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A new series of oxo-centered acetate-bridged triruthenium comlexes having two redoxMkctigthyl-4,4-
bipyridinium ions (mbpy) have been prepared, and their reversible multistep and multielectron electrochemical
properties are reported: [RgRU'(13-O)(u-CH3COy)s(mbpyh)2(CO)+ and [RU!' 5(us-O)(u-CH3COz)s(mbpy™),-

(L)13F (L = H20, pyrazine (pz), pyridine (py), imidazole (Him), and 4-(dimethylamino)pyridine (dmap)). Among
these series, the CO complex, [RRU'(us-O)(u-CH3CO,)s(Mbpyh)2(CO)](CIO,)2:2DMF (1b-2DMF) was
structurally characterized by X-ray crystallographih-2DMF crystallizes in the monoclinic space groBp;/m

(No. 11) witha = 8.740(6) A,b = 32.269(6) A,c = 10.276(4) A8 = 103.37(5}, V = 2820(2) B, Z = 2, dcarca

= 1.636 g cnT3, andR = 0.071 R, = 0.074) for 5277 independent reflectionf{ > 30(|Fo|). The (CO)-
Ru---Ru distance (3.410(2) A) is appreciably longer than the other-Ru distance (3.276(2) A), indicating that

the trinuclear core is in the valence-trapped"RRu'(CO) oxidation state. The cyclic voltammogram of
[RU" 5RU" (u3-O) (u-CH3COy)e(mbpyH)2(CO)](PF)2 (1) shows a total of seven reversible one-electron redox steps
atEy» = +0.90,+0.26,—1.07,—1.17,—1.56,—1.97, and—2.32 V and one irreversible stepBi. = —2.99 V
vsFc/Fchina 0.1 M [(0-C4Hg)4N]PFs—CHsCN solution (M= mol dn13). All of the waves are clearly assignable

to the triruthenium “Re(us-O)” core-based or mbpyligand-based processes. The splitting of each ligand-based
redox processes (mbpymbpy and mbpy'mbpy-) into two one-electron steps indicates that electronic interactions
between two terminal ligands occur through the triruthenium cluster core. Other mixed-ligdhdaRalogs

also show multistep redox behavior involving a total of eight or nine electrons. While the extent of interactions
between ligands is much smaller than that found in the CO complex, it is systematically changed by the nature
of L; with more basic L, interactions between two mbgdigands become larger.

Introduction (RCQ,) results in a systematic tuning upon redox potentials
as well as electronic, magnetic, and ligand-substitution
propertiest®1° Thus, the triruthenium complexes are thought
to be a desirable unit for constructing multielectron redox
systems that are inherently of interest in designing tunable

Oxo-centered triruthenium basic carboxylates of the general
formula [Ru(uz-O)u-RCQOy)eL 3™ (RCO,~ = a carboxylate
anion, L = a neutral monodentate ligand such agOHand
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Mixed-Ligand Ry Complexes

multielectron redox catalysts. Synthetic examples of ligand-
bridged Ry clusters include the pyrazine-bridged dirder,
trimer?! and linear and branched tetranf@rsf the Ry unit

and Ry complexes having bridged-metal complex fragments
at terminal positiond® While a number of metal clusters
involving redox-active metal centers and/or ligands have been
described so fat42% a detailed understanding of factors
controlling the redox interactions between redox sites remains
obscure because of the difficult preparation of cluster com-
pounds in which both ligand and metal ion characteristics are
systematically varied.

We previously introduced three redox-actNemethyl-4,4-
bipyridinium ions (mbpy) to the oxo-centered trinuclear cores
and isolated [M(us-O)(u-CHsCOz)s(mbpy")s]™" (M3 = Rus,
RwRh, and RB).?” It was shown that the Ruand RyRh
complexes exhibit reversible multistep redox processes involving
up to 11 electrons, based on redox of both trinuclear core and
terminal ligands. Interestingly, three mbpyigands were
reduced at different potentials with respect to the kind of metal
ions involved: two-split waves (2e/le ratio) for the Ru
complex, three-split waves (le/le/le ratio) for theRu
complex, and a single wave (3e) for the Rtomplex. This
variation was accounted for by terminal ligarldyand electronic
interactions occurring through ther@Ru)—pzz(us-O) molecular
orbitals of the cluster core. Thus, tuning of ligaficgand
interactions can be achieved by modifing metal ions.

To obtain further insight into terminal ligardigand (mbpy)
interactions in the triruthenium complexes, six mixed-terminal
ligand Ry complexes are newly prepared in this study. The
Ru complexes investigated include [IRIRU' (13-O)(u-CHCOy)e-
(mbpy")(CO)F* and [RY'5(us-0)(u-CHsCO,)e(mbpy")2(L)] **,
where L= H,0, pyrazine (pz), pyridine (py), imidazole (Him),
and 4-(dimethylamino)pyridine (dma). The complexes are
schematically shown in Chart 1. The ligankband interactions
are discussed in terms of the extent of splitting of the ligand-
based redox potentials in the cyclic and differential-pulse
voltammograms. The X-ray crystal structure of the CO complex
[Ru'"2RU" (u3-0)(u-CH3CO2)s(mbpy*)2(CO)](ClO4),-
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salt salt
[Rulll,Rul'(ONCH;CO,)g(mbpy),(CO)P*  1a  1b
[Rul''3(0)(CH;CO,)(mbpy* )2(H,O)P* 2a
[Ru'"'3(0)(CH3CO,)s(mbpy* )(pz)P** 3a
[Ru'"'3(0)(CH;CO,)s(mbpy* )o(py) I+ a 4
[Ru';(OX(CH;CO,)s(mbpy*)o(Him) P+ 5a
[Ru""'3(O)(CH;CO,)s(mbpy* )(dmap) >+ 6a 6b

( pz = pyrazine, py = pyridine, Him = imidazole,
dmap = (4-dimethylamino)pyridine )

2DMF (1b-2DMF) is also described as the first example of the
valence-trapped RpRU' complex among the oxo-centered
triruthenium analogs.

Experimental Section

1. Preparation. The ligand [mbpy]PFs was prepared according
to the reported meth8twith slight modifications. [Rg(O)(CH:CO,)s-
(mbpy")a](PFe)s,?” [Rus(O)(CHsCO2)6(H20)(CO)]*H20,2° [Rus(O)-
(CHsCO2)6(py)(CO)]* and [Ri4(O)(CHCO2)6(pz)(CO)]-0.5pZ* were
isolated according to the reported methods.

[Ru3(O)(CH3CO,)s(mbpy*)(CO)](PFg). (1a). The CO complexes
were prepared by two methods, both of which are analogous to those
for the pyridine derivative [RO)(CHsCO,)s(py)2(CO)]4

Method 1. To a CHOH solution (30 crf) of [Ruz(O)(CHCO,)s-
(H20),(CO)]-H.0 (603 mg, 0.798 mmol) was added [mbjiyFs (640
mg, 2.02 mmol) at room temperature, and the mixture was refluxed
for 15 min. Upon cooling, the volume of the resulting solution was
reducedin vacuoto give dark blue solids. These were subjected to
column chromatography with Sephadex LH-20 resin using acetone as
eluent. A dark blue band was collected and evaporated to dryness.
Nearly black crystals ola were obtained from recrystallization from
acetonai-hexane (1/1, v/v) at room temperature and subsequent drying
in vacua Yield: 560 mg (48%).

Method 2. [Rus(O)(CHsCO,)s(mbpyh)s](PFes)s:2H,0?7 (150 mg,
0.091 mmol) was dissolved in a GEN/CsHe (1/2, viv, 30 cnd)
mixture. After the solution was degassed by B8O was passed through
the solution fo 2 h atrefluxing temperature, whereupon the color
changed from deep purple to dark blue. The resulting solution was
cooled with continuing CO bubbling. Dark blue solita was

(29) Leopold, K. R.; Haim, Alnorg. Chem.1978 17, 1753-1757.

