IVa—IVc is ligand-
based (E, = —1.14, —1.26, and —1.45 V in DPV, Figure 3c).
In contrast, one-step reductions are observed for the mbpy*/
mbpy~ process at E,. = —2.14 V (3e) in CV (process VI). The
redox processes of RusRh complex 4 can be summarized as
follows:

[RulVzRhM(g-0)(u-CH3COZ)e(mbpy )%+
(or [RUTERUIVRN!Y (3-0) (-CH3COZ)e(mbpy)3l*)

|-
[RUIRUV RN (15-0) (4-CHaCO,)e(mbpy ~)al
. U_eo i
[RUIANT(4-0)(1-CHaCOR)(mbpy )sJ**
U (1

[RUMRUMR ! (U3-O)(1-CHZCO2)s(mbpy ™)+

rer Ue (IVa)
[RUIRUIIRNTL(15-O) (1-CHyCOp) (mbpy*)z(mbgy )2+

H (IVb)
[RUIRUIIRNT(13-O) (1-CH3CO)s(mbpy )a(mbpy® )oI*

e H-e- (IVe)

[RUIRUTRIT(13-0) (4-CHaCOZ)e(mbpy® )ol°
ue V)
[RUt,RIT(13-O)(u-CHaCO)s(Mbpy® )5}~
e Us (VD
[RUIL RN (15-O)(u-CH3COZ)e(mbpy )l ~

d. [Rhs(u3-0)(u-CH3CO;2)¢(mbpy*)3]*". The complex
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displays a reversible one-electron redox couple labeled IT at E1»
= +0.97 V and a one-step quasi-reversible process of mbpy ™/
mbpy* labeled IV at £, = —1.21 V in the range +2.0 to —1.3
V (Figure 4).3° The process II corresponds to Rh!3/Rh!!i;Rh!Y,
One-electron nature of the Rh; core-based process has been
previously established for analogs with other terminal ligands.'>+'
Process IV involves three electrons, judging from relative current
intensity ratio between the two couples. The redox processes
of Rha complex 5 can be summarized as follows:

[RhHL, RV (113-0)(u-CHaC Op)e(mbpy*)sls*
<)
[Rullly(15-O)(u-CHaCO2)s(mbpy*)s) **
s w

[RUML(13-O) (u-CH3COp)s(mbpy® )a -

5. Controlled-Potential Absorption Spectroscopy of the
Triruthenium Complex. In order to identify the multistep
redox waves, controlled-potential absorption spectra were
measured by using a gold mesh working electrode with an
optically transparent thin-layered electrode (OTTLE) cell.
Absorption spectra at controlled potentials were reported for
[Ru3(u3-0)(u-CH3CO,)g(isonic)s] (isonic = isonicotineamide)?
and [Rua(u3-O)(u-CH3CO1)e(py)2(dmso)} (dmso = dimethyl
sulfoxide).”® Absorption spectra of Rus complex 2 in 0.1 M
[(n-C4Hg)sN]JPF,—CH;CN at given potentials are displayed in
Figure 5. Absorption spectra of electrochemically generated
reduced species could be taken only up to process IVb (Figure
2). When the potential was set at more negative potential
(beyond process V), the absorption intensity in a visible region
decreased during the electrolysis and the spectroelectrochemical
study on the highly reduced species of 2 was impossible. It is
demonstrated that one-electron oxidized species [RufLRulVus-
O)(u-CH3CO,)6(mbpy*);>™ (at +0.9 V) gives absorption
maxima at 790, 576, and 322 nm (Figure 5a). This spectrum
is compared with that of [Ru";Ru!Y (43-0)(u-CH1CO2)s(py)s )™,
which shows absorption maxima at 775, 575, and 313 nm in
CH:Cl>.* One-electron reduced species [RulRuM(u3-O)(u-
CH;CO»)s(mbpy™)3]1* (at —1.0 V) gives absorption maxima
at 950 and 570 nm (Figure 5c), which are close to those of 1.
When the potential is applied to —1.5 V (a potential between
processes IVb and V), three absorption bands are observed at
992 nm (¢ = 9600 M~ cm™"), 514 nm (e =22 600 M~! cm™}),
and 370 nm (e = 41 700 M~ ¢cm™") (Figure 5d). Since free
mbpy* shows absorptions at 369 and 535 nm (at —1.7 V) under
the same conditions, the band centered at 370 nm is assigned
to a w—m* transition of three coordinated mbpy* ligands and
an absorption at 514 nm are assigned to overlap of two types
of transitions, charge-transfer transitions (Rus(u3-O) core to
mbpy* ligands) and another t—7* transition in mbpy"* ligands.
This spectrum clearly indicates that processes IVa and [Vb are
ligand-centered.

