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Complexes [ReO(O,CR)(1-Melm)](ClO4), (1a—c), [RuO(O,CR)(ImH)g](ClO4)2 (2a,b), and [RyO(O.CR),-
(4-MelmH)](ClO4)2 (3a,b) with a (u-oxo)bisf-carboxylato)diruthenium(lll) core have been prepared by reacting
Rw.CI(O,CR), with the corresponding imidazole baséz. 1-methylimidazole (1-Melm), imidazole (ImH), and
4-methylimidazole (4-MelmH) in methanol, followed by treatment with NaCi®Owater (R: Me,a; CgHs-p-

OMe, b; CgHa-p-Me, c). Diruthenium(lll,1V) complexes [ReO(O,CR)(1-Melmk](ClO4)s (R: Me, 4a; CgHa-

p-OMe, 4b; CgHs-p-Me, 4¢) have been prepared by one-electron oxidatiof wf MeCN with K,S,0g in water.
Complexesla, 2a-3H,0, and4a-1.5H,0 have been structurally characterized. Crystal data for the complexes
are as follows:1a, orthorhombicP2;2;2;, a = 7.659(3) A,b = 22.366(3) A,c = 23.688(2) AV = 4058(2) &,
Z=4,R=0.0475, and?, = 0.0467 for 2669 reflections with, > 20(F); 2a-3H,0, triclinic, P1, a= 13.735(3)

A, b=14.428(4) Ac = 20.515(8) A,a = 87.13(3}, B = 87.61(3}, y = 63.92(2}, V = 3646(2) B, Z= 4,R

= 0.0485 andR, = 0.0583 for 10 594 reflections with, > 60(F,); 4a:1.5H:0, triclinic, P1, a = 11.969(3) A,

b = 12.090(6) A,c = 17.421(3) A,a. = 108.93(2}, B = 84.42(2), y = 105.97(2}, V=2292(1) B, z=2,R

= 0.0567, and?, = 0.0705 for 6775 reflections witR, > 60(F,). The complexes have a diruthenium unit held

by an oxo and two carboxylate ligands, and the imidazole ligands occupy the terminal sites of the core. The
Ru—Ru distance and the RtDy,—RU angle inlaand2a:3H,0 are 3.266(1), 3.272(1) A and 122.4(4), 120.5(2)
while in 4a:1.5H;0 these values are 3.327(1) A and 133.8(2yhe diruthenium(lll) complexe$—3 are blue in

color and they exhibit an intense visible band in the range-%6® nm. The absorption is charge transfer in
nature involving the Ru(lll)-d and Qyq-prr orbitals. The diruthenium(lll,1V) complexes are red in color and
show an intense band near 500 nm. The diruthenium(lll) core readily gets oxidized w#¥®Kforming
quantitatively the diruthenium(lll,IV) complex. The visible spectral record of the conversion shows an isosbestic
point at 545 nm forl and at 535 nm fo2 and3. Protonation of the oxide bridge by HCJ@ methanol yields

the [Ru(u-OH)(u-OCR)]3" core. The hydroxo species shows a visible band at 550 nm. Khegue forla

is 2.45. The protonated species are unstable. The 1-Melm species converts to the diruthenium(lll,1V) core,
while the imidazole complex converts to [Ru(Imfi)- and some uncharacterized products. Complex [Ru(kaH)
(ClOq4)3 has been structurally characterized. The diruthenium(lIl) complexes are essentially diamagnetic and show
characteristiéH NMR spectra indicating the presence of the dimeric structure in solution. The diruthenium(lil,IV)
complexes are paramagnetic and display rhombic EPR spectral features. Comiptéase redox active.
Complex1 shows the one-electron reversible'"RIRU"RUY, one-electron quasireversible 'RRUVY/RUY,, and
two-electron quasireversible R/Ru', couples near 0.4, 1.5, and1.0 V vs SCE in MeCN-0.1 M TBAP,
respectively, in the cyclic and differential pulse voltammetric studies. Compaed3 exhibit only reversible
RuU'"'5/RU"RUY and the quasireversible RRUY/RuUV, couples near 0.4 and 1.6 M SCE, respectively. The
observation of a quasireversible one-step two-electron transfer reduction prodessssignificant considering

its relevance to the rapid and reversiblé'GE€', redox process known for the tribridged diiron core in the oxy
and deoxy forms of hemerythrin.

Introduction iron(ll) to the dioxygen ligand. A similar redox process is
presently unknown among synthetic model diiron and related
transition-metal complexes>

Several f-oxo)bisg-carboxylato)diiron model complexes
having different types of bridging and terminal ligands are

One important aspect in the chemistry qf-@xo)bis{-
carboxylato)dimetal complexes is the electrochemical behavior
of the core. In the active site of deoxyhemerythrin, the dioxygen
binding to the vacant site of deoxyHr having a jgeOH)(u-
O.CR),]™ core is rapid and reversible involving a single-step
two-electron transfer redox process,'[Fe'] = [Fe''F€'], along

(1) (a) Stenkamp, R. E.; Sieker, L. C.; Jensen, L. H.; McCallum, J. D.;
Sanders-Loehr, Proc. Natl. Acad. Sci. U.S.AL985 82, 713. (b)

with a concomitant internal proton transfer from the bridging Shiemke, A. K.: Loehr, T. M. Sanders-Loehr,2J.Am. Chem. Soc.
hydroxo group to the peroxide.The hydroperoxide ligand fills 1986 108 2437. (c) Que, L., Jr.; Scarrow, R. ®letal Clusters in
the sixth coordination site of oxyHr. The conversion between Proteins American Chemical Society: Washington, DC, 1988;
¢'—OH—Fe']3+ and [Fé'—O—Fé!]** is reversible. The Chapter 8. (d) Reem, R. C.; McCormick, J. M.; Richardson, D. E.;
[F : Devlin, F. J.; Stephens, P. J.; Musselman, R. L.; Solomon, E. I.

proton shift facilitates transfer of an electron from the second Am. Chem. Sod989 111, 4688.
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(u-Oxo0)bisfu-carboxylato)diruthenium Complexes

subjected for thorough investigatfollowing the discover§
of such a core structure in the non-heme metalloprotein — M", process is observed in the p#-0)(u-O.CR)]%"
hemerythrin (Hr). The redox properties of the low molecular chemistry. In [MRO(O,CMe)(tacn}]?", the cathodic peak for
weight model complexes are found to be complicated due to the irreversible M ;/Mn''; couple is known to appear at0.5

the

instability of the core on reduction® Addition of an

electron to the [F£u-O)u-O,CR)]%" core forms a mixed-
valence F&Fe' species which is susceptible to disproportion-
ation or chemical conversion to a different species. Only
recently the first mixed-valence diiron(Il,Ill) complex with a
[Fex(u-OH)(u-0,CR)]2" core has been isolated and structurally
characterized® The observation of a second couple'Fed"/
Fe', is thus rare. This is indeed a general observation for all
3d-metal complexes having a Hk-O)(u-O,CR)]2" core>11
The instability of the MM" core has similarity with the
disproportionation nature of the mixed-valence forms of hem-
erythrin (Hr)12

