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Five new compounds containing face-sharing bioctahedral diruthenium molecules have been prepared and studied by X-ray 
crystallography, EPR spectroscopy, cyclic voltammetry, and magnetic susceptibility measurements. These compounds and the 
principal data concerning them are as follows: [Ru~CI,(PBU,)~][RUCI,(PBU,)~] (la), monoclinic, space group I2/a, a = 31.971 
(6) A, b = 14.247 (3) A, c = 26.624 (7) A, @ = 107.1467 (4)O, V =  11,588 (9) A’, Z = 4, Ru-Ru distance = 3.395 ( I )  A, p s ~  
= 2.05 pB, g, = 2.42, gn = 1.58, undergoes oxidation at + I  .39 and +0.90 V; [RII~CI~(PBU,)~] [BP~~J  (lb), monoclinic, space group 
I??/a, a = 27.87 ( I )  A, b = 13.444 (9) A, c = 28.01 1 ( 5 )  A, @ = 98.50 (3)O, V =  10,382 (14) A’, 2 = 4, Ru-Ru distance = 3.412 
( I )  A. pen = 1.1 pB; R u ~ C I ~ ( P B U ~ ) ~  (2), monoclinic, space group P2,/u, a = 19.034 (9) A, b = 13.407 (5) A, c = 25.51 ( I )  A, 
6 = 100.74 ( S ) O ,  V = 6395 (IO) A’, 2 = 4, Ru-Ru distance = 3.279 (2) A, pfl. = 1.95 pB/molecule, g, = 2.44. gl = 1.59, undergoes 
oxidation at +0.95 V and reduction at -0.73 V; Ru2C15(PMe Ph)4 (3). monoclinic, space group CZ/c, a = 15.873 (4) A, b = 11.216 
(2) A, c = 21.312 ( 5 )  A, f l  = 101.65 (3)O, V =  3716 (3) A’, 2 = 4, Ru-Ru distance = 2.9941 (4) A, peN = 1.94 ps/molecule, 
g, = 2.33, g2 = 2.06, g, = 1.87, undergoes oxidation at + O S 5  V and reduction at -0.09 V; Ru2C15(PMeJ4 (4), monoclinic, space 
group P2,, u = 9.232 (4) A, b = 12.790 (9) A, c = 10.967 (5) A, 6 = 95.4491 (7)O, V = 1289 (2) A’, 2 = 2, Ru-Ru distance 
= 2.992 ( I )  A, g, = 2._29, g2 = 2.07, g, = 1.90, undergoes oxidation at +0.58 V and reduction at -0.18 V; Ru2Ct6(PEtp)3 (5), 
triclinic, space group PI, a = 11.21 1 (4) A, b = 17.387 (5) A, c = 7.993 (3) A, a = 93.53 (3)O, 6 = 91.93 (3)’, y = 95.91 (3)’, 
V = 1533.9 (2) A’, 2 = 2, Ru-Ru distance = 3.201 ( I )  A, pen = 1.91 pe/Ru. It is shown that on the basis of all the data for 
these and seven previously reported chlorophosphine compounds the following conclusions can be drawn. In compounds la  and 
lb ,  as well as in three others of the same type with different PR, ligands, there is no Ru-Ru bonding. In compound 2 and its 
PEt2Ph analogue, where the phosphine ligands are unsymmetrically distributed, there is valence trapping and no Ru-Ru bonding. 
In the compounds with symmetrically distributed phosphines, such as 3 and 4, the odd electron is delocalized and there is a weak 
Ru-Ru bond (formal bond order Finally, in the Ruiii,Rdii type compounds such as 5, there is essentially no Ru-Ru bond. 

Introduction 
The study of di- and trinuclear complexes of ruthenium with 

average formal oxidation states in the range + 2  to  +3 has a 
substantial previous history, references to which may be found 
in our previous paperi and in standard ~ompendia.2~ In this paper, 
we present the results of an extensive study of dinuclear face- 
sharing bioctahedral (FSBO) type compounds in which the formal 
oxidation numbers run from IIJI  through 11,111 to 111,111. One 
of the main contributions of this paper is to  supply needed 
structural data on such compounds, such data having been notably 
exiguous in the past compared to the relative abundance of 
magnetic (including EPR) and electrochemical data. We now 
add six new structures to  the  even'*^-^ previously available for 
compounds containing CI and phosphines as ligands as well as 
much new magnetic and electrochemical data. On the basis of 
all the available data, we shall discuss the electronic structures 
of these compounds. The principal questions concern whether 
Ru-Ru bonding occurs or whether there is valence-state locali- 
zation in the 11,111 type compounds. 
Experimental Section 

All chemical reactions, unless otherwise stated, were done under an 
argon atmosphere employing standard vacuum-line techniques.1° All 
solvents were predried over molecular sieves and freshly distilled under 
nitrogen prior to use. CH2C12 was distilled over P205; benzene, n-hexane, 
and diethyl ether were distilled from Na-K/benzophenone; ethanol and 

( I )  Part 1: Cotton, F. A.; Torralba, R. C.; Matusz, M. Inorg. Chem. 1989, 
28, 1516. 

(2) Wilkinson, G., Ed. Comprehensive Coordination Chemistry; Pergamon 
Press: New York, 1987; Vol. 4, p 572. 

(3) Seddon. E. A.; Seddon, K. R. The Chemistry of Ruthenium; Elsevier: 
New York, 1984; pp 310,487-515. 

(4) Statlcr, J. A.; Wilkinson, G.; Thornton-Pett, M.; Hursthouse, M. B. J. 
Chem. Soc., Dalton Trans. 1984, 1731. 

( 5 )  Laing, M.; Pope, L. Acta Crystallogr. 1976, 832, 1547. 
(6) Raspin, K. A. J .  Chem. Soc. A 1969, 461. 
(7) Alcock, N. W.; Raspin, K. A. J .  Chem. Sw. A 1968, 2108. 
(8) Contreras, R.; Elliot, G. G.; Gould, R. 0.; Heath, G. A.; Lindsay, A. 

J.; Stephenson, T. A. J .  Organomer. Chem. 1981, 215, C6C10. 
(9) Chioccola, G.; Daly, J. J. J .  Chem. Soc. A 1968, 1981. 
(IO) Shriver, D. F.; Drezden, M. A. The Manipulation of Air-Sensitiue 

Compounds, 2nd ed.; Wiley: New York, 1986. 

methanol were distilled from Mg. RuCI,.3H20 was purchased from 
Aldrich Chemical Co. and was either used as received or heated under 
vacuum for 1 h before mixing it with other chemicals. PBu,, PEt,, PMe,, 
and PMe2Ph (Strem Chemicals) were transferred into Schlenk tubes and 
kept under argon. These were stored in the refrigerator when not in use. 
(C4H9N),PF6 (Aldrich) was recrystallized before use. NaBPh,, pur- 
chased from Sigma Chemical Co., was used as received. 

The electronic absorption spectra in CH2CI2 were recorded on a Cary 
17D spectrophotometer. Cyclic voltammetric studies were carried out 
by using a BAS 100 electrochemical analyzer. All CV studies were done 
in CH2CI2 solutions with (C4H9),NPF6 as supporting electrolyte and 
Ag/AgCl as reference electrode. The scan rate used for all reported 
results was 100 mV/s. Under these conditions, Cp2Fe had E l / 2  at 
0.42-0.47 V. 

Magnetic susceptibilities of the solid bulk samples for compounds la, 
lb ,  2, 3, and 4 were obtained by the Guoy method using a Johnson 
Matthey magnetic balance. For a CH2CI2 solution of compound 5, the 
Evans method” was used employing a EM390 NMR spectrometer at 90 
MHz. ESR spectra of frozen CH2C12-toluene solutions were recorded 
at 77 K by an IBM Instruments, Inc., ER2OOD-SRC spectrometer 
equipped with a Bruker ER082(155/45) magnet. 

Preparation of [RU2CI,(PBU&IY]. (a) Y = RuCI,(PBU,)~ (la). A 
0.305-g ( I .  16-mmol) sample of RuC13.3H20 was dissolved in 1.5 mL of 
ethanol and 0.73 g (3.61 mmol) of PBu, was added dropwise. The 
mixture was stirred for 2 h, left undisturbed, and then exposed to air after 
3 days. Large red crystals of la were deposited at the bottom of the 
reaction flask within 5 days of exposure to air. These were washed with 
small amounts (2 X 2 mL) of ethanol followed by diethyl ether and dried 
in air. The yield was 75%. The electronic absorption spectrum had 
maxima at 330 nm (c = 0.56 X IO’ cm-’ M-l), 370 nm (c = 1.05 X IO’ 
cm-I M-’), 380 nm (c  = 1.02 X IO’ cm-l M-I), and 500 nm (c = 0.12 
X IO’ cm-l M-I). 

(b) Y = BPhL (lb). [RU~CI,(PBU,)~][BP~~] was prepared quanti- 
tatively from la by ion exchange using an excess of NaBPh,. A 0.1-g 
sample of la  was dissolved in methanol. A yellow precipitate immedi- 
ately formed upon the addition of NaBPh,. This was filtered, washed 
with methanol (2 X 3 mL), and dried in air. The yield was 0.078 g 
(92.1%). Recrystallization was carried out by layering a benzene solution 
of this dinuclear compound with twice its volume of n-hexane. The 
electronic absorption spectrum had maxima at 335 nm (c  = 2.19 X IO’ 
cm-l M-I) and 375 nm (c  = 1.59 X I O 3  cm-I M-l). 

( 1  1 )  Evans, D. F. J .  Chem. SOC. 1959, 2003. 
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Table I. Crystal Data for Compounds l a  and Ib 
In Ib 

formula RbC17PnC96Hz16 Ru2C13P6CMBH I82 
fw 2169.96 1841.68 

syst abs h k l , h + k + I = 2 n +  1 hOl, h = 2n + 1 
a. A 31.971 (6) 27.87 (1) 

c, A 26.624 (7) 28.011 (5) 
a, deg 90 90 
0, deg 107.1467 (4) 98.50 (3) 
Y9 deg 90 90 
v, A 11,588 (9) 10,382 (14) 
Z 4 4 
dcaIc1 g/cm 1.244 1.178 
cryst size, mm 
p(Mo Ka), cm-' 6.882 4.928 
data collcn instrum Enraf-Nonius CAD4S Enraf-Nonius CAD4S 
radiation (monochromated in incident beam) 
orientation reflcns: no.; range (20). deg 
temp, OC -80 f I -80f 1 
scan method 20-w W 

data collcn range (20), deg 4 < 20 < 45 4 20 < 50 
no. of unique data, tot. no. with F',, > 3a(Fo) 18 246, 9440 
no. of params refined 516 929 
transm factors, 7%: max, min 1.00, 0.91 1 .OO, 0.966 
R" 0.0548 0.0670 
Rwb 0.0688 0.0886 
quality-of-fit indicatore 1.698 1 A24 
largest shift/esd, final cycle 0.20 0.379 
largest peak, e/A3 0.47 1.371 

space group 12/a E / a  

b, A 14.247 (3) 13.444 (9) 

0.35 X 0.15 X 0.20 0.30 X 0.20 X 0.40 

Mo Ka (A, = 0.71073 A) 
22; 21 < 20 < 29 

Mo Ka (A, = 0.71073 A) 
24; 20 < 20 < 28 

7556,4649 

"R = ~llFol - I~cII/EI~oI. b R ~  = [E:w(lFol - I~cl)/E.wlFo11'/2; w = 1/41Foll. 'Quality-of-fit = [Ew(lFol - l F c l ) / ( N m ,  - Np,,)1i/2. 

Preparation of R u ~ C I ~ ( P B U ~ ) ~  (2). The process described by Ni- 
cholsonI2 was repeated and confirmed to proceed substantially as he 
reported it. We have previously described a modified procedure for 
obtaining pure Ru~CI~(PBU~)~. I  one of his products. Prolonged exposure 
of the reaction mixture to air, however, produced green, red, and brown 
crystals later identified by X-ray crystallography as [ R u , C ~ ~ ( P B U ~ ) ~ ] -  
[ R u C I , ( P B U ~ ) ~ ] ~ ~  (yield = 14%), l a  (yield = 7%), and RU2C16(PBU& 
!yield = 20%), respectively. The mother liquor left after isolating the 
initial solid products deposited green crystals of 2 within 2 days (yield 
= 13%). These crystals were the structural isomer of the previously 
reported dark red R u ~ C I ~ ( P B U ~ ) ~ ~  The electronic absorption spectrum 
had maxima at 360 nm (c = 4.35 X IO3 cm-' M-I; shoulder at 340 nm), 
410 nm (c  = 2.66 X IO3  cm-I M-I), and 700 nm (c = 1 X lo3 cm-' M-I; 
broad). 

Preparation of Ru2CIS(PMe2Ph), (3). A 0.30-g (1.16-mmol) sample 
of RuC13-3H20 was dissolved in 2 mL of methanol, and 0.34 g (2.46 
mmol) of PMe2Ph was added. A dark-precipitate immediately formed. 
The solid material, 0.41 g (yield = 75.8%), was isolated by filtration after 
2 h more of stirring. A 0.1-g sample of the crude product was recrys- 
tallized by layering its CH2CI2 solution with 2-3 times its volume of 
methanol or diethyl ether. Large, dark red crystals of 3 formed within 
2-3 days. 

