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The compound previously reported to be Ru2(0& 
CHj)r(PPh3)2 has been characterized as Ru30(0&- 
CH&(PPh& by an X-ray structural determination. It 
is thus related to the known basic acetates of general 
formula [M.?O(O&R)sL?]+, M = Cr, Mn, Fe, Ru; 
L = HIO, O$R. There is no direct metal-metal in- 
teraction. The equilateral triangle of ruthenium atoms 
is bridged by the six acetate groups and the central 
oxygen atom, which lies essentially in the Ru3 plane. 
One PPhJ ligand is coordinated to each metal oppo- 
site the central oxygen atom. Average values of inter- 
atomic distances (and average e.s.d.‘s) include; Ru-P 
= 2.414(7); Ru-O(centra1) = 1.92(2); Ku,-O(aceta- 
te) = 2.06(2); C-O = 1.26(3); RU . . . RU = 3.329 
(3); 0 . . . 0 = 2.26(2) A. The identity of the solid 
stafe and solution IR spectra indicates that the same 
structure is maintained in solution. The non-integral 
oxidation state (22/3) for Ru and the diamagnetism 
of the compound can be rationalized in terms of a 
qualitative molecular-orbital treatment of the Ru30P3 
~-electron system. 

The c_ompound crystallizes in the triclinic space 
group Pl with unit cell dimensions a = 31.372(7), 
b = 36.21(2), c = 9.375(g) A; a = 99.06(3), p = 
8#.03(2), .y = 100.51(l)‘; V = 3180(30) A3; pc,,/c = 

1.52(l) g/cm3 for Z =2; pobs = 1.56(3) g/ml. The 
structure, excluding hydrogen atoms, was determined 
from the intensities of 3227 unique reflections collec- 
ted with a counter diffractometer. It was solved by 
Patterson and difference Fourier syntheses and refined 
by full-matrix least-squares methods to a conventional 
R = 0.100 and weighted R = 0.091. 

introduction 

The structural chemistry of transition metal car- 
boxylates has been a subject of active interest for se- 
veral years, chiefly due to the pronounced tendency 
of carboxylate ligands to stabilize polynuclear confi- 
gurations in which the metals are brought near to or 
within bonding distance of each other. X-ray inves- 
tigations have demonstrated that a number of carbo- 
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xylate complexes are dinuclear, with the formulation 
[M(OKR)~L]Z, where M = V,’ Cr4, Mo,5 Re,: Ru,’ 
RhP Cu,” and L = HzO, Cl, NCS, h5-CsHs, etc. The 
general structure9 corresponding to this formulation 
is shown in Figure 1. In the absence of severe steric 
hinderance by the axial ligands L (as occurs for the 
case M = V, L = hS-CsHs)‘, the metal-metal distan- 
ces derived from the X-ray work have shown that 
the four bridging carboxylates provide a non-con- 
straining framework within which the two metals are 
free to position themselves for a strong br weak inter- 
action with each other,, according to their particular 
bonding potentialities. 
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Figure 1. The general structure adopted by the compwnds 
of formula [M(02CR)~L]2, M = V, Cr, MO, Re, Ru, Rh 
and Cu. 

With the foregoing considerations in mind, we were 
very interested to learn of the preparation of a com- 
pound formulated as [Ru(OJ!CH~)ZPP~J Jz,‘O since not 
only should an tiihl PPh3 interact quite strongly with 
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the metal, but the proposed formulation is closely re- 
lated to (containing one more electron than) the 
known [ Ru(O$JCH&]2Cl, which contains a strong 
metal-metal bond (Ru-Ru = 2.281(4) A) and weakly- 
bonded, bridging, axial chloride ions (Ru-Cl = 2.587 
(5) A)? A significant difference in electronic struc- 
ture seemed indicated by the paramagnetism (equiva- 
lent to three unpaired electrons) of the chloro spe- 
cies,” as opposed to the diamagnetism reported for 
the PPh3 complex. lo We decided, therefore, to deter- 
mine the crvstal structure of the PPh3 comoound in 
order to obtain an exact value of the Ru-R; distance 
for comparison with the chloro analog. This paper 
reports the results of that structural investigation and 
related experiments. A preliminary report of this 
and related chemical studies has been published.‘* 

Experimental Section 

Preparation 
PPh]? “. The 

and Characterization of “[ R~(OAC)~ 

ture method,*O 
compound was prepared by the litera- 
with the exception of the final step 

in which the PPhj adduct is formed from “ruthenium 
acetate”. Here, in order to obtain crystals of the ad- 
duct suitable for X-ray investigation, it was necessary 
to adopt a special procedure as follows. 

A solution of 0.30 g “ruthenium acetate” in 30 
ml methanol was frozen by immersion in a Dewar 
containing liquid nitrogen. A solution of 0.75 g 
PPh3 in 75 ml methanol, previously cooled by immer- 
sion in dry ice-acetone, was added slowly enough so 
that no appreciable melting took place during the 
addition. The Dewar was wrapped with aluminum 
foil and the mixture was allowed to warm to room 
temperature over a period of 36 hr as the liquid 
nitrogen evaporated. The green crystals which for- 
med were filtered, washed with ether and pentane, 
and dried in vacuum over P,OlO. IR Spectrum 
(Nujol, 4000-400 cm-‘): 3060m, 159Ow, 1575w, 
1540m, 1485m, 144Os, 1415s, 1345m, 1189m, 1157w, 
1098m, 1072w, 1041m, 1028m, 997w, 845w, 740m, 
693s, 616m, 508s, 470~ cm-‘. This spectrum, not 
previously reported, is identical to that of an authen- 
tic sample of the compound kindly supplied by Pro- 
fessor G. Wilkinson. The spectrum of a freshly pre- 
pared solution (CHCL and CS2) is identical to that 
above. The reported diamagnetism of the compound 
is confirmed by the fact that a completely normal 
PMR spectrum was obtained (see below). 