From a chemical point of view, a reversible one-step two-
electron transfer process involving two metal centers is unusualreversible one-step two-electron transfer reduction proces/Ru
when the metals are strongly coupled through an oxide bridge. RU'>involving the tribridged core in [RD(O,CMe)(1-Melm)s]-
The reversibility of the electron-transfer process is expected to (ClOs), (1-Melm = 1-methylimidazole}’ The work is now
be poor when there is a considerable change in the structuralextended using other imidazole bases viz., imidazole (ImH) and
parameters of the tribridged core on addition or removal of 4-methylimidazole (4-MelmH) and bridging aryl carboxylates.
electrons'® In addition, there is a possibility of protonation at
the oxide ligand when the metals are reduced. There are onlycomposition [RUO(O.CR)Le](ClO4)2 (R = Me (a), CsHa-p-X
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a few examples where an irreversible two-electron transftty M

V wvs SCE (tacn, triazacyclononan¥). The dimeric core of
[FeXO(OCMe){ HB(pz)s} 2] is known to undergo a chemical
conversion F#, — 2Fé' on electrochemical reductidh.
Interestingly, complexes containing 4d-metals like molybdenum
or ruthenium are known to exhibit extensive redox chemistry
involving the tribridged core. Although 4d-metal complexes
lack any direct relevance to the diiron active centers in non-
heme metalloproteins, they can provide useful information on
the redox activity of the tribridged co?&é-2” For example, the
diruthenium(lll) cores in [RpO(O.CMe)(PPh),] and
[RuO(O,CO)Y{ HC(pz)} 2] undergo an irreversible two-electron
reduction at—0.99 and—0.63 V s SCE, respectivel§®26In a
preliminary communication, we have reported a novel quasi-

Herein, we report the full details of the results on complexes of

(X = OMe (), Me (c)); L = 1-Melm (1), ImH (2), 4-MelmH
(3)). The one-electron oxidized product bnd a monomeric
species [Ru(ImH)(ClOy)3 (5), obtained from the protonation
of 2, have also been isolated and structurally characterized.

Experimental Section

Materials and Methods. Solvents and reagents used for the
preparative procedures were obtained from commercial sources. The
starting complexes RCI(O.CR) (R = Me, GHs-p-X (X = OMe,

Me)) were prepared by following literature procedute®.

Measurements. The elemental analyses were obtained from a
Heraeus CHN-O Rapid instrument. Conductivity measurements were
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Commun1985 347.
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4903.
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done for 1.0 mM solutions using a Century CC603 digital conductivity
meter at 25C. Electronic spectra were recorded with a Hitachi U-3400
spectrophotometer. THél NMR spectra were obtained from Bruker

WH-270 and ACF-200 MHz spectrometers using tetramethylsilane

Sudha et al.

Preparation of [RuO(0O2CMe)z(4-MelmH)g](ClO4), (3a). The
complex was prepared by following the procedure use®éorAnal.
Calcd for GgH4oN1:01:CILRWw: C, 32.72; H, 4.09; N,16.35. Found:
C, 32.80; H, 4.42; N, 16.21Ayn (MeCN) = 250Q~* cn? mol™™. Amax

(TMS) as the internal reference. EPR spectra were recorded on a Varian= 564 nmg, 6700 M~* cm™) in MeCN.

E-109 X-band spectrometer working at a microwave frequency of 9.05

GHz. Cyclic and differential pulse voltammetric (CV and DPV)

Preparation of [Ru,O(O,CCgHs-p-OMe)(4-MelmH)g](CIO 4)2
(3b). A mixture of 0.4 g (0.48 mmol) of RiCI(O,CCsHs-p-OMe)s

measurements were made using a three-electrode set up on a PARand 0.38 g of 4-MelmH (4.6 mmol) in 20 mL of MeOH was refluxed
model 174 polarographic analyzer connected to a Houston Instrumentsfor 3 h. The solution was filtered, and the solid was precipitated with
Omnigraphic X-Y recorder and PAR model 253 Versastat Potentiostat/ an ice-cold solution of NaCl© The complex was purified by column

Galvanostat with EG&G electrochemical softwares operating on
Windows 95. In the three-electrode configuration, a platinum button,

chromatography on a basic alumina column (30 cm length.2 cm
diameter) in CHG. The blue complex in-30% yield was eluted from

a platinum wire, and a saturated calomel electrode (SCE) were used aghe column using a 10:1 v/v mixture of CHEIMeOH. Part of the

working, auxiliary, and reference electrodes, respectively. For all

complex decomposed on the column. Anal. Calcd for

electrochemical measurements 0.1 M tetrabutylammonium perchlorate CaoHsoN1201sCL.RW: C, 39.64; H, 4.13; N, 13.87. Found: C, 39.51;

(TBAP) in acetonitrile solvent was used as a supporting electrolyte.
The measurements were made af@5and the data were uncorrected

for junction potentials. Ferrocene was used as a standard to verify the

potentials observed against the SCE. ThéFe&' couple of ferrocene
was observed at 0.43 \V§ SCE) under similar experimental conditions
in MeCN containing 0.1 M TBAP at 2%C. Coulometric measurements

H, 4.24; N, 14.14. Ay (MeCN) = 180 Q7 cn? mol™%. Amax = 568
nm (e, 6550 Mt cmt) in MeCN.

Preparation of [Ru2O(0O2CR)2(1-Melm)g](ClO 4)3 (R = Me (4a),
CsH4-p-OMe (4b), CsHs-p-Me (4c)). The complexes were prepared
by following a general procedure in which [RO.CR)(1-Melm)]-
(ClO4)2 (1) (2 mmol) in MeOH was reacted with an aqueous solution

were made using a PAR system digital coulometer attached to the modelof K;$;0g (1 mmol) at 25°C. The color of the solution changed

M273.

Preparation of [Ru,O(0.CMe),(1-Melm)g](ClO4), (1a). A0.2 g
(0.42 mmol) amount of RI(O,CMe), was reacted with 0.3 mL of
1-methylimidazole (3.6 mmol) in 20 mL of MeOH at 2& for 0.5 h

gradually from blue to deep red. The product was precipitated out on
adding an ice-cold aqueous solution of NaglQhe solid thus obtained
was filtered out, washed with cold water, and finally dried oveDip
Yield: ~quantitative. Complexda. Anal. Calcd for GgHaNiz-

under stirring conditions. The resultant blue solution was concentrated C17ClRW: C, 29.78; H, 3.72; N, 14.91. Found: C, 29.54; H, 3.42;

to ~5 mL, and the solid was precipitated using a cold aqueous solution

of NaClQ,. The solid was dissolved in GBIy, the mixture was filtered,

N, 14.74. Ay (MeCN) = 400 Q7 c? mol™%. Amax = 498 nm ¢,
0600 Mtcm)in MeCN. EPR data:g; = 2.12,¢9, = 1.86,¢03 =

and the filtrate was evaporated to dryness to isolate the analytically 1-39 @av = 1.79) in MeCN glass at 77 K. Complebb: Anal. Calcd

pure complexia. Yield: ~70%. Anal. Calcd for GH4oN12015Clo-
Rw: C, 32.72; H, 4.09; N, 16.36. Found: C, 32.66; H, 3.97; N, 16.53.
Am (MeCN) = 300 Q7% cn? mol™. Amax = 565 nm €, 7200 Mt
cm™) in MeCN.