Preparation of Ru2CIS(PMe3), (4). Compound 4 formed as a side 
product in the synthesis of RupCl8(PMe3),.l4 A 0.61-g (2.33-mmol) 
sample of RuC13.3H20 was dissolved in 2.5 mL of methanol, and 0.24 
g of (3.1 1 mmol) PMe, was added dropwise. The reaction mixture was 
stirred for 2 h and left undisturbed. After 8 days, dark green crystals 
had deposited. These were recovered by filtration in air, washed with 
methanol (2 X 5 mL), and dried either in air or under vacuum. Yields 
ranged from 38% to 56%. The crude product, after recrystallization, was 
found to have no more than 4% of Ru2C15(PMe3), (4) in most of the trials 
that were carried out. Recrystallization was done by layering a CH2C12 
solution of the crude product with 2-3 times its volume of benzene. The 
crystals of Ru2CI5(PMel), were readily discernible under the microscope 
as dark brown-red prisms and this allowed their separation from the 
triruthenium complex to be done manually in most trials. 

Preparation of R U ~ C ~ ( P E ~ , ) ~  (5). A 0.6-g (2.33-mmol) sample of 
RuC13.3H20 was dissolved in 3 mL of ethanol and 0.67 g (5.65 mmol) 
of PEt, was added. The mixture was stirred for 2 h and then left un- 

~ ~~ 

(12) Nicholson, J. K. Angew. Chem., In?. Ed. Engl. 1967, 6, 264. 
(13) This triruthenium compound will be discussed in a separate paper (Part 

(14) The triruthenium compounds will be discussed in a separate paper (Part 
4 of this series). 

3 of this series). 

disturbed. After 3 days, a large amount of dark brown solid formed. 
This was filtered in air, washed with ethanol (2 X 2 mL), and either 
vacuum- or air-dried. The yield was 0.44 g. Ru3C18(PEt3), was deter- 
mined to be present as an impurity on the basis of the electronic a b  
sorption spectrum (maxima at 335, 410,495, and 830-840 nm). In all 
the trials when the crude product was recrystallized, Ru2Ci6(PEt3)3 was 
obtained in reasonable yields (at least 40%). The electronic absorption 
spectrum of this diruthenium complex had maxima at  360,420, and 500 
nm. In a few instances, Ru3C18(PEt3), was also recrystallized since the 
crude product contained a small amount of it. Recrystallization was 
carried out in a couple of ways for this case: (a) slow diffusion of ether 
vapor into a CH2C12 solution of the crude product; (b) layering the 
CH2CI2 solution with ether or n-hexane. 

X-ray Crystallography. For each of the compounds, the structure 
determination was carried out by employing procedures routine in this 
1aborat0ry.I~ Relevant crystallographic data and results of the refine- 
ment are summarized in Tables 1-111. The final thermal parameters and 
bond distances and angles for each structure are available in the Sup 
plementary Material. 

For la,  the crystal system was found to be monoclinic, and oscillation 
photographs confirmed the body centering and the Laue group (2/m).  
Systematic conditions observed in the data set indicated either 12/a or 
la as the space group. Heavy atoms were located by direct methods and 
were consistent with 12/a. This was assumed in preference to la and 
allowed for satisfactory refinement. The other non-hydrogen atoms were 
located by an alternating series of Fourier maps and least-squares re- 
finement cycles. The 6-carbon atoms in the n-butyl group had generally 
high thermal displacement parameters, but no disorder was directly o b  
served. Hydrogen atoms were not included in the model. Table IV lists 
the final positional parameters and isotropic-equivalent thermal dis- 
placement parameters. 

For Ib, preliminary examination of the crystal revealed that the crystal 
system was monoclinic with a primitive lattice. Oscillation photographs 
confirmed these and the Laue group (2/m). Systematic conditions in the 
data set indicated either P2/a or Pa as the space group. The structure 
was partially solved when the heavy atoms were found by direct methods. 

(1 5 )  The calculations were done on a MicroVax I1 computer with an SDP 
package software. $-Scan absorption corrections were made: North, 
A. C. T.; Phillips, D. C.; Matthews. F. S. Acra Crystallogr. 1968, A24, 
351. Structure solutions employed SHELXS-86 and SHEW-76; Sheldrick, 
G. M. SHELXS-86, Institut fur Anorganische Chemie der Univenitat, 
Gottingen, FRG, 1986. Sheldrick, G. M. SHELX-76. Program for 
Crystal Structure Determination, University of Cambridge, Cambridge, 
England, 1976. 
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Table 11. Crystal Data for Comwunds 2-4 
2 3 4 

RU2C1SP4C4SH io8 RU2C1SP4C32H44 RU2C15P4Ci2H36 
1188.7 932.01 683.72 

formula 
fw 
space group 
syst abs 

7, deg v. A3 
2’ 
dCalC9 gpm3 
cryst size, mm 
p(Mo Ka), cm-’ 
data collcn instrum 
radiation (monochromated in incident beam) 
orientation reflcns: no.; range (28), deg 
temp, OC 
scan method 
data collcn range (28), deg 
no. of unique data, tot. no. with Fo2 > 34/72) 
no. of params refined 
transm factors, %: max, min 
R‘ 

quality-of-fit indicator‘ 
largest shift/esd, final cycle 
largest peak, e/A’ 

RWb 

P21/a 
hOl, h = 2n + 1 
OkO, k = 2n + 1 
19.034 (9) 
13.407 (5) 
25.51 ( I )  
90 
100.74 ( 5 )  
90 
6395 ( 1  0) 
4 
1.235 
0.35 X 0.25 X 0.40 
7.998 
Enraf-Nonius CAD4S 
Mo Ka (A, = 0.71073 A) 
25; 5 < 28 C 26 
21 f 1 

4 c 28 < 50 
802 1, 2474 
533 
0.999, 0.972 
0.0663 
0.0797 
1.572 
0.22 
0.404 

w 

hkl,  h + k = I = 2n + 1 
hOl, h, I = 2n + I 
15.873 (4) 
11.216 (2) 
21.312 ( 5 )  
90 
101.65 ( 3 )  
90 
3716 (3) 
4 
1.679 
0.30 X 0.08 X 0.18 
13.642 
Enraf-Nonius CAD4S 
Mo Ka 
25; 14 < 28 < 35 
-40 f 1 
w 
4 < 28 < 50 
3253, 2449 
263 
0.998, 0.902 
0.0278 
0.041 2 
1.181 
0.88 
0.510 

p2 I 
OkO, k = 2n + 1 

9.232 (4) 
12.790 (9) 
10.967 (5) 
90 
95.4491 (7) 
90 
1289 (2) 
2 
1.762 
0.28 X 0.08 X 0.20 
18.991 
Enraf-Nonius CAD4S 
Mo K a  
25; 14 < 28 C 28 
-80 k 1 

4 c 28 < 55 
3081, 2757 
208 
0.997, 0.908 
0.0308 
0.0409 
1 . 1 1  
0.46 
0.871 

w 

Table 111. Crystal Data for Compound 6 

RU2C16P3C18H45 
769.34 

formula 
fw 
space group 
syst abs 
a, A 
b, A 
c, A 
a, deg 
0, deg 
7, deg 
v, A 
Z 

cryst size, mm 
g(Mo KO), cm-I 
data collcn instrum 
radiation (monochromated 

in incident beam) 
orientation reflcns: 

no.; range (28), deg 
temp, OC 
scan method 
data collcn range (28), deg 
no. of unique data, tot. no. 

with F, > 3 4 7 , )  
no. of params refined 
transm factors, %: 

R’ 

quality-of-fit indicatorc 
largest shift/esd, final cycle 
largest peak, e/A3 

dCalC, g p m  

max, min 

RWb 

Pi 
none 
11.21 1 (4) 
17.387 (5) 
7.933 (3) 
93.53 (3) 
91.93 (3) 
95.91 (3) 
1533.9 (2) 
2 
1.666 
0.27 X 0.04 X 0.12 
16.569 
Rigaku AFCSR 
Mo K a  (A, = 0.71073 A) 

25; 18 C 28 C 29 

21 f 1 
28-w 
4 C 28 C 55 
5403, 3442 

262 
1 .OO, 0.884 

0.0425 
0.0596 
1.306 
0.0 
0.7 14 

“ R  = E l l ~ o l  - l ~ c l l / m a l *  * R W  = [Ew(lFol - I~cl) /cwl~0111/2;  w = 
1/u11/7,,13. ‘Quality-of-fit = [23w(lFol - IFcl)/(Nobscnns - Nparamr)li/2. 
They were consistent with P2/a,  which was assumed (in preference over 
Pa) and allowed for satisfactory refinement. The rest of the non-hy- 
drogen atoms were located by an alternating series of Fourier maps and 
least-squares refinement cycles. They- and &carbon atoms in the n-butyl 
groups of the phosphine ligands had generally high thermal displacement 
parameters and tended to give unacceptable C-C distances. This prob- 

lem is typical of structures containing relatively long alk I chains. The 
C-C distances were constrained to correspond to 1.5 x while all the 
phenyl carbons were constrained to form a regular hexagon. The model 
was refined without the hydrogen atoms. Table V lists the final positional 
and isotropic-equivalent thermal displacement parameters. 

For 2, preliminary examination of the crystal revealed that the crystal 
system was monoclinic, the lattice was primitive, and the Laue group was 
2/m. Data collection results had systematic absences indicating that the 
space group was P2,/a. The structure was partially solved when the Ru, 
CI, and P atoms were found by using the Patterson heavy-atom method 
(SHELXSM). The rest of the non-hydrogen atoms were located by an 
alternating series of Fourier maps and least-squares refinement cycles. 
The model was refined to convergence with all the atoms having aniso- 
tropic thermal parameters. However, some of the carbon atoms in the 
n-butyl groups of the phosphine ligand had high thermal displacement 
parameters, and several of the C-C distances were unacceptably long. 
The R value at that point was 0.062 ( R ,  = 0.070) and the quality of fit 
for the model was 1.8 1 I .  The C-C distances were constrained to cor- 
respond to 1.5 A, and the new model refined to convergence (SHELX76). 
The final residuals were R = 0.0663 (Rw = 0.0797); quality of fit = 
1.572. Hydrogen atoms were not included in the refined model. Table 
VI  lists the final positional and isotropic-equivalent thermal displacement 
parameters. 

For 3, preliminary examination revealed that the crystal system was 
monoclinic with a c-centered lattice. Oscillation photographs confirmed 
that the crystal was indeed c-centered and the Laue group was 2/m. The 
systematic conditions observed indicated either C2/c or Cc as the space 
group. The former was assumed, and the heavy atoms found by direct 
methods were consistent with it. Several phenyl carbon atoms were also 
found together with the heavier atoms. These were allowed to refine 
satisfactorily. The remaining carbon atoms were located by an alter- 
nating series of Fourier maps and least-squares refinement cycles. After 
all the non-hydrogen atoms were refined with anisotropic thermal dis- 
placement parameters, hydrogen atoms were added in calculated posi- 
tions. The model was refined with the phenyl hydrogens constrained to 
have the same isotropic thermal displacement parameter and the methyl 
hydrogens also constrained to have the same isotropic thermal displace- 
ment parameter. Table VI1 lists the final positional and isotropic- 
equivalent thermal displacement parameters. 

For 4, preliminary examination revealed that the crystal system was 
monoclinic with a primitive lattice. Oscillation photographs confirmed 
this and showed that the Laue group was 2/m.  The systematic absences 
indicated as possible space groups: P2,/m or P2,. First, P 2 , / m  was 
assumed, and direct methods were used to find the heavy atoms. How- 
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Table IV. Positional and Isotropic-Equivalent Thermal Displacement 
Parameters (Bi ,  in A2) for [Ru,CI,(PBU~)~] [RUCI~(PBU~)~]"  

atom X Y Z Bi, 
Ru( 1 ) 0.30405 (2) 
Ru(2) 0.500 
CI(1) 0.250 
CI(2) 0.23766 (7) 
Cl(3) 0.45877 (9) 
Cl(4) 0.43926 (8) 
P(l)  0.34290 (8) 
P(2) 0.35547 (7) 
P(3) 0.32532 (8) 
P(4) 0.47557 (8) 
C(I) 0.3935 (3) 
C(2) 0.4340 (4) 
C(3) 0.4744 (4) 
C(4) 0.5151 (6) 
C(5) 0.3627 (3) 
C(6) 0.3294 (4) 
C(7) 0.3519 (4) 
C(8) 0.3208 (4) 
C(9) 0.3098 (3) 
C(10) 0.3342 (4) 
C(l I )  0.3023 (5) 
C(12) 0.2937 (5) 
C(13) 0.4128 (3) 
C(14) 0.4467 (3) 
C(15) 0.4940 (3) 
C(16) 0.5294 (3) 
C(17) 0.3481 (3) 
C(18) 0.3585 (3) 
C(19) 0.3581 (4) 
C(20) 0.3744 (6) 
C(21) 0.3598 (3) 
C(22) 0.3313 (4) 
C(23) 0.3369 (4) 
C(24) 0.3065 (4) 
C(25) 0.2899 (3) 
C(26) 0.2996 (5) 
C(27) 0.2716 ( 5 )  
C(28) 0.2879 (7) 
C(29) 0.3819 (3) 
C(30) 0.3915 (4) 
C(31) 0.4369 (5) 
C(32) 0.4704 (6) 
C(33) 0.3209 (3) 
C(34) 0.2829 (3) 
C(35) 0.2807 (4) 
C(36) 0.2433 (5) 
C(37) 0.5151 (4) 
C(38) 0.5522 (4) 
C(39) 0.5870 (4) 
C(40) 0.5796 (7) 
C(41) 0.4578 (3) 
C(42) 0.4385 (4) 
C(43) 0.4249 (4) 
C(44) 0.4019 (5) 
C(45) 0.4297 (3) 
C(46) 0.3864 (3) 
C(47) 0.3457 (4) 
C(48) 0.3477 (5) 

~ 

0.48015 ( 5 )  
0.000 
0.3518 (2) 
0.5408 (2) 
0.1389 (2) 

-0.0907 (2) 
0.6190 (2) 
0.3978 (2) 
0.4294 (2) 

