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The compound previously reported to be RuOXC-
CH3){(PPhs); has been characterized as Ru;O(OL-
CH3){PPhs); by an X-ray structural determination. It
is thus related to the known basic acetates of general
formula [M:O(O:CR):L;}*, M = Cr, Mn, Fe, Ru;
L = H,0, O;CR. 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 Ru; plane.
One PPh; 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(central) = 1.92(2); Ru—O(aceta-
te) = 2.06(2); C—O = 1.26(3); Ru...Ru = 3.329
(3); O...0 = 2.26(2) A. The identity of the solid
state and solution IR spectra indicates that the same
structure is maintained in solution. The non-integral
oxidation state (2°/5) for Ru and the diamagnetism
of the compound can be rationalized in terms of a
qualitative molecular-orbital treatment of the Rus;OP;
w-electron system.

The compound crystallizes in the triclinic space
group P1 with unit cell dimensions a = 31.372(7),
b = 26.21(2), c = 9.375(8) A; o = 99.06(3), B =
84.03(2), ¥ = 100.51(1); V = 3180(30) A’; pearc =
1.52(1) gfen?® for Z =2; pops = 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(O.CR):L];, where M = V.2 Cr* Mo, Re! Ru/
Rh Cu? and L = H,0, Cl, NCS, #>-CsHs, etc.” The
general structure’ 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 = A-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 or weak inter-
action with each other,, according to their particular
bonding potentialities.
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Figure 1. The general structure adopted by the compcunds
ofdformula [M(O,CR).LY;, 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(O;CCH3);PPh:];,” since not
only should an axial PPh; 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,CCH;).]:Cl, 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)J 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 PPh; complex.® We decided, therefore, to deter-
mine the crystal structure of the PPh; compound in
order to obtain an exact value of the Ru—Ru 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 and Characterization of “[ Ru(OAc)r
PPh;].”. The compound was prepared by the litera-
ture method,”® with the exception of the final step
in which the PPh; 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
PPh; 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 P4O,. IR Spectrum
(Nujol, 4000-400 cm~'): 3060m, 1590w, 1575w,
1540m, 1485m, 1440s, 1415s, 1345m, 1189m, 1157w,
1098m, 1072w, 1041m, 1028m, 997w, 845w, 740m,
693s, 616m, 508s, 470w 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 CS;) 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
CHCL; and CS,. 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 (CDCls, 60
MHz): 2.6 <, complex multiplet, intensity 5; 8.35 T,
singlet, intensity 2. The spectrum is thus consistent
with the ratio 2 O,CCHs: 1 P(CsHs)®. Electronic Spec-
trum (CHClLs, 13-38 kK): vmax = 13.3 (¢ 4800), 25.0
(10,000), 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 (hkO, hk1) and precession, h0¢, 0k#) photo-
graphs on a thin plate-like crystal using Cu Ket radia-
tion showed triclinic symmetry, implying space groups
P1 (C, no. 1) or PT C!, no. 2). The crystal was
transferred to a General Electric XRD-5 manual dif-
fractometer and aligned at ¥ = 90° so that c* was
coincident with the ¢ axis. The crystal dimensions
were carefully measured and the major faces were
identified from their diffraction positions and rela-
tions to each other as (100), (010), and (001). Unit
cell dimensions were determined using Cu Ko radia-
tion (A = 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), ¢ = 9.375(8) A, o = 99.06(3), B = 84.03(2),
v = 100.51(1Y; V = 3180(30) A’. These values
lead to pac = 1.51(1) g/cm?® for Z = 3, using the
molecular weight for [Ru(OAc),PPh;]s; pobs = 1.56
(3) g/ml (flotation, aq. KI).

Intensities were measured by a scintillation counter
using Ni-filtered Cu Ke radiation a takeoff angle
of 1°. The pulse-height analyzer was set to admit
92% of the Cu Ka peak. Scans were of the 0-20
type with a scan rate of 4°/min and a fixed scan
width of 2.66°. Background counts B; and B, were
taken for 20 sec at each end of the scan range. The
intensity, I, of each reflection was therefore taken
as I = P-B;—B;, where P is the number of counts
in scanning the peak. The intensities of 3867 unique
reflections within the range 20 = 0-80° were collect-
ed. Three reflections (1710, 101, and 011) 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 110.