Preparation of [Ru,O(O2CCeHs-p-X)2(1-Melm)g](ClO4), (X =
OMe (1b), Me (1c)). Complexeslb,c were prepared by a general
procedure in which 0.2 g of RGI(O.CCsHs-p-X)4 (0.24 mmol) was
magnetically stirred with 0.19 mL of 1-Melm~2.3 mmol) at 25°C
for 6 h. A blue solution thus obtained was filtered, and a solid was
precipitated on addition of an ice-cold aqueous solution of NaClO
The crude product was isolated and dried ovgd:2 The pure blue

complex was obtained by column chromatography using a silica gel

column (34 cm length, 1.2 cm diameter) in chloroform. The complex
was eluted with a 20:1 v/v mixture of CHCtMeOH. Yield: ~50%.
Complex1b: Anal. Calcd for GoHsoN120:1sCl.RW: C, 39.64; H, 4.13;
N, 13.87. Found: C, 39.50; H, 4.35; N, 13.6Ay (MeCN) = 240
Q7 cn? molt. Amax = 569 nm €, 6090 Mt cm™) in MeCN.
Complexlc: Anal. Calcd for GoHsoN120:1:Clb.RWw: C, 40.72; H, 4.24,
N, 14.25. Found: C, 41.13; H, 3.90; N, 14.6An (MeCN) = 245
Q7 e mol™. Amax = 571 nm €, 6650 Mt cm1) in MeCN.
Preparation of [RuO(02CMe),(ImH) ¢](CIO 4)2 (2a). The complex
was prepared by reacting 0.2 g of RUO,CMe), (0.42 mmol) with
0.2 g of imidazole (2.9 mmol) in 20 mL of MeOH under stirring
conditions for 3 h. The blue solution was concentrated-i® mL,
and the solid was precipitated with a cold aqueous solution of NaCIO
Yield: ~30%. Anal. Calcd for @HsoN120:13Cl.RWw: C, 28.00; H,
3.18; N,17.82. Found: C, 28.29; H, 3.32; N, 17.9Ay (MeCN) =
250 Q71 cn? mol™t. Amax = 563 nm €, 7280 Mt cm™) in MeCN.
Preparation of [Ru2O(O,CCgHs-p-OMe)z(ImH) ¢](ClO 4)2 (2b). A
0.2 g (0.24 mmol) amount of RGI(O.CCsHs-p-OMe), and 0.15 g of
imidazole (2.2 mmol) were refluxed in 20 mL of MeOH for 1 h. The
blue solution was filtered, and the product was precipitated with a cold
aqueous solution of NaClO The solid was isolated and dried over
P,O10. Analytically pure complex2b was obtained by column

for CagHsoN120:1dClsRW: C, 36.63; H, 3.82; N, 12.82. Found: C, 36.33;
H, 4.14; N, 12.45. Ay (MeCN) = 370 Q7 cn? mol™%.  Amax = 503
nm (¢, 7000 Mt cm™) in MeCN. EPR data:g; = 2.14,9, = 1.90,
0s = 1.42 @av = 1.82) in MeCN glass at 77 K. Compleic:. Anal.
Calcd for GoHsoN120:/ClsRw: C, 37.53; H, 3.91; N, 13.14. Found:
C, 37.50; H, 4.15; N, 13.61Ayn (MeCN) = 360Q~* cm? mol™™. Amax
=504 nm €, 6800 Mt cm™) in MeCN. EPR datag; = 2.12,¢, =
1.86,93 = 1.39 @av = 1.79) in MeCN glass at 77 K.

Safety Note. Perchlorate salts of metal complexes with organic
ligands are potentially explogg! Only small quantity of material
should be prepared, and these should be handled with great caution.

Solubility and Stability. Complex1 is soluble in common organic
solvents other than benzene and alkanes. ConZuéows appreciable
solubility only in polar solvents like MeCN, MeOH, 8, and DMF.
Complex3 is soluble in polar solvents but not in organic solvents like
CHCl; and CHCl,. Complex4 is soluble in common organic solvents
other than benzene and alkanes. The complexes are generally stable
in the solid as well as in the solution phase exc@ptwhich shows
moderate stablility in the solution phase.

X-ray Crystallographic Procedures for [RuO(O,CMe)(1-Melm)gl-
(ClO4)2 (1a), [RuO(0,LMe)(ImH) ¢)(ClO 4)+3H,0 (2a.3H0), [Ru;0-
(OZCMe)z(l-MeIm)e](CIO4)3-1.5H20 (43'1.5H20), and [Ru(ImH) 5]-
(ClO4); (5). Dark blue crystals ofla were obtained by a diffusion
technigue using a dichloromethane solutioriafind petroleum ether.

A rectangular shaped crystal of approximate dimensions .4012

x 0.04 mm was mounted on a glass fiber with epoxy cement. Crystals
of 2a-3H,0 were obtained on cooling a solution of the complex in a
MeCN—EtLO mixture at 0°C. The dark blue crystals showed a dark
brown color against transmitted light, but the crystals gave a blue
solution when dissolved in MeCN. A diamond shaped crystal of
approximate size 0.6 0.5 x 0.1 mm was mounted on a glass fiber
with epoxy cement. Dark red crystals 4d-1.5H,0 were obtained on
slow evaporation of an aqueous solution of the complex at@5A
rectangular shaped crystal of approximate size>0.6.5 x 0.2 mm
was mounted on a glass fiber with epoxy cement.

chromatography on a basic alumina column (34 cm length and 1.2 cm  The crystal orientation matrix and the unit cell parameters were

diameter). The complex was eluted with a 10:1 v/v CHdlNeOH
mixture. Yield: ~50%. Anal. Calcd for gH3sN1,015CIL.RW: C,
36.20; H, 3.37; N, 14.91. Found: C, 36.51; H, 3.20; N, 14.7Mu
(MeCN) = 230 Q7! cn® molt. Amax = 565 nm €, 5800 Mt cm™?)
in MeOH.

derived from a least-squares fit to the goniometer settings of accurately
located 25 reflections in the#2range between 16 and 32Data were
collected on an Enraf-Nonius CAD4 diffractometer fitted with a graphite
monochromated Mo ¥ radiation. The intensity data collected in the

0 limits 4<20 < 45° (hkl) for 1a, 4 < 26 < 50° (h=k+l) for 2a-3H,0,
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Table 1. Crystallographic Data for [RD(O.CMe)(1-Melm)](ClO,), (1a), [RuO(O.CMe)(ImH)g](ClO4)2:3H20 (2a:3H;0),
[Ru0(O.CMe)(1-Melm)g)(ClO4)3:1.5H,0 (4a-1.5H,0), and [Ru(HIM§](ClO4); (5)

la 2a3H,0 4a-1.5H,0 5
chem formula GgH42N12015CLR U, CaoH36N120:16CLR W, CagHasN12018 ClsRWp CigH24N1,0::ClsRuU
fw 1027 997 1154.23 807.9
space group P2,2:2; (No. 19) P1 (No. 2) P1 (No. 2) R3c (No. 167)
a, 7.659(3) 13.735(3) 11.969(3) 18.410(1)
b, A 22.366(3) 14.428(4) 12.090(6) 18.410(1)
c A 23.688(2) 20.515(8) 17.421(3) 15.260(1)
a, deg 90.0 87.13(3) 108.93(2) 90.0
B, deg 90.0 87.61(3) 84.42(2) 90.0
y, deg 90.0 63.92(2) 105.97(2) 90.0
v, A3 4058(2) 3646(2) 2292(1) 4479(1)
Pcaled, g CNT3 1.68 1.77 1.67 1.80
Z 4 4 2 6
T, K 290 290 290 290
A(Mo Kav), A 0.7107 0.7107 0.7107 0.7107
u(Mo Koy, cmt 9.34 10.37 9.01 8.61
R (Fo)? 0.0475 0.0485 0.0567 0.0650
Ry (Fo)? 0.0467 0.0583 0.0705 0.0650
g 0.001 265 0.003 302 0.006 185 0.0