The compound appears indefinitely stable to air. 
It is soluble to varying degrees in almost all organic 
solvents and insoluble in water; the best solvents are 
CHCl3 and CS2. However, attempts to obtain good 
crystals using a variety of solvents and conditions were 
unsuccessful, necessitating the special procedure de- 
scribed above. The apparent reason for this was 
slow decomposition of the compound in solution, as 
revealed by changes in the PMR and electronic spec- 
tra with time. The spectral data for freshly prepared 
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solutions were as follows: PMR Spectrum (CD& 60 
MHz): 2.6 7, complex multiplet, intensity 5; 8.35 -r, 
singlet, intensity 2. The spectrum is thus consistent 
with the ratio 2 02CCH,: 1 P(CsHs)3. Electronic Spec- 
trum (CHCl3, 13-38 kK): vmax = 13.3 (E 4800), 25.0 
(lO,OOO), 26.3 (11,000) kK. Within a few hours 
after preparation of the solution, several small peaks 
in addition to those above became visible in the PMR 
spectrum, and the 26.3 kK band in the electronic 
spectrum decreased in intensity and moved to slightly 
lower energy. 

Collection and Reduction of X-ray Data. Weissen- 
berg (hk0, hkl) and precession, hoe, Ok!) photo- 
graphs on a thin plate-like crystal using Cu Ka radia- 
tion showed triclinic symmetry, implying space groups 
Pl (C,‘, no. 1) or Pi Ci', no. 2). The crystal was 
transferred to a General Electric XRD-5 manual dif- 
fractometer and aligned at x = 90” so that c* was 
coincident with the cp axis. The crystal dimensions 
were carefully measured and the major faces were 
identified from their diffraction positions and rela- 
tions to each other as (loo), tOlO), and (001). Unit 
cell dimensions were determined using Cu Ka radia- 
tion (h. = 1.5418 A) by least-squares refinement 
based on the accurately measured angular settings of 
20 reflections; they are a = 13.372(7), b = 26.21 
(2), c = 9.375(8) A, a = 99.06(3), p = 84.03(2), 
y = 100.51( 1’)‘; V = 3 180(30) A3. These values 
lead to pcalc = 1.51(l) g/ cm3 for Z = 3, using the 
molecular weight for [Ru(OAc)2PPh31z; pobs = 1.56 
(3) g/ml (flotation, aq. KI). 

Intensities were measured by a scintillation counter 
using Ni-filtered Cu Ka radiation a takeoff angle 
of 1”. The pulse-height analyzer was set to admit 
92% of the Cu Ka peak. Scans were of the 8-28 
type with a scan rate of 4’/min and a fixed scan 
width of 2.66”. Background counts B1 and & were 
taken for 20 set at each end of the scan range. The 
intensity, I, of each reflection was therefore taken 
as I = P-BI-B2, where P is the number of counts 
in scanning the peak. The intensities of 3867 unique 
reflections within the range 28 = O-80’ were collect- 
ed. Three reflections (ITO, iO1, and Oil) were re- 
measured at regular intervals throughout as a check 
on crystal and instrument stability. None of the 
three showed any systematic deviation from their 
original values; the maximum variation from mean 
intensity was 2.3%, for l’i0. 

Statistical analysis showed that more than 50% of 
the reflections had I > 2a1, where cl = (P+B, +Bz)‘%, 
in every ten-degree interval of 28 except 70-80”. Re- 
flections with I <2a1 in 28 = 70-80’ were therefore 
rejected, while those with I < a,/2 for 20~ 70” were 
assigned the value I = ~2. Intensities of the 3227 
accepted reflections were converted to structure factor 
amplitudes IF01 = (I/Lp)‘+, where Lp = Lorentz- 
polarization factor, and their estimated standard de- 
viations CF = [41Lp]-“[~:+(0.0251)*]‘+. 

Solution and Refinement. Atomic scattering fat. 
tors used were those of Cromer and Waber.13 All 

(13) D. T. Cramer and I. T. Waber, Ada Cryst., 18, 104 (1965). 
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were corrected for the real and imaginary part of 
anomalous dispersion using the values for Af’ and 
Af” given by Cromer.14 

Inspection of a three-dimensional map of the Pat- 
terson function indicated strongly that the molecular 
structure was not as expected. No reasonable so- 
lution could be derived in terms of dimeric Ruz 
units in either Pl or Pi. However,_a completely 
consistent solution was obtained .in Pl for two tri- 
nuclear RUG units per cell in general positions; the 
derived coordinates for the three unique ruthenium 
atoms indicated a roughly equilateral-triangular ar- 
rangement with Ru-Ruz3.3 A. Two cycles of least- 
squares refinement on these coordinates gave R1 = 
ZIIFOl-lF,(l/CIF,I = 0.378 and RZ = I;wFJIF&\F,II’/ 
/I;wF(F,I* = 0.398, where the weights were wF = 
tTp-2. A difference Fourier synthesis was computed, 
and from it positions were derived for 53 more atoms. 
Two cycles of refinement gave RI = 0.231, RZ = 
0.219. A second difference Fourier revealed the po- 
sitions of the 28 remaining atoms expected for the 
formu!ation [Ru(OAc)2PPhJ]j. Three cycles of re- 
finement gave RI = 0.145, R2 = 0.106. 