-0.0161 (2) 
0.6226 (8) 
0.677 ( I )  
0.652 (2) 
0.681 (2) 
0.6696 (7) 
0.7230 (8) 
0.7555 (8) 
0.805 ( I )  
0.7157 (7) 
0.8098 (8) 
0.8867 (9) 
0.874 (1) 
0.4342 (7) 
0.3864 (7) 
0.3952 (8) 
0.3568 (8) 
0.3889 (7) 
0.4758 (7) 
0.4461 (9) 
0.527 ( I )  
0.2706 (6) 
0.2021 (7) 
0.1017 (7) 
0.0305 (8) 
0.3362 (7) 
0.2369 (9) 
0.1639 (9) 
0.153 ( I )  
0.3863 (7) 
0.358 ( I )  
0.323 (2) 
0.346 (2) 
0.5228 (7) 
0.5194 (8) 
0.6097 (8) 
0.609 ( I )  
0.0161 (8) 

-0.056 ( I  ) 
-0.020 ( I )  
-0.028 (2) 
- 0 . 1  354 (7) 
-0.1481 (8) 
-0.2501 (8) 

0.0587 (8) 
0.0353 (9) 
0.073 ( I )  
0.1787 (9) 

-0.2649 (9) 

0.03390 (3) 
0.000 
0.000 
0.05358 (8) 

-0.0048 ( I )  
0.0051 ( I )  
0.05044 (9) 
0.00754 (9) 
0.1 1927 (9) 

-0.0929 ( I )  
0.1075 (4) 
0.1035 ( 5 )  
0.1 524 (6) 
0.1398 (8) 

-0.0025 (4) 
-0.0470 (4) 
-0.0877 (4) 
-0.1352 (5) 
0.0651 (4) 
0.0779 (5) 
0.0858 (5) 
0.1364 (5) 
0.0346 (4) 
0.01 10 (4) 
0.0520 (4) 
0.0293 (4) 

-0.0634 (4) 
-0.0916 (4) 
-0.1483 (4) 
-0.1756 (5) 

0.0257 (4) 
-0.0155 (4) 

0.0076 (4) 
-0.0306 ( 5 )  

0.1328 (4) 
0.1 195 (5) 
0.1424 (5) 
0.2034 (6) 
0.1511 (4) 
0.2108 (5) 
0.2328 (6) 
0.2174 (8) 
0.1667 (4) 
0.1899 (4) 
0.2202 (4) 
0.2439 (5) 

-0.1217 (5) 
-0.1473 (6) 
-0.1958 (7) 

-0.1746 (4) 
-0.1874 (4) 

-0.1286 (4) 
-0.1168 (5) 
-0.1612 (5) 
-0.1687 (5) 

-0.1 284 (4) 

-0.1 149 (4) 

-0.2479 (4) 

1.76 ( I )  
2.47 (2) 
2.19 (7) 
2.20 ( 5 )  
3.73 (6) 
3.62 (6) 
2.19 ( 5 )  
2.10 (5) 
2.28 (5) 
2.99 (6) 
3.3 (2) 
6.1 (4) 

10.8 (5) 
11.2 (7) 
2.8 (2) 
4.4 (3) 
4.4 (3) 
6.1 (4) 
3.7 (3) 
5.0 (3) 
5.9 (4) 
7.4 (4) 
2.5 (2) 
3.2 (2) 
3.3 (2) 
3.8 (3) 
2.9 (2) 
3.3 (2) 
5.6 (3) 
9.2 (5) 
2.7 (2) 
3.6 (3) 
4.2 (3) 
5.3 (3) 
3.2 (2) 
6.1 (4) 
6.7 (4) 
9.9 (6) 
3.1 (2) 
6.6 (4) 

11.7 (6) 
18 (1) 
3.1 (2) 
4.0 (2) 
4.7 (3) 
6.3 (3) 
4.4 (3) 
5.5 (3) 

10.8 (5) 
18.0 (7) 
3.1 (2) 
4.3 (3) 
4.7 (3) 
5.8 (4) 
3.7 (3) 
4.5 (3) 
5.4 (3) 
6.7 (4) 

OValues for anisotropically refined atoms are given in the form of 
the equivalent isotropic displacement parameter defined as (4/3)[a2B1, 
+ b2B2* + czB,, + crb(cos y ) B , ,  + ac(cos B)B,, + bc(cos cr)BZ3]: The 
numbers in parentheses are the estimated standard deviations in the 
least significant digit. 

ever, subsequent least-squares refinement and Fourier maps failed to 
show satisfactory behavior. The space group P2] was then used. The 
heavy atoms were found as before, and the remaining non-hydrogen 
atoms were located by an alternating series of Fourier maps and least- 
squares refinement cycles. Hydrogen atoms were excluded in the model. 
Table V l l l  lists the final positional and isotropic-equivalent thermal 
displacement parameters. 

For 5, preliminary examination revealed that the crystal system was 
triclinic and the Laue group was 1. The heavy atoms were found by 
direct methods and were consistent with space group Pi. This space 
group was assumed over PI and allowed for satisfactory refinement. All 

Figure 1. ORTEP drawing of the cation in compound la  and lb.  A 
crystallographic 2-fold axis passing along Cl( 1) perpendicular to the 
Ru-Ru vector relates each unlabeled atom to a labeled one. Carbon 
atoms were given arbitrary radii. 

of the other non-hydrogen atoms were located by an alternating series 
of Fourier maps and least-squares refinement cycles. Hydrogen atoms 
were not included in the model. Table IX lists the final positional and 
isotropic-equivalent thermal displacement parameters. 

Results 
Preparative Chemistry. In the case of the Ru(II) ,  Ru(I1) 

face-sharing bioctahedral species, compounds la and lb,  the 
synthesis is similar to those for previously characterized complexes 
of the same [Ru2C13L6]+ type (L = tertiary m o n o p h ~ s p h i n e ) . ~ * ~ * ~  
Whereas an excess of the phosphine and refluxing are employed 
in the latter, compounds l a  and l b  were prepared under milder 
conditions, that  is, employing just the right stoichiometry and 
running the reaction a t  ambient temperatures over several days. 
As far as the Ru(II) ,  Ru(II1) type face-sharing bioctahedral 
complexes are  concerned, the preparations were also done along 
traditional l i n e ~ . ~ J ~  Compound 2 precipitated out as green crystals 
from the filtrate left from the isolation of Ru2CI6(PBu3),, 
[ R u ~ C I ~ ( P B U ~ ) ~ ]  [ R u C I ~ ( P B U ~ ) ~ ] , ~ ~  and la.  It was obviously 
different from its stereoisomer with C2 symmetry9 based on the 
color alone. Compound 3 was produced as  insoluble brownish 
red crystals in methanol, together with the tiny green crystals of 
R u ~ C I & P M ~ , P ~ ) ~ . ' ~  Compound 4 occurs as a side product in the 
synthesis of R U , C I ~ ( P M ~ ~ ) , . ' ~  

Structure and Bonding in the Ru(II), Ru(I1) Compounds: 
[Ru ,C~~(PBU~)~IY] ,  Y = RuC14(PBu3)< ( la )  or BPb-  (lb).  The 
structures of the cations in these compounds are identical and this 
is shown in Figure 1. The important bond distances and angles 
for the central part of the cations are listed in Tables X and XI. 
In both cases, a crystallographically imposed 2-fold symmetry axis 
perpendicular to the metal-metal vector and containing Cl( 1) 
relates each of the unlabeled atoms in the cation to an unlabeled 
one. The core has approximate D3* symmetry with the principal 
axis passing along the metal-metal vector. 

The structural features of compounds la and l b  are essentially 
the same as  those for the previously characterized face-sharing 
bioctahedra of the [L3Ru1iC13Ru11L3]+ type (L = PMe3$ PMe2Ph,' 
PEt2Ph6). All of the Ru-CI bonds trans to Ru-P bonds are  
relatively longer than the typical Ru-CI bond lengths of 2.3-2.4 
A in similar compounds. The Ru-Ru separation of 3.395 (1) 8, 
for l a  and 3.402 (1) 8, for l b  are well within the range of Ru-Ru 
distances, 3.28-3.44 A, reported for the analogous complexes. 

Formal oxidation state assignments for the Ru centers were 
a t  first ambiguous for compound l a  since both "[-Ruii- 
C13Ruii-] [RuiiiCI4L2]" and " [ R U ~ ~ ~ C ~ , R U ~ ~ ]  [RU*~CI ,L~]"  were 
possible. However, no [ R U ~ ~ C I ~ L ~ ] ~ -  ion is known and the Ru-Ru 
separation in the cation is consistent with the II,II assignments. 
Thus we strongly believed that it was the correct set of formal 
oxidation states for the R u  atoms. This was confirmed by the 
preparation and characterization of compound l b  by simple ion 
exchange using la and an excess of NaBPh,. Moreover, the EPR 
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Figure 2. ORTEP drawing of compound 2. Carbon atoms were given 
arbitrary radii and were not labeled for clarity. 

spectrum of compound la shows an axial pattern (gl = 2.45 and 
gll = 1-65), which is almost identical with that previously observed 
for [HPEt3][RuC14(PEt3)2] (gl = 2.51 andg l l  = 1.64).16 Ergo, 
we assigned the spectrum to the [ R U ~ ~ * C I ~ ( P B U ~ ) ~ ] -  ion. Com- 
pound l a  has an effective magnetic moment of 2.05 pB, which 
is consistent with the presence of one unpaired electron. This 
unpaired electron belongs to the Ru(II1) monomer. On the other 
hand, the magnetic susceptibility measurements for compound 
Ib ,  which led to an apparent magnetic moment of 0.71 pB/Ru, 
can be attributed to temperature-independent paramagnetism 
(TIP) .  This interpretation is consistent with the result for the 
[ R u C I ~ ( P B U , ) ~ ] -  compound. From the g values for this ion we 
can calculate an expected moment of 1.88 pB. If we correct the 
observed moment of 2.05 p~g for the contribution from T I P  we 
obtain 1.92 pB, which is certainly in agreement within the ex- 
perimental errors. 

Structure and Bonding in the Ru(II), Ru(II1) Compounds: 
R u ~ C I ~ ( P B U ~ ) ~  (2). Figure 2 shows the structure of compound 
2 while Table XI1 lists the bond distances and angles of the inner 
portion of the molecule. The molecule does not have any crys- 
tallographically imposed symmetry. However, it has approximate 
mirror symmetry about the plane containing the two metal atoms 
and one of the bridging ligands, Cl(1). The Ru-CI bonds trans 
to Ru-P bonds, not surprisingly, are  longer than those trans to 
Ru-CI bonds, and the Ru-CI, bond lengths are  more than 0.15 
A longer than the terminal Ru-CI bonds. 

The arrangement of the ligands in this green RuzCI5(PBu3), 
complex is distinct from that found in the previously characterized 
brown R u 2 C l 5 ( P B u 3 ) ~  compound. In the new compound, three 
PBu3 ligands are coordinated to one Ru center at  the terminal 
positions while the remaining PBu3 ligand is similarly ligated to 
the other Ru center, thus giving the molecule an approximate C, 
symmetry. On the other hand, its brown isomeric form has a more 
symmetric distribution of the PBu3 ligands; that is, each Ru center 
has two phosphine ligands cis to each other a t  the terminal 
positions. This structure has an approximate C2 point symmetry. 
R U ~ C I ~ ( P B U ~ ) ~  is the only face-sharing bioctahedral compound 
of the Ru(II) ,  Ru(II1) type proven to exist in two possible 
structural geometries. The Ru-Ru separation in the C, isomer 
is 3.279 (2) A, identical with that observed for the analogous 
PEtzPh complex.* The EPR spectrum showed an axial pattern 
(gL = 2.44, gll = 1.59) as seen in Figure 3. 

R U ~ C I ~ ( P M ~ ~ F % ) ~  (3). The structure of this compound is shown 
in Figure 4, and the bond distances and angles for the core of the 
molecule are  listed in Table XIII. The molecule has a crys- 
tallographic 2-fold axis of symmetry that passes along the bridging 
chlorine ligand, Cl( I ) ,  and is perpendicular to the metal-metal 

(16) Hudson, A.; Kennedy, M. J.  J .  Chem. SOC. A 1969, 1116. 
(17) Heath, G. A.; Lindsay, A. J.; Stephenson, T. A.; Vattis, D. K. J .  Or- 

ganomer. Chem. 1982, 233, 353. 

Ru,CI,(PBu,),, C, symmetry 

i 

Figure 3. EPR spectrum of a frozen CH2C12-toluene solution of com- 
pound 2 at 77 K. 

Figure 4. ORTEP drawing of compound 3. Each unlabeled atom is related 
to a labeled one by a crystallographic 2-fold axis passing along CI(1) 
perpendicular to the Ru-Ru bond. Carbon atoms were given arbitrary 
radii. 

92' 2 I 05 

91' 2.33 

Figure 5. EPR spectra of frozen CH,CI,-toluene solutions of (A) the 
C2 isomer of 2, and (B) compound 3 at 77 K. 

vector. This symmetry relates each unlabeled atom to a labeled 
one. Again, the average of the bridging Ru-CI bonds is longer 
than the average of the terminal Ru-CI bonds by more than 0.15 
A, and the Ru-CI bonds that are trans to Ru-P bonds are longer 
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Table V. Positional and Isotropic-Equivalent Thermal Displacement Parameters (Bi, in A2) for [ R U ~ C I ~ ( P B U ~ ) ~ ]  [BPh,]' 
atom X Y 2 Bi, atom X Y Z Bi." 

