
Organometallics 1988, 7, 219-227 219 

Cluster Synthesis. 18. Metal-Metal Exchange Reactions. The 
Synthesis and Structural Characterizations of 

RU3M02(C0) la(p-Co) 2CP2(p4-S) and RuMo2(CO) 7cp2 (p3-S) 

Richard D. Adams,” James E. Babin, and Miklos Tasi 

Department of Chemistry, University of South Carolina, Columbia, South Carolina 29208 

Received June 22, 1987 

The compound RuMo2(CO),Cp2(p3-S) (3) was prepared in 49% yield by a double metal-metal exchange 
reaction involving R u ~ ( C O ) ~ ( ~ ~ - S )  (1) and [ C ~ M O ( C O ) ~ ] ~  a t  80 “C. The compound RU~MO~(CO)~O(~-  
CO)2Cpz(p4-S) (2) was also isolated in 2% yield. Compounds 1-3 were characterized by X-ray crystallographic 
methods. For 1: space group P2,, a = 9.302 (3) A, b = 19.973 (6) A, c = 13.103 (3) A, B = 91.00 (2)O, V 
= 2434 (1) A3, and Z = 6. The structure was solved by direct methods and was refined (4124 reflections) 
to the f i a l  values of the residuals R = 0.022 and R w ~  = 0.024. The molecule consists of a triangular cluster 
of three ruthenium atoms with a triply bridging sulfide l iged on one side of the cluster and a triply bridging 
carbonyl ligand on the other side. For 2: space group P1, a = 15.906 (3) A, b = 16.462 (3) A, c = 11.668 
(2) A, CY = 93.52 (2)O, @ = 109.60 (2)O, y = 75.42 (1)O, V = 2645 (1) A3, and Z = 4. The structure was solved 
by the heavy-atom method and was refined (6078 reflections) to the final values of the residuals R = 0.038 
and RwF = 0.040. The molecule consists of a square-pyramidal cluster of three ruthenium and two 
molybdenum atoms. The two molybdenum atoms lie in basal positions. A quadruply bridging sulfido 
ligand brid es the base of the cluster. For 3: space group P21/c, a = 12.429 (4) A, b = 15.700 (4) A, c = 
10.049 (2) 1, p = 90.28 (3)O, V = 1961 (1) A3, and Z = 4. The structure was solved by direct methods and 
was refiied (2566 reflections) to the final values of the residuals R = 0.028 and RwF = 0.028. The molecule 
consists of a triangular cluster of two molybdenum and one ruthenium atoms supported by a triply bridging 
sulfido ligand. 3 was formed from 1 by the replacement of two ruthenium carbonyl groups for two 
cyclopentadienyl molybdenum carbonyl groups. Compound 2 was converted into 3 (57% yield) under similar 
reaction conditions and is believed to be an intermediate in its formation. 

Introduction 
The synthesis of mixed-metal carbonyl cluster com- 

pounds by the process of metal-metal exchange is a me- 
thod that is receiving increasing attention.’+ In a met- 
al-metal exchange reaction the number of metal atoms in 
the product will be the same as in the starting material. 
Mechanistically, however, these reactions usually proceed 
through a sequence of metal-addition and -elimination 
steps and traverse an intermediate of higher nuclearity, 
eq 1, which is frequently unobserved. Bridging ligands are 

known to  stabilize higher nuclearity c l ~ s t e r s , ~ , ~ , ~ , ~  and in 
metal-metal exchange reactions involving clusters that 
have bridging ligands, the higher nuclearity intermediates 
can often be isolated and characterized.2 

(1) Roberta, D. A.; Geoffroy, G. L. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A,, Abel, E., Eds.; Pergamon: 
Oxford, 1982; Chapter 40. 

(2) Vahrenkamp, H. Adu. Organomet. Chem. 1983,22, 169. 
(3) Adams. R. D.; Babin, J. E.; Mahtab, R.; Wana, S. Znorg. Chem. - 

1986,25, 1623. 
(4) Richter. F.; Roland. E.; Vahrenkamo. H. Chem. Ber. 1984. 117. . .  , .  , .  _ I  

2429: 
(5 )  (a) Blumhofer, R.; Fischer, K.; Vahrenkamp, H. Chem. Ber. 1986, 

119,683. (b) Roland, E.; Vahrenkamp, H. Chem. Ber. 1984,117, 1039. 
(c) Mtiller, M.; Vahrenkamp, H. Chem. Ber. 1983,116,2748. (d) Richter, 
F.; Vahrenkamp, H. Chem. Ber. 1982, 115, 3224. 

(6) Horwitz, C. P.; Holt, E. M.; Shriver, D. F. Organometallics 1985, 
4, 1117. 

( 7 )  Vahrenkamp, H. Angew. Chem., Znt. Ed. Engl. 1975,14, 322. 
(8) Adams, R. D. Polyhedron 1985, 4 ,  2003. 

Vahrenkamp has recently reported the preparation of 
the compound RuMo2(C0),(p3-S)Cp2 (3) from RuCo2- 
(co)g(p3-s) by a series of exchange reactions that se- 
quentially substitute molybdenum-containing moieties for 
the cobalt carbonyl  grouping^.^ We have now discovered 
a new route to  3 through a one-step reaction of Ru3- 
(CO)&,-CO)(p,-S) (1) with [ C ~ M O ( C O ) ~ ] ~ .  The penta- 
nuclear compound RU~M~~(CO)~~(~-CO)~(~~-S)CP~ (2) was 
isolated and shown to be an intermediate in the formation 
of 3. 

Experimental Section 
General Data. Although the reaction products are air-stable, 

all reactions were performed under a dry nitrogen atmosphere. 
Reagent grade solvents were stored over 4-A molecular sieves. 
R U ~ ( C O ) ~ ~  and [CpMo(CO)& were purchased from Strem 
Chemical Co. and were used without further purification. 
[C~MO(CO)~]~ was prepared from [C~MO(CO)~]~ by the published 
proced~re.~ R u ~ ( C O ) ~ ( ~ ~ - C O ) ( ~ ~ - S )  (1) and RU(CO)~ were pre- 
pared by the previously reported procedures.lOJ1 All chroma- 
tographic separations were carried out in air. TLC separations 
were performed on plates (0.25 mm Kieselgel60 FZM, E. Merck, 
W. Germany) purchased from Bodman Chemicals. IR spectra 
were recorded on a Nicolet 5 DXB FT J.R spectrophotometer. ‘H 
NMR spectra were run on a Bruker AM-300 spectrometer op- 
erating at 300 MHz. Elemental analyses were performed by Desert 
Analytics, Tucson, AZ. 

(9) Ginley, D. S.; Wrighton, M. S. J.  Am. Chem. Soc. 1975,97,3533. 
(IO) Adams, R. D.; Babin, J. E.; Tasi, M. Znorg. Chem. 1986,244514. 
(11) Huq, R.; P&, A. J.; Charola, S. Znorg. Chim. Acta 1980,38,121. 
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Table I. Crystallographic Data for the Structural Analyses for Compounds 1-3 
1 2 3 

formula RusSOloClo RU3M02S012C22H10 R u M o ~ S O ~ C ~ ~ H ~ ~  
temD. f3 OC 24 23 23 

* I  

space group P21, NO. 4 Pi, NO. 2 P21/~,  NO. 14 
a (A) 9.302 (3) 15.906 (3) 12.429 (4) 

19.973 (6) 16.462 (3) 15.700 (4) 
c (A) 13.103 (3) 11.668 (2) 10.049 (2) 
b (A) 
a (deg) 90.0 93.52 (2) 90.0 
P (deg) 91.00 (2) 109.60 (2) 
Y (deg) 90.0 75.42 (1) 90.0 
v (A3) 
Z 6 4 4 
Mr 

Pcalcd! g/cm3 2.52 2.49 2.21 

90.28 (2) 

2434 (1) 2645 (1) 1961 (1) 
615.4 993.5 651.3 

(A) Measurement of Intensity Data 
radiatn Mo Ka (0.71069A) Mo Ka (0.71069A) Mo Ka (0.710 69 A) 
monochromator graphite graphite graphite 
detector aperture (mm) 

horizontal 4.0 4.0 4.0 
vertical 4.0 4.0 4.0 

cryst faces 011, oii, 0i2 loo, Too, oi2 
012, iii, 120 012, ioi, io1 

cryst size (mm) 
cryst orientatn 

0.14 X 0.13 X 0.61 0.14 X 0.20 X 0.20 

lattice directn [W I1211 I1011 
7.7 deg from 4 axis 4.4 10.4 

reflctns measd h,k,fl h , f k , f l  h,k , f l  
max 28, deg 50.0 48.0 50.0 
scan type moving crystal-stationary counter moving crystal-stationary counter moving crystal-stationary counter 
w-scan width (A + 0.347 tan 1.10 1.00 1.10 

background (time at each end scan time 'I4 scan time 'I4 scan time 

w-scan rate (deg/min)" 4.0 4.0 4.0 
no. of reflctns measd 4771 8698 3844 
data used (F.! 1 3 . 0 u ( P ) )  4124 6078 2566 

absorptn correctn analytical empirical empirical 

transmissn coeff 

e)", A = 

of scan) 

(B) Treatment of Data 

coeff (cm-') 28.6 26.7 21.2 

max 0.77 1.00 1.00 
min 0.67 0.89 0.87 

P factor 0.02 0.02 0.02 
final residuals 

R F  0.022 0.038 0.028 
R W F  0.024 0.040 0.028 

goodness of fit 1.35 1.75 1.27 
largest shift/error 

largest peak in final diff 0.60 2.72 0.42 
Fourier (e/A3) 

no. of variables 648 721 253 

"Rigaku software uses a multiple-scan technique. If the Z/a(I) ratio is less than 10.0, a second scan is made and the results are added to 

value of final cycle 0.01 0.07 0.01 

the first scan etc. A maximum of three scans was permitted per reflection. 