The data were corrected for absorption (p. = 
71.25 cm-‘); calculated transmission factors ranged 
from 0.613 to 0.917. Two cycles of refinement using 
the corrected data gave RI = 0.138, R2 = 0.102. 
Anisotropic thermal parameters were introduced for 
the three ruthenium and three phosphorus atoms and 
a cycle of refinement was carired out. At this point, 
several carbon atoms in four of the phenyl rings had 
unreascnably high temperature factors. These atoms 
were removed from the parameter list and carefully 
relocated by difference Fourier syntheses; their ther- 
mal parameters were also refined by Fourier methods. 
Both the positional and thermal parameters derived 
in this way were essentially identical to the original 
ones obtained from the least-squares process. It thus 
appears that the high thermal parameters are due to 
a slight disorder in the phenyl rings involved, and are 
not caused by misplacement of the atoms. 

The strongest peak in the initial difference map 
used to relocate the questionable phenyl carbons was 
not due to one of these atoms; it was located near 
the center of the RUJ triangle and had intensity rela- 
tive to the phenyl carbon peaks suggesting a nitrogen 
or oxygen atoms. Since there was no source of 
nitrogen in the reaction system other than the air, the 
atom was initially treated as an oxygen atom. Two 
cycles of rifinement, including this atom and the relo- 
cated phenyl carbon atoms, gave RI = 0.102, RZ = 
0.072. The central atom was returned with the rea- 
sonable value B= 5.2 after the first cycle gnd was as- 
signed anisotropic thermal parameters in the second 
cycle. 

An empirical weighting scheme, Q = ~F(O.~~(F,I)“, 
was introduced at this point to remove an observed 
!F,I dependence in the quantity WFIIF,IF~~~~, in accor- 
dance with Cruickshank’s criterion.15 (Inspection of 
the data indicated that the dependence was not the 
result of extinction.) Two cycles -of refinement were 
carried out using this weighting scheme. The final 

(14) D. T. Cromer, Ibid., 18, 17 (1965). 

RI and Rz were 0.100 and 0.091, respectively. There 
were no significant correlations between parameters 
on different atoms. The e.s.d. of an observation of 
unit weight was 1.04, and the quantity WF JF,I-IF,J~~ 
was now essentially independent of both IF, I and X-l 
sin 8, indicating the correctness of the weighting 
scheme. 

A difference Fourier synthesis was computed using 
the final parameters. The largest peak, in the vici- 
nity of atom Ru(2), had a density of 1.06 electrons/A3. 
Refinement was terminated at this point since it was 
felt that the information desired from the structure 
did not justify the expense of introducing a fully ani- 
sotropic model. 

Computer Programs. Programs used in the struc- 
ture determination include PICK2 (J. A. Ibers) for 
refining cell constants and generating settings for 
data collection; DRAB70 (B. G. De Boer) for reduc- 
tion and the absorption correction; FORDAP (A. 
Zalkin) for Patterson and Fourier syntheses; SFIX 
and SIDIOT (local versions of C. T. Prewitt’s SFLS- 
5) for full-matrix least-squares refinement based on 
minimization of the function D = CWFI[F,I-(F,((*; 
STAN1 (B. G. De Boer) for interatomic distances and 
angles; MGEOM (J. S. Wood) for least-squares pla- 
nes; and ORTEP (C. K. Johnson) for intermolecular 
contacts and diagrams. 

Results and Description of Structure 

A table of the final values of IF=] and ]F,I scaled to 
lFcl appears in the microfilm edition of this journal. 
Fractional coordinates and thermal parameters for 
the 85 unique atoms are given in Table I. Tables II- 
IV present data on interatomic distances, angles, and 
least-squares planes, respectively. Figures 2 and 3 
depicit the molecular structure and illustrate the 
atom numbering scheme. 

Figure 2. A “side ” 
phenyl groups. The 
of thermal motion. 

view of &molecular structure omitting 
ellipsoids enclose 30 percent probability 
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Table I. Fractional Coordinates and Thermal Parameters. 

ATM 

RlJl 
RUZ 
RU3 
Pl 
P2 
P3 
01 
011 
012 
021 
022 
031 
032 
041 
042 
051 
052 
061 
062 
Cl 
c2 
C3 
c4 
CS 
Cb 
MEL 
ME2 
ME3 
NE4 
ME5 
WE6 
CL1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
c21 
c22 
C23 
c24 
C25 
t26 
c31 
ii2 
c33 
C34 
c35 
C36 
cc1 
(42 
c43 
c44 
c45 
c4.6 
c51 
C52 
c53 
c54 
c55 
C56 
Cbl 
Cb2 
Cb3 
Cb4 
Cb5 
Cbb 
CT1 
c72 
c73 
c74 
c75 
C76 
cl31 
C82 
C33 
C84 
C.85 
Cab 
c91 
C92 
c93 
t94 
&ii 
C9b 

..T 14 

RUl 
RUZ 
NJ3 
PI 
P2 
P3 
01 

Y Y 

(1.2702(1, O.W523l8, 
f'.D442,11 C.2502518) 
0.223411) C.17678181 
0.36brit51 (1.3860,3, 

-0.125Bl5, 1.26',9131 
!,,2851lbl C.O949l3) 
0.181l11 ".2423l61 
0.17~ll1l 'i.3186161 
C1.026lll cl.3179l61 