R u ( l )  0.30989 (2) 
Ru(2) 0.22796 ( 2 )  
CI(1) 0.250 
Cl(2) 0.26348 (7) 
Cl(3) 0.250 
Cl(4) 0.19688 (7) 
P ( l )  0.33428 (7) 
P(2) 0.36922 (7) 
P(3) 0.34908 (8) 
P(4) 0.22106 (8) 
P(5) 0.26794 (8) 
P(6) 0.15183 (8) 
C(1) 0.2877 (3) 
C(2) 0.2823 ( 5 )  
C(3) 0.2523 (5 )  
C(4) 0.2519 (8) 
C(5) 0.3889 (3) 
C(6) 0.4021 (4) 
C(7) 0.4489 ( 5 )  
C(8) 0.453 ( I )  
C(9) 0.3490 (4) 
C(10) 0.3095 ( 5 )  
C(11) 0.3330 (6) 
C(12) 0.290 ( I )  
C(13) 0.3875 (3) 
C(14) 0.3515 (4) 
C(15) 0.3747 ( 5 )  
C(16) 0.4144 ( 5 )  
C(17) 0.4286 (3) 
C(18) 0.4744 (3) 
C(19) 0.5196 (3) 
C(20) 0.5651 (8) 
C(21) 0.3488 (4) 
C(22) 0.3877 (4) 
C(23) 0.3532 (9) 
C(24) 0.359 ( I )  
C(25) 0.4158 (3) 
C(26) 0.4383 (4) 
C(27) 0.4962 (4) 
C(28) 0.5079 ( 5 )  
C(29) 0.3367 (4) 
C(30) 0.3212 (9) 
C(31) 0.3111 (8) 
C(32) 0.2864 (7) 
C(33) 0.3297 (3) 
C(34) 0.3471 (4) 
C(35) 0.3270 (4) 
C(36) 0.3443 ( 5 )  
C(37) 0.2068 (3) 
C(38) 0.1532 (3) 
C(39) 0.1485 (4) 
C(40) 0.0953 ( 5 )  
C(41) 0.1791 (4) 
C(42) 0.1741 (4) 
C(43) 0.1371 (7) 
C(44) 0.0978 (8) 
C(45) 0.2798 (4) 
C(46) 0.2949 (4) 
C(47) 0.3462 (4) 
C(48) 0.3610 (6) 
C(49) 0.2486 (3) 
C(50) 0.2872 (6) 
C(51) 0.2623 (7) 
C(52) 0.293 ( I )  
C(53) 0.3348 (3) 

0.21430 ( 5 )  
0.75830 ( 5 )  
0.3474 (2) 
0.1440 (2) 
0.6238 (2) 
0.8258 (2) 
0.3007 (2) 
0.2788 (2) 
0.0687 (2) 
0.9051 (2) 
0.6685 (2) 
0.6941 (2) 
0.3096 (8) 
0.239 ( I )  
0.291 (2) 
0.216 (3) 
0.2599 (8) 
0.311 ( I )  
0.258 (2) 
0.233 (2) 
0.4338 (7) 
0.509 ( I )  
0.615 ( I )  
0.673 (2) 
0.2051 (7) 

0.146 (1) 
0.203 ( I )  
0.3094 (7) 
0.2970 (9) 
0.326 ( I )  
0.297 (2) 
0.3971 (7) 
0.447 ( I )  
0.544 (2) 
0.535 (3) 
0.0616 (7) 

0.202 ( I )  

-0.0427 (8) 
-0.027 ( I )  

0.019 ( I )  
0.0257 (8) 

-0.073 ( I )  
-0.104 ( I )  
-0.034 (2) 
-0.0397 (7) 
-0.0413 (7) 
-0.1391 (9) 
-0.141 ( I )  

1.0145 (6) 
1.0224 (7) 
1.1147 (8) 

0.9185 (7) 
1.0229 (8) 
1.024 ( I )  
0.991 (2) 
0.9432 (8) 
1.0455 (8) 
1.0620 (8) 
1.160 ( I )  
0.5343 (6) 
0.4584 (9) 
0.354 ( I )  
0.296 (2) 
0.6570 (7) 

1.122 ( I )  

0.02414 (2) 
0.44007 (2) 
0.000 

-0.05123 (7) 
0.500 
0.51191 (7) 
0.09459 (8) 

-0.01534 (8) 
0.04675 (8) 
0.39817 (8) 
0.38853 (8) 
0.41 176 (8) 
0.1336 (3) 
0.1680 (5) 
0.2086 ( 5 )  
0.2459 (8) 
0.1346 (3) 
0.1851 (4) 
0.21 IO (4) 
0.2531 (9) 
0.0874 (4) 
0.0820 (6) 
0.080 ( I )  
0.062 ( I )  

-0.0653 (3) 
-0.1134 (4) 
-0.1536 (4) 
-0.1691 ( 5 )  

0.0207 (3) 
-0.0027 (4) 

0.0358 (4) 
0.0217 (9) 

-0.0461 (4) 
-0.0725 ( 5 )  
-0.1016 (8) 
-0.143 ( I )  

0.0534 (4) 
0.0679 ( 5 )  
0.0788 ( 5 )  
0.1290 (6) 
0.1062 (3) 
0.1 1 IO (6) 
0.1647 ( 5 )  
0.1914 (7) 
0.0070 (4) 

-0.0414 (4) 
-0.0682 (4) 
-0.1 197 ( 5 )  

0.4331 (3) 
0.4421 (3) 
0.4747 (4) 
0.4861 ( 5 )  
0.3411 (3) 
0.3194 (4) 
0.2737 (7) 
0.272 ( I )  
0.3797 (4) 
0.3756 (6) 
0.3628 ( 5 )  
0.3581 (8) 
0.3870 (4) 
0.4075 (7) 
0.4133 (9) 
0.4442 (9) 
0.4064 (3) 

3.32 ( I )  
3.27 ( I )  
3.64 (6) 
4.27 ( 5 )  
3.67 (6) 
3.79 ( 5 )  
4.08 ( 5 )  
4.02 ( 5 )  
4.28 (6) 
3.95 ( 5 )  
3.92 ( 5 )  
4.18 ( 5 )  
5.4 (3) 

11.7 (6) 
12.6 (6) 
24 (1) 
5.3 (2) 

10.1 (5) 
12.7 (6) 
20 ( 1 )  
6.6 (3) 

10.3 (5) 
14.7 (8) 
21 ( 1 )  
4.9 (2) 
8.8 (4) 

11.3 (6) 
10.1 ( 5 )  
4.8 (2) 
6.5 (3) 
7.4 (3) 

20 (1) 
6.5 (3) 
8.6 (4) 

16.7 (9) 
28 (2) 

5 .5  (3) 
7.5 (3) 
9.2 (4) 

13.3 (6) 
6.2 (3) 

13.2 (7) 
13.2 (7) 
5.2 (2) 

8.1 (4) 
10.5 ( 5 )  
4.2 (2) 
5.2 (2) 
6.3 (3) 

10.0 ( 5 )  
5 .5 (3) 
6.7 (3) 

14.2 (7) 

6.4 (3) 
9.6 ( 5 )  
7.3 (4) 

13.8 (7) 
5.4 (3) 

13.0 (7) 
15.3 (8) 

5.0 (2) 

18 (1) 

5.7 (3) 

21 (1) 

25 (2) 

C(54) 0.3649 (3) 
C(55) 0.4188 (4) 
C(56) 0.4514 (4) 
C(57) 0.2608 (4) 
C(58) 0.2846 ( 5 )  
C(59) 0.2698 (7) 
C(60) 0.279 ( I )  
C(61) 0.1024 (3) 
C(62) 0.0515 (4) 
C(63) 0.015 ( I )  
C(64) 0.011 ( I )  
C(65) 0.1354 (4) 
C(66) 0.1131 (7) 
C(67) 0.0979 (6) 
C(68) 0.0920 (7) 
C(69) 0.1399 (3) 
C(70) 0.0953 ( 5 )  
C(71) 0.0900 ( 5 )  
C(72) 0.0507 (8) 
C(73) 0.5193 (2) 
C(74) 0.5348 (2) 
C(75) 0.5376 (2) 
C(76) 0.5251 (2) 
C(77) 0.5096 (2) 
C(78) 0.5067 (2) 
C(79) 0.5406 (2) 
C(80) 0.5863 (2) 
C(81) 0.6109 (2) 
C(82) 0.5898 (2) 
C(83) 0.5442 (2) 
C(84) 0.5196 (2) 
C(85) 0.5411 (2) 
C(86) 0.5879 (2) 
C(87) 0.6093 (2) 
C(88) 0.5839 (2) 
C(89) 0.5370 (2) 
C(90) 0.5156 (2) 
C(91) 0.4564 (3) 
C(92) 0.4188 (3) 
C(93) 0.3708 (3) 
C(94) 0.3604 (3) 
C(95) 0.3980 (3) 
C(96) 0.4460 (3) 
B 0.5145 (4) 
H(1) 0.5445 (2) 
H(2) 0.5496 (2) 
H(3) 0.5273 (2) 
H(4) 0.4999 (2) 
H(5) 0.4948 (2) 
H(6) 0.6025 (2) 
H(7) 0.6462 (2) 
H(8) 0.6089 (2) 
H(9) 0.5279 (2) 
H(10) 0.4843 (2) 
H(11) 0.6076 (2) 
H(12) 0.6456 (2) 
H(13) 0.6004 (2) 
H(14) 0.5173 (2) 
H(15) 0.4794 (2) 
H(16) 0.4268 (3) 
H(17) 0.3417 (3) 
H(18) 0.3233 (3) 
H(19) 0.3900 (3) 
H(20) 0.4751 (3) 

0.7474 (7) 
0.7215 (9) 
0.8179 (9) 
0.7020 (7) 
0.6331 (8) 
0.678 ( I )  
0.617 (2) 
0.7796 (7) 
0.746 ( I )  
0.823 (2) 
0.897 (2) 
0.6442 (9) 
0.693 ( I )  
0.639 ( I )  
0.707 (2) 
0.5858 (8) 
0.521 ( I )  
0.448 ( I )  
0.410 (2) 
0.3752 (4) 
0.3067 (4) 
0.3346 (4) 
0.4310 (4) 
0.4995 (4) 
0.4716 (4) 
0.4327 ( 5 )  
0.4670 ( 5 )  
0.5358 ( 5 )  
0.5702 ( 5 )  
0.5359 ( 5 )  
0.4671 ( 5 )  
0.2349 (4) 
0.2271 (4) 
0.1338 (4) 
0.0482 (4) 
0.0560 (4) 
0.1493 (4) 
0.3336 ( 5 )  
0.3730 ( 5 )  
0.3624 ( 5 )  
0.3124 ( 5 )  
0.2731 ( 5 )  
0.2837 ( 5 )  
0.3452 (9) 
0.2321 (4) 
0.2816 (4) 
0.4526 (4) 
0.5741 (4) 
0.5246 (4) 
0.4403 (5) 
0.5624 ( 5 )  
0.6235 ( 5 )  
0.5626 ( 5 )  
0.4405 ( 5 )  
0.2934 (4) 
0.1278 (4) 

-0.0240 (4) 
-0.0103 (4) 
0.1553 (4) 
0.4117 ( 5 )  
0.3928 ( 5 )  
0.3042 ( 5 )  
0.2344 ( 5 )  
0.2532 ( 5 )  

0.3990 (4) 
0.4162 ( 5 )  
0.4141 ( 5 )  
0.3239 (3) 
0.2915 (4) 
0.2366 ( 5 )  
0.2023 (7) 
0.4197 (4) 
0.4097 (7) 
0.428 ( I )  
0.396 ( I )  
0.3497 (4) 
0.3108 ( 5 )  
0.2641 ( 5 )  
0.2234 (7) 
0.4497 (4) 
0.4329 (6) 
0.4774 (8) 
0.481 ( I )  

-0.2032 (2) 
-0.1667 (2) 
-0.1184 (2) 
-0.1066 (2) 
-0.1431 (2) 
-0.1914 (2) 
-0.2895 (2) 
-0.2690 (2) 
-0.2937 (2) 
-0.3390 (2) 
-0.3595 (2) 
-0.3348 (2) 
-0.2655 (2) 
-0.2771 (2) 
-0.2795 (2) 
-0.2704 (2) 
-0.2588 (2) 
-0.2564 (2) 
-0.2844 (2) 
-0.2625 (2) 
-0.2845 (2) 
-0.3285 (2) 
-0.3504 (2) 
-0.3284 (2) 
-0.2610 (4) 
-0.1759 (2) 
-0.0902 (2) 
-0.0692 (2) 
-0.1339 (2) 
-0.2196 (2) 
-0.2339 (2) 
-0.2778 (2) 
-0.3581 (2) 
-0.3945 (2) 
-0.3507 (2) 
-0.2842 (2) 
-0.2885 (2) 
-0,2722 (2) 
-0.2517 (2) 
-0.2474 (2) 
-0.2285 (2) 
-0,2676 (2) 
-0.3456 (2) 
-0.3845 (2) 
-0.3454 (2) 

5.1 (2) 
7.2 (3) 
8.2 (4) 
5.3 (3) 
7.3 (3) 

12.3 (6) 
23 (1) 
5.7 (3) 

12.2 (6) 
18 (1) 
19 (1) 
7.9 (4) 

14.4 (7) 
11.4 ( 5 )  
14.8 (8) 
6.5 (3) 

11.4 ( 5 )  
12.5 (6) 
20 (1) 
4.5 (2) 
5.4 (3) 
6.5 (3) 
6.6 (3) 
6.5 (3) 
5.9 (3) 
4.9 (2) 
5.9 (3) 
6.8 (3) 
7.4 (4) 
7.0 (3) 
6.0 (3) 
4.9 (2) 
5.4 (3) 
6.8 (3) 
8.2 (4) 
7.9 (4) 
7.5 (4) 
5.8 (3) 
7.0 (3) 
9.4 ( 5 )  