One-electron reduced Ru,Rh complex [Ru'Ru™Rh!"(4;-O)(u-
CH;CO»)s(mbpy™):]°T (at —0.9 V) shows three bands at 1277,
667, and 410 nm. Measurements of absorption spectra at
potentials in which one or more mbpy™ ligands are reduced (<
—1.1 V) were failed due to the instability of those species.

Discussion

Multistep and Multielectron Redox Behavior. Several
types of compounds which exhibit multistep and multielectron
redox behavior have been extensively studied. The typical
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Table 3. Redox Potentials of [M3(u3-0)(u-CH;CO2)s(mbpy™)3]** (M3 = Rus (2), Ru;Rh (4), and Rh; (5)) and
[Ru;(3-O)(u-CeHsCO2)e(mbpy ;14T (3) in 0.1 M [(n-C4Hs)sN]PFe-CH;CN¢

E\pbV vs FefFet (AE), ned

assignment numbering 2 3 4 5
LIV, IV)/ILILIV) I +1.62 (110), le +1.65 (90), le
(IILIIL,IV)/(IILIILIIT) II +0.64 (70), le -+0.73 (80), le +0.74 (60), le +0.97 (50), le
(ITLIILIID)/(ILITLIIT) 11 -0.34 (50), le -0.15(70), le —0.72 (50), le
mbpy*/mbpy* IVa —1.23,22e —1.2522¢ —1.14¢ le —1.21 (100),% 3e
IVb -1.37¢ le —1.36, le —1.26, le
IVe —-1.45¢ le
(ILIILIID/(ILILIID) \% —1.75 (60), le —1.68 (90), le —1.88/ le
mbpy*/mbpy~ Via —1.99, 2e —2.05,22e ~2.14/ 3e
VIib —2.09,¢ le —2.10¢ le
(ILILIIT)/(ILILII) VII —2.767 le —2.58/1e

@Measured at 22 &+ 1 °C at a scan rate of 100 mV s~! by using a glassy carbon working electrode, a platinum coil counter electrode, and an
Ag/Agt ([AgClO4] = 0.01 mM in CH;CN) reference electrode. [complex] = 1 mM. All potentials are reported vs Fe/Fc* couple. ® E)p = (Ep,
+ Eyc)/2, where E,, and Ej are anodic and cathodic peak potentials, respectively. ¢ AE, = Ey, — Ey.. ¢ ne = number of electrons exchanged. ¢ Peak
potential in DPV. ~E,. for the irreversible process. ¢ Quasireversible process.
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Figure 5. Controlled-potential absorption spectra of {Rus(z:-O)(¢-CHs-
CO,)s(mbpy*);1** in a 0.1 M [(n-C4Hg)aNJPFs—CH;CN solution at
several applied potentials vs Fc/Fct): (a) +0.9 V; (b) no potential
applied; (¢) —1.0 V; (d) —1.5 V.

examples are dinuclear Ru/Os complexes with z-aromatic
polydentate ligands, which show multistep redox waves due to
both metal ions and ligands.'3 Krej&ik and ViZek reported a
total of 14 almost reversible one-electron redox waves of
[{Ru(bpy)2}2(u-bpm)](PFs)4 (bpm = 2,2’-bipyrimidine) in DMF
at low temperature (—75 °C), consisting of Ru-based (2¢) and
bpy- and bpm-based (12e) processes;? reversibility of some
processes in the negative region, however, is lower at room
temperature. Versatile electrochemical and spectroscopic prop-
erties of a series of polynuclear Ru/Os complexes using
polydentate heteroaromatic ligands have also been reported by
Balzani ef al.* The system involves more than two redox-active
metal centers and redox-active ligands in one molecule, and
their redox potentials are tunable by modifying both metal ions
and ligands involved. Multistep redox properties in these
systems are rather complicated, and their wave assignments
sometimes seem to remain obscure. In this context, each redox
wave observed in our system is clearly assignable, and
furthermore, as stated in the Introduction, their redox potentials

can also be controlled by changing metal ions, the bridging
carboxylate and the terminal ligands in the trinuclear framework.