Statistical analysis showed that more than 50% of
the reflections had I>2¢1, where oy = (P+B;+B2)",
in every ten-degree interval of 20 except 70-80°. Re-
flections with 1 <20y in 20 = 70-80° were therefore
rejected, while those with 1<a1/2 for 20 <70° were
assigned the value I = ¢1,2. Intensities of the 3227
accepted reflections were converted to structure factor
amplitudes |FJ] = (I/Lp)", where Lp = Lorentz
polarization factor, and their estimated standard de-
viations g = [4ILp]-"[o*+(0.0251)2]%.

Solution and Refinement. Atomic scattering fac-
tors used were those of Cromer and Waber.® All

(13) D. T. Cromer and J. T. Waber, Acta Cryst., 18, 104 (1965).



were corrected for the real and imaginary part of
anomalous dispersion using the values for Af* and
Af" given by Cromer."

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 Ru;
units in either P1 or Pi. However, a completely
consistent solution was obtained .in PT for two tri-
nuclear Ru; units per cell in general positions; the
derived coordinates for the three unique ruthenium
atoms indicated a roughly equilateral-triangular ar-
rangement with Ru~Ru=3.3 A. Two cycles of least-
squares refinement on these coordinates gave R, =
Z||Fo|~|Fc|| /Z|Fo] = 0.378 and R, = Zwel||Fo|-|FJ}/
/ZWe|Fo|* = 0.398, where the weights were weg =
or . A difference Fourier synthesis was computed,
and from it positions were derived for 53 more atoms.
Two cycles of refinement gave Ry = 0.231, R, =
0.219. A second difference Fourier revealed the po-
sitions of the 28 remaining atoms expected for the
formulation [Ru(OAc)PPh;];. Three cycles of re-
finement gave R; = 0.145, R; = 0.106.

The data were corrected for absorption (n =
71.25 cm™); calculated transmission factors ranged
from 0.613 to 0.917. Two cycles of refinement using
the corrected data gave Ry = 0.138, R, = 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 Ru; 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 R; = 0.102, R; =
0.072. The central atom was returned with the rea-
sonable value B= 5.2 after the first cycle and was as-
signed anisotropic thermal parameters in the second
cycle.

An empirical weighting scheme, ¢ = ¢§(0.12|F[)",
was introduced at this point to remove an observed
|Fo| dependence in the quantity we||Fo|FdP, in accor-
dance with Cruickshank’s criterion.”® (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).
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R and R, 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 we||Fo|—|Fd’
was now essentially independent of both |Fof and A~
sin 0, 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/A>.
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 = Zwrg||Fo|—|Fd;
STANT1 (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 |F| and |F| scaled to
|Fc| appears in the microfilm edition of this journal.
Fractional coordinates and thermal parameters for
the 85 unique atoms are given in Table 1. Tables 1I-
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 ” view of the molecular structure omitting
phenyl groups. The ellipsoids enclose 30 percent probability
of thermal motion.

(15) D. W. J. Cruickshank in ’’Computing Methods in Crystallo-
graphy,” J. S. Rollet, Ed., Pergamon Press, New York, 1965.

Cotton, Norman, Jr. | Basic Trinuclear Ruthenium Acetate



414

Table 1. Fractional Coordinates and Thermal Parameters.