*R(Fo) = (XIIFol = IFel)/(XIFol). ® Ru(Fo) = [(EWHIFol — [Fel)/(ZWFo)]; w = 1/[o%(Fo) + gFo’].

and 4= 20 =< 50° (h+k=+l) for 4a-1.5H,0 were corrected for Lorentz,
polarization, and absorption effeéfs.The structures were solved by

their calculated positionsdé-n = 1.08 A). The significant residual
peaks in the difference Fourier map were best modeled for 1 H

direct methods using SHELXS-86 and refined by combination of Perspective views of the cationic complexes in these structures were

Fourier-synthesis and full-matrix least-squares methods using SHELX- obtained by the ORTEP prograih.

7630 The intensity data foda were found to be weak at highér The monomeric [Ru(ImH](ClO4,)s (5), prepared by the addition of

angles. The low data to parameter ratio has constrained us to use datgerchloric acid to a solution dfain MeOH, was isolated as reddish-

with F, > 20(F,) for structure solution and refinement. All calculations  brown needles by a diffusion technique using the methanol solution of

were carried out on a VAX88 computer at the computer center of the the complex and diethyl ether. There were 657 unique data, of which

Indian Institute of Science. Atomic scattering factors were taken from 513 observed withr, > 50(F,) were used for structure determination

ref 31. Crystallographic data for the complexes are given in Table 1. using 71 parameters. Selected crystallographic data are given in Tablel.
All non-hydrogen atoms ila were refined anisotropically. Some

of the hydrogen atoms of the complex cation were located from the Results and Discussion

difference Fourier map, and the rest were put in their calculated . L.
positions dc—1 = 1.08 A). The hydrogen atoms were used for structure Synthesis and Mechanistic Aspects.The complexed—3

factor calculations with an isotropic thermal parameter of (21 #he are prepared in high yield by a general procedure in which the
final difference Fourier map was featureless showing the highest peak Polymeric RyCI(O,CR)s, having a “paddle-wheel” structure,

of 0.33 /&, located near Ru(1). The crystal structure of the imidazole undergoes facile core conversion on reaction with imidazole
complex showed the presence of two independent molecules in thebases in methanol (eq 1). This reaction involves a conversion
asymmetric unit. Other than the complex cations and anions, three
additional peaks were located in the difference Fourier map. They were

refined as water molecules. The source of water was the solvents used R R R 2+
for crystallization. The oxygen atoms of one perchlorate anion of the M
molecule B were found to be positionally disordered and the site 0700 0 0
occupancy factor (sof) values for these atoms were refined and the V4 0 L L\ Q l L
/ / e
best sof fixed during least-squares refinement. Most of the hydrogen ¢~ Ru—Ruy _, -———— /Ru P 1)
atoms were located from the difference Fourier map, and the remaining 0/1-, 0/(') a MeOH |y | ~o | \L
were put in their calculated positions constrained to ride on atoms to )/(( L L
which they were attached. The hydrogen atoms were used only for L_
Fo/F. calculations with an isotropic thermal parameter of 02 All R R -

non-hydrogen atoms except the positionally disordered ones of the (L=imidazole base)
perchlorate anion were refined anisotropically. In the crystal structure
of the diruthenium(lll,IV) complex, there were positional disorder
problem. The methyl carbon atom C(20) of one of the 1-Melm ligand p\ing six terminal imidazole ligands. The core conversion
was four_ud to be oner_ltatnonallydlsordereql. The atoms C(20) and)C(20 involves a one-electron oxidation of the diruthenium(ll,lIT)
were refined each with a sof of 0.5. Besides these, three oxygen atoms
of one perchlorate anion were found to be positionally disordered. Six precur;or, a cleavage ,Of the RRu bqnd ,Of order 2'5’, thg
peaks were located in the difference Fourier map, and each peak wadormation of an oxo bridge, and substitution of two bridging
refined with a sof of 0.5. All non-hydrogen atoms except the disordered carboxylates and the axial chloride by six terminal imidazole
ones were refined anisotropically. Some of the hydrogen atoms could ligands. Complex4 has been isolated on oxidation dfby
be located from the difference Fourier map, and the rest were put in K,S,Og in water.

The formation of the [RpO(O.CR),]?" core from a reaction
of RwCI(O,CR), with PPh in MeOH or MeCN has earlier been
reported from our laboratoi?:3* It has been observed that the

of the [Ru(u-O,CR)] ™ unit to a [Rup(u-O)(u-O-CR)]?" core

(29) North, A. C. T.; Phillips, D. C.; Mathews, F. @cta Crystallogr.
1968 A24 351.

(30) Sheldrick, G. M. SHELXS-86, A computer program for Crystal
Structure Solution, UniversitaGottingen, 1986. SHELX-76, A
Program for Crystal Structure Determination, University of Cambridge,
1976.

(31) International Tables for X-Ray CrystallographyKynoch Press:
Birmingham, U.K., 1976; Vol. 4.

(32) Johnson, C. KORTEP-Il Oak Ridge National Laboratory: Oak Ridge,
TN, 1976.

(33) Das, B. K.; Chakravarty, A. Rnorg. Chem.199Q 29, 2078.

(34) Das, B. K.; Chakravarty, A. Rnorg. Chem.1991, 30, 4978.
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(a)

C(lﬂ
r N{&) C(3) C)

Figure 1. ORTEP view of the complex cations in [RD(O,CMe),-
(1-Melm)](ClO4). (1@ (A) and [RuO(O.CMe)(1-Melm)g]-
(ClO4)3°1.5H,0 (4a-1.5H,0) (B), showing atom-numbering schemes.

initial step of the reaction is the formation of an aquo-bridged
class-Il type mixed-valence diruthenium(ll,l11) complex in which
the aqua ligand is also involved in an intramolecular hydrogen
bonding interaction with two unidentate carboxylate ligands.
The (u-aquo)diruthenium(ll,1Il) core is unstable and undergoes
a one-electron oxidation to a<{oxo)diruthenium(lll) species
along with the substitution of two RGE by other terminal
ligands. In the present study we are unable to observe the
formation of any aquo-bridged species. However, the reaction
is believed to proceed through the formation of an ESBO
complex as such a species JRO;CRu(1-Melm)](ClO4), has
earlier been isolated from a reaction of RIO,CR), with
1-Melm35 The ESBO complex, which has two three-atom and
two monoatomic bridging carboxylate ligands, on further
reaction with 1-Melm forms compled. It appears that the
reactions of RyCI(O,CR), with PPh and the imidazole bases
follow different mechanistic pathways involving respectiue (
aquo)diruthenium(l1,111) [) and the ESBO diruthenium(l11)I()
species as the possible intermediates.

