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Edge-Sharing Bioctahedral Diruthenium(II1) Complexes Containing Methoxy and 
Carboxylate Bridges: X-ray Structures, Redox Behavior, and Core Stability? 
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Edge-sharing bioctahedral (ESBO) complexes [Ruz(oMe)(o~CC&-p-X)d l-MeIm)4](C104)2 (X = OMe (la), 
Me (lb)) and [Ru2(02CC&-pP-X)4(l-MeIm)4](C104)2 (X = OMe (2a), Me (2b)) are prepared by reacting Ru2- 
Cl(02CR)d with 1-methylimidazole (1-MeIm) in methanol followed by treatment with NaC104. Complex 2a and 
the PF6- salt (la') of la  have been structurally characterized. Crystal data for la'*lSMeCN.O.SEtzO: triclinic, 
pi, u = 13.125(2) A, b = 15.529(3) A, c = 17.314(5) A, a = 67.03(2)", p = 68.05(2)", y = 81.38(1)", v = 
3014(1) A3, 2 = 2. Crystal data for 2a: triclinic, Pi, a = 8.950(1) A, b = 12.089(3) A, c = 13.735(3) A, a = 
81.09(2)", p = 72.27(1)", y = 83.15(2)", V =  1394(1) A3, 2 = 1. The complexes consist of a diruthenium(1II) 
unit held by two monoatomic and two three-atom bridging ligands. The 1-MeIm ligands are at the terminal sites 
of the [ R u z ~ ~ - L ) ( ~ ' : ~ - O Z C R ) ( ~ ~ : ~ ~ : ~ - O Z C R ) * ] ~ '  core having a Ru-Ru single bond (L = OMe or q1-02CR). 
The Ru-Ru distance and the Ru-0-Ru angle in the core of la' and 2a are 2.49 A and -76". The complexes 
undergo one-electron oxidation and reduction processes in MeCN-0.1 M TBAP to form mixed-valence dhthenium 
species with Ru-Ru bonds of orders 1.5 and 0.5, respectively. 

Introduction 

Edge-sharing bioctahedral (ESBO) complexes form an im- 
portant class in the chemistry of complexes containing metal- 
metal multiple The ESBO complexes, in general, 
belong to the structural types I and 11. The metal-metal 
interactions depend primarily on the electronic configuration 
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of the transition-metal ion, on the type of monoatomic bridging 
ligands (Lb), and on the presence or absence of any three-atom 
bridging ligands at the axial positions (La = axial ligand; = 
terminal ligand). Among the ESBO M2L10 systems, the 
dichloro-bridged complexes have been extensively studied. l s 2  

In this paper we report the ESBO diruthenium(III) complexes 
[Ru2(OMe)(OzCR)3( l-MeImkl(ClO4)z (1) and [Ruz(O~CR)~( 1 - 
MeIm)4](C104)2 (2) (R = c6H4-P-x; X = OMe (a), Me (b)). 
The complexes have been isolated from an unprecedented core 
conversion reaction of Ru2C1(02CR)4 with 1-methylimidazole 
in methanol. The complexes display a [Ru2@-L)(q1:p-O2CR)- 
(q1:qJ:p-02CR)~]2+ (L = OMe or q1-02CR) core having the 
shortest Ru-Ru distance among d5-d5 ESBO comple~es .~- l~  
Interestingly, the Ru-Ru single bond distance falls within the 
range 2.471-2.501 A observedl.ll for d2-d2 and d3-d3 alkox- 
ide-bridged ESBO complexes having a formal M-M double 
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bond. Complexes 1 and 2 with a a2n2d2d*2n*2 electronic 
configuration exhibit reversible redox chemistry involving n* 
and u* molecular orbitals, and this work provides electrochemi- 
cal evidence for the mixed-valence type II diruthenium ESBO 
cores. 
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Experimental Section 

The preparative procedure for Ru~C1(02CR)4 (R = c6H4-p-x; X = 
OMe, Me) was reported12 earlier. 1-Methylimidazole (1-MeIm) was 
from Fluka. 

Preparatiom. The complexes ~uz(OMe)(QCCaH4-p-X)3( l-MeIm)& 
(C104)~ (X = OMe (la), Me (lb)) and [Ruz(OZCC&-~-X)~(~ -M~I~)~] -  
(C104)2 (X = OMe (2a), Me (2b)) were prepared using a general 
procedure in which 200 mg of Ru2C1(02CR)4 (1.0 mmol) in 10 mL of 
methanol was reacted with 2 mL of 1 mM solution of 1-MeIm in MeOH 
under stirring conditions for 30 min at 10 "C. The resulting brown 
solution was filtered, and the filtrate was treated with NaC104. A crude 
yellow solid was precipitated with diethyl ether in -75% yield. The 
product was subjected to chromatography on a silica gel column in 
CHC13. A yellow band containing 2 was eluted first using a 19:l v/v 
mixture of CHC13-MeOH as eluant. A greenish-yellow band contain- 
ing 1 was eluted next from the column using a 9:l v/v mixture of 
CHC13-MeOH. The crude product decomposed partially on the silica 
gel surface. The yield of the complexes ranged between 20 and 30%. 
Complex 2 was also prepared in -40% yield by treating RuzCl(02- 
CR)4 with 1-methylimidazole in a 1:8 mole ratio in ethanol (10 mL) 
followed by precipitation of the complex as a perchlorate salt. The 
formation of any ethoxo species was not observed from this reaction 
which gave [Ru20(02CR)2( 1-MeIm)6](C104)~'~ as the other product in 
50% yield. Anal. Calcd for la,  C ~ ~ H ~ X N S O ~ S C ~ Z R U Z :  C, 40.55; H, 
3.96; N, 9.23. Found: C, 40.65; H, 4.03; N, 9.38. Calcd for lb,  c41- 
&8N8O15ClzRu2: C, 42.22; H, 4.12; N, 9.61. Found: C, 42.33; H, 
4.51; N, 9.82. Calcd for 2a, C48H52N~02&12Ru2: C, 43.20; H, 3.93; 
N, 8.40. Found: C, 43.69; H, 4.08; N, 8.85. Calcd for 2b, C4gH52- 
Ns0&1&12: C, 45.37; H, 4.10; N, 8.82. Found: C, 44.87; H, 4.53; 
N, 8.63. The complexes are soluble in polar organic solvents and are 
moderately stable in solution. The hexafluoro salt of la,  [Ruz(OMe)(O2- 
CC6&-p-OMe)3( 1 -MeIm)4](PF6)2 (la'), was prepared by treating l a  
with [BUnfi](PF6) in MeCN followed by precipitation with diethyl ether. 
Anal. Calcd for la', C ~ I H ~ ~ N ~ O ~ ~ ~ Z P Z R U ~ :  C, 37.72; H, 3.68; N, 8.59. 
Found: C, 37.45; H, 3.99; N, 8.13. 