(30) Although we adopted the preparative method reported for the bis-
(methanol)carbonyl complex [R{D)(CHsCO,)s(CH3OH)(CO) the
product obtained here turned out to be a bis(aqua)carbonyl complex,
[RU3(O)(C}‘ECOZ)6(H20)2(CO)]'Hgo. Anal. Calcd for G3H24017-

Rus: C, 20.66; H, 3.21. Found: C, 20.49; H, 3.16. IR (KBr pellet,
cml): »(CO) = 1960 (S), vasy{OCO) = 1605 (s), 1570 (m),
vsym(OCO) = 1425 (s).*H NMR (D20, vs TSP): 6 1.96 (12H, s,
CHs-acetate), 1.78 (6H, s, Hz-acetate). See also Nagase, K.;
Yokobayashi, H.; Watanabe, A.; Ishikawa, H.; Matsumoto T.; Kido,
H.; Ito, T. Netsu Sokutel993 20, 66—71.
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precipitated by adding diethyl ether (20 §rwhile stirring the solution
at room temperature. The solid was collected by filtration and dried
in vacuo(130 mg). The product was further purified and recrystallized
similarly as in method 1. Yield: 86 mg (64%). Anal. Calcd for
[Ru3(0)(CH3COz)6(Mmbpy*)2(CO)](PFs)2:2(CH3)2CO-H,0
(C41H54017N4P2F12Rlb): C, 3354, H, 372, N, 3.82. Found: C, 3332,
H, 3.72; N, 3.84. IR (cm!, KBr pellet, 2006-1300 cnT1! region):
1940 (sp(C0O)), 1655 (M), 1610 (Siasyr{OCO)), 1570 (Myasyn(OCO)),
1560 (m), 1500 (m), 1422 ($sn(OCO)), 1355 (m), 1340 (w).
[Ru3(0)(CH3C02)6(mbpy+)g(CO)](CIO4)2-2C6H sCH3
(1b-2CgHsCH3). A PR~ salt of 1a (100 mg, 0.068 mmol) was
dissolved in CHCN (3 cn¥), and a solid NaCl®(84 mg, 0.686 mmol)
was added. The mixture was stirrred until the NaQas dissolved,
and it was filtered. To the filtrate was added toluene (4)¢caind this
mixture was kept at room temperature overnight. The blackish blue
crystals appeared and were collected by filtration and drieghcua
Yield: 58 mg (60%). The existence of two toluene solvates per one
molecule was confirmed by thel NMR spectrum in CBCN. *H NMR
(CDsCN, s TMS): 6 9.39 (4H, d, mbpy), 9.05 (4H, d, mbpy), 8.71
(4H, d, mbpy), 8.64 (4H, d, mbpy), 4.65 (6H, s, Els—mbpy"), 2.09
(12H, s, GHs-acetate bridging (CO)RuRu(mbpy)), 2.07 (6H, s, Els-
acetate bridging (mbpyRu---Ru(mbpy’)). The solid-state structure
of the toluene-solvated complex was also confirmed by X-ray andlysis.
[Ru3(O)(CH3CO,)s(mbpy™)(CO)](CIO 4),»2DMF (1b-2DMF). Slow
recrystallization (ca. 1 month) db-2CG;HsCH; from DMF/diethyl ether
under Ar at room temperature gave a DMF-solvated complex,
[Rus(0)(CH;CO;)s(mbpy")(CO)](ClO4)-2DMF (1b-2DMF), which
was structurally characterized by X-ray crystallography.
[Rus(0)(CH3COZ)s(mbpy ™ )o(CO){ B(CeHs)4} 2 (1c). A B(CeHs)a™
salt, 1c, was precipitated by adding an excess of NaB{l to an
aqueous solution dfa. The solid was collected by filtration and dried
in vacua H NMR (CDsCN) ¢ 9.26 (4H, d, mbpy), 8.78 (4H, d, mbpy),
8.50 (4H+ 4H, d, mbpy), 4.39 (6H, s, @;-mbpy"), 2.05 (12H, s,
CHgs-acetate bridging (CO)RuRu(mbpy)), 1.85 (6H, s, Els-acetate
bridging (mbpy)Ru---Ru(mbpy)). Signals from B(GHs)s~ were
observed ab 7.28 (16H, s), 6.99 (16H, t), and 6.86 (8H, t).
[Ru3(0)(CH3CO,)s(mbpy*)2(H20)1(PFe)s (2a). A suspension of
1a (460 mg, 0.33 mmol) in CEOH (3 cn?) was stirred for 30 min and
was filtered. To the filtrate was added a 10%/BH;OH solution
with stirring, whereupon the color immediately changed from dark blue
to green. NHPF; (114 mg, 0.70 mmol) dissolved in GBH (2 cn¥)

was added to the solution which was stirred for 10 min and evaporated

to dryness by rotary evaporator. Green microcrystalline soli@aof

was obtained from recrystallization of the residue fromgOH/diethyl

ether at 0°C. Yield: 222 mg (44%). Anal. Calcd for [R(O)-

(CH3COZ)6(mbDW)z(Hgo)](PI%)3'Hzo (034H44015N4P3F18RLb): C, 2720,

H, 2.96; N, 3.73. Found: C, 27.67; H, 3.05; N, 3.68. IR (€nKBr

pellet, 1706-1300 cnt? region): 1650 (m), 1620 (m), 1550 (m), 1500

(m), 1430 (s,vsyn(OCO)), 1355 (w), 1330 (w).
[Ru3(0O)(CH3COL)s(mbpy)x(pz)](PFs)s (3a). To a CHOH solution

of 2a was added pyrazine (70 mg, 1.8 mmol), and the mixture was

kept at 40°C for 24 h with stirring. The resultant solution was

evaporated to dryness by rotary evaporator, and the residue was

dissolved in a minimal amount of GBN. This was treated with
column chromatography using a Sephadex LH-20 resin witgGDHA
CH;OH (1/9, v/v) as eluent. The main fraction was collected, and

(31) The solid-state structure of this complex was confirmed to be identical
to that in1b-2DMF described below. However, due to the poor quality

Abe et al.

NH4PFs was added. The mixture was stirred for several minutes, and
the solvent was evaporat@d vacua The crystalline solid oBa was
obtained by recrystallization of the residue from {£l/diethyl ether

at 0°C. Yield: 30 mg (59%). Anal. Calcd for [R(O)(CH;COy)6-
(mbpy")2(pz)](PFs)3°H20 (CagHae014N6PsF18RWs): C, 29.46; H, 3.00;

N, 5.43. Found: C, 29.81; H, 2.90; N, 5.49. IR (chKBr pellet,
1700-1300 cnt? region): 1645 (m), 1620 (m), 1590 (m), 1545 (m),
1530 (m), 1500 (m), 1425 (3,yn(OCO)), 1355 (m), 1330 (w).

[Ru3(0)(CHsCOR)s(mbpy)Apy)l(X)s (X = PFs™ (4a), CIO;™ (4b)).

To a CHOH solution (100 cr¥) of 2a (100 mg, 0.067 mmol) was
added pyridine (0.2 cn2.53 mmol), and the solution was stirred for

5 h at room temperature, during which the crude productafvas
precipitated. The precipitates were collected and purified by column
chromatography (Sephadex LH-20 resin with ethanol as eluent).
NH4PF; was added to the main fraction, and the mixture was evaporated
to dryness. The residue was recrystallized from acetone/diethyl ether
(1/2, viv), which gave crystalline solids db. Yield: 73 mg (70%).
Anal.  Calcd for [RyY(O)(CHCOz)s(mbpy)2(py)](PFe)s-2H0
(C3gHagO15NsPsF1sRWs): C, 29.91; H, 3.16; N, 4.47. Found: C, 29.68;
H, 3.12; N, 4.69. The perchlorate sdli was obtained by adding solid
NaClQ, to the eluent instead of NfRFRs. Anal. Calcd for [Ry(O)-
(CchOz)e(mbpy*)z(py)](CIO4)3~NaCIQ (Cs9Ha5029NsNaCLRuws): C,
30.89; H, 3.00; N, 4.62. Found: C, 31.04; H, 3.08; N, 4.46. IRm
KBr pellet, 1706-1300 cn1! region): 1640 (m), 1615 (m), 1590 (m),
1540 (m), 1495 (m), 1420 (3%yn(OCO)), 1350 (M), 1325 (w).

[Rus(O)(CH3C02)6(mbpy*)2(H|m)](PF6)3 (5a). To a CHCN solu-
tion (30 cn¥) of 2a (170 mg, 0.12 mmol) was added solid imidazole
(400 mg, 5.9 mmol), and the mixture was allowed to react for 12 h at
room temperature. The resultant solution was evaporated to dryness
and the residue was dissolved in a minimal amount of acetone (ca. 2
cm?), which was treated with the column of LH-20 resin. The column
was first washed with acetone, and then the products were eluted with
CHs;OH/acetone (1/9, v/v). The green fraction was collected and
evaporated to dryness. The crystalline sdiid was obtained by
recrystallization of the residue from GBH (10 cn?) containing
NH4PFs (100 mg). Yield: 59 mg (34%). Anal. Calcd for [R®)-
(CH3C02)5(mpr)2(HIm)](PF5)3‘2H20 (Ca7H43015N5P3F18RLl3): C,
28.67; H, 3.13; N, 5.42. Found: C, 28.71;H, 3.27; N, 5.42. IRm
KBr pellet, 1706-1300 cn1? region): 1640 (m), 1620 (m), 1580 (m),
1545 (m), 1530 (m), 1500 (m), 1430 (&ym(OCO)), 1355 (m), 1330
(w).
[Ru3(O)(CH3C02)5(mbpy+)2(dmap)](X)3 (X = PFs (6a), CIO4~
(6b)). To a CHCN solution (30 crd) of 2a (100 mg, 0.068 mmol)
was added 4-(dimethylamino)pyridine (416 mg, 0.034 mmol), and the
mixture was allowed to react for 12 h at room temperature. Then the
solvent was evaporated to dryness. The residue was washed with a
copious amount of acetone and diethyl ether, and the residue was
dissolved in CHOH. An addition of diethyl ether afforded a crude
product oféa. The perchlorate saftb was obtained by recrystallization
of the Pk~ salt 6a from CH;CN/diethyl ether mixture containing an
excess amount of NaCkO Anal. Calcd for [Ruy(O)(CH:COy,)6-
(mbpy*)g(dmap)](CIQ)g-O5NaC|Q-2H20 (C41H54029N6N30,5C|3,5-

Ruw): C, 32.10; H, 3.56; N, 5.48. Found: C, 32.31; H, 3.61; N, 5.33.
IR (cm™, KBr pellet, 1706-1300 cnt? region): 1640 (m, sh), 1620
(s), 1580 (m), 1540 (s), 1495 (m), 1420%s,«(OCO)), 1350 (m), 1330
(w).