Molecular Structures. The complexes [RiD(O.CMe)(1-
Melm)e](ClOyg)2 (1a), [RuO(OC.CMek(ImH)e](ClO4)2-3H,0
(2a:3H,0), and [RyO(O,CMe)(1-Melm)](ClO4)3+1.5H0
(4a-1.5H,0) have been characterized by single-crystal X-ray
crystallographic methods. The ORTEP diagrams of the cationic
complexes are shown in Figures 1 and 2. Important bond
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Figure 2. ORTEP diagrams of two independent cationic complexes
in [Ruz0(O.CMe)(ImH)g](ClO4)2+3H,O (molecule A and molecule B).
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octahedral geometry with three bridging atoms occupying a face
of the octahedron while the other face is occupied by three
terminal unidentate imidazole bases. The com@e:3H,O
crystallizes with two molecules in the asymmetric unit. The
crystal structure of the imidazole complex shows the presence
of chemically significant intermolecular hydrogen-bonding
interactions involving the nitrogen atom of the imidazole ring
and the solvent water molecules [N(6D(1W), 2.91(1) A;
N(8):--O(3W), 2.96(1) A].

The Ru-Ru distance of 3.27 A in the [R(1-O)(u-O.CR)]>*
core is considerably shorter than the same observed in the
[Ru(u-O)(u-O,CR)]3* core. Anincrease of 0.06 A in the Ru
Ru distance on one-electron oxidation of the core has resulted
from the shortening of the RtOqxo, bond length and an increase

distances and angles are given in Tables 2 and 3. The cationid" the Ru-O—Ru angle. In the diruthenium(iil) complexes the

complexes have a diruthenium unit held by an oxo and two
carboxylato ligands. The metal atoms show an essentially

(35) Sudha, C.; Mandal, S. K.; Chakravarty, A.IRorg. Chem1994 33,
4878.

Ru—N bond distances trans to the oxide ligand are considerably
longer than the cis RuN distances due to the trans effect of
the oxide ligand. However, in the diruthenium(lll,1V) complex,
the trans effect is less prominent. This is an interesting
observation as the shorter RQoxo bond in the [RyO]>* core
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Table 2. Selected Bond Distances (A) and Angles (deg) for fR@:CMe)(1-Melm)](ClO4), (1a) and
[Ru,0(O.CMe)(1-Melm)])(ClO4)3:1.5H,0 (4a-1.5H,0)

la 4a1.5H,0 la 4a1.5H,0

Ru(1)y--Ru(2) 3.266(1) 3.327(1) Ru(2)0(1) 1.867(7) 1.817(3)
Ru(1)-0(1) 1.859(7) 1.803(4) Ru(20(3) 2.094(7) 2.037(4)
Ru(1-0(2) 2.057(7) 2.052(3) Ru(2)O(5) 2.055(7) 2.061(4)
Ru(1)-0(4) 2.069(7) 2.046(4) Ru(2N(7) 2.054(10) 2.052(7)
Ru(1)-N(1) 2.056(9) 2.036(5) RU(2N(9) 2.125(9) 2.078(4)
Ru(1)-N(3) 2.157(9) 2.093(5) Ru(2N(11) 2.079(10) 2.028(5)
Ru(1)-N(5) 2.081(9) 2.046(5)

la 4a1.5H,0 la 4a21.5H,0
Ru(1)-O(1)-Ru(2) 122.4(4) 133.6(2) N(9)Ru(2-N(11) 89.7(4) 90.7(2)
N(3)—Ru(1)-N(5) 89.5(4) 90.3(2) N(BRuU(2-N(11) 91.4(4) 92.4(2)
N(1)—Ru(1)-N(5) 93.8(4) 92.2(2) N(ARu(2)-N(9) 90.3(4) 91.3(2)
N(1)—Ru(1-N(3) 90.2(4) 92.3(2) O(5¥Ru(2)-N(11) 175.2(3) 177.5(2)
O(4)-Ru(1)-N(5) 88.4(3) 89.5(2) O(5)Ru(2)-N(9) 85.6(3) 87.2(2)
O(4)-Ru(1)-N(3) 84.5(3) 85.2(2) O(5YRuU(2)-N(7) 89.7(3) 89.1(2)
O(4)-Ru(1)-N(1) 174.2(3) 177.0(2) O(3)Ru(2-N(11) 88.2(3) 90.0(2)
0O(2)-Ru(1)-N(5) 179.0(3) 176.0(2) O(3)Ru(2)-N(9) 86.5(3) 83.7(2)
O(2)-Ru(1)-N(3) 89.9(3) 86.1(2) O(B}RU(2)-N(7) 176.7(3) 174.5(2)
0O(2)-Ru(1)-N(1) 87.0(3) 89.6(2) O(3}Ru(2)-0(5) 90.5(3) 88.4(2)
0(2)—Ru(1)-0(4) 90.7(3) 88.5(2) O(BHRu(2)-N(11) 89.7(3) 91.6(2)
O(1)-Ru(1)-N(5) 87.2(3) 92.0(2) O(BRuU(2-N(9) 177.9(3) 175.2(2)
O(1)—Ru(1)-N(3) 176.6(3) 174.9(2) O(DRuU(2y-N(7) 87.7(3) 92.9(2)
O(1)-Ru(1)-N(1) 89.2(3) 92.2(2) O(BRu(2-0(5) 95.0(3) 90.4(2)
O(1)-Ru(1)-0(4) 96.2(3) 90.2(2) O(BHRU(2-0(3) 95.6(3) 92.0(2)
O(1)-Ru(1)}-0(2) 93.4(3) 91.5(2)

is expected to exert greater trans effect than the corresponding The 'H NMR spectra of 1-3 indicate the essentially
RuU" —Oyxo bond. diamagnetic nature of the complex. The spectral data are given
Spectral Properties. The diruthenium(lll) complexe$—3 in Table 4. The methyl protons of the bridging carboxylato