Scheme I 

1 2 3 

+ Bond breaking 
................. Bond making 
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a 0 2 2  

Figure 1. An ORTEP diagram of RU~(CO)~(~~-CO)(~@)  (1) 
(molecule A) showing 50% probability thermal ellipsoids. 

Table 11. Intramolecular Distances (A) for 
Run(CO)s(fis-CO) (1 )" 

atom atom dist atom atom dist 
RulA C13A 1.91 (1) Ru2B C1B 2.188 (9) 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2B 
Ru2B 
Ru2B 

CllA 
C12A 
C1A 
S1A 
Ru3A 
Ru2A 
C l l B  
C12B 
C13B 
C1B 
S1B 
Ru2B 
Ru3B 
C13C 
c12c  
Cl lC 
c1c 
SIC 
Ru3C 
Ru2C 
C21A 
C23A 
C22A 
C1A 
S1A 
Ru3A 
C22B 
C23B 
C21B 

1.92 i i j  
1.93 (1) 
2.213 (8) 
2.341 (2) 
2.790 (1) 
2.802 (1) 
1.90 (1) 
1.91 (1) 
1.93 (1) 
2.174 (9) 
2.349 (3) 
2.800 (1) 
2.806 (1) 
1.93 (1) 
1.93 (1) 
1.93 (1) 
2.203 (8) 
2.354 (2) 
2.786 (1) 
2.795 (1) 
1.92 (1) 
1.93 (1) 
1.93 (1) 
2.163 (9) 
2.334 (2) 
2.812 (1) 
1.91 (1) 
1.92 (1) 
1.94 (1) 

Ru2B S1B 
Ru2B Ru3B 
Ru2C C21C 
Ru2C C22C 
Ru2C C23C 
Ru2C C1C 
Ru2C S1C 
Ru2C Ru3C 
Ru3A C33A 
Ru3A C32A 
Ru3A C31A 
Ru3A C1A 
Ru3A S1A 
Ru3B C31B 
Ru3B C32B 
Ru3B C33B 
Ru3B C1B 
Ru3B S1B 
Ru3C C31C 
Ru3C C33C 
Ru3C C32C 
Ru3C C1C 
Ru3C S1C 
01A C1A 
01B C1B 
01c c1c 
C(A) O(A)t.av 
C(B) O(B)t.a, 
C(C) o(Cbav 

2.354 i2j 
2.788 (1) 
1.89 (1) 
1.91 (1) 
1.935 (9) 
2.180 (9) 
2.361 (2) 
2.806 (2) 
1.91 (1) 
1.91 (1) 
1.93 (1) 
2.193 (8) 
2.340 (2) 
1.90 (1) 
1.93 (1) 
1.94 (1) 
2.165 (9) 
2.354 (2) 
1.91 (1) 
1.91 (1) 
1.92 (1) 
2.168 (9) 
2.349 (2) 
1.17 (1) 
1.17 (1) 
1.17 (1) 
1.13 (1) 
1.13 (1) 
1.13 (1) 

'Estimated standard deviations in the least significant figure are 
given in parentheses. 

c74 

Figure 2. An ORTFZ diagram of RU~M~(CO)~,(~-CO),CP,(~?-S) 
(2) (molecule A) showing 50% probability thermal ellipsoids. 

Reaction of RU~(CO)~(~I~-CO)&-S) (1) with [C~MO(CO)~]~. 
[C~MO(CO)~J~ (65 mg, 0.150 mmol), dissolved in 70 mI, of benzene, 
was heated to reflux, and a solution of 1 (61 mg, 0.100 mmol), 
dissolved in 15 mL of benzene, was added via a syringe. The 
reaction solution was refluxed for 3 h under a continuous purge 
with nitrogen. The solvent was then removed in vacuo. The 
residue was dissolved in a CH,Clz/hexane (25/75) solvent mixture 
and chromatographed on a Florisil column with the same solvent. 
A brown band containing 4.0 mg (9%) of RU~(CO)&~-S),'~ was 
eluted f i t .  A pink band containing 24 mg of [C~MO(CO)~]~ was 
eluted with a hexane/CH,Clz (1/1) solvent mixture. A small gpm 
band was eluted with pure CH2ClZ. A red band was eluted with 
a CH2C12/THF (8/2) solvent mixture. The green band conthins 
a mixture of the compounds RU~MO~(CO)~~(~~-~~-CO)C~~(~~-S) 
(4; 9%) and RU~MO~(CO)~~(~~-~~-CO)~C~~(~~-S) (5; 3%) which 
contain quadruply bridging carbonyl ligands.I3 These compdunds 
will be described in detail in a forthcoming report.14 Thi? red 
band was further purified by TLC on silica gel using a hegane/ 
CHzClp (7/3) solvent mixture to yield 32 mg of red RuMoz- 
(CO)7Cpz(p3-S) (3;4 49%) and 2.1 mg of brown R U ~ M O ~ ( ~ O ) , ~ -  
(p-C0),Cp2(p4-S) (2; 2%). For 2: IR [v(CO), cm-', in CH2Clz) 

2065 (s), 2034 (vs), 2019 (vs), 2004 (m, sh), 1979 (m), 1960 (w, ah), 

5.44 (8,  C5H5). Anal. Calcd C, 26.59; H, 1.01. Found: C, 26.37; 
H, 0.94. 

Thermolysis of R u ~ M o , ( C O ) ~ ~ ( ~ ~ ~ - S )  (2). 2 (11.0 mg, 0.0111 
"01) was refluxed in 25 mL of cyclohexane solvent for 3 h under 
a continuous purge with nitrogen. The solvent was then removed 
in vacuo. The residue was dissolved in a minimum amount of 
CHzClz and was chromatographed by TLC on silica gel by using 
a hexane/CHzC12 (7/3) solvent mixture. This yielded the following 
compounds in order of elution: 1.2 mg of 5 (So/,), 2.7 mg of 4 
(21%), and 4.1 mg of 3 (57%). 

1906 (vw), 1856 (VW, Sh), 1830 (w), 1784 (w); 'H NMR (6 in CDC13) 

Crystallographic Analyses 
Yellow rod-like crystals of 1 were grown from solutions in a 

hexane/benzene (9/1) solvent mixture by cooling to 0 "C. Brown 
crystals of 2 were grown from solutions in a benzene/acetone (3/1) 
solvent mixture by slow evaporation at 10 "C. Red crystals of 
3 were grown from solutions in a hexane/CHzClz solvent mixture 
by slow evaporation at 25 "C. The data crystals were mounted 
in thin-walled glass capillaries. Diffraction measurements were 
made on a Rigaku AFC6 automatic four-circle diffractometer. 
Unit cells were determined and refined from 25 randomly selected 
reflections obtained by using the diffradometer automatic search, 
center, index, and least-squares routines. Crystal data, data 
collection parameters, and results of the analyses are listed in 
Table 1. All data processing was performed on a Digital 
Equipment Corp. MICROVAX I1 computer by using the TEX- 
SAN structure solving program library obtained from the Mo- 
lecular Structure Corp., College Station, TX. Neutral atom 
scattering factors were calculated by the standard procedures.lh 

(12) Adams, R. D.; Babin, J. E.; Tasi, M. Inorg. Chem. 1987,26,2807. 
(13) Adams, R. D.; Babin, J. E.; Tasi, M. Angew. Chem., Znt. Ed. Engl. 

(14) Adams, R. D.; Babin, J. E.; Tasi, M., report in preparation. 
1987, 26, 685. 