ATOM X 12 z 8e &
RUL e2702(1) N, 30523¢8) 0,202912) 3e4(1)
RU2 FaD4s4211) 0.25025(8) 0,0868{2) 3,9(1)
RU3 0e223411) Cel7678(8) 0.2904(2) 349(1)
P1 De3650L5) 4e3860(3) 0o 3191(7) 4e0(4)
p2 -0,1258(5) 1426991(3) 0.0465(8) heBL4)
P3 0, 2851060 CaN9491(3) 0,0512¢9} 546151
o1 0e1810(11 Ne2423(6) Ce 119021 4e8(9)
011 Ge 170U 1) 54318616) N.379(2) 5¢1(4)
o12 ten26(1) 043779(56} 0e260(2) 4a9(4)
021 ~re022(1) 241954(6) Ca 2174 2) Sett (4}
022 UsuB4(1) 74135816) Ca147(2) 543(4)
031 Ne253(1) Te1835(6) 00 308(2) 4aTl4)
032 (a336(1) "a2671(6) £e333(2) 54004}
041 re224(1) De3536(6) GeNBN(2) 4eBl4)
042 24097(1}) Ue3N461(6) -0049(2) 4aT(4)
051 n.045(1) Le1949(6) -0.100(2} 484}
052 0.193(1) re1667(6) ~00126(2) Sell4)
061 0,369(11 Ue2758(6) 0,919( 2} 5e304)
062 Ce383(1} 0.2934(6) CeN37(2) 3.8(4)
cl GalTT(2) 74321013 04373(3) 647(8)
c2 500402} N,153(1) 0e2164{3} 5420 7)
c3 Ne311(2) 0e223(1) 0.375(3) 5.0(7)
ce fel63(2) Ne345(1) -0.025(3) 4aT(6)
cs De115(2) Jel75(1) -0417313) 4e7(6)
c6 Ne11(2) 4e250(1) -N.013(3) 3.616)
ME1 0.626(2) 74342(1) 04 513(3) 7.9(8)
ME 2 07602} fe108(11} C.280(3) 549171}
ME3 0.353(2) e 2127(9) 04512(3) 409(6)
ME4 0e173(2) 2,.388(1} -04125(3) 6T
MES £.097(2) 0.158(1) -04333(3) 6e8(8)
MEG 0450402) 0e2533(9) ~Ca119(3) 542(7)
crt PesT1(2) De422(1) Ne214(3} 4e616)
c12 24545(2) 04 3905(9) Ne142(3) 4eTU6}
c13 0e6321(2) De416119) 0,068(3) 44 3(6)
c14 Je 64812] 04701} £.055(3) 6488}
c15 0e574(2) Ne496(1) 0.131(3) 6el(7}
c16 fed82(2) Ne474(1) 0e203(3) 5.2(7)
c21 Na426(2) D6 38061(9) 04485(3) 4e6(6)
c22 0,52912) Ca405(1) 04 503( 3} 5.7(T1
€23 0a565(2) "e399(1) 0.638(3) 7e0(8)
c24 0.50412) 0e372(1) 0. 743(3) 7.2(8})
c25 Ca4CT(2) De35C(1) 0.722(3) Se6(7)
cz6 0,367(2) Je3519(9) 0.587(3) 4e51(6)
€31 0.288(2) ©a435119) 0. 397(3) 40616)
€32 €.29902) Ne467(1) 24535(3) 545(7)
€33 3.233(2) Ue532(1} 0,587(3) 648(7)
C34 Co158(2) De513(1) 0e 500(4) 7.918)
€35 0.147(2) 70482(1) 0e36104) Be4(9)
c3e6 0,21112) Co%46(1) Ce 308(3) 547(7)
Cel —0.12412} 24326111 -N,015(3} 600(7)
C42 -0,087(2) Ne368(2} CedT714) 10(1)
C43 ~0.084(2) De422(1) e 029( 4} 10(1)
Chn -0,115(3) 7641701} ~04101(5) 9(1)
c45 -0, 16C(3} 0.381(2) -0.188(4) 10(1)
ce6 ~Ca 17012} Je326(1} -0e152(3) 7.9(R}
c51 ~0.218(2) 24 2630(9} 0a196(3) bablt)
c52 -0,201(2) De2511(9) 0e 338(3) 5aCIT)
cs3 -0.27302) De254(1) 0e455{(3) 841(8)
c54 -0,365(2) 0e274(1} 04 444 (4) 863(9)
c55 -0.387(2} 24285(1) 0.312(4) 80 1(9)
css -0,312(2) Pe281(1) 0.182¢(3) 549(7)
csl -041921(2) (10206 1) -Ne 090 (3} 645(7)
c62z -0.273(2) Jel73(1} -C.N31(3} 842091
€63 -0.3181 3) 0e124(2) ~0s144(5) 15(1)
Co4 ~0,26913) 24133(2) ~Cq 2850 5) 12(1)
c6S -0, 194( 3} Del62(2) ~00345(4) 12¢1)
cs6 ~0.14112) ne228(1} ~Ny233(4) 8,0(8)
c71 10194(2) 9.038(1) Nel24(4) 8e4(9)
c72 0. 161¢3) 7e953(1} 04264(5) 12(1)
c73 0.093( 3} 160122 0e 362(5) 1511
c74 Ne074{3) -7e336(2) £,252(6) 1301
c7s J.106(5) ~00348(2) 0.141(7) 2042)
Cre 0e197(3) =2eN14102) 0e N49(5) 16(1)
cel 04315(2) 74072(1) “Cel41(3) 6e7(8)
c82 04235(3) 7004202} ~Ca224(5) 13019
c33 0s263(4) 06333(2) -Gq386(5) 1401}
cas 2,361(3) 2235C2) —0.442(4) 1211)
c8s 0,426(3) 0e€83(2) —~0e367(5) 12011
c8s e dn6(3) 14295¢1) 12071 4) 9(1)
91 0.406(2) Je092(1) e 12913) 4aTL6)
€92 Co432(2) TeN42(1) 0o 142(3) 8.7(9)
93 0.524(3) 7e740G(1) 0e20214) 95(9)
C9e 0.577(2) 0e788(1) 0. 265(3) 74918)
c9s 0.553(2) Del3a(l) 0.258(3) 7.0(8)
c96 Ne461(2) 2e139(1) £a192(3) 6e2(7)