Caution! Perchlorate salts are potentially explosive and should be 
handled carefully in small quantities under appropriate safety conditions. 

Measurements. The elemental analysis was done with a Heraeus 
CHN-0 Rapid instrument. The 'H NMR spectra were recorded with 
Bruker ACF 200 MHz and WH 270 MHz spectrometers. Conductivity 
measurements were done with a Century CC603 conductivity meter. 
Cyclic and differential pulse voltammetric measurements were made 
at 25 "C using a three-electrode setup comprising a platinum button 
working, a platinum wire auxiliary electrode, and a saturated calomel 
reference electrode on a PAR Model 174A polarographic analyzer 
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Table 1. Crystallographic Data for 
[ R U * ( O M ~ ) ( O ~ C C ~ H ~ - ~ - O M ~ ) ~ (  1 -Meh)4](PF6)~*1 . ~ M ~ C N . O S E ~ Z O  
(la's1 SMeCNWEtzO) and 
[Ru2(02CC&-pOMe)4( l-MeIm)41(C104)2 (2a) 

Y deg v, A3 
Z 

13.125(2) 
15.529(3) 
17.3 14(5) 
67.03(2) 
68.05(2) 
81.38(1) 
3014(1) 
L 

C ~ ~ H S Z N S ~ Z O C ~ Z R ~ Z  
1334.03 
8.950( 1) 
12.089(3) 
13.735(3) 
81.09(2) 
72.27( 1) 
83.15(2) 
1394(1) 
1 

space group Pi (No. 2) Pi (No. 2) 
T, 'C 18 18 
A, 8, 0.7107 

p, cm-' 6.37 
R ( F 2  0.0607 
Rw(FoIb 0.0627 
g 0.000 926 

ecalcdt g 1.55 
0.7107 
1.59 
7.05 
0.0549 
0.0534 
0.000 147 

connected to a drop timer and a Houston Instruments Omnigraphic 
X-Y recorder. For the differential pulse voltammetric experiments, 
the pulse amplitude and drop time were 50 mV (p-p) and 0.5 s, 
respectively. The electrochemical data are uncorrected for junction 
potentials. Ferrocene was used as an internal standard to determine 
the electron transfer stoichiometries from the cathodic and anodic peak 
current measurements. The nature of the electron transfer was 
determined by electrolysis done at a potential 200 mV higher than the 
anodic peak potential (Epa) and 200 mV lower than the cathodic peak 
potential (EF). The reversibility of the process was determined from 
the peak to peak separations (A,??,) of the cyclic voltammograms at 
various scan rates and from the width at half-height (6) of the 
differential pulse voltammograms. The ip$iF and ratios at various 
scan rates were also used to determine the reversibility of the process, 
where iP and i,, are the cathodic and anodic peak currents of the cyclic 
voltammograms and I b s  and I f s  are the backward-scan and forward- 
scan peak currents of the differential pulse voltammograms, respec- 
tively. 

X-ray Crystallography. Pale greenish-yellow reactangular shaped 
crystals of la' were obtained on cooling a solution of the complex in 
an acetonitrile-diethyl ether mixture. A crystal of approximate size 
0.33 x 0.14 x 0.09 mm3 was fixed inside a Lindemann capillary along 
with the mother liquor. The unit cell parameters were obtained from 
this crystal mounted on an Enraf-Nonius CAD4 diffractometer using 
graphite-monochromated Mo K a  radiation. Intensity data, collected 
in the 28 range 2-50' by the w-28 scan technique for +h, fk, f l  
reflections in the triclinic crystal system, were corrected for Lorentz, 
polarization, and absorption14 effects (transmission coefficient: 0.80- 
0.98). Yellow rectangular crystals of 2a were obtained from slow 
evaporation of a solution of the complex in MeCN-H20 at 5 'C. A 
crystal of approximate size 0.2 x 0.08 x 0.06 mm3 was mounted on 
a glass fiber. The unit cell parameters were obtained similarly to those 
for la'. The data collection and reduction procedures for the triclinic 
crystal of 2a were the same as those for la' (transmission coefficient: 
0.82-0.98). 

The structures of la' and 2a were solved in the space group Pi by 
the heavy-atom method and Fourier synthesis using the SHELX system 
of programs15 on a VAX-8810 computer. The atom scattering factors 
were taken from ref 16. There were 10 601 data for la', of which 
4672 with I > 2.5u(I) were used for structure solution and refinement. 
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Solution; Universiat Gottingen: Gottingen, Germany, 1986. 
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Table 2. 