(15) Znternutionul Tables for X-ray Crystallography; Kynoch Press: 
Birmingham, England, 1975; Vol. IV: (a) Table 2.2B, pp 99-101, (b) 
Table 2.3.1, pp 149-150. 
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Table 111. Selected Intramolecular Bond Angles (deg) for R u ~ ( C O ) ~ ( P ~ C O ) ( P ~ - S )  ( 1 ) O  

atom atom atom angle atom atom atom angle atom atom atom angle 
C23B Ru2B C21B 97.3 (5) C33C Ru3C Ru2C 119.5 (3) 
C23B Ru2B S1B 95.1 (3) C32C Ru3C S1C 95.3 (3) 

C13A 
C13A 
C13A 
CllA 
CllA 
CllA 
C12A 
C12A 
C12A 
C1A 
C1A 
C1A 
S1A 
S1A 
Ru3A 
CUB 
Cl lB 
Cl lB 
C12B 
C12B 
C12B 
C12B 
C13B 
C13B 
C13B 
C1B 
C1B 
C1B 
S1B 
S1B 
Ru2B 
C13C 
C13C 
C13C 
c12c 
c12c 
c12c 
CllC 
CllC 
CllC 
c1c 
c1c 
c1c 
s1c 
s1c 
Ru3C 
C21A 
C21A 
C21A 
C23A 
C23A 
C23A 
C22A 
C22A 
C22A 
C1A 
C1A 
C1A 
S1A 
S1A 
RulA 
C22B 
C22B 
C22B 

RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
RulC 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2B 
Ru2B 
Ru2B 

S1A 
Ru3A 
Ru2A 
S1A 
Ru3A 
Ru2A 
S1A 
Ru3A 
Ru2A 
S1A 
Ru3A 
Ru2A 
Ru3A 
Ru2A 
Ru2A 
S1B 
Ru2B 
Ru3B 
C13B 
S1B 
Ru2B 
Ru3B 
S1B 
Ru2B 
Ru3B 
S1B 
Ru2B 
Ru3B 
Ru2B 
Ru3B 
Ru3B 
s1c 
Ru3C 
Ru2C 
s1c 
Ru3C 
Ru2C 
s1c 
Ru3C 
Ru2C 
s1c 
Ru3C 
Ru2C 
Ru3C 
Ru2C 
Ru2C 
S1A 
RulA 
Ru3A 
S1A 
RulA 
Ru3A 
S1A 
RulA 
Ru3A 
S1A 
RulA 
Ru3A 
RulA 
Ru3A 
Ru3A 
S1B 
Ru3B 
RulB 

96.2 (3) 
94.5 (3) 

147.6 (3) 
166.8 (3) 
116.4 (3) 
115.9 (3) 
94.5 (3) 

146.9 (3) 
95.7 (3) 
88.0 (2) 
50.4 (2) 
49.4 (2) 
53.40 (6) 
53.06 (6) 
60.38 (3) 
94.9 (3) 

146.0 (3) 
92.7 (3) 
92.6 (4) 

169.3 (3) 
116.7 (3) 
119.4 (3) 
93.0 (3) 
95.9 (3) 

145.5 (3) 
88.8 (2) 
50.3 (2) 
49.6 (2) 
53.53 (6) 
53.43 (6) 
59.65 (3) 
95.7 (3) 
93.3 (3) 

147.3 (3) 
167.9 (3) 
116.4 (3) 
116.7 (3) 
94.5 (3) 

147.2 (3) 
96.6 (3) 
88.6 (2) 
49.8 (2) 
50.0 (2) 
53.58 (6) 
53.76 (6) 
60.38 (4) 
95.3 (3) 
94.5 (3) 

146.7 (3) 
94.7 (3) 

146.8 (3) 
95.8 (3) 

170.0 (3) 
118.1 (2) 
119.5 (3) 
89.4 (2) 
51.0 (2) 
50.3 (2) 
53.31 (6) 
53.12 (5) 
59.60 (3) 

169.1 (3) 
116.8 (3) 
118.6 (3) 

C23B 
C23B 
C21B 
C21B 
C21B 
C21B 
C1B 
C1B 
C1B 
S1B 
S1B 
Ru3B 
c21c 
c21c 
c21c 
c22c 
c22c 
c22c 
C23C 
C23C 
C23C 
c1c 
c1c 
c1c 
s1c 
s1c 
RulC 
C33A 
C33A 
C33A 
C32A 
C32A 
C32A 
C31A 
C31A 
C31A 
C1A 
ClA 
C1A 
S1A 
S1A 
RulA 
C31B 
C31B 
C31B 
C32B 
C32B 
C32B 
C33B 
C33B 
C33B 
C1B 
C1B 
C1B 
S1B 
S1B 
Ru2B 
C31C 
C31C 
C31C 
c33c 
c33c 

Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru2C 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3C 
Ru3C 
Ru3C 
Ru3C 
Ru3C 

Ru3B 
RulB 
C1B 
S B  
Ru3B 
RulB 
S1B 
Ru3B 
RulB 
Ru3B 
RulB 
RulB 
s1c 
RulC 
Ru3C 
s1c 
RulC 
Ru3C 
s1c 
RulC 
Ru3C 
s1c 
RulC 
Ru3C 
RulC 
Ru3C 
Ru3C 
S1A 
RulA 
Ru2A 
S1A 
RulA 
Ru2A 
S1A 
RulA 
Ru2A 
S1A 
RulA 
Ru2A 
RulA 
Ru2A 
Ru2A 
S1B 
Ru2B 
RulB 
S1B 
Ru2B 
RulB 
S1B 
Ru2B 
RulB 
S1B 
Ru2B 
RulB 
Ru2B 
RulB 
RulB 
s1c 
RulC 
Ru2C 
s1c 
RulC 

147.2 (3) 
94.3 (3) 

132.1 (4) 
94.7 (3) 
95.5 (3) 

147.0 (3) 
88.3 (2) 
49.8 (2) 
49.8 (2) 
53.67 (6) 
53.38 (6) 
60.29 (3) 

169.5 (3) 
118.9 (3) 
117.5 (3) 
98.3 (3) 
93.0 (3) 

148.1 (3) 
93.3 (3) 

146.2 (3) 
97.1 (3) 
89.0 (2) 
50.8 (2) 
49.6 (2) 
53.54 (6) 
53.23 (6) 
59.65 (3) 
94.5 (3) 
94.8 (3) 

146.1 (3) 
96.3 (3) 

147.6 (3) 
93.8 (3) 

167.9 (3) 
115.4 (3) 
119.3 (3) 
88.5 (2) 
51.0 (2) 
49.3 (2) 
53.45 (6) 
52.91 (6) 
60.02 (3) 

169.9 (3) 
119.2 (3) 
117.9 (3) 
99.3 (3) 
93.6 (3) 

149.3 (3) 
93.2 (3) 

146.5 (3) 
98.2 (3) 
88.9 (2) 
50.5 (2) 
49.8 (2) 
53.67 (6) 
53.28 (7) 
60.06 (3) 
96.9 (3) 

148.1 (3) 
93.9 (3) 

168.7 (3) 
115.6 (3) 

Estimated standard deviations in the least significant figure are given in parentheses. 

C32C 
C32C 
c1c 
c1c 
c1c 
s1c 
s1c 
RulC 
Ru2A 
Ru2A 
Ru3A 
RulB 
RulB 
Ru2B 
Ru3C 
Ru3C 
RulC 
0 1 A  
0 1 A  
01A 
Ru2A 
Ru2A 
Ru3A 
01B 
01B 
01B 
Ru3B 
Ru3B 
RulB 
01c 
01c 
01c 
Ru3C 
Ru3C 
Ru2C 
OllA 
Ol lB 
OllC 
012A 
012B 
012c 
013A 
013B 
013C 
0 2 1 A  
021B 
021c 
022A 
022B 
022c 
023A 
023B 
023C 
031A 
031B 
031C 
032A 
032B 
032C 
033A 
033B 
033C 

Ru3C 
Ru3C 
Ru3C 
Ru3C 
Ru3C 
Ru3C 
Ru3C 
Ru3C 
S1A 
S1A 
S1A 
SIB 
S1B 
S1B 
s1c 
s1c 
s1c 
C1A 
C1A 
C1A 
C1A 
C1A 
C1A 
C1B 
C1B 
C1B 
C1B 
C1B 
C1B 
c1c 
c1c 
c1c 
c1c 
c1c 
c1c 
CllA 
Cl lB 
CllC 
C12A 
C12B 
c12c 
C13A 
C13B 
C13C 
C21A 
C21B 
c21c 
C22A 
C22B 
c22c 
C23A 
C23B 
C23C 
C31A 
C31B 
C31C 
C32A 
C32B 
C32C 
C33A 
C33B 
c33c 

RulC 
Ru2C 
s1c 
RulC 
Ru2C 
RulC 
Ru2C 
Ru2C 
Ru3A 
RulA 
RulA 
Ru2B 
Ru3B 
Ru3B 
RulC 
Ru2C 
Ru2C 
Ru2A 
Ru3A 
RulA 
Ru3A 
RulA 
RulA 
Ru3B 
RulB 
Ru2B 
RulB 
Ru2B 
Ru2B 
Ru3C 
Ru2C 
RulC 
Ru2C 
RulC 
RulC 
RulA 
RulB 
RulC 
RulA 
RulB 
RulC 
RulA 
RulB 
RulC 
Ru2A 
Ru2B 
Ru2C 
Ru2A 
Ru2B 
Ru2C 
Ru2A 
Ru2B 
Ru2C 
Ru3A 
Ru3B 
Ru3C 
Ru3A 
Ru3B 
Ru3C 
Ru3A 
Ru3B 
Ru3C 

97.2 (3) 
148.0 (3) 
89.6 (2) 
51.0 (2) 
50.0 (2) 
53.77 (6) 
53.62 (6) 
59.96 (3) 
73.97 (7) 
73.63 (7) 
73.15 (7) 
73.09 (7) 
73.28 (7) 
72.65 (7) 
72.65 (6) 
73.15 (7) 
72.70 (6) 

132.8 (7) 
132.4 (6) 
131.9 (7) 
80.4 (3) 
79.6 (3) 
78.6 (3) 

133.1 (7) 
131.8 (7) 
131.2 (7) 
80.6 (3) 
79.7 (3) 
79.9 (3) 

133.4 (7) 
132.5 (7) 
131.1 (7) 
80.4 (3) 
79.2 (3) 
79.2 (3) 

179 (1) 
179 (1) 
177 (1) 
177 (1) 
177 (1) 
177.0 (9) 
178 (1) 
177 (1) 
177.0 (9) 
177 (1) 
176 (1) 
178.8 (8) 
178.3 (9) 
178 (1) 
177.8 (9) 
178 (1) 
178 (1) 
177.7 (9) 
178 (1) 
177.1 (9) 
178.0 (9) 
179 (1) 
177.3 (8) 
180 (1) 
179.0 (9) 
175 (1) 
179 (1) 

Anomalous dispersion corrections were applied to all non-hydrogen 
atoms.15b Full-matrix least-squares refinements minimized the 
function: ~ ~ k l w ( ~ o l  - IFc1)2, where w = 1/uQ2, u(F) = a(Fo~/2F0 ,  
and u(F2) = [(Iraw)2 + (PF,2)2]1/2/Lp. 