ANISOTROPIC THERMAL PARAHETERS" H

AT )4 811 822 833 Bl2 813 823

RUL 2.9(1) 3.7(1) 3,5(1}) De34(9} ~0eT(1} Ca511}
RU2 3.C(11 4uB(1t 3.8(1) GeS{L) -Ceb11) Ce31(1)
RU3 3,301} 3L, 7L 4a61(1) Cel(1) =0s5(1} Ca3ll}
Pl 4o Bl4) 305(4) 3.814) Qa3(3) =Ce4t3) DNeT(4)
2 4el( 4) 6,205} 4o 11 &) le2(4) “Ne61i3} Celf4)
P3 55151} 5.7(5) 546(5) Oall4) -0eB8(4} le2ts)
01 bo 41 3) 611) 2.7(9) -Je4{B) 1.,317) 1.1108)

¢ Numbers in parentheses are es.d.s in the last figure quoted for all tables. ¢ Effective isotropic B's are given for the ani-
sotropically refined atoms. ¢©The form of the temperature factor expression is: exp[—1/4(B;h*a* 4+ Byk’b*! 4 Byl'c*? + 2B,
hka*b* 4 2Byhla*c* +2B,k/b*c*)].
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The structural analysis yields the molecular for-
mula Ru;O(0,CCH;)s(PPhs); for the compound ra-
ther than Ruy(O,CCH;)«(PPhs), as anticipated. This

Table 1. Principal Bond Distances and Intramolecular
Contacts 2.

Ru(1)-P(1) 2.425(7) C(1)-0(11) 1.26(3)

Ru(2)-P(2) 2.416(7) C(1)-0(12) 1.28(4)

Ru(3)-P(3) 2.400(8) C(2)-0(21) 1.22(3)

Ru(1)-O(1) 1.95(2) C(2)-0(22) 1.30(3)

Ru(2)-O(1) 1.94(1) C(3)-0(31) 1.30(3)

Ru(3)-O(1) 1.87(2) C(3)-0(32) 1.25(3)

Ru(1)-O(11) 2.04(2) C(4)-0(41) 1.30(3)

Ru(1)-0(32) 2.05(2) C(4)-0(42) 1.26(3)

Ru(1)-O(41) 2.05(2) C(5)-0(51) 1.25(3)

Ru(1)-0(62) 2.08(1) C(5)-052 1.23(3)

Ru(2)-0(12) 2.07(2) C(6)-0(61) 1.27(3)

Ru(2)-0(21) 2.05(2) C(6)-0(62) 1.25(3)

Ru(2)-0(42) 2.04(2) C(1)-Me(1) 1.53(4)