are blue in color, and they exhibit an intense visible band in ligands appear as a sharp singlet. The aryl protons of the
the range 5668575 nm. The origin of the absorption is believed carboxylates are observed as two doublets. The methyl groups
to be charge transfer in nature involving Ru(llbrdnd Qyo of the 1-Melm ligands show two singlets in the rarp8.78—
prr orbitals?® Diruthenium(lll,IV) complexes are red in color  4.33 in a 1:2 ratio of peak integration for the ligands trans and
and display an intense visible band near 500 nm. The one-cis to the oxide bridge, respectively. Three singlets in a 1:1:1
electron oxidation of.—3 with potassium persulfate has been ratio, observed in the regiofi 7.75-8.90, correspond to two
monitored using visible spectroscopy. The oxidized product protons of the imidazole rings trans to the oxide ligand. The
of 1 has been isolated and structurally characterized. The singlets in the regio® 5.65-7.70 are due to the CH protons
spectral change associated with the conversiohado 4a is of the cis-imidazole rings. The peaks are in a 1:1:1 ratio, each
shown in Figure 3a. The conversion is quantitative, and an corresponding to four protons of the imidazole rings. THe
isosbestic point is observed at 545 nm. A similar shift has been NMR spectral features & and3 are similar to those of except
observed for the complexésand3 giving an isosbestic point  the NH protons of the imidazole ligands2rand3 which appear
at 535 nm. The diruthenium(ll1,1V) complexes are paramagnetic as two broad signals in a 1:2 intensity ratio in the radd®.4—
and exhibit rhombic EPR spectral patterns. 11.8 and are assignable to the imidazole bases trans and cis to
Protonation of the oxide bridge in the diruthenium(lll) the oxide ligands ir2 and3. The significant trans effect of the
complexes with HCIQ in methanol yields the corresponding oxide ligand is observed in the downfield shift of the signals of
hydroxo species showing a visible band near 500 nm. The the trans-imidazole bases compared to those cis to the oxide
hydroxo species on addition of triethylamine converts to the ligand.
oxo complex. Figure 3b displays the visible spectral record of ~ Electrochemistry. The electron transfer behavior af-3
the protonation ola. The Amax shifts from 565 nm to 500 nm  was studied by cyclic and differential pulse voltammetric
upon complete protonation ofa. The isosbestic point is  techniques using a platinum working electrode in MeCN
observed at 520 nm. Thégvalue obtained from Henderson’s ~ containing 0.1 M TBAP. The electrochemical data are given
plot of log[(Ac — A)/(A — As)] vspH is 2.45 forla, whereA,, in Table 5. Selected voltammograms are shown in Figure 4.
A., and A are the absorbance of the free base, the fully Complex1 exhibits three voltammetric responses near 0.4,
protonated species, and the mixture of the protonated and thel.5, and—1.0 V vs SCE (Figure 4a). The response at 0.4 V
free base forms, respectively. The intercept of the plot on the corresponds to a one-electron redox proces FRu'"Ru".
abscissa corresponds to thé,value. The protonated species Theipdipc ratio of unity and theAE; value of 60 mV atv =
with a [Rup(u-OH)(u-O.CR),]3" core is unstable. The 1-Melm  20—200 mV s ! indicate the reversibility of the process. The
complex undergoes a facile conversion to the JRO)(u- differential pulse voltammogram shows a peak width of 90 mV
O,CR),]3* core whereas the analogous imidazole complex on at half-height indicating the reversible nature of this couple.
protonation converts to a monomeric ruthenium(lll) species The response at 1.6 V is due to a quasireversible one-electron
along with the formation of some uncharacterized products. The oxidation process REIRUY/RUY», showing aAE, value of 76-
monomeric complex has been isolated and structurally charac - -
terized as [Ru(mH](CIONs (8)2%" This complex has an 59 G008 b 3o M iangal S Bastos, G. M Langrog.
octahedral geometry giving a Ru(@N(1) distance of 2.074(7) Chem 1996 35, 4896.
A. (37) Beauchamp, A. L.; Anderson, Gorg. Chem.1995 34, 6065.
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Table 3. Selected Bond Distances (A) and Angles (deg) for
[Ru20(O,CMe)(ImH)6](ClO4)2*3H.0 (2a-3H,0)

molecule A molecule B
Ru(1)--Ru(2) 3.272(1) Ru(3)-Ru(4) 3.273(1)
Ru(1)-0(1) 1.886(3) Ru(3y0(6) 1.888(3)
Ru(1)-0(2) 2.119(5) Ru(3y0(7) 2.100(4)
Ru(1)-0(4) 2.070(5) Ru(3)y0(9) 2.081(4)
Ru(1)-N(1) 2.076(6) Ru(3)yN(13) 2.074(4)
Ru(1)-N(3) 2.128(5) Ru(3)yN(15) 2.137(6)
Ru(1)-N(5) 2.087(5) Ru(3)yN(17) 2.064(4)
Ru(2)-0(1) 1.883(2) Ru(4y0O(6) 1.876(3)
Ru(2)-0(3) 2.053(5) Ru(4y0(8) 2.073(3)
Ru(2)-0(5) 2.076(4) Ru(4)y0(10) 2.082(3)
Ru(2)-N(7) 2.065(6) Ru(4yN(19) 2.076(5)
Ru(2)-N(9) 2.119(4) Ru(4yN(21) 2.129(4)
Ru(2)-N(11) 2.073(3) Ru(4yN(23) 2.083(4)
Ru(1)-O(1)-Ru(2) 120.5(2) Ru(3YO(6)—Ru(4) 120.9(2)
N(3)—Ru(1)-N(5) 88.9(2) N(15)-Ru(3)-N(17) 89.8(2)
N(1)—Ru(1)-N(5) 93.0(2) N(13)-Ru(3)-N(17) 91.4(2)
N(1)—Ru(1)-N(3) 93.9(2) N(13)-Ru(3)-N(15) 90.9(2)
O(4)-Ru(1)-N(5) 89.1(2) O(9-Ru(3)-N(17) 90.0(2)
O(4)—-Ru(1)-N(3) 84.8(2) 0O(9)Ru(3)-N(15) 85.9(2)
O(4)—Ru(1)-N(1) 177.5(2) O(9-Ru(3)-N(13) 176.6(2)
O(2)—Ru(1)-N(5) 173.7(2) O(7yRu(3)-N(17) 175.4(2)
O(2)—Ru(1)-N(3) 85.9(2) O(7>Ru(3)-N(15) 85.6(2)
O(2)-Ru(1)-N(1) 83.8(2) O(7>Ru(3)-N(13) 88.0(2)
O(2)—-Ru(1)-0(4) 94.0(2) O(7>Ru(3-0(9) 90.3(2)
O(1)—-Ru(1)-N(5) 89.1(2) O(6)-Ru(3)-N(17) 88.7(2)
O(1)-Ru(1)-N(3)  175.6(2) O(6YRu(3)-N(15) 178.1(2)
O(1)—-Ru(1)-N(1) 90.1(2) O(6)-Ru(3)-N(13) 90.2(2)
O(1)—-Ru(1)-0(4) 91.3(2) O(6)-Ru(3-0(9) 93.0(2)
O(1)-Ru(1)-0(2) 96.3(2) O(6)-Ru(3-0(7) 95.9(2)
N(9)—Ru(2-N(11) 90.7(2)  N(213}Ru(4-N(23) 93.0(2)
N(7)—Ru(2)-N(11) 90.4(2) N(197-Ru(4)-N(23) 93.3(2)
N(7)—Ru(2)-N(9) 88.3(2) N(191-Ru(4)-N(21) 91.3(2)
O(5)-Ru(2)-N(11) 175.1(2) O(10y¥Ru(4)-N(23) 176.3(2)
O(5)—Ru(2)-N(9) 84.6(2) O(10yRu(4)-N(21) 83.2(2)
O(5)—Ru(2)-N(7) 88.3(2) O(10)Ru(4)-N(19) 86.9(2)
O(3)-Ru(2-N(11) 88.8(2) O(8)Ru(4)-N(23) 88.8(2)
O(3)—Ru(2)-N(9) 89.2(2) O(8Y-Ru(4)-N(21) 86.6(2)
O(3)—Ru(2)-N(7) 177.3(2) O(8)yRu(4)-N(19) 177.1(2)
O(3)—Ru(2)-0(5) 92.3(2) O(8)Ru(4)-0(10) 90.9(2)
O(1)-Ru(2)-N(11) 88.3(2) O(6)Ru(4)-N(23) 88.3(2)
O(1)—Ru(2)-N(9) 179.0(2) O(6)Ru(4)-N(21) 178.3(2)
O(1)~Ru(2)-N(7) 91.9(2) O(6)-Ru(4)-N(19) 89.7(2)
O(1)-Ru(2)-0(5) 96.4(2) O(6)-Ru(4)-0(10) 95.4(2)
O(1)-Ru(2)-0(3) 90.6(2) O(6)-Ru(4)-0(8) 92.4(2)