Sudha et al. 

'H NMR Spectral and Electrochemical Datao for [R~?(oMe)(o?CC6H4-p-X)s(1-MeIm)~](C104)2 (X = OMe (la), Me (lb)) and 
[ R U Z ( O Z C C ~ I I ~ - ~ - X ) ~ ( ~ - M ~ I ~ ) ~ ] ( C ~ ~ ~ ) Z  (x = OMe (2ah Me (2b)) 

'H NMR (CD3CN): 6, ppm [nH] 

complex Me(02CR) 1 -MeIm OMe 02CCd4-v-X, 1-Melm 
l a  3.76 [3H], 3.84 [6H] 3.68 [6Hl, 3.93 [6Hl 3.29 [3H] 6.6-8.2 [24H] 
l b  2.28 [3H], 2.38 [6H] 3.67 [6H], 3.93 [6H] 3.31 [3H] 6.9-8.2 [24H] 
2a 3.77 [6H], 3.87 [6H] 3.68 [12H] 6.6-8.2 [28H] 
2b 2.28 [6H], 2.40 [6H] 3.64 [12H] 6.9-8.2 [28H] 

Cyclic Voltammetry: Ellz, V vs SCE (Up, mV at 20 mV s-') 

couple couple 
complex Rum, Rum/Rum, RuIV Rum, Rummum, Run complex Rum, Rum/Runl, Rum Rum, Rum/Rum, Run 

l a  1.58 (65) -0.41 (60) 2a 1.646 -0.09 (60) 
l b  1.64 (65) -0.39 (60) 2b 1.706 -0.03 (65) 

l a  1.53 (95; 1.0) -0.40 (90; 0.5) 2a 1.56 (120; 0.5) -0.07 (90; 0.5) 
l b  1.59 (95; 1.0) -0.38 (90; 0.6) 2b 1.60 (120; 0.7) -0.04 (90; 0.5) 

Differential Pulse Voltammetry: 4, V vs SCE (6, mV at 2 mV s-'; zb&) 

In MeCN-0.1 M TI3AP. E112 = (Epa + E,)/2; AE, = Epa - Epc; 6 = peak width at half-height; Epa, EF, and Ef, are peak anodic, peak 
cathodic, and forward-scan peak potentials, respectively. zbs and Ifs are backward-scan and forward-scan peak currents, respectively. The anodic 
response (Epa) without any well-resolved cathodic counterpart. 

Table 3. Positional Parameters and Isotropic Thermal Parameters (x  lo3) for Non-Hydrogen Atoms in la'*l.SMeCN.O.SEt?O 

atom X Y Z U~(~,,,),O A 2  atom X Y Z ueq(isa),a .A2 
Ru 1 
Ru2 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
0 7  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
0 8  
c 9  
c10 
c11 
c12 
C13 
C14 
C15 
C16 
0 9  
C17 
C18 
C19 
c20 
c21 
c22  
C23 
C24 
010 
C25 
N1 
C26 
C27 
N2 
C28 

0.3149(1) 
0.2304( 1) 
0.3909(6) 
0.2141(7) 
0.2935(6) 
0.2546(7) 
0.3272(7) 
0.15 14(6) 
0.0781(8) 
0.462 1 (1 1) 
0.2400(9) 
0.2096(9) 
0.1587(11) 
0.1327(11) 
0.1534(10) 
0.1979( 12) 
0.2266( 11) 
0.1285(8) 
0.0888(11) 
0.2980( 10) 
0.3178( 10) 
0.2995(11) 
0.3166( 13) 
0.3580( 10) 
0.3808(11) 
0.3602( 10) 
0.3770(8) 
0.4123(11) 
0.0781(10) 
0.0117(10) 
0.0167( 10) 

-0.0462( 12) 
-0.1 152(11) 
-0.1230( 10) 
-0.0591( 12) 
-0.17 17(9) 
-0.2368( 17) 

0.2665(8) 
0.2502(11) 
0.2372(12) 
0.2119(10) 
0.1994( 13) 

1.0936(1) 
0.9354( 1) 
0.9679(5) 
0.945 l(5) 
1.0901(5) 
0.9375(5) 
1.0825(6) 
1.0601(5) 
1.0764(6) 
0.9394(8) 
1.0206(9) 
1.0294(8) 
0.9565(9) 
0.9662( 10) 
1.05 1 l(8) 
1.1241(9) 
1.1145(8) 
1.0661(6) 
0.9904(9) 
1.0077(9) 
1.0034(8) 
0.9206( 10) 
0.9158(10) 
0.9955(10) 
1.0756(8) 
1.0788(8) 
0.9805(6) 
1.0590( 11) 
1.1012( 8) 
1.1753(8) 
1.2026(8) 
1.2782( 10) 
1.3232(9) 
1.2982(9) 
1.2244( 10) 
1.3972(7) 
1.4517(14) 
1.2302(6) 
1.2900(9) 
1.2799(9) 
1.3707(7) 
1.3663(9) 

0.6921( 1) 
0.7758( 1) 
0.7 156(5) 
0.6589(5) 
0.5806(5) 
0.8845(5) 
0.8111(5) 
0.7505(5) 
0.8846(5) 
0.6420( 8) 
0.5911(8) 
0.5125(7) 
0.5136(8) 
0.4402(9) 
0.3663(8) 
0.3671(9) 
0.4382(9) 
0.2928(6) 
0.2846(9) 
0.8804(8) 
0.9608(8) 
1.033 l(8) 
1.1093(9) 
1.1085(8) 
1.0350(8) 
0.9619(8) 
1.1851(5) 
1.1909(9) 
0.8108(8) 
0.7690(7) 
0.6808( 8) 
0.6448(9) 
0.6997( 11) 
0.7878(9) 
0.8199(9) 
0.6556(7) 
0.7059( 12) 
0.6664(6) 
0.5907(9) 
0.7214(8) 
0.5981(8) 
0.6808(11) 