-f+.F22lll %?.1954lbl 
".JBVIII ~.I358161 
F.253111 :.lB35,6, 
1,.336lll '~.2671lbl 
*.224,11 3.353616, 
0.097l1, 5.3146tbl 
Ir.Clitll u.1949161 
0.193,ll p.1667161 
C,369l11 d.2~58l6l 
f.383111 0.2934161 
Cr.C77l21 1.321lll 
G.3C4121 0.15311, 
'3.311l21 0.22311, 
C.lb3l2) n.345111 
L1.115lZl ).175(l) 
'l.411l2, ',.25hlll 
O.GZPI2I 1.34211, 

-O.'l76lZl !i.lr)Btll 
0.35312) 0.2127,91 
0.173lZl ".388lll 
T.O97(2l fl.15Blll 
0.504121 C.2533(9, 
h471lZl 3.422(l) 
3.545121 0.3905191 
0.632lZl 0.416119) 
5.648l21 O.47Olll 
0.57412, ".496lll 
?.482,2l 1.474(11 
0.426lZl 0.38Obl9l 
@.529l21 C.405lll 
0.565121 ".399(l) 
0.504lZl 0.372(l) 
t.4CIlZI D.35Clll 
0.367l21 .I.3519191 
0.288l2, q.4351191 
C.299121 1.46711) 
3.233121 u.532lll 
C.158lZl 0.5l3lll 
0.147121 5.482(l) 
0.211l2l @.*46lll 

-0.124lZl 3.326111 
-0.087lZl 0.368lZl 
-C.O84l2) 0.422111 
-n.115,31 1.417lll 
-0.lbCl3l 1.381lZl 
-C.l7ClZl 3.326(l) 
-0.218l2l 3.2630l9l 
-Q.2CllZI 1).2511l91 
-0.27312, 0.25411, 
-0.365121 0.274(l) 
-9.387lZl 3.285l1, 
-0.312l21 @.ZBlll, 
-0.,192121 fi.29611, 
-0.273(21 3.173lll 
-0.31813, '.Ll24l21 
-0.269l3l ?.133lZl 
-%194l3l 0.162(21 
-0.14112, ~.z*~*lll 
1.194(21 5.038111 
O.lbll31 1.75311) 
3.093l3, ~~.012l21 
1.07413) -7.>36121 
J.106l51 -C.J48,2l 
O.19?(31 -3."14121 
J.31512, 7.77211, 
0.235(3l 9.042l21 
C.263141 ir.333l21 
?.3hll3l !,.)5CIZl 
0.426(31 r).r83,2l 
%406,3l 1.795lll 
0*406(Z) LO92lll 
Ce432,Zl ?.?42lll 
U.524131 ".74Glll 
0.57712) 0.788lll 
9.553,21 10.134lll 
".461(Z) .:.139,11 

2 

0.2029l21 
0.0868lZl 
0.'19?4lZl 
0.319ll7l 
0.0465181 
0.0513l9l 
C.119121 
n-379(2, 
O.Zb@IZI 
G.217l21 
P.147121 
0.308121 
6.333121 
G.n8OlZl 

-0.049l21 
-0.100I2l 
-0.126lZl 
(1.319121 
C.037121 
0.373131 
0.214l31 
0.37513, 

-0.OZ5l3l 
-0.17313l 
-r).O1313l 
0.513l3l 
C.28Ol31 
0.512l31 

-O.l25,3l 
-0.33313, 
-P.l19131 
0.214(3l 
9.142131 
".068,31 
c.05513, 
0.131l3l 
0.2n3l3l 
0.485131 
C.503l31 
0.638131 
0.743131 
0.722131 
0.587131 
0.397l3l 
3.535131 
0.587131 
0.5oc141 
0.361(C) 
0.33813, 

-n.915131 
G.J77141 
h.029l4l 

-0.1@1l51 
-C.l8Bl4l 
-C.l5213l 
P.196131 
0.338l3l 
0.455131 
6.44414, 
0.312141 
0.182OI 

-n.o9rf3, 
-c.')3113, 
-0.144l5, 
-C.Z85,5l 
-0.345l41 
-%233(41 
0.124141 
0.264151 
0.342151 
C.252,61 
0.14ll7, 
0.049l5l 

-C.l4ll3l 
-C.Z24,5l 
-CI.386,51 
-0.442l4l 
-0.367( 5, 
-U.ZC7,4l 
C.129,31 
0.142l31 
@.212,4l 
L265l31 
0.258l31 
?.19213l 

4N1SOTROPIC THERM&L PARAMETERS: i' 

811 822 833 812 813 823 

2.9111 3.7111 3.5111 0.34191 -0.7lll C.5111 
3.Clll ~4.8lll 3.8111 ii.5111 -C.blll C.3111 
3.3111 3.7lll 406111 C.Lll, -0.5lll 0.3,ll 
4.8141 3.5141 3a8lCl 5.3(3l -c.4131 n.7141 
4.ll4l b.Zl5l 4.1141 1.2141 -0.613l @.llCl 
5.5(51 5,7l51 5.615) 0.1141 -0.814) 1.2141 
4.4l3, 6lll 2.719) -9.CI81 1.3171 1.1181 

3.4,11 
3.9111 
3.9111 
C.Ol41 
4.8141 
5.6151 
4.819, 
5.1141 
4.914, 
5.4141 
5.3141 
4.7141 
5.014) 
4.8141 
4.7(4, 
4.8141 
5.1(41 
5.3141 
3.8141 
6.7181 
5.2,71 
5.0171 
4.7l6l 
4.7(b) 
3.616) 
7.9l81 
5.9171 
4.9l-6, 
b.'llll 
6.Bl8l 
5.2l7, 
4.6(61 
4.7lbl 
4.3,61 
6.818, 
6.1l71 
5.2171 
4.6lbl 
5.717, 
7.Ol8l 
7.2181 
5.6(71 
4.5161 
4.6l61 
5.5171 
6.8171 
7.9151 
8.4l9l 
5.7171 
6.0l71 
loll1 
lCll1 
9(1l 