12.1 (6) 
11.0 ( 5 )  
7.9 (4) 
4.9 (3) 
5.527* 
5.527' 
5.527. 
5.527* 
5.527' 
5.527* 
5.527. 
5.527, 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 
5.527* 

a Values for anisotropically refined atoms are given in the form of the equivalent isotropic displacement parameter defined as (4/3)[u2BI1 + b2BZ2 
+ czB],  + ub(cos y)B12 + uc(cos B)BII + &(cos a ) B Z I ] .  Starred values denote atoms in calculated positions that were not refined. The numbers in 
parentheses are the estimated standard deviations in the least significant digit. 

than those trans to Ru-CI bonds. 
The ligand arrangement and the 2-fold symmetry along CI( 1) 

is identical with that of the C2 isomer9 of compound 2. However, 
the Ru-Ru separation of 2.9941 (4) A is significantly shorter in 
this case. The effective magnetic moment of 1.94 MB/molecule 
is consistent with the presence of one unpaired electron. The EPR 
spectra for both compound 3 and the isomer of compound 2 having 

C2 symmetry are  shown in Figure 5 .  
Ru2C15(PMe& (4). There is no crystallographic symmetry 

contained in this molecule, but there is approximate mirror sym- 
metry about a plane defined by the two ruthenium atoms and the 
bridging chlorine ligand, Cl( I ) ,  trans to the terminal chlorine 
atoms, Cl(4) and Cl(5). There is also a second approximate mirror 
plane defined by Cl( l ) ,  C1(2), and C1(3), the three bridging 
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Table VI. Positional and Isotropic-Equivalent Thermal Displacement 
Parameters (Bi, in A2) for Ru,CI,(PBu,),' 