Compound 1 crystallized in the monoclinic crystal system. The 
systematic absences, OIZO, It = 2n + 1, in the data were consistent 
with either of the space groups El or R 1 / m .  The  data were 

corrected for absorption by the analytical method. Attempts to 
solve the structure by direct methods (MITHRIL) in both space 
groups were successful only for the space group ml. The R1 
choice was further supported by the successful refinement. With 
2 = 6, the crystal of 1 contains three independent formula 
equivalents of 1 in the asymmetric unit. All atoms were refined 
with anisotropic thermal parameters. After the final least-squares 

D
ow

nl
oa

de
d 

by
 N

A
T

 L
IB

 U
K

R
A

IN
E

 o
n 

Ju
ly

 2
3,

 2
00

9
Pu

bl
is

he
d 

on
 M

ay
 1

, 2
00

2 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

om
00

09
1a

03
4



Metal-Metal Exchange Reactions in Cluster Synthesis Organometallics, Vol. 7, No. 1, 1988 223 

Table IV. Positional Parameters and B (ea) for R U ~ M O ~ ( C O ) ~ & C O ) ~ C ~ ~ ( ~ ~ - S )  (2) 
atom X Y 2 B(eq), A2 atom X Y z B(es), A' 
RulA -0.33205 (5) 
RulB 0.16195 (6) 
Ru2A -0.20994 (5) 
Ru2B 0.36866 (6) 
Ru3A -0.12582 (5) 
Ru3B 0.28899 (6) 
MolA -0.22247 (6) 
MolB 0.19259 (6) 
Mo2A -0.31413 (6) 
Mo2B 0.28460 (6) 
S1A -0.1494 (2) 
S1B 0.3558 (2) 
OllA -0.5485 (6) 
Ol lB -0.0035 (7) 
012A -0.3791 (7) 
012B 0.1920 (7) 
013A -0.3089 (6) 
013B 0.0248 (7) 
021A -0.3141 (6) 
021B 0.3864 (6) 
022A -0.0812 (6) 
022B 0.5846 (5) 

023B 0.3985 (7) 
031A 0.0907 (5) 
031B 0.4366 (6) 
032A -0.0968 (6) 
032B 0.2028 (7) 
033A -0.1227 (5) 
033B 0.1268 (6) 
041A -0.3977 (6) 
041B -0.0245 (6) 
051A -0.4670 (6) 
051B 0.0768 (6) 
052A -0.4632 (5) 
052B 0.2344 (6) 
Cl lA -0.4670 (8) 
C l l B  0.0598 (8) 
C12A -0.3547 (8) 
C12B 0.1904 (8) 

023A -0.0918 (6) 

0.08088 (4) 
0.41241 (5) 
0.11951 (4) 
0.37620 (5) 
0.02494 (4) 
0.46548 (5) 
0.15138 (5) 
0.33779 (5) 
0.25635 (5) 
0.23609 (5) 
0.1757 (1) 
0.3149 (1) 
0.1237 (6) 
0.3665 (6) 

-0.0038 (5) 
0.5131 (6) 

-0.0862 (5) 
0.5700 (6) 
0.1044 (5) 
0.3995 (6) 
0.1952 (5) 
0.3045 (5) 

0.5508 (5) 
0.0050 (5) 
0.4736 (5) 

-0,1622 (5) 
0.6524 (5) 

-0.0281 (4) 
0.5172 (5) 
0.0975 (5) 
0.3790 (6) 
0.2779 (5) 
0.2086 (5) 
0.2118 (4) 
0.2856 (5) 
0.1124 (7) 
0.3793 (7) 
0.0311 (6) 
0.4705 (7) 

-0.0555 (4) 

0.08734 (7) 
0.41667 (8) 

-0.03412 (7) 
0.53881 (7) 
0.18052 (7) 
0.32091 (8) 
0.,31481 (7) 
0.19260 (8) 
0.07736 (7) 
0.43768 (8) 
0.1653 (2) 
0.3414 (2) 
0.048 (1) 
0.469 (1) 

-0.1529 (7) 
0.6435 (8) 
0.2022 (7) 
0.2836 (8) 

-0.3008 (7) 
0.8025 (7) 

-0.1184 (8) 
0.6265 (7) 

-0.0508 (6) 
0.5470 (8) 
0.2910 (6) 
0.2019 (9) 
0.2066 (7) 
0.2931 (8) 
0.4291 (6) 
0.0767 (7) 
0.3423 (7) 
0.1739 (8) 
0.2085 (7) 
0.3144 (9) 

-0.1578 (6) 
0.6733 (7) 
0.066 (1) 
0.447 (1) 

-0.065 (1) 
0.563 (1) 

2.22 (3) 
2.84 (4) 
2.22 (3) 
2.69 (4) 
2.18 (3) 
2.98 (4) 
2.27 (4) 
3.04 (4) 
2.20 (4) 
2.50 (4) 
2.3 (1) 
2.6 (1) 
7.2 (6) 
8.1 (7) 
5.8 (5) 
7.7 (6) 
5.3 (5) 
7.0 (5) 
4.8 (4) 
6.2 (5) 
5.4 (5) 
5.5 (5) 
4.3 (4) 
6.2 (5) 
4.4 (4) 
6.5 (5) 
5.2 (5) 
6.6 (5) 
3.9 (4) 
5.5 (5) 
5.1 (5) 
6.4 (5) 
5.0 (4) 
5.9 (5) 
3.8 (4) 
5.4 (5) 
3.9 (6) 
4.4 (6) 
3.7 (6) 
4.5 (6) 

h 0 3 2  

Figure 3. An ORTEP diagram of RUM%(CO),C~~(IL~-S) (3) showing 
50% probability thermal ellipsoids. 

refinement cycle, a test of the enantiomorphic form was made 
by inverting all the atomic coordinates and refining again. No 
significant difference were observed between the R values of the 
two refinements; thus, the atomic coordinates for the first en- 
antiomorphic form were retained and are reported here. 

Compound 2 crystallized in the triclinic crystal system. The 
space group Pi was assumed and confirmed by the successful 
solution and refinement of the strcture. The data were corrected 
for absorption by the empirical method. The structure was solved 
by a combination of Patterson and difference Fourier techniques. 
All non-hydrogen atoms were refined with anisotropic thermal 
parameters. The positions of the hydrogen atoms were calculated 
by assuming idealized geometries of the CsHs rings. Their con- 
tributions were added to the structure factor (SF) calculations, 
but their positions were not refined. 

C13A 
C13B 
C21A 
C21B 
C22A 
C22B 
C23A 
C23B 
C31A 
C31B 
C32A 
C32B 
C33A 
C33B 
C41A 
C41B 
C51A 
C51B 
C52A 
C52B 
C61A 
C61B 
C62A 
C62B 
C63A 
C63B 
C64A 
C64B 
C65A 
C65B 
C71A 
C71B 
C72A 
C72B 
C73A 
C73B 
C74A 
C74B 
C75A 
C75B 

-0.3121 (7) 
0.086 (1) 

-0.2757 (7) 
0.3790 (8) 

-0.1297 (8) 
0.5027 (8) 

-0.1256 (7) 
0.3723 (8) 
0.0097 (8) 
0.3800 (8) 

-0.1088 (8) 
0.2336 (9) 

-0.1498 (7) 
0.1704 (8) 

-0.3372 (8) 
0.058 (1) 

-0.4041 (8) 
0.1510 (8) 

-0.4025 (7) 
0.2500 (8) 

-0.116 (1) 
0.269 (1) 

-0.1098 (9) 
0.197 (2) 

-0.198 (1) 
0.110 (1) 

-0,2617 (9) 
0.129 (1) 

-0.211 (1) 
0.226 (1) 

-0.2480 (8) 
0.4365 (8) 

-0.2528 (9) 
0.3918 (8) 

-0.350 (1) 
0.3059 (8) 

-0.4061 (9) 
0.3025 (9) 

-0.3417 (8) 
0.383 (1) 

-0.0227 (7) 
0.5086 (8) 
0.1091 (6) 
0.3913 (6) 
0.1664 (6) 
0.3310 (6) 
0.0019 (6) 
0.4919 (6) 
0.0115 (6) 
0.4743 (6) 