InIll 
7.9lRl 
4.4(b) 
5.Clll 
8.ll8l 
8.3l9l 
8.ll9l 
5.9171 
6.5171 
8.2191 
15111 
12111 
12lll 

8.0l8l 
8.4,9l 
12lll 
15111 
13111 
2Ol21 
1611) 

6.7l.9) 
1311, 
1411, 
12111 
1211, 
911, 

4.716, 
8.7l91 
9.5l9l 
7.9181 
7.0181 
6.2171 

a Numbers in parentheses are e.s.d.‘s in the last figure quoted for all tables. b Effective isotropic B’s are given for the ani- 
sotropically refined atoms. the form of the temperature factor expression is: exp[-I/4(B,lka**+Bnk*b*‘+BaZ’c*a+2B1~- 
hka*b* +2B,,hla*c* +2Bz,kZb*c*)]. 
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results in p,,~, = 1.52( 1) g/cm3 for Z = 2. The 
three ruthenium atoms form an almost perfect equi- 
lateral triangle around the central oxygen with the 
average side of length 3.33 A. The average Ru-0 
(central) distance is significantly shorter (0.14 A) 
than the average Ru-O(acetate) distance. The 0.06 
A deviation of the central oxygen from the RUX plane 
is at most barely significant. The four acetate oxygen 
atoms surrounding each ruthenium atom are es- 
sentially coplanar, and the planes are perpendicu- 
lar to the Ru3 unit within experimental error. Each 
ruthenium atom is displaced from the 04 plane to- 
ward the central ovygen by about 0.1 A. The CC02 
groups are all rigorously planar, but the ruthenium 
atoms which they bridge all lie out of these planes 
by 0.24-0.82 A. The orientations of the acetate pla- 
nes with respect to the RUJ unit vary over a 9” range 

The structural analysis yields the molecular for- 
mula RujO(OXCHx)6(PPh3)3 for the compound ra- 
ther than Ruz(OXCH~)~(PPh& as anticipated. This 

Table II. Principal Bond Distances and Intramolecular 
Contacts n. 

Ru(l)-P(1) 
Ru(2)-P(2) 
Ru(3)-P(3) 
Ru(l)-O(1) 
Ru(2)-O( 1) 
Ru(3)-O(1) 
Ru(l)-O(l1) 
Ru( l)-O(32) 
Ru(l)-O(41) 
Ru( l)-0(62) 
Ru(2)-O(l2) 
Ru(2)-O(2 1) 
Ru(2)-O(42) 
Ru(2)-O(51) 
Ru(3)-O(22) 
Ru(3)-O(31) 
Ru(3)-O(52) 
Ru(3)-O(61) 
P(l)-C(l1) 
P(l)-C(21) 
P(l)-C(31) 
P(2)-C(41) 
P(2)-C(51) 
Pi2j-Ci61) 
P(3)-C(71) 
P(3)-C(81) 
P(3)-C(91) 

2.425(7) 
2.416(7) 
2.400(8) 
1.95(2) 
1.94(l) 
1.87(2) 
2.04(2) 
2.05(2) 
2.05(2) 
2.08( 1) 
2.07(2) 
2.05(2) 
2.04(2) 
2.09(2) 
2.03(2) 
2.09(2) 
2.08(2) 
2.04(2) 
1.83(2) 
1.85(3) 
1.82(2) 
1.87(3) 
1.77(3) 
1.93(3) 
1.91(3) 
1.84(3) 
1.85(2) 

C(l)-O(l1) 
c(i)-o(i2j 
C(2)-O(21) 
C(2)-O(22) 
C(3)-O(31) 
C(3)-O(32) 
C(4)-O(41) 
C(4)-O(42) 
C(5)-O(51) 
C(5)-052 
C(6)-O(61) 
C(6)-O(62) 
C(l)-Me(l) 
C(2)-Me(2) 
C(3)-Me(3) 
C(4)-Me(4) 
C(5)-MC(~) 
C(6)-Me(6) 
Ru( l)...Ru(2) 
Ru(l)...Ru(3) 
Ru(2)...Ru(3) 
0(11)...0(12) 
0(21)...0(22) 
0(31)...0(32) 
0(41)...0(42) 
0(51)...0(52) 
0(61)...0(62) 

Average Bond Distances and Contacts5 

Ru-P 2.414(7) c-o 
Ru-O(centra1) 1.92(2) C-Me 
Ru-Oiacetate) 
P-C 

2.06(2) Ru...Ru 
1.85(3) o...o 

1.26(3) 
1.28(4) 
1.22(3) 
1.30(3) 
1.30(3) 
1.25(3) 
1.30(3) 
1.26(3) 
1.25(3) 
1.23(3) 
1.27(3) 
1.25(3) 
1.53(4) 
1.60(4) 
1.53(4) 
1.55(4) 
1.53(4) 
1.51(3) 
3.316(3) 
3.329(3) 
3.342(3) 
2.28(2) 
2.27(2) 
2.26(2) 
2.26(2) 
2.21(2) 
2.25(2) 

1.26(3) 
1.54(4) 
3.329(3) 
2.26(2) 

a E.s.d.‘s occuring in least significant digit in parentheses. 
b Standard deviations as well as bond lengths represent 
average values. 