C29 
N3 
C3 1 
C32 
N4 
C30 
c33  
N5 
N6 
c34 
c35 
C36 
c37 
N7 
c39 
C40 
N8 
C38 
C4 1 
P1 
F11 
F12 
F13 
F14 
F15 
F16 
P2 
F2 1 
F22 
F23 
F24 
F25 
F26 
C42 
c43 
N9 
0 1  1 
C44 
c45 
C46 
c47 
N10 

0.1807( 16) 
0.4687(8) 
0.5232( 12) 
0.6203( 12) 
0.6233(9) 
0.5306(11) 
0.7101(13) 
0.2870(7) 
0.3154(9) 
0.2778( 10) 
0.331 l(11) 
0.3487( 12) 
0.3243 16) 
0.0787(7) 
0.0139( 10) 

-0.0750( 12) 
-0.0703(9) 

0.0240( 10) 
-0.1535(11) 

0.9472(4) 
0.9501( 15) 
0.8274( 10) 
1.0638( 10) 
0.8968( 18) 
0.9413(16) 
0.988 1 (17) 
0.4834(5) 
0.4023( 16) 
0.452 1 ( 12) 
0.5 lOO(9) 
0.5712(19) 
0.3927( 17) 
0.5589( 17) 
0.3502(20) 
0.3755(22) 
0.392 l(22) 
0.4769(36) 
0.5264(41) 
0.5092(41) 
1 .oooo 
0.9567(50) 
0.9219(43) 

1.4508( 12) 
1.1476(6) 
1.187 1 (10) 
1.2246(11) 
1.2091(7) 
1.1640(9) 
1.2423( 11) 
0.8007(6) 
0.6583(7) 
0.743 l(8) 
0.7501(8) 
0.6615( 10) 
0.5777( 11) 
0.8765(7) 
0.8752(8) 
0.8277( 10) 
0.7978(7) 
0.8313(8) 
0.7445( 10) 
0.3478(3) 
0.2689( 14) 
0.3763(11) 
0.3287( 10) 
0.2805( 13) 
0.4272(20) 
0.4058( 18) 
0.3579(4) 
0.3188( 11) 
0.2759(8) 
0.4387(7) 
0.3915(12) 
0.4184( 12) 
0.2927( 10) 
0.3680( 19) 
0.3413( 17) 
0.3 164( 16) 
0.5330(28) 
0.5342(32) 
0.5973(36) 
0.5000 
0.4519(43) 
0.4248(36) 

0.5306(13) 
0.6224(6) 
0.5339(9) 
0.5 152( 10) 
0.5974(8) 
0.6615(8) 
0.6121(12) 
0.8033(6) 
0.8034(9) 
0.7655(9) 
0.8669(8) 
0.868 1( 10) 
0.775 1 (15) 
0.8511(6) 
0.9374(7) 
0.9596(9) 
0.8955(7) 
0.8294(8) 
0.8930( 10) 
0.3428(4) 
0.4230( 10) 
0.3908(11) 
0.2928(9) 
0.3281( 16) 
0.2668( 12) 
0.3697(25) 
0.941 8(4) 
0.9194(11) 
1.0356(8) 
0.8494( 8) 
0.9582( 14) 
0.9763(11) 
0.8963(11) 
0.1958(15) 
0.2703(22) 
0.3426( 15) 
0.4638(28) 
0.3875(34) 
0.3 133(34) 
1 .OoOo 
0.9728(42) 
0.9484(35) 

117(13) 
45(5) 
64(7) 
7 W )  
59(6) 
51(6) 
91(10) 
40(5) 
70(7) 
54(7) 
53(7) 
74(9) 

118( 14) 
45(5) 
47(6) 
67(8) 
56(6) 
44(6) 
7 W )  
87(3) 

235( 14) 
209(12) 
192(10) 
269(21) 
414( 19) 
370(32) 
107(4) 
205(13) 
167(9) 
150(8) 
298(19) 
268(14) 
248(14) 
135(17) 
147(20) 
153( 16) 
324(21)b 
303(24)b 
160( 1 9)b 
197( 18)b 
178(25)b 
195(22)b 

The expression for the equivalent isotropic thermal parameter is U, = (c~c,V~pl*.a,*.a;a,)/3. Atoms were refined isotropically with a site 

1 .O. However, another molecule was located near the edge of the cell 
with one atom at a special position on the edge with a site occupancy 
factor of 0.5. This molecule was modeled as a 2-fold-disordered MeCN, 
thus giving a 0.5 MeCN for the asymmetric unit. The difference Fourier 
map showed three additional peaks giving a p-p-p (p = peak) angle 

occupancy factor of 0.5. 
The hydrogen atoms belonging to the complex cation were used only 
for structure factor calculations with a fmed isotropic equivalent thermal 
parameter of 0.10 &. The asymmetric unit of the cell showed the 
presence of solvent molecules besides a complex cation and two PF6 
anions. One MeCN molecule refined well with a site occupancy of 
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I I 1 1  I 1  I I I /  I I 

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 L.0 3.5 3.0 
6 (ppm) 

Figure 1. IH NMR spectrum of [Ruz(OMe)(02CC&-p-OMe)3(1- 
MeIm)4](C104)2 (la) in CD3CN. The inset shows the methyl signals 
of [Ru~(O~CC&-~-OM~)~( l-MeIm)4](C104)2 (2a). 

of 125'. These peaks generated three inversion-symmetry-related 
centers showing a short contact of 1.5 A. The modeling of these peaks 
for MeCN was not attempted since the p-p-p angle deviated greatly 
from 180". The peaks were, however, assigned to a diethyl ether 
molecule. The whole structure refined well as [Ru2(0Me)(O*CC&- 
p-OMe)s( l-Meh)4](PF6)2*1.5 MeCNQSEt20 (la'*1 SMeCN.0.5EtzO). 
The final difference Fourier map was featureless, showing the highest 
peak of 0.82 e/A3 near Rul.  The overall scale factor was 1.0 for the 
highest shiwesd of 0.10 in the final full-matrix least-squares refinement 
cycle using 724 parameters. 