-0.0918 (6) 
0.5828 (7) 
0.0254 (6) 
0.4630 (7) 
0.1140 (6) 
0.3675 (7) 
0.2598 (6) 
0.2274 (6) 
0.2145 (6) 
0.2804 (7) 
0.225 (1) 
0.269 (1) 
0.1569 (8) 
0.335 (1) 
0.1587 (7) 
0.323 (1) 
0.2337 (8) 
0.248 (1) 
0.2749 (7) 
0.2144 (8) 
0.3744 (6) 
0.1404 (6) 
0.3550 (6) 
0.1175 (6) 
0.3631 (7) 
0.0956 (6) 
0.3885 (6) 
0.1050 (6) 
0.3960 (6) 
0.1322 (7) 

0.1616 (9) 
0.330 (1) 

-0.200 (1) 
0.702 (1) 

0.5928 (9) 

0.502 (1) 
0.2485 (9) 
0.247 (1) 
0.1955 (9) 
0.304 (1) 
0.3539 (8) 
0.149 (1) 
0.316 (1) 
0.197 (1) 
0.171 (I) 
0.354 (1) 

-0.068 (1) 
0.581 (1) 
0.443 (1) 
0.058 (1) 
0.503 (1) 

-0.003 (1) 
0.516 (1) 

-0.005 (1) 
0.464 (1) 
0.055 (1) 
0.417 (1) 
0.092 (1) 
0.128 (1) 
0.509 (1) 
0.011 (1) 
0.392 (1) 

-0.061 (1) 
0.389 (1) 
0.015 (1) 
0.509 (1) 
0.130 (1) 
0.580 (1) 

-0.088 (1) 

-0.0034 (9) 

3.4 (5) 
5.4 (7) 
3.1 (5) 
3.7 (5) 
3.5 (5) 
3.3 (5) 
3.0 (5) 
4.0 (5) 
2.9 (5) 
4.1 (6) 
3.1 (5) 
4.4 (6) 
2.7 (5) 
3.8 (6) 
3.4 (5) 
5.0 (7) 
3.5 (5) 
3.8 (5) 
3.0 (5) 
4.0 (6) 
5.2 (8) 
7 (1) 
4.6 (6) 
7 (1) 
4.4 (7)  
6.3 (8) 
4.7 (6) 
6.2 (8) 
5.5 (8) 
6.5 (8) 
3.5 (5) 
3.9 (5) 
3.9 (6) 
3.9 (6) 
5.0 (7) 
4.4 (6) 
4.8 (6) 
4.4 (6) 
3.8 (5) 
4.8 (6) 

Compound 3 crystallized in the monoclinic crystal system. The 
space group P 2 J c  was identified uniquely from the systematic 
absences observed in the data. The data were corrected for 
absorption by the empirical method. The structure was solved 
by a combination of direct methods (MITHRIL) and difference 
Fourier techniques. All non-hydrogen atoms were refined with 
anisotropic thermal parameters. The positions of the hydrogen 
atoms were calculated by assuming idealized geometries for the 
C a s  rings. Their contributions were added to the SF calculations, 
but their positions were not refined. 

Error analyses were calculated from the inverse matrix obtained 
on the final cycle of refinement. Tables of observed and calculated 
SF amplitudes, values of the anisotropic thermal parameters, and 
final positional parameters for three independent molecules of 
1 are available (see supplementary material). 

Results 
The principal product obtained from the reaction of 

Ru~(CO)~(CC~-CO)(CC~-S) (1) with [ C ~ M O ( C O ) ~ ] ,  was 
RuMo2(C0)&pz(p3-S) (3; 49% yield). A number of minor 
products, 4 (9%),13 5 (3%),13 and R U ~ M O ~ ( C O ) ~ ~ ( P -  
C0)&p2(p4-S) (2; 2%), were also obtained. The metal 
nuclearity of 2 suggested that it was a direct product of 
the reaction and possibly an intermediate in the formation 
of 3. This was confirmed by an independent experiment 
in which 2 was converted into 3 in 57% yield. Compounds 
2 and 3 were characterized by single-crystal X-ray dif- 
fraction analyses. For comparative purposes a crystallo- 
graphic analysis of 1 was also performed and these results 
are included with this report. 
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Table V. Intramolecular Distances (A) for 
Ru~Moz(C0)io(a-CO)aC~z(~r-S) (2)" 

atom atom dist atom atom dist 

Adams et al. 

homologues that have been reported previously. 
(b) RU~MO~(CO)~,(~~-CO)~CP~(~~-S) (21. Compound 

2 crystallizes in the triclinic space group P1 with two in- 
dependent molecules in the asymmetric crystal unit. Both 
molecules are structurally similar. An ORTEP diagram of 
molecule A is shown in Figure 2. Final positional pa- 
rameters are listed in Table IV. Intramolecular bond 
distances and selected bond angles are listed in Tables V 
and VI, respectively. The molecule consists of a square- 
pyramidal cluster of three ruthenium and two molybde- 
num atoms. The two molybdenum atoms occupy basal 
positions of the pyramid. A quadruply bridging sulfido 
ligand spans the square base. Carbonyl ligands bridge two 
of the basal edges of the cluster, C(33)-0(33) across Mo- 
(1)-Ru(3) and C(23)-0(23) across Ru(2)-Ru(3). The 
Mo(l)-Mo(2) bond length is 3.066 (1) A 13.110 (1) A]. The 
quantity in brackets corresponds to the distance in mol- 
ecule B. These distances are shorter than the Mo-Mo 
single bond length, 3.235 (1) A, observed in sterically 
crowded molecule [C~MO(CO),]~. '~  Interestingly, there 
is no significant difference between the CO-bridged Mo- 
(1)-Ru(3) distance, 2.920 (1) A [2.911 (1) A], and the un- 
bridged distance Mo(2)-Ru(2), 2.911 (1) A [2.908 (1) A]. 
The Ru(2)-Ru(3) metal-metal bond is the shortest in the 
molecule, 2.756 (1) A [2.796 (1) A]. Similar Ru-Ru bond 
distances were observed for the CO-bridged bonds in the 
structurally similar cluster Rus(CO),,(fiL-CO),(fi4-S) (4).lg 
The Ru-Mo and Ru-Ru bonds to the apical atom Ru(1) 
are significantly longer than the corresponding bonds in 
the base of the pyramid, Ru(1)-Mo(1) = 2.963 (1) A [2.950 

2.852 (1) A [2.845 (1) A]. A similar effect was observed 
in compound 4.l9 Compound 2 contains two bridging 
carbonyl ligands, Y = 1830 and 1784 cm-'. There are two 
carbonyl ligands on Mo(2) that are weakly semibridging. 
The remaining carbonyl ligands, distributed as shown in 
Figure 2, are all of a terminal type. The 'H NMR spectrum 
shows only one cyclopentadienyl resonance, 6 5.44. How- 
ever, in the solid-state structure the rings are inequivalent. 
The implied solution equivalence could be the result of a 
dynamic averaging process involving very simple bridge- 
terminal CO ligand shifts. For example, the semibridging 
ligand, C(52)-0(52), shifts to a full bridge across the 
Mo(2)-Ru(2) bond, and the full bridge, C(33)-0(33), shifts 
into a semibridging mode on Mo( 1). Compound 2 contains 
a total of 76 valence electrons. I t  obeys both the polyhedral 
skeletal electron pair theory and the effective atomic 
number rule, although within the framework of the latter 
theory the Mo(2)-Ru(2) bond would be regarded as do- 
nor-acceptor bond from Mo(2) to Ru(~) .~O 

(c) RuMo2(CO),Cp2(fi3-S) (3). An ORTEP drawing of 
the molecular structure of 3 is shown in Figure 3. Posi- 
tional parameters are listed in Table VII. Intramolecular 
bond distances and angles are listed in Tables VI11 and 
IX, respectively. The molecule consists of a triangular 
cluster of two molybdenum and one ruthenium atom 

(1) A] and Ru(l)-M0(2) = 2.981 (1) A [2.998 (1) A]; RU- 
(l)-Ru(2) = 2.876 (1) A [2.883 (1) A] and Ru(l)-Ru(3) = 

RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
MolA 

C13A 
C12A 
CllA 
Ru3A 
Ru2A 
MolA 
Mo2A 
C13B 
C12B 
Cl lB 
Ru3B 
Ru2B 
MolB 
Mo2B 
C22A 
C21A 
C23A 
S1A 
Ru3A 
Mo2A 
C22B 
C21B 
C23B 
S1B 
Ru3B 
Mo2B 
C32A 
C31A 
C23A 
C33A 
S1A 
MolA 
C31B 
C32B 
C23B 
C33B 
S1B 
MolB 
C41A 