Figure 3. A ” top ” view of the molecular structure. The 
ellipsoids enclose 30 percent probability of thermal motion. 

Table III. Principal Bond Angles 0 

Ru( l)-O(l)-Ru(2) 116.7(8) 0(42)-Ru(2)-O( 12) 
Ru(l)-O(l)-Ru(3) 120.8(7) 0(12)-Ru(2)-O(51) 
Ru(2)-O(l)-Ru(3) 122.2(8) 0(2 1 )-Ru(2)-O(42) 
P(l)-Ru(l)-O(1) 174.5(5) 0(22)-Ru(3)-O(31) 
P(2)-Ru(2)-O( I) 179.5(4) 0(31)-Ru(3)-O(61) 
P(3)-Ru(3)-O(1) 177.3(5) 0(61)-Ru(3)-O(52) 
P(l)-Ru(l)-O(l1) 81.7(5) 0(52)-Ru(3)-O(22) 
P( l)-Ru( l)-O(32) 86.9(5) 0(22)-Ru(3)-O(61) 
P(l)-Ru(l)-O(41) 84.0(5) 0(31)-Ru(3)-O(52) 
P( l)-Ru( l)-0(62) 94.6(4) C(l)-O(ll)-Ru(1) 
P(2)-Ru(2)-O(12) 82.5(5) C(l)-0(12)-Ru(2) 
P(2)-Ru(2)-O(21) 87.8(5) C(2)-0(21)-Ru(2) 
P(2)-Ru(2)-O(42) 87.3(5) C(2)-0(22)-Ru(3) 
P(2)-Ru(2)-O(51) 89.5(5) C(3)-0(31)-Ru(3) 
P(3)-Ru(3)-O(22) 87.2(5) C(3)-0(32)-Ru( 1) 
P(3)-Ru(3)-O(31) 87.8(5) C(4)-0(41)-Ru(l) 
P(3)-Ru(3)-O(51) 90.1(5) C(4)-0(42)-Ru(2) 
P(3)-Ru(3)-O(61) 83.6(5) C(5)-0(51)-Ru(2) 
O(ll)-Ru(l)-O(32) 85.2(6) C(5)-0(52)-Ru(3) 
0(32)-Ru( 1)sO(62) 90.9(6) C(6)-0(61)-Ru(3) 
0(62)-Ru( l)-O(41) 86.7(6) C(6)-0(62)-Ru( 1) 
0(41)-Ru(3)-O( 11) 96.6(6) o(ll)-c(1)-o( 12) 
0( 1 l)-Ru( l)-O(62) 174.7(6) 0(21)-C(2)-O(22) 
0(32)-Ru(l)-O(41) 170.4(6) 0(31)-C(3)-O(32) 
0(12)-Ru(2)-O(21) 88.5(6) 0(41X(4)-0(42) 
0(21)-Ru(2)-O(51) 93.3(6) 0(51)-C(5)-O(52) 
0(51)-Ru(2)-O(42) 85.7(6) 0(61)X(6)-0(62) 

~E.s.d.‘s occuring in least significant digit in parentheses. 

91.8(6) O(ll)-C(l)-Me(l) 
171.8(6) O(2 1 )-C(2)-Me(2) 
175.0(7) 0(31)-C(3)-Me(3) 
86.8(6) 0(41)-C(4)-Me(4) 
95.6(7) 0(51)-C(5)-Me(5) 
85.4(6) 0(61)-C(6)-Me(6) 
92.0(6) C( 1 l)-P( I)-Ru( 1) 

170.4(7) C(2 I)-P( I)-Ru( 1) 
117.6(7) C(31)-P(l)-Ru(1) 
125(2) C(ll)-P(l)-C(21) 
128(2) C(ll)-P(l)-C(31) 
125(2) C(21)-P(l)-C(31) 
130(2) C(41)-P(2)-Ru(2) 
124(2) C(Sl)-P(2)-Ru(2) 
133(2) C(61)-P(2)-Ru(2) 
133(2) C(41)-P(2)-C(51) 
127(2) C(41)-P(2)-C(61) 
131(2) C(51)-P(2)-C(61) 
126(2) C(71)-P(3)-Ru(3) 
133(2) C(81)-P(3)-Ru(3) 
126(l) C(91)-P(3)-Ru(3) 
127(3) C(71)-P(3)-C(81) 
128(2) C(71)-P(3)-C(91) 
125(2) C(81)-P(3)-C(91) 
124(2) Ru(l)..Ru(2)..Ru(3) 
126(2) Ru(2)..Ru( l)..Ru(3) 
126(2) Ru(3)..Ru(l)..Ru(2) 

117(3) 
118(2) 
115(2) 
118(2) 
114(2) 
118(2) 
11X.9(8) 
115.6(S) 
114.0(8) 
103(l) 
104(l) 
99(l) 

110.9(9) 
118.2(9)- 
113.5(9 
102(l) 
109(l) 
103(l) 
115(l) 
113(l) 
118.7(g) 
106(l) 
102(l) 
101(l) 
60.39(6) 
60.00(6) 
59.61(66) 
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Table IV. 

Plane 

Weighted Least Squares Planes a 

Equation Angle with Plane 1, deg. 

: : 
3. 
4. 

Z. 
7: 
a. 
9. 

10. 