For the structure solution and refinement of 2a, 3004 reflections 
with I > 2.5a(I) were used. The hydrogen atoms located in the Fourier 
maps were used only for structure factor calculations with an isotropic 
equivalent thermal parameter of 0.1 A2. All other atoms were refined 
anisotropically. The final difference Fourier map showed the highest 
peak of 0.88 e/A3 near Rul.  The overall scale factor was 1.42 for the 
highest shift/esd of -0.1 in the final full-matrix least-squares refinement 
cycle involving 36 1 parameters. Selected crystallographic data for 
la's1 SMeCN.0.5Et20 and 2a are presented in Table 1. 

Results and Discussion 

Synthetic and Spectral Aspects. Tetracarboxylates with a 
"paddle-wheel" structure are useful precursors for the synthesis 
of other types of multiply bonded  system^.^^^^ Among these 
precursors, the diruthenium species is unique because of the 
unusual stability of the RuZ5+ mixed-valence state.18 While 
unidentate 0- and N-donor ligands are capable of substituting 
the axial and/or equatorial ligands of the tetracarboxylate 
framework of Crz, MOZ, Rhz, and Re2 systems, similar reactions 
with Ru2C1(02CR)4 effect a core conversion, forming tribridged 
Q-oxo)bisQ-carboxylato)diruthenium(III) c o m p l e ~ e s . ~ ~ ~ ' ~  

The reaction of Ru~C1(02CR)4 with 1-methylimidazole (1- 
MeIm) in methanol leads to the formation of two unusual types 
of ESBO diruthenium(II1) complexes, [Ru2(0Me)(02CR)3( 1- 
MeIm)4I2+ and [Ruz(OzCR)4( l-MeIm)d]*+, isolated as perchlo- 
rate salts. The complexes are 1:2 electrolytes showing a AM 
value of 230 mhos cm2 M-' in MeCN. The electronic spectra 
of the yellow solutions of the complexes in acetonitrile display 

(17) Cotton, F. A.; Walton, R. A. Struct. Bonding (Berlin) 1985, 62, 1. 
(18) Norman, J. G., Jr.; Renzoni, G. E.; Case, D. A. J.  Am. Chem. SOC. 

1979, 101, 5256. 
(19) (a) Mitchell, R. W.; Spencer, A.; Wilkinson, G. J. Chem. Soc., Dalton 

Trans. 1973, 846. (b) Das, B. K.; Chakravarty, A. R. Inorg. Chem. 
1991,30,4978. (c) Das, B. K.; Chakravarty, A. R. Inorg. Chem. 1990, 
29, 2078. (d) Barral, M. C.; Jimenez-Aparicio, R.; Royer, E. C.; 
Urbanos, F. A.; Monge. A.: Ruizvalero. C. Polvhedron 1991.10. 113. 
(e )  Barral, M. C.; Jimenez-Aparicio, R.; Kramolowsky, R.; Wagner, 
I. Polyhedron 1993, 12, 903. 
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Figure 2. ORTEP drawing of the cationic complex in [Ruz(OMe)(Oz- 
CC&-p-OMe)3( 1-MeIm)4](PF&*l .SMeCN.OSEt20 with atom-number- 
ing scheme. 

a shoulder at 350 nm. The 'H NMR spectral data for 1 and 2 
are given in Table 2. The 'H NMR spectra of l a  and l b  display 
five methyl signals (Figure l ) ,  indicating the presence of two 
chemically inequivalent RC02- and 1-MeIm ligands. The 
methyl peaks are assigned to ligands in a 1:1:2:2:2 OMe:RCOZ-: 
RCOz-: 1-MeIm: 1-MeIm ratio. The tetracarboxylate-bridged 
complexes 2a and 2b show only three methyl signals in a 1 : 1 :2  
RCO2-:RCOz-:l-MeIm ratio (Figure 1). The true nature of the 
complexes is obtained from the X-ray diffraction studies. 

X-ray Structures. To understand the structure and bonding 
of the ESBO complexes, the crystal structures of la' and 2a 
have been determined. ORTEPZ0 views of the cationic com- 
plexes in la'.l.SMeCN.O.SEtzO and 2a are shown in Figures 2 
and 3, respectively. The atomic positional parameters of the 
complexes are given in Tables 3 and 4, selected bond distances 
and angles are listed in Tables 5 and 6. 

The structures consist of a diruthenium unit held by two three- 
atom and two monoatomic bridging ligands. The overall 
structure of the molecule is a type I1 ESBO with a N2O4 
octahedral geometry around the metal centers. The 1-MeIm 
ligands occupy the terminal sites (LJ of the core. The presence 
of monoatomic methoxy and carboxylate bridges in la' makes 
it a rare example of an asymmetrically bridged ESBO structure. 