Caution! Perchlorate salts of metal complexes with organic ligands
are potentially explosive. The materials should be handled with extreme
care in small quantities.

2. Materials. CHsCN used in electrochemical measurements was

of the crystal and severe disorder of the toluene molecules, the result
is insufficient and is not discussed here in detail. The crystal used for distilled twice over ROs and then once over CaHinder a nitrogen
the crystallographic analysis was obtained as described in the atmosphere before use. Tetrdutylammonium hexafluorophosphate
E?‘pe;'m:é‘éaggij‘??fon' tThe tcryst_?rll datar\:ytere colle%ted "ﬂfz?m K [(n-CaHg)JN]PFs was prepared by mixing an aqueous solution of [(
(l'gféjjlo 73 A) 'rggicag(r)?]els.rz"&HgéaHg clrflsgcljl?zoecs e one. CaHo)NJBr with that of NHiPR; and was recrystallized three times
from hot ethyl acetate/benzene and drigd vacuo at 140 °C.

clinic space groufC2/c (No. 15) with cell constants af = 35.763(4) !

A b=11.442(5) Ac = 15.486(5) A8 = 114.02(1), V = 5788(2) RuCk-nH,O (Wako Pure Chemicals) and other reagents were used as

A3, Z = 4, dcaica = 1.638 g cn1l, andR = 0.082 Ry = 0.106) for received.

4555 independent reflections. Important interatomic distances and 3. Measurements. Electronic absorption spectra were recorded on

angles of 1b-2CsHsCHs are as follows: (CO)Ru-Ru(mbpy) = Hitachi 330 and 340 spectrophotometerdd NMR spectra were
obtained on a JEOL GSX-270 FT NMR spectrometer at 270 MHz.

3.414(2) A, (mbpy)Ru---Ru(mbpy) = 3.293(2) A, (CO)Ru-(us-
Chemical shifts are reported with respect to an internal reference of

0)= 2.07}&2) A, (mbpy)Ru—(us-0) = 1.888(7) A, (mbpy)Ru—N
=2.13(1) A, (CO)Ru-(u3-O)—Ru(mbpy’) = 119.3(4, and (mbpy)-
TMS for CD:CN solution and of TSP for BD solution. Infrared

Ru—(u3-O)—Ru(mbpy’) = 121.4(8Y.
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Table 1. Crystallographic Data for were performed on a Fujitsu S-4/IX workstation using Xtal 3.2 program
[RuU",RU" (u3-O) (u-CH3COy)s(mbpy)2(CO)](ClOs)- 2DMF package$?
(1b-2DMF)
formula Q1C|2H54N6024RLb ReSU|tS
fw . 1339-12|. , 1. Synthesis and Characterizations. Triruthenium com-
cryst sysr monoclinic ; ; _ ; ; ~ _ _
plexes with mixed-terminal ligands, [Rxs-O)(u-CH3CO.)s
space grou P2:;/m (No. 11
diation 01073 A) (mbpy)2(CO)P* and [Ru(uz-O)(u-CHCOz)(mbpy*)o(L)] **
temperature, K 208 (L = H0, pz, py, Him, and dmap), were prepared by analogous
a, A 8.740(6) synthetic procedures to those reported for ffre+O)(u-CHs-
b, é 32.269(6) CO)6(py)2(CO)] and [Ru(us-O)(u-CHCO2)6(py)2(pz)]PFs,*
o 110657367(45) respectively.
6’ Aegg 2826(2)( ) The PR~ salt of the CO complexXa was isolated by two
b 2 independent methods (egs 1 and 2). The CO complexes were
Jeaica cnrs 1.636
/ééMc(j) Ka), cmt 93.55270 o [Ru,(0)(CH,CO,)s(mbpy").l(PFy); + CO—
s eg < <
no. of reflcns measd 5621 [Ru,(0)(CH,CO,)s(mbpy"),(CO)I(PF), + [mbpy 1PF;
no. of indep reflcns 5277Ro| > 30(|Fo|) (1)
no. of reflcns used for calcn 2242
Re/R,° 0.071/0.074
Ru4(0)(CH,CO,)4(H,0),(CO)] + 2[mbpy']PF, —
SR = SR — IFJSIF. "R = (su(F — IDsw e QN CHCOI(H0)(CO) ]+ (mopy JPFs
Wt = (Fo)?2 + (0.02(Fc)2. [Rus(0)(CH,CO,)4(Mmbpy")(CO)I(PR), + 2H,0 (2)

absorption spectra were recorded with KBr pellets on a Jasco IR-810isolated as P§, ClO,, and B(GHs)4~ salts. Compledawas
spectrophotometer. characterized by a strong IR band«fCO) (1940 cm?) and
Cyclic voltammetry (CV) and differential-pulse voltammetry (DPV) its diamagnetic¢cH NMR spectrum. The solid-state structure

were carried out by using a YANACO P-1100 polarographic analyzer of the perchlorate saltb-2DMF was also confirmed by X-ray
with a WATANABE WX 1100 X-Y recorder. A three-electrode cell crystallography (see below).

consisting of a glassy carbon working electrode, a platinum wire counter  Bromine oxidation oflain a moist CHOH solution at room
electrode, and an Ag/Ag([AgCIO,] = 0.01 M in CHCN) reference 1o mnerature gave aqua compx Facile ligand-substitution
electrode was used. CV was performed at scan rates-606 mV reaction of the coordinated water 2a by an excess L (pz, py,

s™1. The half-wave potentialEi, = (Epc + Epa)/2, whereEpc and Eqa . . - .
are the cathodic and anodic peak potential, respectively, are given at aH'm’ and dmap) in CHOH solution was observed, leading to

scan rate of 100 mV3. Under these experimental conditions, a one- the isolation of the L-coordinated mixed-ligand complexes (eq
electron reversible wave of ferrocene (1 mM) was detectehat= 3).

+0.09 V vs Ag/Ag* with AE, (= Epa — Ep = 60 mV. All the

potentials are reported with respect to the F¢/Bgouple in this study. [RU3(O)(CH3C02)6(mbpy“L)Z(HZO)](PFG)3 +L—

DPV was performed at a scan rate of 20 mV with pulse height of +

5 mV. Controlled-potential absorption spectra were obtained with an [Rus(O)(CH,CO,)s(mbpy’),(L)](PFe); + H,0 (3)
optically transparent thin-layer electrode (OTTLE) cell. The working ) . )

and the counter electrodes were gold mesh, and the potential was On the basis of the visible absorption spectral change, the
referred to an Ag/AgCI reference electrode. The spectra were measured'€action completed within ca. 20 h for= pz (40°C) and ca.

with a Shimazu UV-2100 spectrophotometer. All electrochemical and 12 h for L = dmap (25°C). These reactions thus took place
spectroelectrochemical measurements were carried out under a nitrogemnly at the Ru site with an aqua ligand but not at two Ru sites

atmosphere. with mbpy" ligands. The mixed-terminal ligand trirutheium
4. X-ray Crystallography. Single crystals of [Rg(O)(CHsCO,)s- complexes thus obtained were isolated in thd' Raxidation

(mbpy")2(CO)I(CIO)2-2DMF (1b-2DMF) suitable for X-ray crystal-  state as P§ and/or CIQ~ salts.

lography were obtained by slow recrystallizationléf2CsHsCH; in a Infrared spectra of the present triruthenium complexes show

mixed DMF/diethyl ether solution at room temperature. A dark blue 5 intense symmetric stretching band of bridging acetate in the
prismatic crystal oflb-2DMF was attached on top of a glass fiber and 1420-1430 cnt? region. Asymmetric stretching bands are
coated with an epoxy resin, and it was mounted on a Rigaku AFC-5R detected as two strong ébsorptions at 1605 and 1570 fon

diffractometer with graphite-monochromated MatKA = 0.710 73 : . .
A) radiation. The X-ray data were collected at 25. Thew scan 1, however, for other triruthenium(lll) complex@a—6b, the

technique was employed. The lattice constants were determined by acorreSpond_'ng band is Obser_ved to be less inféremasked
least-squares refinement using automatically centered 25 reflections inPY absorptions due to mbpyligands.