The present oxo-centered Rus and the mixed-metal Ru;Rh
complexes with three mbpy™ ligands [M3(u3-O)(u-CH3CO»)s-
(mbpy™)3]** exhibit reversible multistep and multielectron redox
behavior. Excellent electrochemical reversibility of several steps
involved in these complexes is particularly noted. The present
complexes appear to provide one of the most remarkable
reversible electron pool systems. The Ru; complex provides
reversible eight redox steps (I, II, III, IVa, IVb, V, VIa, and
VIb) and one irreversible step (VII) which involve a total of 11
electrons in the range from +2.0 to —3.0 V vs Fe/Fe™ (Figure
2). In the RuyRh complex, six reversible steps (I, II, III, and
IVa—IVc) and two irreversible steps (V and VI) which involve
a total of 10 electrons are observed in the same potential range
(Figure 3). Comparison of redox potential data of trinuclear
mbpy™ complexes with those of the corresponding pyridine
complexes [M3(u3-0)(u-CH3CO2)e(py)s]T (M3 = Ru;, RuzRh,
and Rh;3),*"3! [Rus(u3-0)(u-CsHsCO)s(py)s]™ 26 and the free
ligand [mbpy*]PFs* enables us to assign each redox wave.
Further evidence for the ligand-based process (mbpy*/mbpy*)
in Ru; complex 2 is obtained by spectroelectrochemical
observation of a strong absorption with the band maxima at
370 nm (¢ = 41 700 M~! cm™!) assignable to a 7—s* transition
in coordinated mbpy* ligands at the potential between processes
IVb and V (at —1.5 V). It is observed that the potentials of
processes I, II, and III for the trinuclear core-based processes
for Ru; complex 2 shift to the more positive direction (by 50—
130 mV) and that the most negative potential for process VII
shifts to the more negative direction (by 310 mV) compared to
that for the corresponding processes for the pyridine analog.
This trend is also seen in complexes 3 and 4. The overall
complex charge seems to have an important role in determining
the redox potentials of the mbpy™ analogs.

Ligand—Ligand Interactions through the Trinuclear Core,
In contrast to the extensive studies of ligand—ligand interactions
through a mononuclear metal center (e.g. [Ru(bpy);]**),5? those
through a cluster core have been scarcely explored.

Ligand-based redox waves (mbpy*/mbpy* and mbpy*/ mbpy™)
are highly dependent on the metal ions involved in the trinuclear
unit. Although the ligand-based process (mbpy*/mbpy*) does

(53) Multistep ligand-reduction processes in [Ru(bpy)i]**, see for ex-
ample: (a) Ohsawa, Y.; DeArmond, M. K.; Hanck, K. W.; Morris,
D. E.; Whitten, D. G.; Neveux, P. E., Jr. J. Am. Chem. Soc. 1983,
105, 6522—6524. (b) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna,
S.; Belser, P.; von Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85—
277. (c) Ghosh, B. K.; Chakravorty, A. Coord. Chem. Rev. 1989, 95,
239-294,
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not split in the Rh3 complex, it splits into two steps with 2:1
current intensity ratio in the Ru; complex and three in the mixed-
metal Ru;Rh complex. The splitting between processes IVa
and IVb in Ru; complexes 2 and 3 is 140 and 110 mV,
respectively (Table 3). The splitting pattern of Ru,Rh complex
4 is accounted for by considering not only different metal centers
(Ru and Rh) but also the interaction between the two mbpy™
ligands at the two Ru sites. Although unambiguous assignment
of each redox potential is not possible, reductions of two mbpy™
ligands coordinated to the Ru centers in complex 4 occur with
at least 120 mV separation (IVa and IVb). These values
apparently exceed the calculated statistical potential difference
in noninteracting redox-active centers.>*