The unprecedented type of conversion of a Ru2(q1:q1:p-02- 
CR)4+ unit with a metal-metal bond order of 2.5 to a Ru2(q1: 
~-OZCR)~(~':~':~-O~CR)Z~+ core having a Ru-Ru single bond 
in 2 involves a one-electron oxidation of the precursor core, 
the loss of one chloride, and an intramolecular shift of two 
carboxylate ligands from a three-atom to a monoatomic bridging 
mode. The formation of 1 presumably arises from the substitu- 
tion of one monoatomic bridging carboxylate ligand in 2 by a 
methoxy ligand from methanol solvent.21 However, a similar 

(20) Johnson, C. K. ORTEP. Report OWL-3794; Oak Ridge National 

(21) Mandal, S. K.; Chakravarty, A. R. Inorg. Chim. Acta 1987,132, 157. 
Laboratory: Oak Ridge, TN, 1971. 
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Figure 3. ORTEP view of the cationic complex in [Ru2(02CC&-p- 
OMe)4( l-MeIm)4](C104)2 (2a) with atom-labeling scheme. 

Table 4. Positional Parameters and Isotropic Thermal Parameters 
(x  lo3) for Non-Hydrogen Atoms in 2a 

atom X Y Z Uq(iso)r‘ A2 
Rul 0.0331(1) 0.5926(1) 0.5136(1) 29( 1 
0 1  0.2333(6) 0.5761(4) 0.3931(4) 36(2) 
0 2  -0.1764(6) 0.5927(4) 0.6311(4) 3 5 m  
c 1  0.2602(9) 0.4907(7) 0.3445(6) 360)  
c 2  0.3973(10) 0.4904(7) 0.2517(6) 380)  
c 3  0.4961(12) 0.5767(8) 0.2223(8) 59(4) 
C4 0.6248(12) 0.5757(8) 0.1358(8) 62(4) 
c 5  0.6531(10) 0.4919(8) 0.0752(7) 49(4) 
C6 0.5541(11) 0.4053(8) 0.1027(7) 50(4) 
c 7  0.4288(10) 0.4031(7) 0.1915(7) 42(4) 
0 3  0.7752(7) 0.4832(6) -0.0131(5) 61(3) 
C8 0.8610(14) 0.5799(11) -0.0540(9) 82(6) 
0 4  0.0693(6) 0.4416(4) 0.5906(4) 37(2) 
0 5  0.3288(8) 0.3887(6) 0.5421(6) 7 6 ( 3  
c 9  0.2032(12) 0.3823(8) 0.6040(8) 48(4) 
C10 0.1718(11) 0.3085(8) 0.7028(8) 53(4) 
C11 0.2882(13) 0.2233(9) 0.7211(8) 61(5) 
C12 0.2626(15) 0.1546(9) 0.8146(9) 72(5) 
C13 0.1220(14) 0.1718(9) 0.8929(9) 69(5) 
C14 0.0043(14) 0.2520(10) 0.8795(8) 69(5) 
C15 0.0289(12) 0.3205(9) 0.7839(8) 6 1(4) 
0 6  0.0917(11) 0.1127(7) 0.9875(6) 95(4) 
C16 0.2105(19) 0.0289(12) 1.0106(10) 104(8) 
N1 -0.0084(8) 0.7566(6) 0.4613(5) 360)  
N2 -0.1299(10) 0.9225(5) 0.4447(6) 5 W )  
C17 -0.1404(10) 0.8208(7) 0.4963(6) 43(4) 
C18 0.0892(11) 0.8233(7) 0.3826(7) 5 1(4) 
C19 0.0148(12) 0.9252(8) 0.3722(8) 58(4  
C20 -0.2533(16) 1.0141(9) 0.4611(9) 85(6) 
N3 0.1480(8) 0.6505(5) 0.5997(5) 34(3) 
C21 0.0799(10) 0.7013(7) 0.6834(7) 410)  
C22 0.3089(9) 0.6551(7) 0.5795(7) 41(4) 
N4 0.1881(9) 0.7359(6) 0.7163(5) 43(3) 
C23 0.3319(10) 0.7077(7) 0.6526(7) 44(3) 
C24 0.1596(13) 0.7922(9) 0.8086(8) 68(5) 
C11 -0.3860(3) 0.9118(2) 0.7734(2) 67(1) 
0 7  -0.2332(9) 0.8565(6) 0.7561(7) 87(4) 
0 8  -0.3733(9) 1.0284(6) 0.7652(8) 1 lO(5) 
0 9  -0.4855(11) 0.8726(8) 0.8721(7) 117(4) 
010  -0.4514(11) 0.8865(8) 0.6961(7) 1 lO(5) 

a The expression for the equivalent isotropic thermal parameter is 
u,, = (~i~juijui*.uj*.u;)/3. 

reaction in an ethanolic medium forms 2 and a tribridged 
species.I3 

The Ru-Ru distance in la’ and 2a is the shortest among 
those for k n ~ w n ~ - ’ ~  ESBO diruthenium(1II) complexes (Table 
7). It is a general observation’ that smaller bridging ligands 

Table 5. 
la’al SMeCN-0.5EtzO 

Selected Bond Distances (A) and Angles (deg) for 

Rul-Ru2 2.490(2) 
Rul-01 2.018(7) 
Rul-03 2.074( 10) 
Rul-05 2.065( 10) 
Rul-06 2.049(7) 
Rul-N1 2.042(9) 
Rul-N3 2.032(9) 
01-c1 1.456( 15) 
02-c2 1.27 1 (12) 
03-C2 1.292(17) 
C2-C3 1.508(21) 
04-C10 1.270( 18) 
05-C10 1.280( 13) 
c10-c11 1.484(22) 