the range 25 < 20 < 30°. Three standard reflections were measured 2. X-ray Structure of [Ru 3(u3-O)(u-CH3COz)e(mbpy*)2-
every 150 reflections, and they showed no sign of appreciable decay (CO)](ClIO4)2:2DMF. The solid-state structure of the CO
throughout the data collection. The structure was solved by a direct complex [Ru(uz-O)(u-CH3COz)s(mbpy)2(CO)](CIO,)2: 2DMF
method using the SHELXS-86 prograf.All non-hydrogen atoms (1b-2DMF) was unambiguously determined by X-ray crystal-
were located by Fourier synthesis and full-matrix least-squares and lography. The ORTEP drawing of the cationic portionldf
refined anisotropically. Hydrogen atoms were located by calculation 2pME is shown in Figure 1, part a. The trinuclear core
only for those bonded to aromatic carbon atoms of mtgands and framework is displayed in Figure 1, part b, together with
were refined isotropically. Absorption correction was made by an 04 tant interatomic distances. Final atomic positional and

empirical method based on a setipfscans’> Crystallographic and thermal parameters for non-hydrogen atoms are shown in Table
other experimental data are listed in Table 1. All of the calculations P yarog

(34) Hall, S. R.; Flank, H. D.; Stewart, J. Mtal 3.2, Program for Crystal

(32) Sheldrick, G. MSHELXS-86, Program for Crystal Structure Deter- Structure AnalysisUniversity of Western Australia: Geneva, Switz-
minatiorny University of Gdtingen: Germany, 1986. erland, and Maryland, 1992.

(33) Watenpaugh, K; Stewart, BBSCAL, Scale Diffractometer Intensity ~ (35) Ohto, A.; Tokiwa-Yamamoto, A.; Abe, M.; lto, T.; Sasaki, Y.;
Data in Xtal 3.2 Program System Umakoshi, K.; Cannon, R. DChem. Lett1995 97—98.
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Figure 1. (a) ORTEP drawing of a cationic portion of [ReRu'" (us-
O)(u-CHsCOy)s(mbpy")2(CO)](ClO4)2-2DMF (1b-2DMF) with thermal
ellipsoids of 50% probability level. Hydrogen atoms are omitted for
clarity. (b) The trinuclear core structure itb-2DMF with important
intramolecular atomic distances (A).

Table 2. Selected Interatomic Distances (A) and Bond Angles
(deg) for [RUY',RU" (143-O) (u-CH3COy)s(Mbpyh)2(CO)](ClO4) s 2DMF
(1b-2DMF)

Distances (A)

Rul---Ru2 3.410(2) Ru206 2.023(11)
Ru2---Ru2 3.276(2) Ru2-07 2.041(11)
Rul-01 2.039(11) Ru208 2.033(12)
Rul-C1 1.839(20) C1+02 1.132(27)
Rul-03 2.062(12) C405 1.229(18)
Rul-05 2.074(12) C406 1.249(16)
Ru2-01 1.894(6) C4C5 1.534(23)
Ru2-N1 2.126(10) C12C15 1.510(19)
Ru2-04 2.030(11) N2-C20 1.484(20)
Angles (deg)
Rul-0O1—-Ru2 120.2(3) N+Ru2-04 86.1(4)
Ru2-01-Ru2 119.7(6) NtRu2-06 85.2(4)
O1-Rul-C1 178.2(9) N+Ru2-07 84.7(4)
Rul-C1-02 179(3) N+Ru2-08 83.6(4)
C1-Rul-03 89.4(7) Ru+05-C4 133(1)
C1-Rul-05 86.9(7) 05-C4-06 128(1)
0O1—-Ru2-N1 178.6(4) Ru206—C4 133(1)
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terminal ligands® in these complexes, three RiRu distances

are the same or essentially the same irrespective of formal
oxidation states of Ru atoms. Thus, these triruthenium com-
plexes may have delocalized electronic states with an averaged
ruthenium oxidation number. On the basis of such comparison,
it is concluded that the triruthenium corelb is in the valence-
trapped state; namely, Rul bound with the CO ligand is in the
divalent state, while Ru2 and Ruound with mbpy ligands

are in the trivalent state. The CO ligand stabilizes th2
oxidation state of Rul. It is also pointed out that the''Ru
(u3-0) and RU—(u3-O) distances irlb are much shorter and
longer as compared to the averaged—Rus-O) distance in
[Rus(u3-O) (u-CHsCOy)e{ P(CsHs)a} 3] (1.92 A)3%2 which has
formally the same oxidation state dH. The Ru-(u3-O)
distances of other Rl and R¥';RUY complexes have been
reported to be 1.907(4)1.935(2) A3®b-d |n spite of the clear
differences between Ru-(u3-O) and RU' —(u3-O) bond lengths,
RuU'™ —QO(acetate) distances do not seem to show a significant
difference beyond the experimental error. The RdA
distance inlb (2.126(10) A) is comparable to the BeN(py)
distance found in [Ri3(O)(CsHsCOy)e(py)s]PFs (2.134(8) A)12

3. H NMR Spectroscopy. 'H NMR data for the mbpy
complexes in CBCN at room temperature are collected in Table
3. Chemical shift data clearly show that the CO comdex
(RU",RU") is diamagnetic, while complex@a—6b (Ru'';) are
paramagnetic. However, all of the signals for'Beomplexes
are found in a rather narrow chemical shift range8(60 to
—0.66) and appear to be still sharpThese resonances can be
assigned on the basis of their chemical shifts and the relative
integrated intensity ratio. In addition, for the assignments of
terminal ligand signals of Rig complexes, larger paramagnetic
shift is also assumed for protons closer toward"Rienters.
The presence of two kinds of terminal ligands (two mbpyd
one L ligands) is clearly confirmed by two acetate methyl
singlets in 2/1 integrated intensity ratio. For every'Ru
complex, a methyl resonance of acetates bridging (k)R-
(mbpy") (12H) appears at lower field relative to that of acetates
bridging (mbpy)Ru---Ru(mbpy") (6H); e.g.,0 2.05 (12H) and
1.85 (6H) forlaandd 5.29 (12H) and 5.05 (6H) fo2a.

4. Absorption Spectroscopy. The present mixed-ligand
triruthenium complexes show distinctive absorption spectral
patterns in a UV-vis region, depending on both the Ru
oxidation states and the kind of terminal ligand L. The
absorption bands for Ry complexes2a—6b in CH;CN are
summarized in Table 4 and those for CO complexn Table
5. Table 5 also includes absorption data for the reference
complexes [Rg(O)(CHCO)6(py)2(CO)I* and [Ru(O)(CHs-
CO)e(pz)(CO)]-0.5pz2r For RU"; complexes, band assign-
ments were made on the basis of a previously described
qualitative dr(Ru)—pm(u3-O) molecular orbital diagram for the
Rus(u3-O) cluster inDan, symmetry*362

A broad band centered at 68302 nm with a shoulder at
620—-630 nm observed in Rl complexes (band 1) is assigned
to transitions from occupied nonbonding orbitals to a vacant
antibonding orbital arising fromse{Ru)—pz(us-O) interactions

S-2 (supporting information). Selected interatomic distances (Intracluster transitions). A band found at 3822 nm (band

and bond angles are collected in Table 2.
The most prominent structural featuredf is that three Ru

II) is due to charge-transfer transitions from-elpszr molecular

ions form an isosceles triangle rather than an equilateral triangle.(36) Structurally characterized oxo-centered triruthenium complexes: (a)

The Rut:-Ru2 distance (3.410(2) A) is considerably longer than
the Ru2--RuZ distance (3.276(2) A). This difference is due
to lengthening of the RutO1 bond (2.039(11) A) as compared
with that of the Ru2-01 bond (1.894(6) A). The trinuclear
core structure irlb is thus in a marked contrast to the previously
characterized triruthenium complexes with three identical