80 mV and aipdipc ratio of unity at various scan rates. The
voltammogram observed nearl.0 V corresponds to a one-
step two-electron reduction process"RIRU',. The two-
electron stoichiometry of this redox process is obtained from
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Figure 3. (A) Visible absorption spectra at 2& showing the progress
of the reaction between [RO(O.CMe)(1-Melm)](ClO4). (18) in
MeCN and kS,0s in water. (B) Visible spectral record of protonation
of 1ain MeCN with HCIO, at 25°C.

oxidation process RU/RuU"RUY with a AE, value of 60 mV

is reversible, the RURUY/RuUV, couple showing a\E, value

of 70—80 mV at various scan rates and ig#ipc ratio of unity

is quasireversible. The 1-methylimidazole ligand is redox
inactive in the potential limit+1.8 to —1.9 V vs SCE. The
imidazole and 4-methylimidazole bases exhibit a quasireversible
cyclic voltammetric response atl.4 V (AE, = 200 mV at 50
mV s 1) in MeCN—-0.1 M TBAP. However, complexezand

3 are redox inactive in the negative potential limit up+4a.9

V s SCE. It is interesting to note that the RuRU"RuY
couple in1—3 shows an excellent Nernstian behavior even
though the Rt-Ru and Ru-Oyy, distances and the RtOoxo—

Ru angle among the [R@-O)]"™* (n = 4, 5) units are
significantly different from each other as observed in the crystal
structures ofla and4a-1.5H0.

Multielectron transfer reactions in transition metal complexes
are of considerable interests from chemical as well as biological
point of view23® Polynuclear complexes, especially the tri-
nuclear complexes of ruthenium, act as versatile electrocatalysts
involving multielectron redox processes occurring over a wide
potential rangé? Various mononuclear complexes also show
metal-centered multielectron transfer redox proce$sem
binuclear systems a general observation is that when there is
insignificant interactions between the metal centers, simulta-
neous oxidation of the metal ions could take place at the same
potential leading to a single-step two-electron transfer proc-
esst441 But in strongly coupled dimeric complexes, simulta-

the controlled-potential coulometric measurements at a cathodiceqys oxidation or reduction of the metal centers is energetically

potential of—1.3 V giving ann value of 2.09. Theydiparatio
of unity and aAE, value of 36-50 mV atv = 20—100 mV s'!

difficult, as one metal ion, while undergoing electronic change,
affects the other metal center. In some complexes, an irrevers-

suggest the quasireversible nature of the couple. The couplegpje tyo-electron transfer process is known to take place and

involved are given in eq 2, whet® denotes thg Ru(u-O)(u-
0,CR)} %" core of1.

{RUY, (u-O)(u-O,CR)}** ==
1!2+ —-€
{RU" RUY (u-0)(u-O,CR),} *
1r+

{RU", w-O)lcg-OZCR)Z} 2t

e

fe

—€

+:

_j—j{Rd'zw-cz)zw-OZCR»}

)

Complexes2 and 3 show two one-electron oxidation proc-
esses near 0.4 and 1.6 ¥ SCE (Figure 4b). While the

an ECE mechanishh is involved in the conversion of the
product.

A comparison of the electrochemical data on the complexes
with a [Rup(u-O)(u-O.CR),])>" core reveals that only a few
complexes show two consecutive one-electron reductions along
with the oxidation processés2%2! The reversibility of the first

(38) Kramarz, K. W.; Norton, J. RProg. Inorg. Chem1994 42, 1.

(39) Abe, M.; Sasaki, Y.; Yamada, Y.; Tsukhara, K.; Yano, S.; ltdnorg.
Chem.1995 35, 4490.

(40) Chan, C.-W.; Lai, T.-F.; Che, C.-Ml. Chem. Soc., Dalton Trans.
1994 895. Wang, Y.-P.; Che, C.-M.; Wong, K.-Y.; Peng, S.dNorg.
Chem.1993 32, 5827. Diamantis, A.-A.; Murphy, W. R., Jr.; Meyer,
T. J. Inorg. Chem.1984 23, 3230. Ram, M. S.; Johnson, C. S;
Blackbourn, R. L.; Hupp, J. Tnorg. Chem199Q 29, 238. Mohanty,
J. G.; Chakravorty, Alnorg. Chem.1976 15, 2912.
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Table 4. *H NMR Spectral Datafor the Complexes [RID(O.CR):(1-Melm)](ClO4), (1), [RuO(OCCR)(ImH)e](ClO4,)2 (2), and
[Ruz0(OCR)(4-MelmH)](ClO4)2 (3) (R = Me, (@), CsHa-p-X (X = OMe (), Me (¢))
o/ppm and multiplicity §/Hz)
imidazole base

complex Me(QCRY Me tran$ Me cis CH tran$ CH cis NH trang NH cis® aryl H (O,CRY

la 1.49s 4.29s 3.80s 7.78s 5.67s
791s 6.62s
8.61s 7.58s

1b 3.71s 4.33s 3.79s 7.80s 5.80s 6.61d (9)
8.17s 6.56s 7.23d (8)
8.80s 7.26s

1c 2.24s 4.33s 3.78s 7.82s 5.77s 6.91d (8)
8.20s 6.56s 7.17.d (8)
8.87s 7.66s

2a 142s 7.83s 6.31s 11.64s 10.49s
8.07s 6.82s
8.60s 6.97s

2b 3.68s 7.98s 6.42s 11.71s 10.60s 6.63d (9)
8.13s 6.93s 7.21d(9)
8.73s 7.18s

3a 140s 2.66s 2.09s 751s 5.98s 11.57s 10.54s
8.38s 6.64s

3b 3.69s 271s 2.02s 7.65s 6.15s 11.69s 10.61s 7.21d(9)
8.53s 6.76 s 6.65d (9)

aCDCl; for 1. CDsCN for 2 and3. P No. of H=6.¢No. of H= 12.9No. of H = 2. ¢No. of H = 4.