atom X Y Z 

Ru(l) 0.46595 (7) 
~~~ ~ 

0.0495 ( I )  
Ru(2) 0.63519 (8) 
CI(1) 0.5736 (2) 
Cl(2) 0.5497 (2) 
Cl(3) 0.5352 (2) 
Cl(4) 0.7023 (3) 
Cl(5) 0.7203 (3) 
P(l) 0.3765 (3) 
P(2) 0.4203 (3) 
P(3) 0.4238 (3) 
P(4) 0.6832 (3) 
C(1) 0.390 ( I )  
C(2) 0.441 (2) 
C(3) 0.460 (2) 
C(4) 0.449 (3) 
C(5) 0.364 ( I )  
C(6) 0.315 (2) 
C(7) 0.322 (2) 
C(8) 0.296 (3) 
C(9) 0.285 ( I )  
C(10) 0.232 ( I )  
C( I I )  0.164 (2) 
C(12) 0.123 (2) 
C(13) 0.324 ( I )  
C(14) 0.305 (2) 
C(15) 0.227 (2) 
C(16) 0.193 (2) 
C(17) 0.436 ( I )  
C(18) 0.471 (2) 
C(19) 0.482 (2) 
C(20) 0.521 (3) 
C(2I) 0.469 ( I )  
C(22) 0.434 (2) 
C(23) 0.467 (2) 
C(24) 0.539 (2) 
C(25) 0.340 ( I )  
C(26) 0.327 (2) 
C(27) 0.258 (2) 
C(28) 0.200 (2) 
C(29) 0.408 ( I )  
C(30) 0.387 ( I )  
C(31) 0.374 (2) 
C(32) 0.418 (3) 
C(33) 0.487 ( I )  
C(34) 0.554 ( I )  
C(35) 0.598 ( I )  
C(36) 0.663 (2) 
C(37) 0.782 ( I )  
C(38) 0.812 (2) 
C(39) 0.891 (2) 
C(40) 0.917 (3) 
C(41) 0.636 (2) 
C(42) 0.653 (2) 
C(43) 0.615 (2) 
C(44) 0.552 (2) 
C(45) 0.672 ( I )  
C(46) 0.702 (2) 
C(47) 0.685 (3) 
C(48) 0.711 (4) 

0.0428 ( I )  
0.1004 (4) 

0. I245 (4) 
0.1879 (4) 

0.0081 (4) 
0.1984 (4) 

-0.0452 (4) 
-0.01 18 (5) 

-0.0895 (3) 

-0.0461 (5) 

-0.115 (2) 
-0.097 (2) 
-0.186 (3) 
-0.276 (3) 

0.104 (2) 
0.074 (2) 
0.152 (2) 
0.133 (3) 

-0.006 (2) 
-0.060 (3) 
-0.059 (4) 
-0.123 (6) 

0.230 (2) 
0.328 (2) 
0.342 (3) 
0.296 (4) 
0.210 (2) 
0.298 (3) 
0.294 (3) 
0.362 (4) 
0.307 (2) 
0.328 (2) 
0.425 (4) 
0.414 (2) 

-0.006 (2) 
-0.035 (3) 

-0.042 (4) 
-0.180 (2) 
-0.250 (2) 
-0.347 (3) 
-0.402 (3) 
-0.057 (2) 
-0.123 (2) 
- 0 . 1  12 (2) 
-0.177 (2) 

0.015 (2) 
-0.013 (3) 

0.037 (6) 
0.042 (7) 
0.032 (3) 
0. I36 (3) 
0.189 (4) 
0.190 (5) 

-0.140 (2) 
-0.213 (3) 
-0.323 (3) 
-0.360 (4) 

0.013 (4) 

0.21900 (6) 
0.27597 (6) 
0.1862 (2) 
0.2569 (2) 
0.3025 (2) 
0.2879 (2) 
0.2422 (2) 
0.2641 (2) 
0.1847 (2) 
0.1450 (2) 
0.3591 (2) 
0.301 ( I )  
0.348 ( I )  
0.383 (2) 
0.364 (2) 
0.3147 (9) 
0.349 (1) 
0.392 ( I )  
0.434 ( I )  
0.2218 (8) 
0.242 ( I )  
0.196 (2) 
0.209 (2) 
0.1767 (9) 
0.145 ( I )  
0.135 ( I )  
0.092 ( I )  
0.114 ( I )  
0.103 ( I )  
0.048 (2) 
0.028 (2) 
0.216 ( I )  
0.264 ( I )  
0.288 (2) 
0.316 (2) 
0.1030 (9) 
0.051 ( I )  
0.017 ( I )  
0.020 (2) 
0.1635 (8) 
0.118 ( I )  
0.142 (2) 
0.157 (3) 
0.0962 (7) 
0.1181 (9) 
0.074 ( I )  
0.090 ( I )  
0.379 ( I )  
0.434 ( I )  
0.440 (2) 
0.492 (2) 
0.414 ( I )  
0.420 ( I )  
0.460 (2) 
0.456 (2) 
0.367 ( I )  
0.370 (2) 
0.375 (2) 
0.422 (2) 

'Values for anisotropically refined atoms are given in the form of 
(4/ 

The numbers in parentheses are the estimated standard devi- 

the equivalent isotropic displacement parameter defined as: 
3)[U2Bl, + b2B22 + C2B33 + ob(cos ?)BIZ + UC(COS @)Bl,  + ~C(COS 

ations in the least significant digit. 

chlorine atoms. These give the molecule C, point group sym- 
metry. This structure, shown in Figure 6, is the first face-sharing 
bioctahedron of the type studied here with this symmetry to be 
structurally characterized. The other possible isomers, those 
having C, or C, symmetry, have been discussed earlier for similar 
face-sharing bioctahedra. Compound 2 displays C, symmetry and 
compound 3 displays C, symmetry. 

The pertinent bond distances and angles for compound 4 are  
listed in Table XIV. The shortest Ru-Clb distance, 2.385 (2) 

Table VII. Positional and Isotropic-Equivalent Thermal 
Displacement Parameters (Bi, in A*) for Ru2CI5(PMe2Ph),' 

atom X Y Z Bi." 
Ru(1) 0.45801 (2) 
CI(1) 0.500 
Cl(2) 0.40201 (6) 
Cl(3) 0.51783 (7) 
P(l) 0.43776 (7) 
P(2) 0.32829 (7) 
C(11) 0.3859 (3) 
C(12) 0.2977 (3) 
C(13) 0.2569 (3) 
C(14) 0.3043 (4) 
C(15) 0.3922 (4) 
C(16) 0.4321 (3) 
C(17) 0.3779 (3) 
C(18) 0.5396 (3) 
C(21) 0.2307 (3) 
C(22) 0.1900 (3) 
C(23) 0.1 I46 (3) 
C(24) 0.0789 (3) 
C(25) 0.1 190 (3) 
C(26) 0.1944 (3) 
C(27) 0.2919 (3) 
C(28) 0.3287 (3) 
H(1) 0.329 (3) 
H(2) 0.377 (3) 
H(3) 0.405 (3) 
H(4) 0.573 (3) 
H(5) 0.565 (3) 
H(6) 0.524 (3) 
H(7) 0.270 (3) 
H(8) 0.207 (3) 
H(9) 0.279 (3) 
H(10) 0.485 (3) 
H(11) 0.426 (3) 
H(12) 0.288 (3) 
H(13) 0.324 (3) 
H(14) 0.226 (3) 
H(15) 0.332 (3) 
H(16) 0.376 (3) 
H(17) 0.262 (3) 
H(18) 0.209 (3) 
H(19) 0.085 (3) 
H(20) 0.027 (3) 
H(21) 0.099 (3) 
H(22) 0.226 (3) 

0.01 178 (3) 
0.1876 ( I )  

-0.0783 ( I )  
0.1020 ( I )  

0.1073 ( I )  
-0.2819 (4) 
-0.2983 (4) 

-0.1484 ( I )  

-0.3987 (5) 
-0.4861 (5) 
-0.4738 (5) 
-0.3707 (5) 
-0.1175 (5) 

0.0223 (4) 
0.0285 (4) 

-0.0364 (5) 
-0.1035 (5) 
4.1115 (5) 
-0.0480 (5) 

0.1880 (4) 
0.2245 (5) 

-0.2063 (5) 

4 .084  (5) 
-0.185 (5) 
-0.058 (5) 
-0.227 (5) 

-0.262 (5) 
-0.233 (4) 
-0.410 (5) 
-0.556 (5) 
-0.356 (4) 
-0.533 (4) 

-0.148 (5) 

0.136 (5) 
0.241 (5) 
0.230 ( 5 )  
0.191 (5) 
0.276 (5) 
0.271 ( 5 )  
0.081 (4) 

-0.032 (5) 
-0.146 (5) 
-0.161 (4) 
-0.053 (5) 

0.68047 (2) 
0.750 
0.76514 (5) 
0.59948 (6) 
0.61124 (5) 
0.64636 (5) 
0.6335 (2) 
0.6141 (3) 
0.6304 (3) 
0.6666 (3) 
0.6857 (3) 
0.6703 (3) 
0.5304 (2) 
0.5944 (3) 
0.6134 (2) 
0.5489 (2) 
0.5269 (2) 
0.5682 (3) 
0.6324 (3) 
0.6552 (2) 
0.7104 (2) 
0.5870 (3) 
0.531 (2) 
0.502 (2) 
0.513 (2) 
0.633 (3) 
0.578 (2) 
0.561 (3) 
0.590 (2) 
0.618 (2) 
0.678 (2) 
0.685 (2) 
0.714 (2) 
0.740 (2) 
0.728 (3) 
0.698 (3) 
0.555 (2) 
0.602 (2) 
0.577 (3) 
0.522 (2) 
0.486 (2) 
0.552 (2) 
0.664 (2) 
0.697 (2) 

1.476 (6) 
2.03 (3) 
1.99 ( 2 )  
2.65 (2) 
1.85 (2) 
1.81 (2) 
1.97 (9) 
2.7 ( I )  
3.1 ( I )  
3.4 ( I )  
4.5 ( I )  
3.6 ( I )  
2.8 ( I )  
3.0 ( I )  
2.09 (9) 
2.6 (1 )  
3.0 ( I )  
3.1 ( I )  
3.0 ( I )  
2.6 ( I )  
2.5 ( I )  
2.8 ( I )  
1.2 (4)* 
1.2* 
1.2' 
1.2. 
1.2* 
1.2. 
0.6 (3)* 
0.6' 
0.6* 
0.6' 
0.6* 
1.2. 
1.2* 
1.2. 
1.2* 
1.2* 
1.2. 
0.6* 
0.6. 
0.6. 
0.6* 
0.6* 

'Values for anisotropically refined atoms are given in the form of 
the equivalent isotropic displacement parameter defined as: (4/ 

 CY)^?,,]. Starred values denote atoms that were refined isotropically. 
The numbers in parentheses are the estimated standard deviations in 
the least significant light. 

3)[a2B1, + b2E22 + c2B33 + U ~ ( C O S  ?)E12 + UC(COS B)Bl, + &(COS 

Figure 6. ORTEP drawing of compound 4. Carbon atoms were given 
arbitrary radii. 

A, is longer than both terminal Ru-CI bonds, 2.351 (2) and 2.348 
(2) A, as expected. As is typically the case, the Ru-CI bonds trans 
to Ru-P bonds are longer than those trans to Ru-Cl bonds. The 
Ru-Ru separation of 2.992 (1 )  A is essentially the same as that 
in compound 3. EPR experiments gave rhombic spectral patterns 
(gl = 2.29, g2 = 2.07, g, = 1.90). 
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Table VIII. Positional and Isotropic-Equivalent Thermal 
Displacement Parameters (Bi, in A2) for R U , C I ~ ( P M ~ ~ ) ~ ”  

atom X Y Z Bi, 
~ 

Ru(l) 0.23253 (5) 0.584 (0) 0.41933 (4) 1.305 (7) 
Ru(2) 0.27039 (5) 0.48414 (5) 0.17781 (4) 1.365 (8) 
CI(1) 0.1846 (2) 0.6562 (1) 0.2190 ( I )  1.68 (3) 
Cl(2) 0.1349 (2) 0.4155 ( I )  0.3431 ( I )  1.92 (3) 
Cl(3) 0.4598 (2) 0.5123 ( I )  0.3507 (2) 1.83 (3) 
Cl(4) 0.2868 (2) 0.5148 (2) 0.6166 (2) 2.24 (3) 
Cl(5) 0.3515 (2) 0.3137 (2) 0.1417 (2) 2.85 (4) 
P( l )  0.3501 (2) 0.7339 (2) 0.4930 (2) 1.84 (3) 
P(2) 0.0060 (2) 0.6383 (2) 0.4612 (2) 1.73 (3) 
P(3) 0.4177 (2) 0.5563 (2) 0.0437 (2) 2.06 (3) 
P(4) 0.0798 (2) 0.4523 (2) 0.0357 (2) 1.96 (3) 
C(1) -0.0484 (9) 0.7702 (7) 0.4131 (7) 2.7 ( I )  
C(2) -0.1413 (9) 0.5641 (9) 0.380 ( I )  4.3 (2) 
C(3) -0.0397 (9) 0.6323 (8) 0.6198 (7) 3.0 (2) 
C(4) 0.2911 (8) 0.7889 (6) 0.6347 (6) 2.1 (1) 
C(5) 0.346 ( I )  0.8477 (7) 0.3896 (7) 3.1 (2) 
C(6) 0.5435 (9) 0.7142 (9) 0.5384 (9) 3.9 (2) 
C(7) -0.051 ( I )  0.3604 (8) 0.0871 (8) 3.5 (2) 
C(8) -0.0373 (8) 0.5607 (7) -0.0139 (8) 2.9 (2) 
C(9) 0.118 ( I )  0.3930 (9) -0.1076 (8) 3.7 (2) 
C(10) 0.3346 (8) 0.6476 (7) -0.0706 (7) 2.7 ( I )  
C(l I )  0.514 ( I )  0.4662 (9) -0.0494 (9) 4.6 (2) 
C(I2) 0.566 ( I )  0.6342 (9) 0.1158 (8) 3.9 (2) 

“Values for anisotropically refined atoms are given in the form of 
the equivalent isotropic displacement parameter defined as: (4/ 

a)B2,]. The numbers in parentheses are the estimated standard devi- 
ations in the least significant digit. 

3)[a2Bl1 + b2B22 + c2B33 +  COS ~ ) B 1 2  + UC(COS o)BI3 + ~ C ( C O S  

Table IX.  Positional and Isotropic-Equivalent Thermal Displacement 
Parameters (B i ,  in A2) for Ru,CI,(PEt,),” 

atom X Y Z Bim 

Ru(l) 0.64429 (6) 0.74606 (4) 0.06380 (8) 2.12 ( I )  
Ru(2) 0.36645 (6) 0.75212 (4) 0.13840 (8) 2.24 ( I )  
CI(1) 0.4858 (2) 0.7479 ( I )  -0.1351 (2) 2.66 (4) 
CI(2) 0.4967 (2) 0.6564 ( I )  0.2099 (3) 2.98 (4) 
Cl(3) 0.5369 (2) 0.8404 ( I )  0.2391 (3) 2.93 (4) 
Cl(4) 0.7920 (2) 0.7434 ( I )  0.2711 (3) 3.59 (5) 
Cl(5) 0.2615 (2) 0.8507 ( I )  0.0478 (3) 3.67 (5) 
Cl(6) 0.2218 (2) 0.6584 ( I )  0.0205 (3) 3.84 (5) 
P(l)  0.7234 (2) 0.6428 ( I )  -0.0799 (3) 2.49 (4) 
P(2) 0.7513 (2) 0.8450 ( I )  -0.0725 (3) 2.75 (4) 
P(3) 0.2757 (2) 0.7542 ( I )  0.3901 (3) 2.62 (4) 
C(1) 0.6959 (9) 0.5498 (5) 0.018 (1) 4.0 (2) 
C(2) 0.763 ( I )  0.5452 (7) 0.190 ( I )  6.3 (3) 
C(3) 0.8859 (8) 0.6552 (5) -0.104 ( I )  3.6 (2) 
C(4) 0.9377 (9) 0.5817 (6) -0.187 (2) 5.3 (3) 
C(5) 0.6571 (8) 0.6183 (5) -0.297 ( I )  3.5 (2) 
C(6) 0.5376 (9) 0.5683 (6) -0.306 (1) 4.8 (2) 
C(7) 0.7533 (9) 0.8274 (5) -0.304 ( I )  3.6 (2) 
C(8) 0.809 ( I )  0.8970 (6) -0.396 ( I )  4.9 (2) 
C(9) 0.6905 (9) 0.9395 (5) -0.048 ( I )  3.8 (2) 
C(10) 0.573 ( I )  0.9438 (6) -0.149 ( I )  4.5 (2) 
C(11) 0.9131 (8) 0.8676 (7) -0.006 ( I )  4.6 (2) 
C(12) 0.938 ( I )  0.9247 (7) 0.153 ( I )  5.5 (3) 
C(13) 0.3351 (9) 0.8344 (5) 0.544 ( I )  3.8 (2) 
C(14) 0.311 ( I )  0.9157 (6) 0.498 (2) 5.8 (3) 
C(15) 0.2961 (9) 0.6699 (5) 0.514 ( 1 )  3.4 (2) 
C(16) 0.232 ( I )  0.5928 (6) 0.434 ( I )  4.4 (2) 
C(17) 0.1122 (8) 0.7579 (7) 0.369 ( I )  4.5 (2) 
C(18) 0.0525 (9) 0.7605 (9) 0.545 ( I )  6.2 (3) 

“Values for anisotropically refined atoms are given in the form of 
the equivalent isotropic displacement parameter defined as: (4/ 

a)B2, ] .  The numbers in parentheses are the estimated standard devi- 
ations in the least significant digit. 

3)[n2Bll + b2B22 + c2B33 + ab(cos y)B12 + UC(COS b)B13 + ~ C ( C O S  

Structure and Bonding in the Ru(III), Ru(II1) Compounds: 
Ru2CI6(PEQ3 (5). The structure of compound 5 is shown in 
Figure 7, and important bond distances and angles are  listed in 
Table XV. There is no crystallographically imposed symmetry 
in the molecule, but the inner portion, Le., excluding the ethyl 
groups, possess approximate mirror symmetry about the plane 

Table X. Selected Bond Distances (A) and Angles (deg) for 
hC13(PB~3)61  [RuWPBud21” 

Bond Distances 
Ru( I)-CI( 1) 2.495 (2) Ru(I)-P(3) 2.289 (2) 
Ru(l)-CI(2) 2.486 (2) Ru(2)-C1(3) 2.360 (3) 
Ru(l)-C1(2’) 2.473 (2) Ru(2)-C1(4) 2.370 (3) 
Ru(l)-P(l) 2.308 (2) Ru(2)-P(4) 2.375 (3) 
Ru(l)-P(2) 2.292 (3) 

Bond Angles 
Cl(l)-R~(l)-Cl(2) 77.74 (6) P(I)-Ru(l)-P(3) 95.49 (9) 
Cl(l)-R~(l)-Cl(2’) 77.97 (6) P(2)-Ru( l)-P(3) 96.46 (9) 
Cl(l)-R~(l)-P(l)  166.78 (8) C1(3)-Ru(Z)-C1(3’) 180.00 (0) 
Cl( l)-Ru( I)-P(2) 89.82 (7) C1(3)-R~(2)-C1(4) 90.36 (9) 
Cl( l)-Ru( l)-P(3) 95.69 (7) C1(3’)-Ru(2)-CI(4) 89.64 (9) 
C1(2)-Ru(l)-CI(2’) 79.65 (8) C1(3)-R~(2)-P(4) 91.01 (9) 
Cl(2)-R~(l)-P(l) 96.13 (9) C1(3’)-R~(2)-P(4) 88.99 (9) 