[RU",RU'(O)(CHsCOy)e{ P(GsHs)s} 3]: Cotton, F. A.; Norman, J. G.
Jr. Inorg. Chim. Actal972 6, 411-419. (b) [RU'3(O)(CsHsCOy)6-
(py)sIPFs, see ref 12. (c) [Rii3(0)(CHsCO,)s(H20)3]ClO4-2H,0:
Powell, G.; Richens, D. T.; Bino, Alnorg. Chim. Actal995 232
167—170. (d) [RU'3(0O)(CHsCOz)6(H20)]BF4-2H20, [RuU'"3(0)-
(HCO,)6(H20)5]BF4-3H-0, and [RU'2RUY (0)(CH;COy)e-
(H20)3](Cl04)2°H20: Almog, O.; Bino, A.; Garfinkel-Shweky, D.
Inorg. Chim. Actal993 213 99-102.
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Table 3. *H NMR Data for the Triruthenium Complexes [KQ)(CHCO,)s(mbpy")(CO)P+ and [Ru(O)(CHCO,)s(mbpyh)a(L)] 3+ 2

mbpy"
complex L 2,6-H 3,5-H 3,5-H 2,6-H s CHs-acetate L
la Cco 9.27 (4H,d) 8.86 (4H, d) 8.55 (441 4H, d) 4.44 (6H,s) 2.05(12H,s)
1.85 (6H, s)
2a H,O 835(4H,d) 7.46(4H,s) 6.48(4H,s) —0.66 (4H,s) 4.02(6H,s) 5.29(12H,s)
5.05 (6H, s)
(p2)
3a pz 8.60 (4H,d) 7.75(4H,d) 5.90(4H,d) 0.79 (4H,d) 4.15(6H,s) 5.55(12H,s) 0.70(2H,H)2,6-
5.45 (6H, s) 2.11(2H,s, 38
(py)
4b py 8.45(4H,d) 7.67 (4H,d) 5.94 (4H,d) 0.85(4H,d) 4.11(6H,s) 5.29(12H,s) 0.15(2H, B})2,6-
5.04 (6H, s) 5.65 (2H, t, 3,59
6.61 (1H, t, 4H)
(Him)
5a Him 858 (4H,d) 7.71(4H,d) 5.94(4H,s) 0.39 (4H,s) 4.14(6H,s) 4.62(12H,s) 10.80 (1H{}s, 1-
4.45 (6H, s) 3.04 (1H, s, 2- or )
2.31 (1H, s, 4- or H)
6.18 (1H, s, 5-H)
(dmap)
6b dmap 8.46 (4H,d) 7.66 (4H,d) 5.92(4H,s) 0.43(4H,s) 4.11(6H,s) 4.63(12H,s) 2.22 (2H,H) 2,6-
4.29 (6H, s) 5.75 (2H, d, 3,69

4.72 (6H, s, Gl3)

aMeasured in CBCN at room temperature. Chemical shifts are repored@MS.

Table 4. Absorption Spectral Data for the Triruthenium Complexess[RWCHCO,)s(mbpy)(L)]3t (L = H,0, pz, py, Him, and dmap) in

CH3CN at Room Temperature

Amax NM (€, M~tcm™)

complex bandd band IP band IIF
[Rus(O)(CHCO,)s(mbpy+)(H.0)](PFs)s (2) 702 (6400), 630 sh 390 (8700) 255 (42 000)
[Rus(0)(CHsCO,)s(mbpyt)2(p2)]1(PF)s (38) 697 (7800), 630 sh 380 (11 800) 255 (51 900)
[Rus(O)(CHsCO,)s(mbpy+)2(py)](ClO4)3 (4b) 700 (7200), 630 sh 395 (9100) 255 (47 400)
[Rus(0)(CHsCO,)s(mbpyt)(HIm)](PFs)s (52) 692 (7000), 620 sh 398 (9100) 256 (50 800)

[Rus(O)(CHCO,)e(mbpy*)z(dmap)](CIQ)s (6b)

685 (8000), 630 sh

422 (10 000)

260 (53 800)

aTransitions between molecular orbitals arising from(Rlu)—psm(us-O) interactions within the Rius-O) core.b Charge-transfer transitions
from dr(Ru)—pz(us-O) orbitals of the Rg(us-O) core tox* orbitals of terminal ligands¢ 7z—s* transitions in terminal ligands.

Table 5. Absorption Spectral Data for the Triruthenium Carbonyl Complexeg(fRCHsCO,)s(A)(CO)]™" (A = py (n = 0), pz (= 0), and
mbpy" (n = 2)) at Room Temperature

Amax NM €/M~tcm™)

complex solvent band| band IP band IIF
[Rus(0)(CHsCO)6(py)2(CO)J CH:CN 580 (4500) 333 (6200) 250 (15 900)
[Rus(0)(CHsCO,)6(pz)(CO)]-0.5p7 CHsCN 585 (5100) 392 (7900) 253 (9 600)
[Rus(O)(CHsCO,)s(mbpyt)(CO)|(PR)2 (1a) CHsCN 590 (7800) 454 (6600) 260 (49 000)
water 592 (6600) 388 (5700) 257 (42 600)

2 Transitions between molecular orbitals arising from(Rlu)—pm(us-O) interactions within the Rius-O) core.b Charge-transfer transitions
from dr—pr orbitals of the Ru(us-O) core toz* orbitals of terminal ligands ASz—xa* transitions in terminal ligands A¢ Absorption spectral
data for a CHCI; solution of [Ru(O)(CH:CO,)s(py)2(CO)] and [Ru(O)(CH:CO,)s(pz)(CO)] are reported in refs 4 and 21, respectively.

orbitals in the triruthenium core to* orbitals of mbpy" ligands orbitals and one p(us-O) orbital with less contribution from
and L (cluster-to-ligand CT transitions). This assignment is the “Ru'—CO” moiety would be applicable for carbonyl
supported by its large sensitivity to the variation of L; the band complexes. Here we make band assignments Taras
shifts to the longer wavelengths with increasing basicity of the follows: band | {max = 590 nm) to intracluster (RO)
third ligand. By contrast, the band | is relatively insensitive to transitions, band l1Amax= 454 nm) to cluster(RiD)-to-ligand-
the nature of the third terminal ligand L. The most intense band (mbpy*) CT transitions, and band IliAfax = 260 nm) to

centered at 255260 nm (band IIl) is ascribed tor—s*
transitions of mbpy ligands.

The CO complexashows three distinctive absorption bands
at 590 nm é = 7800 Mt cm™1), 454 nm € = 6600 M1 cm™Y),
and 260 nmd{ = 49 000 M1 cm™1) in CH:CN. The spectral
pattern observed fdtais similar to that found in other mono-
(carbonyl) triruthenium analogs, [BI®)(CH;CO,)s(py)2(CO)]
and [Ruy(O)(CHsCOy)e(pz)(CO)] (Table 5). For the valence-
trapped RU,RU' carbonyl complex, the band assignment
analogous to that made for the 'Ryicomplexes may not be
possible, because the above-¢pbr molecular orbital scheme

a—a*(mbpy™) transitions. These assignments are supported by
the following considerations. First, the band Il moves signifi-
cantly upon substitution of non-carbonyl ligand (py, pz, and
mbpy"), while the other two transitions (bands | and Ill) are
far less sensitive (Table 5). Second, band Il lia shifts
remarkably upon changing the solvent from 4£CHi to water.
This band fmax = 454 nm in CHCN) shifts to the shorter
wavelength region in watelax = 388 nm), while the other
two transitions remain almost unchanged. A similar shift was
also previously reported for the charge-transfer band for tris-
(mbpy") triruthenium complex [Rii3(0)(CHCOy)s(mbpy )]+

is not applicable to this valence-trapped complex. However, a although the extent of shift was less (in N, Anax = 700

dz—pmz molecular orbital scheme formed from twar@u'")

nm (¢ = 8300 Mt cm™1), 395 nm € = 12 900 M1 cm™?),
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Figure 2. Cyclic voltammograms of (a) [mbpyPFs, (b) [Rus(O)(CHs-
CO,)s(py)2(CO)], and (c) cyclic (upper) and differential-pulse voltam-
mograms (lower) of [Rg(O)(CHsCO,)s(mbpy*)2(CO)](PF)2 (1a) in a
0.1 M [(n-C4Hg)sN]PF—CH3CN solution. Scan rate= 100 mV st
for CV and 20 mV s? for DPV.

and 255 nm¢ = 63 900 Mt cm™Y); in water: Amax= 700 nm
(e = 8300 Mt cm™1), 380 nm (she = 11400 Mt cm™?),
330 nm (she = 14 700 Mt cm™), and 252 nm{ = 61 000
M~1 cm1)).27

It should be noted that the spectral patterdafs appreciably
different from those of electronically delocalized 'RiRU"
complexes (an Ru oxidation number2.67) such as [Rli-
RU'(O)(CHsCOz)s(mbpy")s](PFe)s (Amax = 950, 570, 350 sh,
and 260 nm in CHCN),?” suggesting that the Buore of the
CO analogs is in the valence-trapped state.

Also pointed out is a red-shift of the charge-transfer transitions

(band 1) for the mbpy complexes [Rg(O)(CHsCOy)s(mbpy"),-
(CO)](PFs)2 (454 nm) and [Ry(O)(CHCOz)e(mbpy")2(pz)]-

(PFs)s (380 nm) as compared to that of the corresponding

transitions found in the pyridine analogs [RQ)(CHs-
CO)e(py)(CO)] (333 nm) and [Ry(O)(CHCO2)e(pY)(P2)1PFs
(243 nmin CHCI,).* This is related to a lowet* energy level
of mbpy* over py.