Rul -01 -Ru2 76.4(3) 
Rul-06-Ru2 75.4(3) 
0 1  -Rul-O5 83.7(3) 
0 1  -Rul-06 103.5(3) 
03-Rul-05 173.4(4) 
03-Rul-06 82.8(3) 
0 1  -Rul -N1 168.6(4) 
0 1  -Rul -N3 85.4(4) 
05-Rul -N1 9 1.3(4) 
05-Rul -N3 91.4(4) 
N1 -Rul -N3 84.5(4) 
06-Rul -N1 87.0(4) 
06-Rul -N3 170.5(4) 
05-Rul-06 92.8(3) 
03-Rul-N1 93.3(4) 
03-Rul -N3 93.7(3) 
01-Rul-03 92.5(3) 
Rul-01-C1 120.8(7) 
RU 1 -03 -C2 117.9(7) 
Rul-05-ClO 120.8(9) 
Rul-06-Cl8 121.0(8) 
02-C2-03 127(1) 
0 3  -C2 -C3 116(1) 
02-C2-C3 117(1) 
04-C10-05 125(1) 
04-C10-Cll 118(1) 
05-C10-Cll 117(1) 

Table 6. Selected Bond Distanc 

Ru2-01 
Ru2-02 
Ru2-04 
Ru2-06 
Ru2-N5 
Ru2-N7 
06-C18 
07-C18 
C18-Cl9 

01-Ru2-N7 
0 1  -Ru2-N5 
02-Ru2-N7 
02-Ru2-N5 
06-Ru2-N7 
06-Ru2-N5 
04-Ru2-N7 
04-R~2-N5 
0 1  -Ru2-04 
01-Ru2-06 
01-Ru2-02 
02-Ru2-06 
02-Ru2-04 
04-Ru2-06 
N5-Ru2-N7 
Ru2-01-Cl 
Ru2-02-C2 
Ru2-04-C10 
Ru2-06-C 18 
06-C18-07 
07-Cl8-Cl9 
06-Cl8-Cl9 

2.01 l(7) 
2.059( 10) 
2.035( 10) 
2.023(7) 
2.043(9) 
2.043(8) 
1.417(15) 
1.182( 17) 
1.459( 17) 

168.2(4) 
83.9(4) 
92.2(4) 
93.7(4) 
86.5(4) 

170.5(4) 
92.2(4) 
89.8(4) 
83.3(4) 

104.7(3) 
92.8(3) 
82.0(3) 

174.5(3) 
95.1(3) 
85.2(4) 

122.3(8) 
119.6(8) 
120.9(7) 
129.7(7) 
120(1) 
128(1) 
112(1) 

:es (A) and Angles (deg) for 2a 

Rul-Rul’ 
Rul-01 
Rul-02 
Rul-04 
01-c1 
c1-02’ 
Cl-C2 

Rul-04-Rul’ 
04-Rul-N3 
02-Rul-N3 
02-Rul-04 
0 1 -Ru 1 -N 1 
N1-Rul -N3 
04-Rul-Nl 
0 2 - R ~ l - N l  
01-Rul -N3 
0 1 -Ru 1 -04 
0 1 -Ru 1 -02 

2.493(2) 
2.049(5) 
2.068(5) 
2.006(5) 
1.275( 10) 
1.270( 10) 
1.476( 10) 

76.2(2) 
85.2(3) 
92.3(2) 
81.6(2) 
91.8(2) 
85.9(3) 

169.1(3) 
92.5(3) 
93.0(3) 
94.9(2) 

173.4(2) 

R~ l ’ -04  
Rul-N1 
Rul-N3 
04-C9 
05-C9 
C9-C10 

Ru1’-02’-C 1 
R~l’-04-C9 
0 1  -c1-02’ 
04-C9-05 
05-C9-C10 
Ru 1-0 1 -C 1 
0 1  -c1 -c2 
02’-Cl-C2 
Rul-O4-C9 
04-C9-C10 

2.033(6) 
2.032(7) 
2.028(8) 
1.368(12) 
1.188(11) 
1.473(14) 

121.2(5) 
122.0(5) 
124.9(7) 
123.6(9) 
124(1) 
120.2(5) 
117.2(7) 
117.8(7) 
122.0(5) 
111.9(9) 

like OR or OH groups enhance d-d overlaps, resulting in shorter 
M-M distances. In addition, the three-atom bridging ligands 
at the axial sites (La) of the core also promote greater overlap 
of the metal d orbitals in giving stronger metal-metal bonds. 
The dichloro-bridged complex Ru&16(PBu3)4 belongs to the 
structural type I and displays5 a Ru-Ru separation which is 
much longer than that observed in RuzCk(Me2PCHzPMez)z with 
a type II structure. RuzCk(PBu3)4 is known5 to be paramagnetic 
while other d5-d5 ESBO complexes are diamagnetic. Interest- 



Edge-Sharing Bioctahedral RuIU2 Complexes 

Table 7. ESBO d5-d5 Diruthenium Complexes 

Inorganic Chemistry, Vol. 33, No. 22, 1994 4883 

complex 

I 1 I I I I I I I I 

-0.8 -0.6 -0.4 -0.2 0.0 1.0 1.2 1.4 1.6 1.8 
E ( V )  vs SCE 

I 

l A I  'L-4 
I I I I I I 

-0.3 -0.1 0.1 0.3 1.3 1.5 1.7 1.9 

E ( V )  vs  SCE 

Figure 4. Cyclic voltammograms for the redox couples in (A) 
[Ruz(OMe)(0~CC&-p-Me)3( l-MeIm)41(C104)~ (lb) and (B) [Ruz(Oz- 
CC6~-p-Me)4(l-MeIm)a](C104)~ (2b) in MeCN-0.1 M TBAP at scan 
rates (i) 20, (ii) 50, and (iii) 100 mV s-l along with the differential 
pulse voltammograms (---) for 2b at 2 mV s-l (B). 

ingly, the Ru-Ru distance in d5-d5 la' and 2a is comparable 
with the formal M-M double bond distances known' in 
dialkoxo-bridged d2-d2 and d3-d3 systems. 