Ru(2)-0(51) 2.09(2) C(2)-Me(2) 1.60(4)

Ru(3)-0(22) 2.03(2) C(3)-Me(3) 1.53(4)

Ru(3)-0O(31) 2.09(2) C(4)-Me(4) 1.55(4)

Ru(3)-0(52) 2.08(2) C(5)-Mc(5) 1.53(4)

Ru(3)-0(61) 2.04(2) C(6)-Me(6) 1.51(3)

P(1)-C(11) 1.83(2) Ru(1)...Ru(2) 3.316(3)
P(1)-C(21) 1.85(3) Ru(1)...Ru(3) 3.329(3)
P(1)-C(31) 1.82(2) Ru(2)...Ru(3) 3.342(3)
P(2)-C(41) 1.87(3) O(11)...0(12) 2.28(2)

P(2)-C(51) 1.77(3) 0(21)...0(22) 2.27(2)

P(2)-C(61) 1.93(3) 0(31)...0(32) 2.26(2)

P(3)-C(71) 1.91(3) 0(41)...0(42) 2.26(2)

P(3)-C(81) 1.84(3) 0(51)...0(52) 2.21(2)

P(3)-C(91) 1.85(2) 0(61)...0(62) 2.25(2)

Average Bond Distances and Contacts ?

Ru-P 2414(7) C-O 1.26(3)

Ru-O(central) 1.92(2) C-Me 1.54(4)

Ru-Of(acetate) 2.06(2) Ru...Ru 3.329(3)
P-C 1.85(3) 0.0 2.26(2)

2Es.d.s occuring in least significant digit in parentheses.
b Standard deviations as well as bond lengths represent
average values.

Table Ill. Principal Bond Angles 2
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results in pae = 1.52(1) g/em® 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-O
(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 Ru; 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 Ru; unit within experimental error. Each
ruthenium atom is displaced from the O, plane to-
ward the central ovygen by about 0.1 A. The CCO;
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 Rus unit vary over a 9° range

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

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

91.8(6) O(11)-C(1)-Me(1) 117(3)
171.8(6) 0(21)-C(2)-Me(2) 118(2)
175.0(7) 0(31)-C(3)-Me(3) 115(2)

86.8(6) O(41)-C(4)-Me(4) 118(2)

95.6(7) 0O(51)-C(5)-Me(5) 114(2)

85.4(6) 0O(61)-C(6)-Me(6) 118(2)

92.0(6) C(11)-P(1)-Ru(1) 118.9(8)
170.4(7) C(2n)-P(1)-Ru(1) 115.6(8)
117.6(7) CD-P(D-Ru(1) 114.0(8)
125(2) C(11)-P(1)-C(21) 103(1)
128(2) C(11)-P(1)-C(31) 104(1)
125(2) C(21)-P(1)-C(31) 99(1)
130(2) C(41)-P(2)-Ru(2) 110.9(9)
124(2) C(51)-P(2)-Ru(2) 118.2(9)

133(2) C(61)-P(2)-Ru(2) 113.5(9
133(2) C(41)-P(2)-C(51) 102(1)
127(2) C(41)-P(2)-C(61) 109(1)
131(2) C(51)-P(2)-C(61) 103(1)
126(2) C(71)-P(3)-Ru(3) 115(1)
133(2) C(81)-P(3)-Ru(3) 113(1)
126(1) C(O1-P(3)-Ru(3) 118.7(9)
127(3) C(71)-P(3)-C(81) 106(1)
128(2) C(71)-P(3)-C(91) 102(1)
125(2) C(81)-P(3)-C(91) 101(1)
124(2) Ru(1)..Ru(2)..Ru(3) 60.39(6)
126(2) Ru(2)..Ru(1)..Ru(3) 60.00(6)
126(2) Ru(3)..Ru(1)..Ru(2) 59.61(66)

aEs.d.’s occuring in least significant digit in parentheses.