5. Electrochemistry. Electrochemical properties of the

mixed-terminal ligand triruthenium complexes were investigated

by CV and DPV in a 0.1 M [t-C4Hg)4N]PFs—CH3CN solution.
a. Triruthenium Complexes with CO. A cyclic voltam-

mogram and a differential-pulse voltammogram for {f@)(CHs-

COy)e(mbpyh)2(CO)](PR)2 (18) are shown in Figure 2, part c.

For comparison, cyclic voltammograms of the free ligand

[mbpy*]PFs, and [Ru(O)(CH:CO,)e(py)(CO)P’ under the

same conditions are also displayed in Figure 2, parts a and b

(37) Redox potential data of this complex under the different conditions

have been reported in refs 4 and 38.
(38) Ye, S.; Akutagawa, H.; Uosaki, K.; Sasaki, Morg. Chem.1995
34, 4527-4528.
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respectively. Table 6 summarizes electrochemical data on the
two complexes.

As seen in Figure 2, part a, the ligand [mbBpyFs; shows
two reversible one-electron wavesHkt, = —1.33 and—2.02
V in a 0.1 M [(n-C4Hg)4N]PFs—CH3CN solution. These
processes are assignable to nibpybpy and mbpy/mbpy-,
respectively. The py complex [B{D)(CHCO,)s(py)2(CO)]
shows three reversible waves in the rargg0 to—1.8 V (as
shown by a solid line in Figure 2, part b), which are due to
consecutive one-electron redox on thes@uO) core: RU'-
RUVRU"(CO)/RU"; (Ey2 = +0.82 V), RU's/RU",RU'(CO)
(E1/2 = +0.19 V), and RWQRU”(CO)/R[JIRU”RU”(CO) (El/z
= —1.33V). When the scan range is extended toward the more
negative region, one irreversible wave,"Rul"' Ru'(CO)/RU's,
is obtained aE,. = —2.19 V, accompanied by an appearance
of a new peak aE,s = ca.—1.1 V in a back scan (a broken
line in Figure 2, part b).

As shown in Figure 2, part c, the mbpgomplexlaexhibits
a total of seven reversible waves, labeleevll. Each wave
is a one-electron process as determined on the basis of the
identical current intensity to the one-electron ferrocene/ferro-
cenium couple with the same concentration. On the basis of
the comparison with redox potentials of the py complex (Figure
2, part b), it is evident that two waves in the positive region are
due to consecutive redox on the Reore; process Ky, =
+0.90 V) is to RU'RUVRU" (CO)/RU" 3 and process IIE;, =
+0.26 V) is to RU's/RU",RU'(CO). Both processes are
electrochemically reversible at scan rates af 3 < 1000 mV
sL

For the five waves in the negative region {NVIl), unam-
biguous assignments based on a comparison of the redox
potentials oflato reference compounds seemed to be difficult,
since Ry core-based redox potentials of CO complexes in the
negative region are significantly influenced by the nature of
terminal ligands$® To confirm the nature of these processes,
spectroelectrochemical measurements were carried out by using
an optically transparent thin-layer electrode (OTTLE) cell.
Absorption spectra at applied potentials of the py complex
[Ruz(O)(CHsCO)6(py)2(CO)] and the mbpy complexla are
shown in Figure 3, parts a and b, respectively. The numerical
data are summarized in Table S-5 (supporting information).
Controlled-potential absorption spectroscopic data have been
described for some triruthenium complexXé=327while those
for CO complexes [RiO)(CH;CO,)s(L) 2(CO)™~ have not been
reported so far.

For [Rus(O)(CHsCOy)s(py)2(CO)], two absorption bandg fax
= 580 and 330 nm) are observed-a0.6 V, a solid line in
Figure 3, part a. This spectral pattern is consistent with that
obtained for the isolated RyRu' complex. When the potential
is applied at—=1.7 V, where the one-electron reduced complex
[RU'RU"RU'(0)(CH:CO,)e(py)2(CO)]™ is generated (Figure 2,
part b), a broad absorption bandiat,x = 1160 nm ¢ = 4400
M~1 cm1) appears together with an absoption at 465 ar (
9300 Mt cm™1) (Figure 3, part a, a broken line). The
appearance of a near-infrared absorption is therefore a good
indication of generation of the RRU'"'Ru'(CO) complex in
solution. Forla, an absorption spectrum a0.6 V consists of
three bands atmax = 589 (€ = 7800 Mt cm™Y), Amax = 457
nm (¢ = 6600 M1 cm™1), and Amax = 257 nm € = 47 500

' M~1cm™), a solid line in Figure 3, part b. When the potential

is set at—1.1 and—1.2 V (a midpoint potential of processes

‘Il and IV and processes IV and V in DPV, respectively, see

Figure 2, part c), only a gradual decrease of intensity of the

(39) Hashimoto, M.; Hishikawa, M. Abe, M.; Sasaki, Y.; Ito, T. Unpub-
lished results.
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a) on the the higher reversibility of the ligand-based process and
irreversible nature of the RRuU"Ru'(CO)/RU's process as
found in [Rw(O)(CHsCO,)s(py)2(CO)] (Figure 2, part a). The
significantly negative shift of the latter core-based process in
larelative to that in the py analog (800 mV) is primarily due

— to the highly negative charge for this process in comdeax
~ \\ (—3/-4).

. . L Redox processes of the CO complex can be summarized as
1000 1400 shown in Scheme 1. Here, the last Ru in the formula in the
b) A/ nm mixed-valent complexes represents the Ru that is coordinated

by CO.

Scheme 1
[Ru"RURU" (0)(CH,CO,)5(mbpy),(CO)I*

+1le It -1e” 0]

e/ 1M em!

[Ru"3(0)(CH,CO,)s(mbpy"),(CO)F**

200 600 1000 1400
A/ nm +1le it —1e (D]
Figure 3. Controlled-potential absorption spectra of (a) §f&)(CHs-
CO)e(py)2(CO)] and (b) [RY(O)(CHCO:)s(mbpy*)(CO)I(PF)2 (1) [RU" ,RU' (O)(CH,CO,)s(mbpy"),(CO)P*

ina 0.1 M [(n-C4Ho)sN]PFs—CHsCN solution: (a) solid line;-0.6 V;
dashed line;-1.7 V; (b) solid line,—0.6 V; dotted line,—1.1 V; dashed
line, —1.2 V; dashed-dotted line;1.6 V s Fc/Fc'. +1le It —1le ()

Table 6. Electrochemical Data of
[Rus(O)(CHCO,)s(mbpy*)(CO)](PF). (18) and
[Rus(0)(CHsCO,)6(py)(CO)] in 0.1 M [(-CaHo)aN]PFs—CHCN?

[Ru" ,RU'(0)(CH,CO,)s(mbpy)(mbpy")(CO)]*

E12”V vsFC/FC (AE), ne +le it —le (IV)
redox (mbpy"),(CO),
wave assignment 1a2 (py)(CO) [RUI” 2RU“ (0)(CH;,CO,)s(mbpy),(CO)]
| RU"RUVRU"(CO)/RU"5 +0.90 (60), 1e +0.82 (60), 1e
I Ru'"yRu",RU(CO) +0.26 (60), 1e +0.19 (60), 1e +1e Wt —1e V)
1} (mbpy™)2/(mbpy")(mbpy) —-1.07¢1le
IV (mbpy")(mbpy)/(mbpy) —1.17¢1e _
V. RulRUI(COYRU'RURUI(CO) —156 (50), 1e —1.33 (50), Le [RU'RU" RU'(0)(CH,CO,)¢(mbpy),(CO)]
I o A
mbpy*)(mbpy)/(mbpy- -2.  le U —1e
Vil RuRu'RU'(CO)/RU'3 ’ —2.991e  —2.19'1e +le it —le (V1)
aData from cyclic voltammograms obtained-a22 + 1 °C at a [Ru”Ru'"Ru”(O)(CHSCOZ)G(mbpy‘)(mbpy)(CO)]Z_

scan rate of 100 mV3 by using a glassy carbon working electrode,
a platinum coil counter electrode, and an AgfAGAgCIO,] = 0.01

M in CHZCN) reference electrode. [Complex]1 mM. All potentials +1e It —1e (Vi
are reportedss Fc/Fc™ couple.? Ei, = (Epa + Epg)/2, whereEq, and

Epc are anodic and cathodic peak potentials, respectiVelys, = Epa e ol — 3—

— Epe. 9ne = no. of electrons exchangetiPeak potential in DPV. [Ru'Ru RU (O)(CH;CO,)¢(mbpy )(CO)]

f Epc value for irreversible process.

589 nm-band and a blue-shift of the 457-nm band are observed. +le (vin)
These suggest that the two one-electron processes Il and IV . B "

are concerned with redox on mbpjigands alone and not on [RU"5(0)(CH,CO,)s(mbpy ),(CO)]

the Ry(us-O) core. As has been reported, one-electron reduc-

tion of mbpy" gives rise to two absorption bandsiat.x = 369 Two-step one-electron ligand redox processekdlll and

and 535 nm under the same conditidhslf the potential is IV for mbpy*/mbpy and VI and VII for mbpy/mbpy") reflect
applied at—1.6 V (between processes V and VI), a drastic the existence of terminal ligardigand interactions as discussed
increase of an absorption withnax = 1213 nm € = 11 700 below.