C1(2)-R~(l)-P(2) 167.54 (8) C1(4)-Ru(2)-CI(4’) 180.00 (0) 
C1(2)-Ru(l)-P(3) 85.56 (9) C1(4)-Ru(2)-P(4) 89.06 (9) 
C1(2’)-Ru(l)-P( 1) 89.46 (8) C1(4’)-R~(2)-P(4) 90.94 (9) 
C1(2’)-Ru(l)-P(2) 97.28 (8) P(4)-Ru(2)-P(4’) 180.00 (0) 
C1(2’)-Ru(l)-P(3) 164.83 (9) Ru(I)-CI(I)-RU(I’) 85.7 ( I )  
P(I)-Ru(l)-P(2) 95.92 (9) Ru(~)-CI(~)-RU(I’) 86.39 (8) 

” Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Figure 7. ORTEP drawing of compound 5. Carbon atoms were given 
arbitrary radii. 

defined by the Ru atoms and the bridging chlorine atom C1( 1). 
As expected, the Ru-CI bonds trans to the Ru-P bonds are longer 
than those trans to the Ru-CI bonds, and the terminal Ru-Cl bond 
lengths (average 2.307 (2) A) are shorter than the bridging Ru-Cl 
bond distances (average 2.462 (2) A). 

The Ru-Ru distance of 3.201 (1) A is only sli htly longer than 
that reported for the PBu, analogue, 3.176 (1) the only other 
structurally characterized face-sharing bioctahedral complex of 
the Ru(III) ,  Ru(II1) type with phosphine and chlorine ligands. 
The magnetic susceptibility measurements gave the following 
results: xmol = 3.059 X cgsu, K~~ = 2.72 pB/molecule. This 
corresponds to a pea = 1.91 pB/Ru atom, which is consistent with 
two independent low-spin dS configurations. 

Cyclic Voltammetric Studies. Results of the cyclic voltammetric 
studies (including EPR and magnetic susceptibility measurements) 
for compounds l a ,  2,3,4, and 5 are  summarized in Table XVI 
together with those for previously studied analogous diruthenium 
complexes. Cyclic voltammograms are  shown in Figures 8 and 
9. For la, the cyclic voltammogram showed two reversible 
one-electron-oxidation processes at  +1.39 and +0.90 V. The values 
of the redox potentials a re  close to that for the one-electron 
oxidation of the Ru(I1) center in compound 2. 

For 2, a one-electron oxidation is observed a t  +0.95 V and a 
one-electron reduction a t  -0.73 V. The analogous PEt,Ph com- 
pound gave corresponding redox potentials of + 1.27 and -0.28 
V.8 

For 3, the cyclic voltammogram showed a one-electron oxidation 
a t  +0.55 V and a one-electron reduction at  -0.09 V. The pre- 
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Table XI. Selected Bond Distances (A) and Angles (deg) for 
[ R U ~ C I ~ ( P B U ~ , I  [BPhl' 

Bond Distances 
Ru(l)-CI(I) 2.473 (2) P(2)-C(13) 1.847 (9) 
Ru(I)-C1(2) 2.494 (2) P(2)-C(17) 1.854 (8) 
Ru(l)-C1(2) 2.472 (2) P(2)-C(21) 1.859 (10) 
Ru(l)-P(I) 2.304 (2) P(3)-C(25) 1.845 (8) 
Ru(l)-P(2) 2.291 (2) P(3)-C(29) 1.844 ( I O )  
Ru(l)-P(3) 2.286 (2) P(3)-C(33) 1.864 (9) 
Ru(2)-C1(3) 2.482 (2) P(4)-C(37) 1.842 (9) 
Ru(2)-C1(4) 2.478 (2) P(4)-C(41) 1.844 (9) 
Ru(2)<1(4) 2.488 (2) P(4)-C(45) 1.860 (1 1) 
Ru(Z)-P(4) 2.290 (2) P(5)-C(49) 1.882 (9) 
Ru(2)-P(5) 2.293 (2) P(5)-C(53) 1.862 (8) 
Ru(2)-P(6) 2.320 (2) P(5)-C(57) 1.846 (8) 
P(I)-C(I) 1.820 (10) P(6)-C(61) 1.834 (10) 
P(I)-C(5) 1.837 (8) P(6)-C(65) 1.855 ( IO)  
P(I)-C(9) 1.854 (IO) P(6)<(69) 1.861 (11) 

Bond Angles 
Cl(l)-R~(l)-Cl(2) 78.35 (6) Ru(I)-P(I)-C(5) 119.0 (3) 
Cl(l)-R~(l)-Cl(2) 78.76 (6) Ru(l)-P(l)-C(9) 115.8 (4) 
Cl(l)-R~(l)-P(l)  88.35 (7) C(l)-P(l)-C(5) 104.7 (4) 
Cl(l)-R~(l)-P(2) 95.76 (6) C(l)-P(l)-C(9) 101.0 ( 5 )  
Cl(l)-R~(l)-P(3) 166.32 (8) C(5)-P(I)-C(9) 100.3 ( 5 )  
C1(2)-Ru(l)-C1(2) 76.44 (7) Ru(l)-P(2)-C(13) 117.5 (3) 
Cl(2)-R~(l)-P(l) 165.20 (7) Ru(l)-P(2)-C(I7) 118.2 (3) 
C1(2)-R~(l)-P(2) 93.21 (7) R~(l)-P(2)-C(21) 110.8 (4) 
C1(2)-R~(l)-P(3) 94.40 (8) C(13)-P(2)-C(17) 102.0 (4) 
Cl(2)-R~(l)-P(l) 94.74 (7) C(13)-P(2)<(21) 101.9 ( 5 )  
C1(2)-Ru(l)-P(2) 169.03 (7) C(17)-P(Z)-C(21) 104.5 (4) 
C1(2)-R~(l)-P(3) 88.31 (8) Ru(l)-P(3)-C(25) 120.4 (3) 
P(I)-Ru(l)-P(2) 94.59 (8) Ru(l)-P(3)-C(29) 11 1.9 (4) 
P(I)-Ru(l)-P(3) 97.24 (8) Ru(l)-P(3)-C(33) 114.8 (3) 
P(2)-Ru(l)-P(3) 96.22 (8) C(25)-P(3)-C(29) 102.3 ( 5 )  
C1(3)-Ru(Z)-C1(4) 78.40 (6) C(25)-P(3)-C(33) 102.7 (4) 
C1(3)-R~(2)-C1(4) 78.21 (6) C(29)-P(3)<(33) 102.6 ( 5 )  
C1(3)-R~(2)-P(4) 165.53 (7) R~(2)-P(4)-C(37) 115.1 (3) 
C I ( ~ ) - R U ( ~ ) - P ( ~ )  86.98 (7) R~(2)-P(4)<(41) 121.5 (3) 
C1(3)-R~(2)-P(6) 94.73 (7) Ru(2)-P(4)-C(45) 11 1.7 (3) 
C1(4)-R~(2)-C1(4) 78.16 (7) C(37)-P(4)<(41) 102.9 (4) 
C1(4)-R~(2)-P(4) 95.02 (8) C(37)-P(4)-C(45) 101.3 (4) 
C1(4)-R~(2)-P(5) 164.77 (7) C(41)-P(4)-C(45) 101.8 ( 5 )  
C1(4)-Ru(2)-P(6) 90.12 (8) R~(2)-P(5)-C(49) 110.8 (3) 
C1(4)-Ru(2)-P(4) 87.88 (7) R~(2)-P(5)-C(53) 115.7 (3) 
C1(4)-R~(2)-P(5) 94.80 (7) Ru(2)-P(5)-C(57) 119.7 (3) 
C1(4)-R~(2)-P(6) 167.27 (8) C(49)-P(5)-C(53) 101.5 (4) 
P(4)-Ru(2)-P(5) 98.22 (8) C(49)-P(5)-C(57) 102.8 (4) 
P(4)-Ru(Z)-P(6) 98.19 (8) C(53)-P(5)-C(57) 104.1 ( 5 )  
P ( ~ ) - R u ( ~ ) - P ( ~ )  95.38 (8) Ru(2)-P(6)-C(61) 113.0 (3) 
R~( l ) -C l ( l ) -R~( l )  87.25 (9) Ru(2)-P(6)<(65) 122.8 (4) 
Ru(l)-CI(2)-Ru(l) 86.81 (7) R~(2)-P(6)-C(69) 109.1 (3) 
R u ( ~ ) - C I ( ~ ) - R U ( ~ )  86.46 (9) C(61)-P(6)<(65) 104.7 ( 5 )  
Ru(~) -CI (~ ) -RU(~)  86.44 (7) C(61)-P(6)-C(69) 102.7 ( 5 )  
Ru(I)-P(I)-C(I) 113.7 (3) C(65)-P(6)-C(69) 102.2 ( 5 )  

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

viously characterized R U ~ C I ~ ( P B U ~ ) , , ~  which has the same ap- 
proximate symmetry as  compound 3, was also studied and it 
showed a one-electron oxidation a t  +0.61 V and a one-electron 
reduction a t  -0.28 V. These are  the first electrochemical data 
on Ru2C15L4 (L = phosphine or arsine) trpes of compounds having 
C2 symmetry that have corresponding x-ray crystal structures. 
The separation between the redox couples is not as large as those 
found for the corresponding C, isomers of these complexes. 

The cyclic voltammogram of 4 gave a one-electron oxidation 
a t  +OS8 V and a one-electron reduction a t  -0.18 V. The redox 
potentials are separated by as much as in those for the diruthenium 
complexes with the C2 structure. 
Discussion 

Structural Results and Their Implicotiorrs. Table XVII lists all 
of the chloro-phosphino FSBO complexes of ruthenium for which 
structural data a re  available and gives key parameters bearing 
on the question of whether Ru-Ru bonding occurs. 

The five IIJI compounds in which no Ru-Ru bonding can be 
expected because of their d6,d6 configurations provide a calibration 

Table XII. Selected Bond Distances (A) and Angles (deg) for 
R u ~ C I ~ ( P B U ~ ) ~ '  

Bond Distances 
Ru( l )CI ( I )  2.449 ( 5 )  Ru(2)<I(I) 2.492 ( 5 )  
Ru( 1)-C1(2) 2.524 ( 5 )  Ru(2)-C1(2) 2.394 ( 5 )  
Ru(l)-C1(3) 2.498 (4) Ru(2)-C1(3) 2.400 ( 5 )  
Ru(l)-P(I) 2.293 (6) Ru(2)-C1(4) 2.315 (6) 
Ru(l)-P(2) 2.285 (6) Ru(2)-C1(5) 2.303 (6) 

Bond Angles 

Ru(I)-P(3) 2.291 ( 5 )  Ru(2)-P(4) 2.269 (6) 

CI(I)-Ru( 1)-C1(2) 80.0 (2) Cl(I)-R~(2)<1(4) 90.8 (2) 
Ci(l)-R~(l)-Ci(3) 80.6 (2) CI(I)-Ru(2)-C1(5) 93.4 (2) 
Cl(l)-R~(l)-P(l) 170.0 (2) Cl(l)-Ru(2)-P(4) 175.8 (2) 
Cl(l)-R~(l)-P(2) 84.8 (2) C1(2)-Ru(2)-C1(3) 81.4 (2) 
CI( I)-Ru(l)-P(3) 93.5 (2) C1(2)-R~(2)-C1(4) 170.4 (2) 
C1(2)-Ru(l)C1(3) 77.0 (2) C1(2)-Ru(2)-C1(5) 92.2 (2) 
Cl(2)-R~(l)-P(l) 96.0 (2) C1(2)-R~(2)-P(4) 95.2 (2) 
C1(2)-R~(l)-P(2) 163.6 (2) C1(3)-Ru(2)41(4) 91.5 (2) 
C1(2)-R~(l)-P(3) 90.3 (2) C1(3)-Ru(2)-C1(5) 172.5 (2) 
Cl(3)-R~(l)-P(l) 89.6 (2) C1(3)-Ru(Z)-P(4) 94.9 (2) 
C1(3)-R~(l)-P(2) 94.4 (2) C1(4)-Ru(2)-C1(5) 94.3 (2) 
C1(3)-R~(l)-P(3) 166.7 (2) C1(4)-Ru(2)-P(4) 91.9 (2) 
P(l)-Ru(l)-P(2) 97.9 (2) C1(5)-Ru(Z)-P(4) 89.7 (2) 
P(I)-Ru(l)-P(3) 95.8 (2) Ru(I)-CI(I)-RU(~) 83.2 (2) 
P(2)-Ru(l)-P(3) 96.9 (2) Ru(l)C1(2)-Ru(2) 83.6 (2) 
Cl(l)-R~(2)-C1(2) 81.8 (2) Ru(l)-C1(3)-Ru(2) 84.0 (2) 
Cl(l)-Ru(2)-CI(3) 81.7 (2) 

' Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

I 
zp I 

B 
n 

/4 
h / 

Figure 8. Cyclic voltammograms of CHzC12 solutions of (A) the Cz 
isomer of compound 2 and (B) compound la. 

for our subsequent assessment of the other compounds. The 
enlarged Ru-Clb-Ru angles and contracted Clb-Ru-Clb angles 
show that there is strong repulsion between the R u  atoms, and 
the long Ru to Ru distances, 3.28 to 3.44 A, can be taken as 
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Table XIII. Selected Bond Distances (A) and Angles (deg) for 
RuzC15( PMe2Ph)/ 

Bond Distances 
Ru(l)-Ru(l) 2.994 (0) Ru( l)-Cl(3) 2.359 ( I )  
Ru(l)-Cl(I) 2.476 ( I )  Ru( I)-P( 1) 2.305 ( I )  
Ru(l)-C1(2) 2.391 ( I )  Ru(l)-P(2) 2.305 ( I )  
Ru(l)-C1(2) 2.502 ( I )  

Ru( I)-Ru( I)-CI( I )  
Ru(l)-Ru( I)-C1(2) 
Ru(l)-Ru( I)-C1(2) 
Ru( I)-Ru( l)-CI(3) 
Ru(l)-Ru(l)-P( I )  
Ru( l)-Ru( I)-P(2) 
CI( I)-Ru( I)-C1(2) 
CI( I)-Ru( l)-CI(2) 
CI( I)-Ru( I)-C1(3) 
Cl( I)-Ru( I)-P( 1 ) 
CI( I)-Ru( I)-P(2) 
C1(2)-Ru( 1 )-C1(2) 

Bond Angles 
52.80 (2) C1(2)-Ru(l)-C1(3) 
53.98 (2) Cl(2)-R~(l)-P(l) 
50.61 (3) CI(Z)-Ru(l)-P(2) 

124.03 (3) C1(2)-R~(l)-C1(3) 
127.60 (3) Cl(2)-R~(l)-P(l) 
120.20 (3) C1(2)-Ru(l)-P(2) 
88.92 (3) Cl(3)-R~(l)-P(l) 
86.44 (3) C1(3)-R~(l)-P(2) 
89.81 (3) P(I)-Ru(l)-P(Z) 

171.68 (4) Ru(l)-CI( I)-Ru( I )  
86.21 (3) Ru(l)-C1(2)-Ru(l) 
84.86 (4) 

177.99 (4) 
97.39 (4) 
89.42 (4) 
93.51 (4) 
88.72 (4) 

170.77 (4) 
83.73 (4) 
92.05 (4) 
99.22 (4) 
74.41 (4) 
75.41 (3) 

"Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

Table XIV. Selected Bond Distances (A) and Angles (deg) for 
Ru,CI,(PMe,)," 

Bond Distances 
Ru(l)-Ru(2) 2.992 ( I )  Ru(2)-CI(I) 2.397 (2) 
Ru(l)-CI(I) 2.385 (2) Ru(2)-C1(2) 2.460 (2) 
Ru(l)-C1(2) 2.455 (2) Ru(2)-C1(3) 2.481 (2) 
Ru(l)-C1(3) 2.473 (2) Ru(2)-C1(5) 2.351 (2) 
Ru(l)-CI(4) 2.348 (2) Ru(2)-P(3) 2.290 (2) 
Ru(l)-P(I) 2.309 (2) Ru(2)-P(4) 2.273 (2) 
Ru(l)-P(2) 2.290 (2) 

Bond Andes 
Ru(~)-Ru( 1)-CI( 1) 
Ru(~)-Ru(  1 )-C1(2) 
Ru(~)-Ru( 1 ) - a (  3) 
Ru(~)-Ru(  1 )-C1(4) 
Ru(~)-Ru(  1 )-P(l) 
Ru(~)-Ru(  I)-P(2) 
CI( I)-Ru(l)-C1(2) 
CI( I)-Ru( I)-C1(3) 
Cl( I)-Ru( I)-C1(4) 
Cl( I)-Ru( I)-P( 1) 
Cl( I)-Ru( I)-P(2) 
CI(Z)-Ru( I)-Cl(3) 
C1(2)-Ru( I)-C1(4) 
C1(2)-Ru( I)-P( I )  
C1(2)-Ru( I)-P(2) 
C1(3)-Ru( 1 )-C1(4) 
CI(3)-Ru(l)-P( I )  
C1(3)-Ru( I )-P(2) 
CI(4)-Ru(l)-P( 1) 
C1(4)-Ru( I)-P(2) 
P(I)-Ru( I)-P(2) 
Ru( l)-Ru(2)-CI( I )  
Ru( l)-Ru(2)-C1(2) 

5 I .44(4) 
52.58 (4) 
52.97 (4) 

128.41 (5) 
125.01 (5) 
119.51 (5) 
89.75 (6) 
87.25 (6) 

178.34 (6) 
92.40 (6) 
88.57 (6) 
82.19 (6) 
91.20 (6) 

173.46 (6) 
91.22 (6) 
91.53 (6) 
91.74 (6) 

172.21 (6) 
86.52 (6) 
92.77 (7) 
95.00 (7) 
51.09 (4) 
52.41 (4) 

- e + - -  

Ru(l)-Ru(2)-C1(3) 52.72 (4) 
Ru(l)-Ru(2)-CI(5) 127.71 (5) 
Ru(l)-Ru(2)-P(3) 121.49 ( 5 )  
Ru(l)-Ru(Z)-P(4) 122.38 (5) 
CI( I)-Ru(2)-CI(2) 89.36 (6) 
CI(I)-Ru(Z)-CI(3) 86.81 (6) 
CI(I)-Ru(2)-CI(S) 178.52 (7) 
CI(l)-Ru(2)-P(3) 88.72 (7) 
Cl(l)-R~(2)-P(4) 92.60 (6) 
C1(2)-Ru(2)-CI(3) 81.92 (5) 
C1(2)-Ru(2)-Cl(5) 89.17 (7) 
C1(2)-R~(2)-P(3) 172.56 (6) 
C1(2)-R~(2)-P(4) 91.52 (6) 
C1(3)-Ru(2)4(5) 92.90 (6) 
C1(3)-Ru(2)-P(3) 90.80 (6) 
C1(3)-Ru(2)-P(4) 173.42 (7) 
C1(5)-Ru(2)-P(3) 92.73 (8) 
CI(5)-Ru(Z)-P(4) 87.52 (7) 
P(3)-Ru(2)-P(4) 95.75 (7) 
Ru(l)-CI(I)-Ru(2) 77.47 (5) 
Ru(l)-C1(2)-Ru(2) 75.01 (5) 
Ru( l)-C1(3)-Ru(2) 74.3 1 (5) 

"Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

representative of nonbonded Ru-Ru interactions within FSBO 
structural context. 

Turning now to the 11,111 compounds, we first recognize that 
there a re  three structural types. A preliminary survey of the 
tabulated structural data  shows that those of one type, with the 
unsymmetrical distribution of ligands LpRuCI3RuCl2L, differ 