Cotton, Norman, |r. | Basic Trinuclear Ruthenium Acetate
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Table IV.
Weighted Least Squares Planes @
Plane Equation Angle with Plane 1, deg.
1. Ru(1)Ru(2)Ru(3) —0.2668x~0.2526y+0.9301z=—1.0234 —
2. O(11)0(32)0(410(62) 0.644x +0.666y +0.375z = 7.896 59.5(6)
3. 0(12)0(21)0(42)0(51) 0.942x —~0.272y +0.199z = 1.070 89.9(6)
4. 0(22)0(31)0(52)0(61) —0.291x +0.943y +0.161z = 2.887 90.6(6)
5. O(11)O(12)C(1)Me(1) —0.244x -0.942y +0.231z =-6.751 58.8(9)
6. 0(21)0O(22)C(2)Me(2) 0.509x +0.073y +0.858z = 2.021 50.0(9)
7. O@GB1)0O(32)C(3)Me(3) —0.758x +0.366y +0.539z = 0.211 52.3(9)
8. 0@41)0O42)C(4)Me(4) —0.631x +0.981y +0.609z = 2.697 52.2(9)
9. 0O(51)0(52)C(5)Me(5) —~0.456x —0.870y +0.187z =—4.888 59.0(9)
10. O(61)O(62)C(6)Me(6) 0.646x —0.114y +0.755z = 2.763 56.0(9)
Distances of Atoms from Planes,? A
1. P(1), 0.208; P(2), 0.067; P(3), 0.021; O(1), —0.06
2. O(11), —0.05; O(32), 0.05; O(41), 0.05; O(62), —0.04; Ru(1), —0.119
3. O(12), —0.03; O(21), 0.03; O(42), 0.03; O(51), —0.03; Ru(2), 0.116
4. 0(22), —0.06; O(31), 0.06; O(52), 0.07; O(61), —0.06; Ru(3), 0.102
5. O(11), 0.00; O(12), 0.00; C(1), —0.00; Me(1), 0.00; Ru(1), —0.350; Ru(2), 0.825
6. O(21), —0.01; O(22), —0.01; C(2), 0.04; Me(2), —0.02; Ru(2), —0.544; Ru(3), 0.513
7. O@1), —0.00; O(32), —0.00; C(3), 0.01; Me(3), —0.01; Ru(1), 0.575; Ru(3) —0.588
8. 041, 0.00; 0O(42), 0.00; C(4), —0.00; Me(4), 0.00; Ru(1), —0.503; Ru(2), 0.425
9. O(51), 0.00; O(52), 0.00; C(5), —0.02; Me(5), 0.01; Ru(2), —0.756; Ru(3), 0.234

10. O(61), 0.00; O(62), 0.00; C(6), —0.01; Me(6),

0.00;

Ru(1), 0.240; Ru(3), —0.643

aThe orthogonal coordinates (x,y,z) are directed along the crystal axes ¢* X a, b and c*, respectively, and are in Angstroms.

The weight given to each atom i in forming the planes is w;
(A): Ru, 0.002; P, 0.007; O, 0.015; C, 0.03; Me, 0.03.

[axb,yic.z]

-3, b Average c.s.d.’s of atomic positions are

Table V. Average Interatomic Distances in Trinuclear Cr and ‘Ru Acetates (A) 2.

[Cr:O(OAc)«(H:0),]Cl.. 6H,0 »

[ RU:O(OAC)s( PPh:)J] <

M. M 3.274(4) 3.329(3)
M-O(central) 1.89(1) 1.92(2)
M-O(acetate) 1.98(1) 2.06(2)

M-L 2.02(1) (L=H;0) 2.414(7) (L=PPhy)
0.0 2.21(2) 2.26(2)

a Average values of es.d.’s are also given. & Reference 22.

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...0
“bite” of the bridging acetates, resulting in a mean
Ru-O-C angle of 128°. 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 Rur
(OAc)(Phs); is in fact RusO(OAc)s(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-

Inorganica Chimica Acta | 6:3 | September, 1972

¢ This work.

sition which we have observed for the complex in
solution.

Rather than belonging to the class compounds with
formulation M(O>CR)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 M;O(O,CR)L;. Where M =
Cr™ and Fe'™, L is most commonly H,O, and the com-
plexes are thus cationic; they occur with a wide variety
of counterions and varying amounts of lattice water™.
For M = Ru"™ and Mn'!, one example each of this
cationic type of complex has been reported, with the
apparent formulations [ RusO(OAc)s(H,0);]OAc 5H,-
O" and [Mn;O(OAc)]JOAc'HOAC.