1.87 (1) 
1.88 (1) 
1.90 (1) 
2.852 (1) 
2.876 (1) 
2.963 (1) 
2.981 (1) 
1.83 (1) 
1.88 (1) 
1.90 (1) 
2.845 (1) 
2.883 (1) 
2.950 (1) 
2.998 (1) 
1.87 (1) 
1.87 (1) 
2.01 (1) 
2.418 (2) 
2.769 (1) 
2.911 (1) 
1.87 (1) 
1.87 (1) 
2.00 (1) 
2.425 (3) 
2.756 (1) 
2.908 (1) 
1.89 (1) 
1.89 (1) 
2.16 (1) 
2.172 (9) 
2.425 (2) 
2.920 (1) 
1.89 (1) 
1.90 (1) 
2.15 (1) 
2.21 (1) 
2.422 (3) 
2.911 (1) 
1.98 (1) 

MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
Mo2A 
Mo2A 
Mo2A 
Mo2A 
Mo2A 
Mo2A 
Mo2A 
Mo2A 
Mo2B 
Mo2B 
Mo2B 
Mo2B 
Mo2B 
Mo2B 
Mo2B 
Mo2B 
C(A) 
C(B) 
Ru2A 
Ru2B 
MolA 
MolB 

C33A 
C63A 
C64A 
C62A 
C65A 
C61A 
S1A 
Mo2A 
C41B 
C33B 
C64B 
C63B 
C62B 
C65B 
C61B 
S1B 
Mo2B 
C52A 
C51A 
C74A 
C73A 
C75A 
C72A 
C71A 
S1A 
C51B 
C52B 
C74B 
C75B 
C73B 
C71B 
C72B 
S1B 
O(A),, 
O(B), 
C52A 
C52B 
C51A 
C51B 

2.09 (1) 
2.25 (1) 
2.28 (1) 
2.30 (1) 
2.31 (1) 
2.34 (1) 
2.455 (2) 
3.066 (1) 
1.98 (1) 
2.07 (1) 
2.26 (1) 
2.26 (1) 
2.31 (1) 
2.31 (1) 
2.32 (1) 
2.444 (3) 
3.110 (1) 
1.98 (1) 
2.00 (1) 
2.28 (1) 
2.30 (1) 
2.31 (1) 
2.34 (1) 
2.36 (1) 
2.407 (3) 
1.96 (1) 
1.97 (1) 
2.28 (1) 
2.30 (1) 
2.31 (1) 
2.34 (1) 
2.36 (1) 
2.407 (2) 
1.15 (1) 
1.15 (1) 
2.84 (1) 
2.84 (1) 
2.89 (1) 
3.01 (1) 

" Estimated standard deviations in the least significant figure are 
given in parentheses. 

Description of the Structures. (a) R U ~ ( C O ) ~ ( ~ ~ -  
CO)(r3-S) (1). Compound 1 crystallized in the monoclinic 
space group R1 with three independent molecules in the 
asymmetric crystal unit. All three molecules are struc- 
turally similar, and an ORTEP diagram of molecule A is 
shown in Figure 1. Intramolecular distances and selected 
intramolecular angles are listed in Tables I1 and 111. The 
molecule consists of a triangular cluster of three ruthenium 
atoms connected by three metal-metal bonds. Over all 
three molecules the Ru-Ru distances lie in the narrow 
range of 2.786 (1)-2.812 (1) A; the average equals 2.798 (3) 
A. Each molecule contains a triply bridging sulfido ligand 
on one side of the cluster and a triply bridging carbonyl 
ligand on the other side. The Ru-S distances range from 
2.334 (2) to 2.361 (2) A. The Ru-C distances to the triply 
bridging carbonyl ligands exhibit a wider range, 2.163 
(9b2.213 (8) A. Each metal atom contains three linear 
terminal carbonyl ligands. All these Ru-C distances lie 
in the range of 1.89 (1)-1.94 (1) A. Compound 1 is 
structurally very similar to that of the iron16 and 0smiuml7 

(16) Mark6, L.; Madach, T.; Vahrenkamp, H. J. Orgonomet. Chem. 
1980.190. C67. - _ _ _  , -. . , - - . . 

(17) Adams, R. D.; HorvHth, I. T.; Kim, H. S. Organometallics 1984, 
3, 548. 

(18) Adams, R. D.; Collins, D. M.; Cotton, F. A. Zmrg. Chem. 1974,13, 

(19) Adam& R. D.; Babin, J. E.; Tasi, M. Organometallics, in press. 
(20) (a) Mmgos, D. M. P. Acc. Chem. Res. 1984, 17, 311. (b) Wade, 

K. In Transition Metal Clusters; Johnson, B. F. G., Ed.; Wiley: New 
York, 1980. (c)  Johnson, B. F. G.; Benfeld, R. E. Top. Stereochem. 1981, 
12. 
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Table VI. Selected Intramolecular Angles (deg) for R u , M o , ( C O ) ~ ~ ( ~ C O ) ~ C ~ ~ ( ~ , S )  ( 2 ) O  
atom atom atom anele atom atom atom angle atom atom atom angle 

C13A RulA Ru3A 77.1 (3) 
C13A 
C13A 
C13A 
C12A 
C12A 
C12A 
C12A 
CllA 
CllA 
CllA 
CllA 
Ru3A 
Ru3A 
Ru3A 
Ru2A 
Ru2A 
MolA 
C13B 
C13B 
C13B 
C13B 
C12B 
C12B 
C12B 
C12B 
C l l B  
C l l B  
C l l B  
C l l B  
Ru3B 
Ru3B 
Ru3B 
Ru2B 
Ru2B 
MolB 
C22A 
C22A 
C22A 
C21A 
C21A 
C21A 
C23A 
C23A 
C23A 
S1A 
S1A 
S1A 
Ru3A 
Ru3A 
RulA 
C22B 
C22B 
C22B 
C21B 
C21B 
C21B 
C23B 
C23B 
C23B 
S1B 
S1B 
S1B 
Ru3B 
Ru3B 
RulB 
C32A 

RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulA 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
RulB 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2A 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru2B 
Ru3A 

Ru2A 
MolA 
Mo2A 
Ru3A 
Ru2A 
MolA 
Mo2A 
Ru3A 
Ru2A 
MolA 
Mo2A 
Ru2A 
MolA 
Mo2A 
MolA 
Mo2A 
Mo2A 
Ru3B 
Ru2B 
MolB 
Mo2B 
Ru3B 
Ru2B 
MolB 
Mo2B 
Ru3B 
Ru2B 
MolB 
Mo2B 
Ru2B 
MolB 
Mo2B 
MolB 
Mo2B 
Mo2B 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
RulA 
Mo2A 
Mo2A 
Ru3B 
RulB 
Mo2B 
Ru3B 
RulB 
Mo2B 
Ru3B 
RulB 
Mo2B 
Ru3B 
RulB 
Mo2B 
RulB 
Mo2B 
Mo2B 
Ru2A 

124.9 (3j 
93.4 (3) 

155.5 (3) 
99.4 (3) 
69.6 (3) 

157.6 (3) 
112.0 (3) 
165.5 (3) 
135.7 (3) 
109.9 (3) 
94.8 (3) 
57.82 (3) 
60.25 (3) 
89.46 (3) 
90.23 (3) 
59.57 (3) 
62.10 (3) 
76.7 (4) 

126.4 (4) 
89.5 (4) 

152.6 (4) 
97.0 (4) 
69.7 (3) 

156.2 (4) 
113.4 (3) 
168.2 (4) 
133.3 (4) 
111.1 (3) 
93.4 (3) 
57.53 (3) 
60.27 (3) 
89.52 (3) 
90.41 (4) 
59.24 (3) 
63.05 (3) 

117.5 (3) 
166.2 (3) 
105.3 (3) 
140.6 (3) 
104.5 (3) 
113.1 (3) 
50.7 (3) 
91.1 (3) 

143.0 (3) 
55.25 (6) 
77.79 (6) 
52.73 (6) 
60.65 (3) 
92.55 (3) 
62.01 (3) 

117.1 (3) 
166.2 (3) 
105.2 (3) 
139.7 (3) 
103.0 (3) 
111.9 (3) 
50.7 (3) 
91.5 (3) 

143.6 (3) 
55.30 (6) 
77.22 (6) 
52.72 (6) 
60.55 (3) 
93.17 (4) 
62.36 (3) 

125.9 (3) 

C32A 
C32A 
C31A 
C31A 
C31A 
C23A 
C23A 
C23A 
C33A 
C33A 
C33A 
S1A 
S1A 
S1A 
Ru2A 
Ru2A 
RulA 
C31B 
C31B 
C31B 
C32B 
C32B 
C32B 
C23B 
C23B 
C23B 
C30B 
C33B 
C33B 
S1B 
S1B 
S1B 
Ru2B 
Ru2B 
RulB 
C33A 
C33A 
C33A 
C63A 
C63A 
C63A 
C64A 
C64A 
C64A 
C62A 
C62A 
C62A 
C65A 
C65A 
C65A 
C61A 
C61A 
C61A 
S1A 
S1A 
SulA 
Ru3A 
Ru3A 
RulA 
C33B 
C33B 
C33B 
S1B 
S1B 
S1B 
Ru3B 
Ru3B 

Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3A 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
Ru3B 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolA 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 
MolB 

RulA 
MolA 
Ru2A 
RulA 
MolA 
Ru2A 
RulA 
MolA 
Ru2A 
RulA 
MolA 
Ru2A 
RulA 
MolA 
RulA 
MolA 
MolA 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
RulB 
MolB 
MolB 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
Ru3A 
RulA 
Mo2A 
RulA 
Mo2A 
Mo2A 
Ru3B 
RulB 
Mo2B 
Ru3B 
RulB 
Mo2B 
RulB 
Mo2B 