Splitting of ligand-reduction processes in metal complexes
is generally considered to occur due to the following two factors
as pointed out by Vlgek:> electrostatic repulsions between
ligands and metal-mediated ligand—ligand electronic interac-
tions. One-step reductions of three terminal mbpy™ ligands in
Rh; complex 5 (Figure 4) shows that no electrostatic repulsions
exist in this complex. Virtually no electrostatic contribution to
the ligand-reduction process(es) is also expected for the Ru;
and the Ru,Rh complexes, since they have the identical
trinuclear core structures such as bond length and bond angles
to those for Rh; complexes.’® This conclusion is further
supported by two closely spaced one-electron reductions of
mbpy™ ligands in cis-[(bpy)2Ru(mbpy*)2](PFs)s,*¢ in which two
mbpy™ ligands are connected by a mononuclear Ru'l center.
These results allow us to conclude that the splitting observed
in the present systems is due to electronic interactions between
ligands through the trinuclear core.

Substantial difference in the ligand redox patterns for the Rus,
the Ru,Rh, and the Rh3 complexes seems to be highly relevant
to the number of electrons involved in the trinuclear core. Itis
evident that the mbpy™ reductions occur in the oxidation state
of RulRu'l,, RuMRuMRh! and Rh'; which involve 18, 19,
and 20 electrons in the dr—pz molecular orbitals, respectively.
While the molecular orbitals for the Rhill; complex are fully

(54) The potential separations between the first and the nth redox potentials
(AE, ) with identical, noninteracting redox centers are expressed by
AEy, = (2RT/F) In n, where R = gas constant, 7 = ternperature, and
F = Faraday constant. This yields AE,; = 36 mV and AE,; = 56
mV at 298 K.: Flanagan, J. B.; Margel, S.; Bard, A. J.: Anson. F. C.
J. Am. Chem. Soc. 1978, 100, 4248—4253.

(55) Vitek, A. A. Coord. Chem. Rev. 1982, 42, 39—62.

(56) The trinuclear core structures of the Ru3!%+26-28 and Rh;'* complexes
are quite similar in the solid-state. Almost identical structures of the
mixed-metal trinuclear complexes {RusM(u3-O)(u-CH3CO0)e(py)s] (M
= Nilf and Co") to those of Ruj complexes have been also reported.**
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occupied with electrons, those for the RuRu, and
Rul'RuRh!M cores have a vacant and a half-filled antibonding
orbital, respectively. This antibonding orbital (d,. character)
overlaps with z* orbitals of mbpy™ ligands when the aromatic
rings are planar to the Mai(u3-O) plane and may play an
important role in mediating interactions between ligands. The
vacant (or half-filled) molecular orbital in the trinuclear core
seems to have the electronic transmitting properties. This
consideration can be further applied to the mbpy*/mbpy~ process
for the Rus and the Ru,Rh complexes: a two-step split character
for the Ru; complexes 2 and 3 (19-electron Ru';Ru'™ core with
the half-filled orbital) and a one-step process for the Ru>Rh
complex 4 (20-electron Ru'';Rh!! core with the fully occupied
orbital). Larger separarion in the ligand-reduction processes
(mbpy*/mbpy*) in the Ru;Rh complex compared with the Rus
complex shows stronger electronic transmitting properties of
the RuRuRh!" framework. It has been suggested that the
Ru—O-—Ru unit in the mixed-metal Ru,Rh complex is elec-
tronically localized*' and is expected to show stronger electronic
interactions between the two Ru centers. This also allows
stronger electronic interactions between the terminal ligands in
the Ru;Rh complex compared to the Ru; complex.

Conclusion

The oxo-centered carboxylate-bridged trinuclear Ru; and
Ru;Rh complexes having redox-active mbpy* ligands exhibit
well-defined reversible multistep and multielectron redox
behavior in CH3CN. The complexes would offer a new class
of reversible multistep and multielectron redox systems. The
patterns of ligand-based waves (mbpy*/mbpy* and mbpy*/
mbpy~) depend on the kinds of metal ions (Rua, Ru;Rh, and
Rh;) and the number of electrons in dr—pz molecular orbitals
in the trinuclear assemblies.
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