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

(16) A. Earnshaw, B. N. Figgis and J. Lewis, J. Chem. Soc. (A),
1966, 1656.

(17) F. S. Martin, /. Chem. Soc., 1952, 2682.

(18) L. W, Hessel and C. Romers, Rec. Trav. Chim., 88, 545 (1969).

(19) T. A. Stephenson and D. Whittaker, Inorg. Nuci. Chem.
Let., 5, 569 (1969).

(20) F. A. Cotton and M. Jeremic, Syn. Inorg. Metal-Org. Chem.,
1, 265 (1971).
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containing Cr, Fe and Ru have been discussed in de-
tail”'.

The only accurate X-ray data available for com-
pounds of this type, other than that reported herein,
are for [CriO(OAc)(H,0),]CI'6H;0%.  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—
Of(central) distances are significantly shorter than the
metal-O(acetate) distances. The overall configura-
tions of 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 [Mn;O(O.
Ac)]JOAc'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 [Fe;O(OAc)(H O):]CI'6H,O was reported to
be isomorphous to the chromium(III) analog.®* Re-
cently, a preliminary X-ray analysis of [Fe;O(OAc)s
(H:0):]ClO; confirmed the same basic structure as
found for Cr»®

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 Ru;O(OAc)(PPhs); unit is neutral and
the average formal oxidation state of Ru is therefore
2!/;, whereas in all other examples the MsO(OAc)Ls
unit is cationic and thc metal oxidation state is three.
The compound is diamagnetic wherecas a system of
onc Ru" and two Ru'™ ions in which thc metals are
isolated from one another should have at least two
unpaircd electrons. The Cr and Fe compounds, on
the other hand, all cxhibit some paramagnetism, al-
though the measured values are uniformly lower than
cxpected for isolated ions; the xm(T) curves have been
success{ully fitted by a model in which partial coup-
ling of spins occurs, probably through the central

21y W. P, Griffith, J. Chem. Soc. (A) 1969, 2270.

(22) S. C. Chang and G. A. Icffrey, Acta Cryst., 208, 675 (1970).

(23) (a) B. N. Figgis and G. B. Robertson, Nature, 205, 694 (1965).
(b) K. Anzenhofer and ). J. DeBoer, Rec. Trav. Chim,, 88, 286 (1969).
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oxygen.'®

‘These comparisons suggest that rather extensive
electron delocalization occurs in the Ru;O 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 [IrN(SOs);]*,* which have a similar
structure to the compounds under discussion, with a
central nitrogen and bridging sulfates® (a crystal
structure of one salt has appeared).”® Considering
the Ru;O system as a unit in the point group D,
with the C; axis coincident with z, we may set aside
one s orbital on each metal of the proper symmetry
for combining with an sp® oxygen orbital to form the
normal o¢-bond framework. Five orbitals on each
metal are also used in ¢-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 d orbital on each of the other
two metal atoms which will have the proper sym-
metry for interaction with the p, 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 RusO = system thus has one strongly
bonding, onc strongly antibonding, and eight essen-
tiaily non-bonding MO’s. The 16 electrons from the
three metal atoms and the two electrons available
from the central oxygen atom just fill all of the bon-
ding and non-honding orbitals, accounting nicely for
both the diamagnetism of the compound and its par-
ticular stability as a 16-d-electron system. Some =
donation {rom certain of the bonding or non-bonding
MO’s to cmpty d orbitals on the phosphorus atoms
may occur, but the effect of such donation can only
be to lower the cnergy of these MQ’s, so that none
of the above conclusions are affected.

(24) C. K. |grgensen and L, . Orgel, Mol. Phys., 4, 215 (1961).

(25) (a)D. B. Brewn, M. B. Robin, J. D. E. Mclntyre and W. F.
Peck, fnorg. Chem., 9, 2515 (1970). (b) M. Ciechanowicz, W. P.
Griffith, D. C. Pawson, A. C. Skapski and M. [. Clearc, Chem.
Comm. 1971, 876.
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