101.3 (3) 
124.9 (3) 
113.8 (3) 
168.2 (3) 
109.2 (3) 
46.1 (3) 
88.8 (3) 

139.1 (3) 
136.8 (3) 
83.4 (2) 
45.5 (3) 
55.00 (6) 
78.16 (6) 
53.71 (6) 
61.53 (3) 
93.28 (4) 
61.77 (3) 

114.3 (3) 
166.6 (3) 
107.2 (4) 
124.9 (3) 
100.8 (4) 
125.1 (3) 
46.0 (3) 
89.5 (3) 

139.6 (3) 
136.4 (3) 
81.7 (3) 
45.2 (3) 
55.39 (6) 
78.00 (6) 
53.60 (6) 
61.92 (3) 
93.80 (4) 
61.65 (3) 
47.9 (2) 
82.1 (3) 

132.7 (2) 
129.5 (3) 
143.1 (3) 
142.7 (3) 
164.2 (3) 
135.5 (3) 
107.4 (3) 
106.5 (3) 
159.7 (3) 
137.6 (3) 
142.3 (4) 
143.2 (3) 
87.7 (3) 

111.7 (3) 
159.0 (3) 
104.3 (4) 
52.79 (6) 
75.55 (6) 
50.22 (6) 
57.99 (3) 
86.58 (3) 
59.24 (3) 
49.1 (3) 
81.3 (3) 

132.8 (3) 
52.93 (6) 
75.64 (6) 
49.61 (6) 
58.08 (3) 
86.19 (4) 

RulB MolB 
C52A Mo2A 
C52A Mo2A 
C52A Mo2A 
C51A Mo2A 
C51A Mo2A 
C51A Mo2A 
S1A Mo2A 
S1A Mo2A 
S1A Mo2A 
Ru2A Mo2A 
Ru2A Mo2A 
RulA Mo2A 
C51B Mo2B 
C51B Mo2B 
C51B Mo2B 
C52B Mo2B 
C52B Mo2B 
C5iB Mo2B 
S1B Mo2B 
SlBv Mo2B 
S1B Mo2B 
Ru2B Mo2B 
Ru2B Mo2B 
RulB Mo2B 
Mo2A S1A 
Mo2A S1A 
Mo2A S1A 
Ru2A S1A 
Ru2A S1A 
Ru3A S1A 
Mo2B SIB 
Mo2B S1B 
Mo2B S1B 
Ru3B SIB 
Ru3B S1B 
Ru2B S1B 
023A C23A 
023A C23A 
Ru2A C23A 
023B C23B 
023B C23B 
Ru2B C23B 
MolA C33A 
033B C33B 
033B C33B 
MolB C33B 
C62A C61A 
C62B C61B 
C61A C62A 
C61B C62B 
C62A C63A 
C62B C63B 
C63A C64A 
C65B C64B 
C64A C65A 
C64B C65B 
C72A C71A 
C75B C71B 
C71A C72A 
C71B C72B 
C72A C73A 
C74B C73B 
C75A C74A 
C75B C74B 
C71A C75A 
C71B C75B 

Mo2B 
Ru2A 
RulA 
MolA 
Ru2A 
RulA 
MolA 
Ru2A 
RulA 
MolA 
RulA 
MolA 
MolA 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
Ru2B 
RulB 
MolB 
RulB 
MolB 
MolB 
Ru2A 
Ru3A 
MolA 
Ru3A 
MolA 
MolA 
Ru3B 
Ru2B 
MolB 
Ru2B 
MolB 
MolB 
Ru2A 
Ru3A 
Ru3A 
Ru2B 
Ru3B 
Ru3B 
Ru3A 
MolB 
Ru3B 
Ru3B 
C65A 
C65B 
C63A 
C63B 
C64A 
C64B 
C65A 
C63B 
C61A 
C61B 
C75A 
C72B 
C73A 
C73B 
C74A 
C72B 
C73A 
C73B 
C74A 
C74B 

59.24 (3) 
68.0 (3) 
62.0 (3) 

120.1 (3) 
132.2 (3) 
73.8 (3) 
65.7 (3) 
53.06 (6) 
75.86 (6) 
51.60 (6) 
58.42 (3) 
87.58 (3) 
58.66 (3) 

133.0 (3) 
74.7 (3) 
68.5 (3) 
68.1 (3) 
63.1 (3) 

120.4 (3) 
53.27 (6) 
75.20 (6) 
50.64 (6) 
58.40 (3) 
86.83 (4) 
57.71 (3) 
74.21 (7) 

78.18 (7) 
69.74 (7) 

73.50 (7) 

74.01 (7) 
79.75 (8) 
69.31 (7) 
73.47 (7) 

116.3 (1) 

116.2 (1) 

116.9 (1) 

116.5 (1) 
143.0 (8) 
133.8 (7) 
83.2 (4) 

143 (1) 
134.1 (9) 
83.3 (4) 
86.6 (4) 

146 (1) 
128.3 (9) 
85.7 (4) 

108 (1) 
108 (1) 
110 (1) 
108 (1) 
108 (1) 
108 (1) 
106 (1) 
108 (1) 
108 (1) 
108 (1) 
107 (1) 
109 (1) 
109 (1) 
108 (1) 
107 (1) 
106 (1) 
106 (1) 
108 (1) 
110 (1) 
109 (1) 

Estimated standard deviations in the least significant figure are given in parentheses. 

connected by three metal-metal bonds. The Mo-Ru 
distances, Mo(1)-Ru(1) = 2.9129 (8) A and Mo(2)-Ru(l) 
= 2.8989 (9) A, are very similar to those in the base of the 
square pyramid of 2. The Mo(1)-Mo(2) bond of 3.0282 
(8) A is slightly shorter than the Mo-Mo bond in 2. 

Compound 3 contains a triply bridging sulfido ligand. The 
Ru-S distance of 2.314 (2) A is shorter than the two Mo-S 
distances, 2.385 (2) and 2.371 (2) A. There are seven 
carbonyl ligands. The three CO ligands on Ru(1) are lin- 
ear. Those on the molybdenum atoms are weakly semi- 
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Table VII. Positional Parameters and B (eq) for 
RuMoz(C0 )&pz(ra-S) (3) 

atom X Y z B(ea), A2 
Rul 
Mol 
Mo2 
S 
011 
012 
021 
0 2 2  
031 
032 
033 
c11 
c12 
c21 
c22 
C31 
C32 
c33 
C41 
C42 
c43 
c44 
c45 
C51 
C52 
c53 
c54 
c55 

0.67769 (4) 
0.72835 (4) 
0.77768 (4) 
0.6092 (1) 
0.9262 (4) 
0.5983 (4) 
0.9012 (5) 
0.9794 (4) 
0.6274 (4) 
0.4829 (4) 
0.8357 (5) 
0.8526 (5) 
0.6445 (5) 
0.8473 (6) 
0.8987 (5) 
0.6458 (5) 
0.5579 (5) 
0.7772 (5) 
0.8291 (5) 
0.7736 (6) 
0.6650 (6) 
0.6514 (6) 
0.7555 (6) 
0.7215 (7) 
0.6828 (6) 
0.7679 (8) 
0.8602 (7) 
0.8318 (9) 

0.11364 (3) 
0.02149 (3) 

-0.05221 (3) 
-0.0164 (1) 
0.1438 (3) 
0.1796 (3) 
0.0845 (3) 

-0.0628 (4) 
0.1239 (3) 
0.2212 (3) 
0.2616 (3) 
0.1007 (4) 
0.1236 (4) 
0.0421 (4) 

-0.0522 (4) 
0.1198 (4) 
0.1815 (4) 
0.2064 (4) 

-0.0473 (5) 
-0.1118 (4) 
-0.0991 (5) 
-0.0267 (5) 
0.0062 (5) 

-0.1235 (5) 
-0.1689 (4) 
-0.2001 (4) 
-0.1738 (6) 
-0.1257 (6) 

0.34105 (4) 
0.09769 (4) 
0.36970 (5) 
0.2733 (1) 
0.1219 (5) 
0.0057 (4) 
0.5260 (7) 
0.1934 (5) 
0.6333 (5) 
0.2720 (5) 
0.3522 (6) 
0.1200 (5) 
0.0605 (5) 
0.4583 (7) 
0.2488 (6) 
0.5231 (6) 
0.2927 (6) 
0.3502 (6) 

-0.0613 (6) 
0.0049 (7) 

-0.0164 (7) 
-0.0952 (7) 
-0.1247 (6) 
0.5614 (7) 
0.4550 (7) 
0.3816 (7) 
0.445 (1) 
0.555 (1) 

2.89 (2) 
2.51 (2) 
2.77 (2) 
3.11 (6) 
5.3 (2) 
5.0 (2) 
9.4 (4) 
6.9 (3) 
6.2 (3) 
5.4 (3) 
7.6 (3) 
3.4 (3) 
3.4 (3) 
5.4 (4) 
4.5 (3) 
4.1 (3) 
3.8 (3) 
4.2 (3) 
4.6 (3) 
4.6 (3) 
5.2 (4) 
5.3 (4) 
4.9 (4) 
6.0 (4) 
4.7 (4) 
5.5 (4) 
7.4 (5) 
7.6 (6) 

bridging ligands. The metal atoms in 3 contain 48 valence 
electrons. I t  is thus electron-precise.20 