considerably from those of the other two types where there are  
L2Cl groups of ligands on both ends. The R u  to Ru distances in 
the two L3RuCIpRuCI2L molecules are  long (3.28 A), and the 
angles also suggest little if any attraction between the metal atoms. 
In fact, this Ru-Ru distance and the angles a re  very similar to 
those in the I1,II complexes. On this structural basis alone, it is 
tempting to postulate that there is clean valence trapping in these 
molecules so that the one metal atom is a d6 Ru" and the other 
a d5 Ruil'. Having said that, it is logical to go further and assign 

Table XV. Selected Bond Distances (A) and Angles (deg) for 
Ru,CI,IPEt,)i" 

Bond Distances 
Ru(l)-CI(I) 2.340 (2) Ru(2)-C1(1) 2.588 (2) 
Ru(l)-C1(2) 2.517 (2) Ru(2)-CI(2) 2.406 (2) 
Ru(l)-C1(3) 2.513 (2) Ru(2)-C1(3) 2.406 (2) 
Ru(l)-C1(4) 2.300 (2) Ru(2)-C1(5) 2.313 (2) 
Ru(l)-P(I) 2.335 (2) Ru(2)-C1(6) 2.308 (2) 
Ru(l)-P(2) 2.336 (2) Ru(2)-P(3) 2.271 (2) 

CI( l)-R~(l)-Cl(2) 
CI( l)-Ru( 1 )-C1(3) 
CI(1)-Ru( l)-CI(4) 
CI( I)-Ru( 1 )-P( 1) 
CI(I)-Ru( I)-P(2) 
C1(2)-Ru( l)-CI(3) 
C1(2)-Ru( l)-CI(4) 
C1(2)-Ru( 1)-P( 1 ) 
C1(2)-Ru( l)-P(2) 
C1(3)-Ru( l)-CI(4) 
C1(3)-Ru( I)-P( 1) 
C1(3)-Ru( 1)-P(2) 
Cl(4)-Ru(l)-P( 1) 
C1(4)-Ru( I)-P(2) 
P( I)-Ru( 1)-P(2) 
C1( 1 )-R~(2)-C1(2) 
Cl( l)-Ru(2)-Cl(3) 

Bond Angles 
84.07 (7) CI(I)-Ru(2)-CI(5) 
85.35 (7) Cl(l)-R~(2)-C1(6) 

93.76 (7) C1(2)-Ru(2)-C1(3) 
88.87 (8) C1(2)-Ru(2)<1(5) 
78.39 (7) Cl(2)-Ru(2)<1(6) 
93.12 (8) C1(2)-Ru(2)-P(3) 
92.25 (7) C1(3)-Ru(Z)-CI(5) 

168.86 (8) C1(3)-Ru(2)-CI(6) 
92.37 (8) C1(3)-Ru(2)-P(3) 

170.64 (8) CI(5)-Ru(2)<1(6) 
92.48 (8) C1(5)-Ru(2)-P(3) 
88.10 (8) CI(6)-Ru(2)-P( 3) 
93.63 (8) Ru(l)-CI(I)-Ru(2) 
96.82 (8) Ru(l)-CI(2)-Ru(2) 
81.24 (7) Ru(l)-CI(3)-Ru(2) 

176.69 (8) Cl(l)-R~(2)-P(3) 

82.38 (7) 

92.06 (8) 
91.03 (8) 

175.31 (8) 
82.68 (7) 

172.38 (8) 
91.86 (8) 
94.92 (8) 
92.90 (8) 

171.99 (9) 
94.51 (7) 
91.87 (9) 
91.60 (9) 
91.78 (8) 
80.85 (6) 
81.10 (7) 
81.17 (6) 

Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

f 'F 
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Figure 9. Cyclic voltammograms of CH2CIz solutions of (A) compound 
2 and (B) compound 3. 

the Ru" to the LpR~(p-C1)3 environment and the Ru"' to the more 
anionic set of ligands (p-C1)3RuC12L. This choice maximizes 
d?r-p?r back-bonding a t  one end as well as favorable electrostatic 
interaction a t  the other. It will be seen later that electrochemical 
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Table XVI. Electrochemical and Magnetic Data for Face-Sharing Bioctahedral Ruthenium Complexes 

rea9 

Ru(Il), Ru(l1) 

E1pP V 
P I  P I  PSIRU2 gl g1 g3 ref 

[ LpRuCl,RuLJ+ 
L = PEt2Ph +1.75 8 

L = PBuj +1.39 this work 
+1.20 

+0.90 

Ru(Il), Ru(lI1) 
LIRuCI,RuC12Lb 

L = PMe,Ph' +0.81 -0.76 
L = PEt2Ph +1.27 -0.28 1.83 2.46 1.63 
L = PBu, +0.95 -0.73 1.95 2.44 1.59 
L = As(p-tol),c*d +1.24 -0.26 2.27 2.54 1.63 
L = A.s@CIC~H&,' +1.26 -0.42 2.48 1.76 

8 
8 
this work 
8, 17 
8 

L2C1RuC13RuCIL2, C2 Symmetry 
L = PBu, +0.61 -0.28 1.12 2.37 2.05 1.83 9, this work 
L = As(p-tol)~' +0.83 +o. IO 2.41 2.11 1.87 8 ,  17 
L = AsPh,C +0.90 +O. 14 1.75 2.32 2.03 1.76 8 
L = PMe2Ph +0.55 -0.09 1.94 2.33 2.06 1.87 this work 

L = PMe, 
L2CIRuCI,RuCIL2, C,  Symmetry 

this work +0.58 -0.18 2.29 2.07 1.90 

Ru(III), Ru(II1) 

1.91/Ru 
+0.58 1.45/Ru 
-0.44 
+0.62 
-0.44 

L,CIRUCI,RUCI~L 
this work 
17 

17 

(01 = reversible one-electron oxidation occurs at this potential; [R] = reversible one-electron reduction occurs at this potential. bThe molecule 
has approximate C, point symmetry. 'No X-ray crystal structure has been reported. dp-tol = p-tolyl group. 

Table XVII. Selected Structural Parameters for Face-Sharing 
Bioctahedral Ruthenium Complexes 

Ru-Ru, LRU-Clb-Ru~ LCI~-RU-CI~, 
A deg deg ref 

Ru(lI), Ru(1I) 

L = PBu, 
L = PMe, 
L = PMe2Ph 
L = PEt2Ph 

L = PEtZPh 

L = PBu, 
L PEt2Ph 

L = PBuJ 
L = PMe2Ph 

L = PMe, 

[ L3RuC13RuLp]+ 
3.39 86.2 78.5 
3.28 82.9 80.9 
3.37 86.0 78.7 
3.44 87.9 77.2 

L,RuCI,RuCIL, 
3.37 85.2 79.2 

Ru(ll), Ru(lI1) 
L,RuCI3RuCI2Lb 

3.28 83.6 80.4 
3.28 82.9 

L2CIRuC13RuCIL2, C2 Symmetry 
3.12 19.4 83.5 
2.99 75.1 86.7 

L2CIRuC13RuCIL2, C, Symmetry 
2.99 75.6 86.2 

Ru(lll), Ru(ll1) 

3.18  80.5 82.8 
3.20 81.0 82.4 

L,CIRuCI,RuCI,L 

this work 
4 
5 
6 

I 

this work 
8 

9 
this work 

this work 

1 
this work 

"clb = bridging CI ligand. *The molecule has approximate C, point 
symmetry. 

and EPR data support the above proposal. 
The other 11,111 complexes, which both have balanced ligand 

distributions and differ only in the symmetry (C2 vs C2") have 
considerably shorter Ru to Ru distances (2.99, 2.99 and 3.12 A) 
as well as angles indicative of less Ru-Ru repulsion. For com- 
pounds of this type, it would appear that delocalization of the 

unpaired electron and the existence of weak Ru-Ru bonding 
(formal bond order of are  indicated by the structural data. 

For the 111,111 compounds the structural data  alone are  in- 
conclusive. The evidence for unmitigated Ru-Ru repulsion is not 
as extreme as  in the II,II compounds, but the structure suggests 
that any Ru-Ru bonding that does exist is weak-weaker than 
in the symmetrical 11,111 compounds even though the presence 
of two d5 configurations would permit the formation of a full single 
bond. 

Electrochemical and EPR Results and Their Implications. We 
turn now to Table XVI with the purpose of seeing how these data 
may serve to support and clarify the tentative conclusions just 
drawn from the structural data. Once again, the II,II compounds 
are easily understood and provide calibration points for interpreting 
the results on the other classes of compounds. The pairs of 
oxidation potentials are related as would be expected, the second 
ones being considerably more positive. This may be attributed 
to delocalization of the charge (and the odd electron) in the 
symmetrical [L3RuC13RuL3] 2+ ions. 

All of the 11,111 neutral molecules are far more easily oxidized 
than the [L3RuCl3RuL3l2+ dications or even the [L3RuC13RuL3]+ 
ions, as would be expected. For the unsymmetrical L3RuCl3- 
RuC12L type compounds, there is a very large difference between 
the oxidation and the reduction voltages, 1.50-1.68 V. This is 
consistent with the trapped valence assignment based on the 
structural data. Oxidation takes place from a stable Ru(dr)-P- 
(d r )  bonding orbital on the L,Ru*I(p-Cl), unit, while the reduction 
fills a vacancy on the (p-CI),Ru111C12L unit, stabilized electro- 
statically. Hence, both oxidation and reduction a re  relatively 
difficult, and the potentials are  widely separated. 

For both types of L2ClRuC13RuCIL2 molecule, the delocali- 
zation and Ru-Ru bonding result in the HOMO being a half-filled 
u MO where both oxidation and reduction take place. Hence, 
the oxidations and reductions are  closer together, v i r ,  only 
0.64-0.89 V apart. 

For the 111,111 molecules, no oxidation wave was seen, as ex- 
pected, but reduction occurs in two stages, rather well separated. 
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This does not give any clear indication as  to how much Ru-Ru 
bonding may be present. However, the magnetic susceptibility 
data  indicate that there is effectively one unpaired electron on 
each metal atom, although perhaps these are  loosely coupled. 
Essentially, these 111,111 molecules are  not metal-metal bonded. 

Finally, we must comment on the remarkable and characteristic 
difference between the EPR spectra for the unsymmetric and 
symmetrical types of 11,111 compounds. As already noted by 
Stephenson and co-workers, we have here a very handy criterion 
for distinguishing between the two classes, although it is not 
possible in this way (or by CV data)  to distinguish between the 
C2 and Czu types of L2CIRuC13RuCIL2 compounds. The "axial" 
spectrum given by the L3RuCI3RuCI2L molecule is consistent with 

the proposed valence trapping since the odd electron is in an 
approximately axial Ru"'CISL environment. For the symmetrical 
molecules in which there is no symmetry axis of order > 2, the 
appearance of a rhombic g tensor is expected. 
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A combined solvent-, temperature-, and pressure-dependence study of the oxidative addition of iodomethane to Rh(Sacac)- 
(CO)(PPh,) and Rh(cupf)(CO)(PPh,) was undertaken for a range of solvents covering a large range of c,, and q,, values. The 
kinetic data for the thioacetylacetone (Sacac) complex exhibit no significant dependence on the solvent and are interpreted in 
terms of a concerted three-center transition state. In the case of the cupferron (cupf) complex, a significant solvent effect was 
observed for the most polar solvents. This observation is interpreted in terms of a linear transition state and the participation 
of an ion-pair intermediate at least in the case of the polar solvents. The results are discussed in reference to all the data available 
in the literature for such reactions. 

Introduction 
Oxidative-addition reactions of alkyl halides to transition-metal 

complexes are  of general importance in terms of the formation 
of metal alkyl and metal acyl species and their role in catalytic 

We are  especially interested in the mechanistic 
behavior of P-diketone and related complexes of Rh(1) and Ir(1) 
because of the possibility to support these complexes on a polymer 
like polystyrene and so heterogenize the potentially homogeneous 
catalysts. 

We have in recent years investigated the kinetics of the oxidative 
addition of iodomethane to complexes of the type Rh(LL)- 
(CO)(PX,) and Rh(LL)(PX,),, where LL  = P-diketones and 
cupferron and X = phenyl, p-chlorophenyl and p-methoxy- 
phenyl.+I0 Solvent and pressure effects*" were studied in order 
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to obtain more information on the nature of the transition state 
in terms of I (for a concerted three-centered mechanism) or I1 
(for a SN2 mechanism). For the oxidative addition of CH31 to 

I 

Ir(CI)(CO)(PPh3)2,1 the volume of activation exhibited a good 
correlation with the solvent parameter q , I 2  from which it was 
concluded that a linear transition state (IIf is more in accordance 
with the measured AV data than the concerted three-center state 
(I).'I In our earlier studies, some solvent effects were observed,8-1° 
but data for a wide range of solvents in terms of t and q,, values 
were lacking and prevented a detailed interpretation. 

In this study, we have now investigated the solvent, temperature, 
and pressure dependence of reactions 1 and 2 for a series of 
Rh(Sacac)(CO)(PPh,) + CH31 - 

Rh(Sacac) (COCH3)(  I)( PPh,) ( 1 ) 

Rh(cupf)(CO)(PPh3) + CH31 - 
solvents, where HSacac = thioacetylacetone, CH3C(S)CH2C-  
( 0 ) C H 3 ,  and cupf = cupferron, C 6 H 5 N ( O H ) N 0 .  The product 
in the case of reaction 1 is the acyl complex, whereas the alkyl 

Rh(cuPf)(Co)(CH,)(I)(PPh,) (2) 

(12) qp is the pressure derivative of the solvent parameter q = (c  - 1)/(2t 
+ l ) ,  i.e. qp = [3/(2c + 1)2](&/8p), where c is the dielectric constant 
of the solvent. 
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