Ru( l)Ru(2)Ru(3) -0.2668x-0.2526y+O.93Olz= -1.0234 
0(11)0(32)0(410(62) 0.644x +0.666y +0.3752 = 7.896 
0(12)0(21)0(42)0(51) 0.942x -0.272~ +O.i99z = 1.070 
0(22)0(31)0(52)0(61) -0.291x +0.943y +0.1612 = 2.887 
0(11)0(12)C(l)Me(l) -0.244x -0.942y +0.23lz =-6.751 
0(21)0(22)C(2)Me(2) 0.509x +O.O73y +0.858z = 2.021 
0(31)0(32)C(3)Me(3) -0.758x +0.366y $0.5392 = 0.211 
0(41)0(42)C(4)Me(4) -0.631x +0.981y +0.6092 = 2.697 
0(51)0(52)C(5)Me(5) -0.456x -0.870~ +O.l87z =-4.888 
0(61)0(62)C(6)Me(6) 0.646x -0.114~ +0.7552 = 2.763 

Distances of Atoms from Planes, b A 

1. P(l), 0.208; P(2), 0.067; P(3), 0.021; O(l), -0.06 
2. O(ll), -0.05; 0(32), 0.05; 0(41), 0.05; 0(62), -0.04; Ru(l), -0.119 
3. 0(12), -0.03; 0(21), 0.03; 0(42), 0.03; 0(51), -0.03; Ru(2), 0.116 
4. 0(22), -0.06; 0(31), 0.06; 0(52), 0.07; 0(61), -0.06; Ru(3), 0.102 
5. O(ll), 0.00; O( 12). 0.00; C(l), -0.00; Me(l), 0.00; Ru(l), -0.350; Ru(2), 0.825 
6. 0(21), -0.01; 0(22), -0.01; C(2), 0.04; Me(2). -0.02; Ru(2), -0.544; Ru(3). 0.513 
7. 0.01; Me(3), -0.01; Ru(l), 0.575; Ru(3) -0.588 
8. 

g;;f;, -0.00; 0(32), -0.00; C(3), 

9. O(51)I 
0.00; 0(42), 0.00; C(4), -0.00; Me(4), 0.00; Ru(l), -0.503; Ru(2), 0.425 
0.00; 0(52), 0.00; C(5), -0.02; Me(5). 0.01; Ru(2), -0.756; Ru(3). 0.234 

10. 0(61), 0.00; 0(62), 0.00; C(6), -0.01; Me(6). 0.00; Ru( I), 0.240; Ru(3), -0.643 

397(6) 
89.9(6) 
90.6(6) 
58.8(9) 
50.0(9) 
52.3(9) 
52.2(9) 
59.0(9) 
56.0(9) 

a The orthogonal coordinates (x,y,z) are directed along the crystal axes c* x ~1, b and c*, respectively, and are in Angstroms. 
The weight given to each atom i in forming rhe planes is w, = [a,x,b,y,c>,]-‘/‘. fi Average c.s.d.‘s of atomic positions are 
(A): Ru, 0.002; P, 0.007; 0, 0.015; C, 0.03; Me, 0.03. 

Table V. Average Interatomic Distances in Trinuclear Cr and .Ru Acetates (A) Q. 

M...M 
M-O(centra1) 
M-O(acetate) 
M-L 
o...o 

[ Cr~O(OAc)6(H,0),]Cl . . 6HZ0 b 

3.274(4) 
1.89(l) 
1.98(l) 
2.02(l) (L=H,O) 
2.21(2) 

[ Ru,O(OAc),(PPh,),] = 

3.329(3) 
1.92(2) 
2.06(2) 
2.414(7) (L=PPh,) 
2.26(2) 

nAverage values of e.s.d.‘s Bre also given. b Reference 22. c This work. 

for the three ligands “above” the unit and over a 7” 
range for the three “below”. On the average, the 
Ru-Ru separations are 1.07 A. greater than the O...a 
“bite” of the bridging acetates, resulting in a mean 
Ru-O-C angle of 12S. As discussed in the Experi- 
mental section, the unusually high thermal parame- 
ters for some of the phenyl carbon atoms are appa- 
rently due to a slight disorder. There are no inter- 
molecular contacts significantly shorter than van der 
Waals radii. 

Discussion 

The surprising result of the structure determination 
is that the substance originally thought to be RUE 
(OAc)4(Ph& is in fact RujO(OAc)b(Ph&, both the 
molecular weight and metal oxidation state differing 
from the anticipated result. The complete identity 
of the solution and solid state infrared spectra de- 
monstrates that no change in structure occurs upon 
dissolution of the compound; the previously reported 
solution molecular weight of 960” (calcd. for the di- 
nuclear formulation: 963) is erroneous. One possi- 
ble reason for this error might be the slow decompo- 
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sition which we have observed for the complex in 
solution. 

Rather than belonging to the class compounds with 
formulation Mz(OXR)~L~, the complex is thus an ex. 
ample of the other major structural type that has been 
established for transition-metal carboxylates, for which 
the general formula is MJO(OICR)GLJ. Where M = 
Cr’n ard Fern, L is most commonly HrO, and the’ com- 
plexes ire thus cationic; they occur with a wide variety 
of counterions and varying amounts of lattice water16. 
For M = Run’ and Mn*n, one example each of this 
cationic type of complex has been reported, with the 
apparent formulations [ Ru,O( OAc),( Hz0)3 J 0Ac5H2- 
0” and [ MnSO( OAc)s] OAc*HOAc’8. 