Discussion 

The value of the unsaturated compound [ C ~ M O ( C O ) ~ ] ~  
as a reagent for cluster synthesis has been demonstrat- 
ed.21,22 Metal-metal exchange reactions are a commonly 
used method for obtaining new heteronuclear clusters.'+ 

The reaction of 1 with [ C ~ M O ( C O ) ~ ] ~  a t  80 OC yielded 
3 through a reaction in which the two molybdenum atoms 
were added in one step to yield the pentanuclear inter- 
mediate 2. The importance of molybdenum-sulfur in- 
teractions is indicated since both molybdenum atoms in 
2 are bonded to the sulfide ligand. As shown schematically 

Table VIII. Intramolecular Distances (A) for 
RuMos(CO)&~dfir-S) (3)' 

atom 
Rul 
Rul 
Rul 
Rul 
Rul 
Rul 
Mol 
Mol 
Mol 
Mol 
Mol 
Mol 
Mol 
Mol 
Mol 
Mo2 
Mo2 
Mo2 
Mo2 
Mo2 
Mo2 
Mo2 
Mo2 
011 
012  
0 2 1  
0 2 2  
031 
032 
033 
C41 
C41 
C42 
c43 
c44 
C51 
C51 
C52 
c53 
c54 

atom 
C31 
C32 
c33 
S 
Mo2 
Mol 
c12 
c11 
c45 
c44 
C41 
c43 
C42 
S 
Mo2 
c21 
c22 
c55 
c54 
c53 
C51 
C52 
S 
c11 
c12 
c21 
c22 
C31 
C32 
c33 
c45 
C42 
c43 
c44 
c45 
C52 
c55 
c53 
c54 
c55 

dist 
1.876 (7) 
1.891 (7) 
1.912 (7) 
2.314 (2) 
2.8989 (9) 
2.9129 (8) 
1.969 (6) 
1.994 (6) 
2.274 (6) 
2.286 (6) 
2.303 (6) 
2.348 (6) 
2.360 (6) 
2.385 (2) 
3.0282 (8) 
1.931 (7) 
1.938 (7) 
2.289 (7) 
2.295 (7) 
2.329 (6) 
2.338 (7) 
2.343 (6) 
2.371 (2) 
1.138 (6) 
1.142 (6) 
1.162 (7) 
1.162 (7) 
1.135 (7) 
1.141 (7) 
1.132 (7) 
1.393 (9) 
1.396 (9) 
1.380 (9) 
1.40 (1) 
1.43 (1) 
1.37 (1) 
1.37 (1) 
1.38 (1) 
1.37 (1) 
1.39 (1) 

'Estimated standard deviations in the least significant figure are 
given in parentheses. 

in Scheme I, the Mo-Mo triply bonded unit in [CpMo- 
(CO)2]2 was inserted into one of the Ru-S bonds. Each 
molybdenum atom formed two Mo-Ru bondk, and 
square-pyramidal cluster resulted. The yield of 2 was low 
because under the reaction conditions 2 is converted into 
3. Details of the expulsion of the two ruthenium atoms 

Table IX. Intramolecular Bond Angles (deg) for RuMo~(CO)&pJp~-S) (3)' 
atom atom atom angle atom atom atom angle atom atom atom angle 
C31 Rul C32 93.0 (2) C11 Mol S 123.8 (2) Mo2 S Mol 79.10 (5) 
C31 Rul C33 93.1 (3) C11 Mol Rul 76.5 (2) 011 Cl1 Mol 174.0 (5) 
C31 Rul S 104.7 (2) C11 Mol Mo2 89.0 (2) 012  C12 Mol 170.7 (5) 
C31 Rul Mo2 92.4 (2) S Mol Rul 50.60 (4) 0 2 1  C21 Mo2 164.9 (6) 
C31 Rul  Mol 153.1 (2) S Mol Mo2 50.25 (4) 0 2 2  C22 Mo2 167.1 (5) 
C32 Rul  C33 95.3 (3) Rul Mol Mo2 58.37 (2) 031 C31 Rul 179.4 (6) 
C32 Rul  S 97.7 (2) C21 Mo2 C22 86.6 (3) 032 C32 Rul 175.3 (5) 
C32 Rul  Mo2 150.2 (2) C21 Mo2 S 113.6 (2) 033 C33 Rul 178.2 (6) 
C32 Rul Mol 103.7 (2) C21 Mo2 Rul 63.1 (2) C42 C41 C45 109.3 (6) 
C33 Rul S 157.4 (2) C21 Mo2 Mol 102.2 (2) C41 C42 C43 107.9 (6) 
C33 Rul Mo2 113.7 (2) C22 Mo2 S 115.5 (2) C42 C43 C44 108.7 (6) 
C33 Rul Mol 106.0 (2) C22 Mo2 Rul 105.7 (2) C43 C44 C45 107.8 (6) 
S Rul Mo2 52.66 (4) C22 Mo2 Mol 65.7 (2) C41 C45 C46 106.3 (6) 
S Rul Mol 52.80 (4) S Mo2 Rul 50.89 (4) C52 C51 C55 107.3 (8) 
Mo2 Rul Mol 62.80 (2) S Mo2 Mol 50.66 (4) C51 C52 C53 109.5 (7) 
C12 Mol S 93.0 (2) Rul Mo2 Mol 58.83 (2) C52 C53 C54 106.6 (7) 
C12 Mol Rul  71.4 (2) Rul S Mo2 76.45 (5) C53 C54 C55 108.6 (8) 
C12 Mol Mo2 129.3 (2) Ru S Mol 76.60 (4) C54 C55 C51 108.0 (8) 

a Estimated standard deviations in the least significant figure are given in parentheses. 
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were not provided by this study. Since no Ru2M02 species 
were observed, it is believed that both ruthenium carbonyl 
groups were eliminated rapidly. Most of the ruthenium 
was isolated as R u ~ ( C O ) ~ ~  This could have passed through 
Ru(CO)~ since this is known to convert into R u ~ ( C O ) , ~  
under the reaction conditions. Small amounts of ruthe- 
nium were used in the formation of higher nuclearity 
products. l3 
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Sodium organocuprates, R2CuNa, can be prepared from organosodium reagents (RNa) and CuCN or 
CuBr.SMez at -50 O C  in THF. The resulting reagents show typical cuprate reactivity; however, they are 
less reactive toward a typical cu-enone than the corresponding Li cuprates. Organmuprate reactivity toward 
2-iodoheptane appears to be controlled by the counterion (CN- vs I-) rather than by the metal ion (Na+ 
vs Li+). Both BuzCuNa.NaCN and Bu2CuLi.LiCN are very stable and react quantitatively with PhCOC1. 
Whereas treatment of di-tert-butyl thioketone with BuNa or BuLi yields predominately reduction product, 
treatment with the corresponding cuprates yields a substantial proportion of thiophilic addition product. 
The effects of 15-crown-5 and 12-crown-4 on BuzCuNa-NaCN and Bu2CuLi-LiCN are also described. 

Organocuprates arguably are the most important of the 
transition-metal organometallic reagents, and they are 
among the most important of all the many reagents cur- 
rently applied to organic synthesk2 While the counterion 
in the Cu(1) precursor (X in Scheme I) has been varied 
widely (e.g., halide,3-5 cyanide: a~e ty l ide ,~  methanide,8 
mesitylenide: alkoxide,1° mercaptide,'O amide,ll phos- 
phide,11J2 triflate13), the only metal ions that have been 

(1) New Copper Chemistry. 13. For part 12, see ref 26a, for part 11, 
ref 33, and for part 10, ref 26b. 
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1973,95, 7788. 
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Scheme I 
CuX + 2RM - R2CuM.MX (or R2Cu(X)M2) 

partners with Cu in previous cuprates have been Li, Mg, 
and, to a very limited extent, Zn,14J5 Cd,15 Zr,16 B,17 and 
Hg.lS Other metals have been added to organocopper 
reagents in the form of Lewis acids.lg We have been able 
to prepare sodium cuprates by the addition of organo- 
sodium reagenta to CuCN or CuBr.SMez. These new 
species possess typical organocuprate reactivity but have 
some significant differences from the corresponding lith- 
ium cuprates. 

(13) Bertz, S. H.; Dabbagh, G.; Williams, L. M. J. Org. Chem. 1985, 
50, 4414. 
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Weisaig, V.; Thiele, K.-H.; Beckhaus, R. 2. Anorg. Allg. Chem. 1981,482, 
185. Kitazume, T.; Ishikawa, N. Chem. Lett .  1982, 1453. See also 
Gaudemar, M. Tetrahedron Lett .  1983,24, 2749. 
(16) Wiemers, D. M.; Burton, D. J. J. Am. Chem. SOC. 1986,108,832. 
(16) Yoshifuji, M.; Loots, M. J.; Schwartz, J. Tetrahedron Lett. 1977, 

1303. 
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H. C. J. Org. Chem. 1980,45, 549, 550. 
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