Table 5. Cyclic and Differential Pulse Voltammetric Datfor [Ru;O(O.CR)(1-Melm)](ClO4)2 (1), [RuO(OCR)(IMH)e](ClO4)2 (2), and
[Ru0(O-,CR)(4-MelmH)](ClO4), (3) in MeCN—0.1 M TBAP (R= Me (@), CeHs-p-X (X = OMe (b), Me (c))

RUIIIRUIV [ RUIV2 Ru||2= RUIIIRUIV Ru||2= Rull2
Complex E1/2 (AEp) Eco ((3) E]_/z (AEp) Eco (5) El/z(AEp) Eco (6)

la 1.52 (80) 1.51 (100) 0.36 (60) 0.35 (95) —1.07 (30) —1.10 (60)

1b 1.55 (90) 1.54 (100) 0.39 (60) 0.38 (90) -0.98 (30) -0.97 (65)
1c 1.57 (60) 1.54 (100) 0.39 (60) 0.41 (90) -0.98 (40) —1.00 (80)

2a 1.57 (60) 1.57 (100) 0.35 (60) 0.36 (90)

2b 1.57 (60) 1.58 (100) 0.41 (60) 0.40 (90)

3a 1.56 (80) 1.55 (100) 0.37 (60) 0.37 (95)

3b 1.55 (90) 1.54 (100) 0.37 (60) 0.37 (95)

3CV data: Eip = (Epa + Epg)/2 in V; AE, = Epa — Epcin mV; v = 20 mV s*. DPV data: Eco, crossover potential in V§, peak width at
half-height in mV;» = 5 mV s™%; modulation amplitude= 25 mV (p—p); drop time= 0.5 s. All potentials are versus SCE at 298 K.

reduction process is always better than the second. In someprocesses (L, 1-Melm, ImH, 4-MelmH$:2* While the RUf',/
cases only one reduction process has been obs&riedther RU"RUY and RU'/Ruy(l11,11) processes are nearly reversible,
metal complexes with a [Mu-O)(u-O,CR)]?+ core (M= Fe, the Ruy(Ill,I)/Ru", process is irreversible. Like ih—3, the

Mn, Mo, V, etc.) show, in general, a single irreversible one- HOMO level in these complexes, which is involved in the
electron reduction proce$s'442 Complexl is the first species  oxidation process at 0.77 ¥ SCE, is not sensitive to the nature
with a (u-oxo)bisf«-carboxylato)dimetal core showing a quasi-  of the substituent on the imidazole base. The LUMO level,
reversible one-step two-electron transfer reduction however, varies depending on the imidazole base. The reduction
process,16:20,26 couples for the 1-Melm complex at potentiai®.57 and—0.90

The electrochemical behavior 43 has similarity to the V us SCE are considerably different from the values-@.85
redox properties of a structurally analogous r_n_ixed-ligand Speciess;nd—1.56 V observed for the ImH and 4-MelmH complexes.
[Ruz(u-O) (u-OCMe)(bpy)L 2](ClO4), exhibiting a one-elec- |5 presence of a weak proton donor base the complexes show
tron oxidation and two consecutive one-electron reduction one-step two-electron transfer process-&t40 V for the
1-Melm and at-0.60 V for the ImH and 4-MelmH complexes.
The difference of 200 mV is significant considering the presence
of only one terminal imidazole base on each metal center. The
difference between the LUMO levels of [{u-O)(u-O.CMe),-
(bpy)k(1-Melm)]2™ and [Ru(u-O)(u-OCMe)(1-Melm)]2+,
showing the two-electron transfer reduction process, is 600 mV.
It is possible that the energy of the LUMO level2rand3 is
much higher and is beyond the observed solvent cut-off limit
of —1.9 V.

The plausible explanation for the two-electron transfer process
in 1 is the protonation of the oxide bridge under reduced
condition leading to the merger of two one-electron reduction
processes. The diruthenium(ll) core is expected to be basic
enough to remove proton from the water present in MeCN as

(41) Strouse, G. F.; Schoonover, J. R.; Duesing, R.; Boyde, S.; Jones, W.
E., Jr.; Meyer, T. Jlnorg. Chem.1995 34, 473. Bardwell, D. A.;
Barigelletti, F.; Cleary, R. L.; Flamigni, L.; Guardigli, M.; Jeffery, J.
C.; Ward, M. D.Inorg. Chem1995 34, 2438. Wang, P.-W.; Fox, A.
M. Inorg. Chem.1995 34, 36. Baba, A. |.; Ensley, H. E.; Schmehl,
R. H. Inorg. Chem.1995 34, 1198. Geilenkirchen, A.; Neubold, P.;
Schneider, R.; Wieghardt, K.; Florke, U.; Haupt, H.-J.; Nuber]B.
Chem. Soc., Dalton Tran$994 457. Haga, M.; Ali, M. M.; Maegawa,
H.; Nozaki, K.; Yoshimura, A.; Ohno, TCoord. Chem. Re 1994
132 99. Kelson, E. P.; Henling, L. M.; Schaefer, W. P.; Labinger, J.
A.; Bercaw, J. Elnorg. Chem.1993 32, 2863. Vogtle, F.; Frank,
M.; Nieger, M.; Belser, P.; von Zelewsky, A.; Balzani, V.; Barigelletti,
F.; de Cola, L.; Flamigni, LAngew. Chem., Int. Ed. Endl993 32,
1643. Belser, P.; von Zelewsky, A.; Frank, M.; Steel, C.; Vogtle, F.;
De Cola, L.; Barigelletti, F.; Balzani, \d. Am. Chem. S0d993 15,
4076.

Beer, R. H.; Tolman, W. B.; Bott, S. G.; Lippard, Sldorg. Chem.
1991, 30, 2082.

(42)
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1.2
E (V) vs SCE
Figure 4. (a) Cyclic (—) and differential pulse (- - -) voltammograms
of [Ru;O(O,CCsH4-p-Me)(1-Melm)](ClOy4), (1¢) in MeCN—-0.1 M
TBAP at scan rates 50 mV'5(CV) and 2 mV st (DPV). (b) Cyclic
and differential pulse voltammograms of [RY(O,CCsHs-p-OMe)(4-

MelmH)g](ClO4)2 (3b) in MeCN—0.1 M TBAP at scan rates 50 mV
s1(CV) and 2 mV st (DPV).

an impurity to protonate the oxide bridge. In presence of a
proton-donor base likp-toluenesulfonic acid, the two-electron
response splits into two one electron wat¥edVhat is interest-
ing in the present investigation is the quasireversiblity of the
two-electron transfer process. One possibility is that the
presence of imidazole bases renders flexibility to the core
structure toward addition or removal of electrons from the
[RuO(O,CR),]?" core.

Conclusion

Diruthenium complexes having a-pxo)bis-carboxylato)-
diruthenium(lll) core with six unidentate imidazole bases as

Sudha et al.

terminal ligands have been prepared by a novel core conversion
reaction using RiCI(O.CR), as a precursor. Two diruthe-
nium(lll) complexes containing imidazole and 1-methylimid-
azole ligands and a diruthenium(lIl,1V) complex having 1-meth-
ylimidazole ligand have been structurally characterized. The
essentially diamagnetic diruthenium(lll) complexes retain their
tribridged core structure in solution as evidenced fromtHe
NMR spectral studies. The complexes are redox active.
Complex1 exhibits two one-electron oxidation Ky/Ru'"' Ru

and RY'RUV/RUVY, and one two-electron reduction RuRu',
couples. Complexe® and 3 display only two oxidation
processes, and no reduction of the core has been observed.
Interestingly, the RU,/Ru""RuV couple is reversible although
the core structural parameters of the diruthenium(lll) and
diruthenium(IIL,IV) units differ considerably from each other.
The one-step two-electron transfer proces¥ Ru'; is quasi-
reversible. Observation of such an electron-transfer process is
significant considering its relevance to the electron-transfer
behavior of the respiratory protein hemerythrin (Hr) cycling
between the diferrous deoxyHr and the diferric oxyHr forms
involving a rapid and reversible proton-coupled two-electron
transfer process resulting from the binding of a dioxygen
molecule to one deoxyHr iron site.
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