M~1cm™) is then observed. The appearence of the strong near- b. Triruthenium Complexes with L (L = H,O, pz, py,
infrared band indicates one-electron reduction of thé!Ru Him, and dmap). Redox potentials for five mixed-ligand
RuU'(CO) core occurs in process V. Further information on triruthenium(lll) complexes differ significantly from those for
processes VI and VII, as well as on an irreversible process VIl the carbonyl complega but resemble those for the previously
(Ep = —2.99 V; not shown in Figure 2, part c, see Table 6), described tris(mbp$)triruthenium(lll) complex [Rg(O)(CHs-
was not obtained because of the instability of such highly COy)e(mbpy")s]*".27 Figure 4 shows the cyclic voltammogram
reduced complexes. However, the most plausible assignmentsand differential-pulse voltammogram of [R®)(CH;CO,)s-
are the consecutive two one-electron reductions of migands (mbpy")2(pz)](PR)s (3a) as a typical example. Redox potential
occurring at VI and VIl and the one-electron reduction of the data as well as their assignments 2e—6b are tabulated in
RU'RU"RU'(CO) core at VIII. These assignments are based Table 7.
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Table 7. Electrochemical Data for the Triruthenium Complexes{R)(CHCO;)s(mbpyh).(L)]3* (L = H:0, pz, py, Him, and dmap) in 0.1
M [(n-C4H9)4N]PF5—CH3CNa

Ev, V vsFc/Fc (AEY), nef

redox wave assignment 28 (29 pz (3a) py (4b) Him (5a) dmap 6b)

| RuV,RU"/RUVRU", +1.7281e +1.65 (100),1e +1.65¢1e +1.57¢1e +1.55¢1e

1] RUuVRU",/RU" 3 +0.69 (60), 1e  +0.67 (60), 1le +0.63 (60), 1e  +0.58 (60), 1e  +0.56 (40), 1le
[ Ru'y/RU" ,RU" —0.32(50),1e —0.33(50), 1e —0.38(50), 1e —0.43 (40),1e —0.44 (50), 1e
1\ (mbpy™)Z(mbpy). —1.27 (80),2e —1.26 (80), 2e —1.28(80),2e —1.31(90),2e —1.31(100), 2e
Y Ru'",RU'/RU"RU", —1.68(60),1e —1.64(50), 1le —1.72 (40),1e -—1.78(60),1e —1.78(60), 1e
VI (mbpy)2/(mbpy)(mbpy) —2.01(50),1e —2.00 (50), 1e —1.99 (40), le  —2.02 (20),1e —2.02 (50), 1e
Vil (mbpy*)(mbpy")/(mbpy). —2.47, le —2.36 (50), 1e —2.49, le —2.42 (60y —2.56 (60), 1le
VI Ru'"Ru'y/Ru'3 —2.80, 1& —2.78, 16 —2.70M 1e —2.97¢1e

a Data from cyclic voltammograms obtained-822 + 1 °C at a scan rate of 100 mV/ sby using a glassy carbon working electrode, a platinum
coil counter electrode, and an Ag/A¢[AgCIO,4] = 0.01 M in CH;CN) reference electrode. [Complex] 1 mM. All potentials are reporteds
Fc/Fc™ couple.® Ei, = (Epa + Epd/2, whereEy, and Eyc are anodic and cathodic peak potentials, respectiVelye, = Epa — Epe. 9 ne = no. of
electrons exchangef E,. value for irreversible processQuasireversible processCurrent intensity of the process is smaller as compared to that
of the other one-electron process&Beak potential in DPV.

vy vi VI Scheme 2
o I [Ru"Ru" ,(0)(CH,CO,)s(mbpy"),(L)]**
: Izo A +le Wt -le (1)
[RU"RuY(0)(CH;CO)s(mbpy),(L)] **
12#“ +1e ¥t —1e (1)
[Ru"4(0)(CH,CO,)s(mbpy"),(L)]**
+1.0 0.0 1.0 2.0 +le it -le (1

E/V vsFc/Fc*

Figure 4. Cyclic (upper) and differential-pulse voltammograms (lower)
of [Rus(O)(CHsCO,)s(mbpy)2(pz)](PR)s (3a) in a 0.1 M [(-
C4Hg)aN]PFs—CHsCN solution. Scan rate= 100 mV s for CV and

20 mV s'! for DPV.

[Ru'RU" ,(0)(CH,CO,)(mbpy"),(L)]*"
+(1le +1e) ¥t —(1le +1e) (V)

[Ru'RU" ,(0)(CH,CO,)5(mbpy),(L)]

The pz complex3a exhibits seven redox waves including
one quasi-reversible wave (process |) and six reversible waves
(processes HVII) in the range+2.0 to —2.6 V vs Fc/Fc'.
Comparison of thegy, values with those for the tris(mbpy
complex allows us to assign processes |, Il, 1ll, and V to a
successive redox of the Rus-O) core. Process IV, which,
on the basis of the current intensity, involves two electrons, is
due to reduction of two terminal ligands, mbpsbpy. The
last two processes VI and VIl are best ascribed to the ligand-
based processes mbfggbpy-. An irreversible wave found in
the most negative potential (process VIl in Table 7) is due to
the reduction of the trinuclear core BRU"/Ru';, which would
involve a loss of the central oxide ion as claimed for other
triruthenium complexed?

For complexe®a (L = H,0), 4b (py), and6b (dmap), seven
reversible waves involving eight electrons are also observed.
Complex5a (L = Him) also shows seven waves, but their
reversibility is lowered. As can be seen in Table 73 Rore-
based redox couples shift negatively upon changing L into a
more electron-donating ligand, while the ligand-based couple
shifts to a lesser extent. This indicates that-gbr molecular

+1le W —1e V)
[Ru",RuU" (0)(CHyCO,)s(mbpy),(L)] ~
+1e W —1e (V1)
[Ru",RU" (0)(CH,CO,)s(mbpy )(mbpy)(L)]*~
+1le Wt —1e (Vi)
[Ru" Ru" (0)(CH,CO,)o(mbpy )(L)]*

+1e VI

[RU'(CH;CO,)(mbpy )(L)]*” + 0>

In contrast to the splitting behavior of the mbpmbpy
process for the CO compleka in the cyclic voltammogram,
the corresponding processes #a6b are observed as a single
orbital levels in the trimetal core are more sensitive to the nature .o '’ indicating muph smallgr Interactions .betwee.n ligands.

. However, a subtle difference in redox behavior of this process
of L than to thex* levels of mbpy'. among2a—6b can be observed in the differential-pulse voltam-

Redox processes of mixed-ligand triruthenium(lll) complexes mograms as shown in Figure 5. While the ligand-based
(2a, 3a, 4b, 5a, and6b) can be thus summarized as shown in process for the pz3@) and py éb) complexes as well as that
Scheme 2. for the agua complex2§) is still detected as an unresolved wave,
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L=CO, 1a

pz, 3a

L

py, 4b
Him, 5a
dmap, 6[)4_—/\
] T L] L]
-0.8 -1.0 -1.2 -14

E/V vsFc/Fc*
Figure 5. Differential-pulse voltammograms for the mbpsnbpy
process of the mixed-ligand Rucomplexes [Rg(O)(CHCO,)e-
(mbpy")2(CO)P* and [Ry(O)(CHCO)e(mbpy*)o(L)]** (L = pz, py,
Him, and dmap) in a 0.1 M f-C4Hg)4N]PFs—CH3CN solution. Scan
rate= 20 mV s'%.

two resolved wavesAE, = ca. 40 mV) are observed for the
Him (5a) and dmap §b) complexes. Among the series, the
carbonyl complex exhibits the largest peak sphiE, = ca.

100 mV). From these voltammograms, the differencé&in
values between two closely spaced ligamneldox wavesAE; ;)

is estimated® AEj., values thus obtained are 28 mK fm =

3.0) for2a, 37 mV (Keom = 4.2) for 3a, 68 mV (Keom = 14.1)

for 4b, 73 mV Kcom = 17.1) for5a, 80 mV Ke¢om = 22.5) for

6b, and 100 mV Kcom = 95.0) for 1a. The values show a
tendency that the splitting of ligand-based waves increases a
the more basic ligand becomes coordinated at the third terminal
position. The split for the aqua and pz complexes is comparable
to that estimated for the statistical potential difference in
noninteracting redox-active centetsg;, = 36 mV)! while

the splits for the py, Him, dmap, and CO complexes definitely
exceed the value and show the occurrence of electronic
interactions between terminal ligantfs.