Electrochemistry. The redox properties of complexes 1 and 
2 have been studied by cyclic and differential pulse voltammetry 
in MeCN-0.1 M TBAP. The electrochemical data are given 
in Table 2. Complexes la  and lb  undergo a reversible one- 
electron reduction near -0.4 V and a reversible one-electron 
oxidation at + 1.6 V vs SCE (Figure 4). Cyclic voltammograms 
recorded for scan rates of 20-200 mV s-l show AE, values of 
60 mV for the reduction and 65 mV for the oxidation process 
with i,, C= ips. The couples involved are given in eq 1. While 
the Ru"', Ru"' - Rum, RuIV process leads to the formation of a 
mixed-valence species with a Ru-Ru bond order of 1.5, the 
addition of an electron to the o* level gives a mixed-valence 
core having a Ru-Ru bond order of 0.5. 

Ru-Ru, 8, 
3.733(2) 
2.933( 1) 
2.623 1) 
2.573(2) 
2.570(2) 
2.566( 1) 
2.566( 1) 
2.622( 1) 
2.548( 1) 
2.490(2) 
2.493(2) 

Ru-X-Ru, deg 

98.75(9) (X = C1) 
77.48(6) (X = C1) 
81.0(1) (X = N) 
75.8(3) (X = N) 
77.3(3) (X = N) 
78.4(2) (X = N) 
78.4(2) (X = N) 
81.5(1) (X = 0) 
79.8(2) (X = 0) 
75.9(3) (X = 0) 
76.2(2) (X = 0) 

ref 

5 
6 
7 
8 
9a 
9a 
9b 
10 
10 

this work 
this work 

I 

-0.6 -0.4 -0.2 +1.3 +1.5 +1.7 

E ( V )  vs SCE 

Figure 5. Differential pulse voltammograms at different scan rates 
for the redox couples in [ R u z ( O M ~ ) ( O Z C C ~ H ~ - ~ - O M ~ ) ~ (  l-MeIm)l]- 
(C104)~ (la) in MeCN-0.1 M TBAP. 

core: [Ru,@-OMe)(q' :p-O,CR)(ql :q2:p-02CR)J3+ 2 - 
confign: i ? ~ ? d ~ d * ~ n * ~  -e 

bond order: 1.5 
[Ru,@-OMe)(q1:p-02CR)(q':q':p-0,CR),] 2+ +e_ - 

- 
a2T?d2d *2n*2 -e 

1 .o 
[Ru,@-OMe)(q':p-O,CR)(ql :q' :p-O2CR),If (1) 

i?T?d2d*2n*2a* ' 
0.5 

The tetracarboxylate-bridged complexes 2a and 2b also 
undergo a reversible one-electron reduction process near -0.05 
V and display a one-electron anodic cyclic voltammetric 
response near 1.7 V vs SCE with an unresolved cathodic 
counterpart (Figure 4). A cathodic peak with a diminished peak 
height is, however, observed in the differential pulse voltam- 
mogram of 2. The couples involved in 2 are similar to those 
in 1 (eq 1). It is apparent from the electrochemical data that 
the HOMO and LUMO energy levels of the ESBO complexes 
are sensitive to the nature of the monoatomic bridges. A 
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substitution at the phenyl ring of the carboxylate ligand shows 
only the inductive effect of the substituent on the Ell2 values. 
A large positive shift of Ell2 is observed on changing the 
methoxy in 1 to the monoatomic carboxylate bridge in 2. It 
implies that the u* level of 2 is more readily accessible for 
reduction than that of 1. However, the n* levels of 1 and 2 are 
essentially of similar energies. This indicates that the u* level 
is relatively more sensitive to the nature of L b  than the n* level. 

The study on the stability of the dimeric core is an interesting 
aspect of the chemistry of ESBO complexes. The cyclic 
voltammetric data on 1 and 2 show a HOMO-LUMO gap of 
-2.0 V and the reversible nature of the electron-transfer 
processes involving n* and u* orbitals. However, the dif- 
ferential pulse voltammograms for 1 at various scan rates show 
that the reduced species is less stable than the oxidized one 
(Figure 5) .  The ratio of backward- to forward-scan peak 
currents (Ibs/Ifs) for the reduction process decreases on reducing 
the scan rate, and the voltammogram for the reverse scan 
displays more than a single peak (Figure 5a). A 90 mV peak 
width at half height (6) for the forward-scan voltammogram 
suggests the reversible nature of the electron transfer. Such an 
observation is indicative of the limited stability of the reduced 
species which becomes susceptible to chemical conversion (EC 
mechanism22). This is possibly due to the addition of an electron 
to the u* level, which reduces the strength of the Ru-Ru u 
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(22) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706. 

bond. The voltammograms for the oxidation process, however, 
show the ratio of unity at dl scan rates for 1 (Figure 5b). 

Conclusions 

Symmetrically and asymmetrically bridged ESBO diruthe- 
nium(II1) complexes have been isolated from a novel core 
conversion reaction of Ru2C1(02CR)4. The ESBO core is found 
to be redox-active for oxidation and reduction over a wide range 
of potential. The addition of an electron to the u* level has 
been found to be easier than the removal of an electron from 
the n* level of the complexes having a u2n2626*2n*2 electronic 
configuration. An increase in the metal-metal separation 
resulting from the addition of an electron to the u* level is found 
to be less favorable in the presence of a less bulky and more 
electron-donating monoatomic bridging ligand. The stability 
of the core and the reversibility of the electron-transfer process 
thus depend on both steric and electronic effects of the 
monoatomic bridging ligands in addition to the presence of 
three-atom bridging ligands. 
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