There is also a brief report of a tungsten compound 
which might have the trinuclear structure’q, but recent 
work in This Laborator? indicates that the reported 
synthesis is not completely reproducible. The infra- 
red and Raman spectra of the cationic complexes 

,&f6)16Agij~Earnshaw, B. N. Figgis and J. Lewis, J. Chem. Sot. (A), 

(17) F. S. Martin, /. Chem. Sot., 1952, 2682. 
(18) L. W. Hessel and C. Romers, Rec. Trav. Chim., 88, 545 (1969). 
(19) T. A. Stephenson and D. Whlttaker, Inorg. Nucl. Chem. 

Lef., 5, 569 (1969). 
(20) F. A. Cotton and M. Jercmic, Syn. Inorg. Metal-Org. Chem., 

I, 265 (1971). 
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containing Cr, Fe and Ru have been discussed in de- 
tai12’. 

The only accurate X-ray data available for com- 
pounds of this type, other than that reported herein, 
are for [ Cr~0(.0Ac)6(H20)~]Cl*6H~022. Important 
structural parameters for the Cr and Ru compounds 
are compared in Table V. In both, the metal-metal 
separation is about 3.3 A, far too long for any sig- 
nificant direct interaction to take place, and the metal- 
O(centra1) distances are significantly shorter .than the 
metal-O(acetate) distances. The overall configura- 
tions df the metals in the two compounds are quite 
similar allowing for a small increase in covalent radius 
from Cr to Ru. 

A structural report for the compound [MnJO(O. 
Ac)6]OAc*HOAc has also appeared**; the analysis 
clearly demonstrates that the basic structure is the sa- 
me as that of the Cr and Ru compounds, but the ac- 
curacy of the determination is so low that no attempt 
to make a quantitative comparison with the other two 
molecules would be worthwile. The iron( III) com- 
pound [FeJO(OAc)h(H 0)3lC1*6H20 was reported to 
be isomorphous to the chromium(II1) analog.zp Re- 
cently, a preliminary X-ray analysis of [FeSO(OAc)6 
(H:O)I]CIO~ confirmed the same basic structure as 
found for Cr.23b 

A closer comparison with the previous work on 
basic carboxylates of this type suggests that the com- 
pound whose structure is reported here is somewhat 
unique. The Ru30(0Ac)G(PPli3)3 unit is neutral and 
the average formal oxidation state of Ru is therefore 
22/3, whereas in all other examples the M30(OAc)BL3 
unit is cationic and the metal oxidation state is three. 
The compound is diamagnetic whereas a system of 
one Ru” and two Ru”’ ions in which the metals are 
isolated from one another should have at least two 
uiipaircd electrons. The Cr and Fe compounds, on 
the other hand, all exhibit some paramagnetism, al- 
though the measurecl values arc uniformly lower than 
expected for isolated ions; the x,(T) curves have been 
successfully Iitted by a model in which partial coup- 
ling of spins occurs, probably through the central 

(21) W. P. Gritlith. I. C/rem. Sot. (A) 1969. 2270. 
(22) S. C. Chong nntl G. A. Iclfrcy. Acre Crysr.. 2O.U. 673 (1970). 
(23) (a) B. N. Figgis and G. 8. Robertson. Noture, 205, 694 (1965). 

(b) K. Anzenhofer and J. I. DeBoer. Rec. Trav. Chim.. 88. 286 (1969). 

oxygen.16 
These comparisons suggest that rather extensive 

electron delocalization occurs in the RUJO system, and 
therefore that the electronic structure and magnetic 
properties arc best treated from a molecular orbital 
viewpoint rather than using the essentially ionic model 
applied to the Cr and Fe’systems. Such an MO treat- 
ment has in fact been briefly outlined for the anions 
of the type [Ir3N(S0&]4-,24 which have a similar 
Structure to the compounds under discussion, with a 
central nitrogen and bridging sulfateP” (a crystal 
structure of one salt has appeared).25b Considering 
the Ku30 system as a unit in the point group D3h, 
with the C3 axis coincident with z, we may set aside 
one IT orbital on each metal of the proper symmetry 
for combining with an sp2 oxygen orbital to form the 
normal a-bond framework. Five orbitals on each 
metal are also used in c-bonding to the carboxylate 
oxygen atoms and the phosphorus. There are then 
three d-type orbitals remaining on each metal. One 
of these is capable of forming a linear combination 
with the same type of cl orbital on each of the other 
two metal atoms which will have the proper sym- 
metry for interaction with the pr orbital on the oxygen 
atom, leading to one bonding and one antibonding 
MO. The other eight combinations of the d-type 
metal orbitals arc nonbonding with respect to the 
metal-oxygen interaction. The resulting correlation 
diagram for the Ru30 n system thus has one strongly 
bonding, one strongly antibonding, and eight essen- 
tially non-bonding MO’s. The 16 electrons from the 
three melal atoms and the two electrons available 
from the central oxygen atom just till all of the bon- 
ding and non-bonding orbitals, accounting nicely for 
both the diamagnetism of the compound and its par- 
ticular slnbility as a lG-d-electron system. Some R 
donalion from certain of the bonding or non-bonding 
MO’s to empty cl orbitals on the phosphorus atoms 
may occur, but the effect of such donation can only 
be to lower the energy of these MO’s, so that none 
of the nbovc conclusions are affected. 

(24) C. K. I@‘ftcnscn and L. E. Orgel. Mol. Phys., 4, 215 (1961). 
(25) (a)D. It. Brown, M. B. Robin, I. D. E. McIntyre and W. F. 

Peck. Irtorg. Clmlt., 9. 2515 (1970). (b) M. Ciechanowicr. W. P. 
Griffith. D. C. Powson. A. C. Skapski and M. 1. Cleare, Chem. 
Comnt. 1971, 876. 
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