Discussion

1. Electronic Structure of Ruz Complexes. It has been
pointed out that mono(carbonyl)triruthenium 'MRu'", com-
plexes exhibit considerably different spectroscopic and redox
properties from other members of the triruthenium'Ru",
complexeg:1138 On the basis of the present X-ray analysis on
1b-2DMF, the elecronic structure of the CO complexes is best
described as being in the valence-trapped f&u'(CO) oxida-
tion state, in which the divalent state is localized on the Ru site
bonded with CO. This is interpreted as a consequence of a
strong back-donating property of the CO ligand. From the
spectroscopic similarities amoridp and other CO derivatives,
the mono(carbonyl)triruthenium core is considered to have the
same localized-elecronic state irrespective of the kind of the
remaining two terminal ligands. The valence-trapped nature

(40) Richardson, D. E.; Taube, thorg. Chem.1981, 20, 1278-1285.

(41) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm. Chem.
So0c.1978 100, 4248-4253.

(42) Vletek, A. A. Coord. Chem. Re 1982 42, 39-62.
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was also suggested by a recent infrared spectroelectrochemical
study on [RyY(O)(CH:COy)e(py)(CO)JP8 and terminal ligand-
substitution kinetics for [R#O)(CH;CO,)s(py)2(CO)] and
[Rus(O)(CHsCOy)e(py)s]®+.11 The analogous valence-trapped
character for the oxo-centered trinuclear complex has been
shown for [MA'">Mn" (O)(CsHsCOo)e(py)2(H20)]-0.5CHCN *3

as well as for several trimanganese and triiron complexes at
lower temperature¥

By contrast, in the mixed-ligand complxeza—6b, one
unpaired electron in the Rl core is considered to be essentially
delocalized over three Ru ions. This is supported by close
similarities of their absorption spectral patterds] NMR
chemical shifts, and redox potentials to those found in de-
localized triruthenium complexes such as [R(O)(CHs;CO,)e-
(mbpy*)s]** " and [RY'3(0)(CH;CO2)e(py)al -

2. Multistep Redox Properties. In this study, redox
behavior of mixed-ligand Ricomplexes has been investigated
in detail by means of cyclic and differential-pulse voltammetry
together with controlled-potential absorption spectral measure-
ments. The present complexes are found to show tunable
multistep redox properties. The CO complexexhibits eight
one-electron steps involving seven reversible waves, whit&;Ru
complexes with aqua2@) and N-heterocyclic terminal ligand
(3a—6b) display severreight reversible waves in GEN.
Among these series, spectroscopic and redox properties of the
CO complex differ significantly from those found in the other
complexes with L. Introduction of a terminal CO ligand causes
the triruthenium core to be more difficult to oxidize and easier
to reduce. This trend is consistent with previous observations
for other triruthenium complexes.

3. Ligand—Ligand Interactions. One of the most interest-
ing characteristics of the present mbpgoordinated triruthe-
nium complexes would be the occurrence of the ligalghnd
interactions between two mbpyigands, as manifested by the
splitting of ligand-based redox waves on voltammograms. This
interaction is due to electronic— coupling of ligands through

he Ru(dr)—(usz-O)(pr)—Ru(dr) pathway to which mbpy
igands are coordinated. Recent magnetic study on oxo-centered
acetate-bridged trimetal complexes has indicated thdt-Ru
Ru" interactions via the centrals-oxide bridge is dominant
over interactions involvingu-acetate bridges in [Rip-
RW!(O)(CHCO)e(py)s] * and [RU'2RU'(O)(CH:CO,)(py)sl,
both of which are isoelecronic to the present CO complex
(dBdPd®).160  \We previously showed electronic interactions
among three mbpyligands in tris(mbpy) analogs, [M(O)(CHs-
COy)s(mbpy)s]*t (M3 = Rus, Rhs, and RyRh)?7 In particular,

the mixed RyRh complex showed the largest interactions with
three split ligand-reduction waveskt, = —1.14,—1.26, and
—1.45 V vs Fc/Fct in CH3CN. This strong interaction was
explained by considering not only different metal sites (Ru and

(43) Vincent, J. B.; Chang, H.-R.; Folting, K.; Huffman, J. C.; Christou,
G.; Hendrickson, D. NJ. Am. Chem. Sod.987, 109, 5703-5711.

(44) Hendrickson and co-workers have reported interconversion between
valence-trapped and -detrapped electronic states in the trinuclear
mixed-valent complexes [MO)(CHsCOy)el3]*S (M3 = Mn''Mn'',,
Fe'Fell,; L = neutral ligand such as py, = solvent molecule): (a)
Jang, H. G.; Geib, S. J.; Kaneko, Y.; Nakano, M.; Sorai, M.; Rheingold,
A. L.; Montez, B.; Hendrickson, D. NJ. Am. Chem. S0d.989 111,
173-186. (b) Kaneko, Y.; Nakano, M.; Sorai, M.; Jang, H. G;
Hendrickson, D. NInorg. Chem1989 28, 10671073. (c) McCusker,

J. K.; Jang, H. G.; Zvagulis, M.; Ley, W.; Hendrickson, D. INorg.
Chem.1991 30, 1985-1990. (d) Nakano, M; Sorai, M.; Vincent, J.
B.; Christou, G.; Jang, H. G.; Hendrickson, D.INorg. Chem1989
28,4608-4614. (e) Jang, H. G.; Vincent, J. B.; Nakano, M.; Huffman,
J. C,; Christou, G.; Sorai, M.; Wittebort, R. J.; Hendrickson, DJN.
Am. Chem. Sod989 111, 7778-7784. (f) McCusker, J. K.; Jang,
H. G.; Wang, S.; Christou, G.; Hendrickson, D.IRorg. Chem1992

31, 1874-1880.
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Rh) but also interactions between two mbdigands through
vacant ct—psr orbitals2’ The analogous interactions may be
possible for the present mixed-ligand Rtomplexes.

Abe et al.

[Rus(0)(CHCO2)6(mbpy)2(L)] 23t (L = a monodentate neu-
tral ligand). Introduction of the 2/1 mixed-terminal ligand
composition enables us to construct unique triruthenium com-

The largest interactions observed for the CO complex can plexes bearing tunable spectroscopic and redox properties.
be interpreted in terms of both structural and electronic factors These complexes show at least seven reversible waves in the

as follows. First, the extremely short (mbpRu—(us-O)

cyclic voltammograms, involving eighinine electrons which

distance (1.894(6) A) causes stronger interactions between twoare Ru(us-O) core-based and terminal ligand-based (mispy

Ru sites through the central oxide bridge. It is highly likely
that larger Ru-(us-O) interactions induce larger interactions
between two mbpy ligands, since the*(mbpy™) orbitals can
appropriately match,d (Ru) orbitals in symmetr§® Second,
the electronically localized RU—O—Ru" moiety also seems
to play an important role. Strong electronic and magnetic
interactions between two Rusites through the central oxide
have been previously shown in the mixed-metal trinuclear
complexes [ReCr(O)(CHCO)e(py)s] " *” and [RuM(O)(CHs-
COy)s(L)3] (M = Mg, Mn, Co, Ni, Zn; L= H0, py)16 As

mbpy, mbpy/mbpy~). Across the series, the CO complex is
characterized as being in the valence-trapped! JRui'(CO)
oxidation state on the basis of the significant differences between
two types of Rer+Ru distances (Ru-Ru(CO)= 3.410(2) A,
Ru---Ru = 3.276(2) A) together with notably different absorp-
tion spectral pattern from that observed for delocalizet! Ru
RuU' analogs. Most interestingly, intramolecular electronic
interactions between two mbpyligands exist in the present
Ruz complexes; introduction of a CO ligand or badi
heterocyclic ligands (imidazole and 4-(dimethylamino)pyridine)

stated above, the present CO complex may be also considereds the third terminal ligand causes more significant interactions.

to involve an electronically localized Ru-O—Ru'" moiety
rather than a delocalized R#%%(usz-O) one. This would

This interaction can be interpreted as occurring through the Ru
O—Ru dr—pm pathway. Large interactions between ligands

contribute to the larger interactions between two Ru sites and found for the CO complex are concluded to be primarily due

hence between two mbpyligands in the CO complex. In
addition, for the mixed-ligand triruthenium(lll) complex&a{-
6b), a negative shift o, values of Ry(us-O) core-based

processes is evident upon substituting L with more basic ligands

L (Table 7). This suggests that the HOMO level of the
trinuclear cluster core approaches to titdevel of mbpy" on
going from L = pz to dmap, which would also provide

to the more significant extent of*(mbpy™*)—dz(Ru)—pm(us-
O) overlap caused by the shorter (mbju' —O distance
(1.894(6) A).
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Conclusion

The present study has shown reversible multistep and
multielectron redox behavior of cluster complexes comprised
of oxo-centered acetate-bridged triruthenium unit and two redox-

active terminal ligands$N-methyl-bipyridinium ions (mbpy)
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andsz*(mbpy™) is expected when the aromatic plane is parallel to the
Rus(us-O) plane.
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