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Summary 

The binuclear, disulfur- and trisulfur-bridged organomolybdenum complexes. 

(~-S,)[MO(~~‘-C,H,)(CO)~]~ (x = 2 and 3) were prepared by the reaction of 

Na[Mo(q5-C,H5)(C0)3] with S2CI, at -97°C and by reaction of Li?S, (X = 2, 3. 

and 4) with Mo(CO),(q’-C,H,)Cl at room temperature. Similarly the binuclear. 
disulfur bridged organotungsten complex, ( p-Sz)[W( q’-C, H, )(CO) i ] z was prepared 
by the reaction of Na[W($-C,H,)(CO),] with &Cl, at -97°C. No reaction was 
observed between W(~J~-C,H~)(CO)~C~ and Li,S, (.Y = 2. 3 and 4) at room tempera- 
ture or in boiling THF. The sulfur chromium complex, [Cr(q5-C5Hi)(CO):!]2S was 
the major product of the reaction of Na[Cr($-C,H5)(CO)?] with S,Cl, and SOClz 
at room temperature or -97°C. The reaction of [Cr(n5-C5H5)(CO)I]zS with I, in 
CDCl, in l/l molar ratio yielded. Cr($-C5H5)(CO)11. 

Introduction 

Transition metal-sulfur complexes are of current interest owing in part to their 
potential as models for biological [2,3] and heterogeneous catalysts [446]. Addition- 
ally, in the area of metal-cluster chemistry. sulfur ligands have proved to be very 
versatile in the construction of transition metal cluster complexes including hetero- 
nuclear clusters of potential catalytic utility [7]. The coordination chemistry of 
polysulfide, S,‘- (x = 1, 2, 3, 4.. .etc.) is of particular interest because of their large 
variety of modes of coordination [8,9]. A number of ionic disulfide bridging 

complexes have been reported, [(NH,),RuSSRU(NH,),]~’ [lo], [(CN),CoS,Co- 

* For part I see ref. 1. 
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mass spectrometer. Melting points were determined on a capillary melting point 
apparatus and are uncorrected. Elemental analyses were performed by Mikroanaly- 
tisches Labor Pascher, Busch-str. 54 Bonn 1, West Germany and Spang Microana- 
lytical Laboratory, Eagle Harbor, Michigan 49951. 

Procedures 

(u) Chromium reuctions 
1. Reaction of Na[Cr(y’-C,H,)(CO)_,/ with S,CI, ut - 97°C. A solution of &Cl, 

(2.7 g, 20 mmol) in THF was added dropwise (15 min) to a rapidly stirred THF 
solution (150 ml) containing (8.7 g, 40 mmol) of Na[Cr( $-CiH,)(CO),] [20] cooled 
to -97°C (methylene chloride slush bath [18]). The colour changed rapidly to 
brown. When the addition was complete the mixture was stirred for 1 h at -97°C 
and then allowed to warm slowly to room .temperature with stirring. Solvent was 
removed in vacua, the residue was extracted with diethyl ether (150 ml). and the 
extract was filtered. The volume of the filtrate was reduced in vacua to 30 ml, and 6 
ml portions were transferred to the top of the silica gel column. The column was 
eluted with 10% diethyl ether in petroleum ether, to give a broad olive-green band 
which was collected under nitrogen and kept under vacuum to give dark green 
crystals (0.88 g, 65% yield based on Cr) of [($-C,HS)Cr(CO)_,],S (compound I). 
Anal. Found: C, 45.13: H, 2.95; S, 8.50; Cr, 27.80. C,,H,,,Cr,OlScalcd.: C, 44.45: 
H, 2.67; S, 8.48; Cr, 27.50%. IR (petroleum ether): v(C0) 1998s. 1958vs, 1932s and 
1925s cm-‘. IR (THF): v(C0) 1990s. 1942~s and 1915s (br) cm-‘. ‘H NMR 
(CDCI,): strong singlet at 6 4.90 ppm (5H. C,H5). The melting point was 
114-115°C. R, (10% diethyl ether in petroleum ether) was 0.30. The data are 
consistent with those reported for [(qs-C,H5)(CO)Z]1S [21]. 

2. Reaction of Nu[Cr(q’-C, H,)(CO),?] bvith S,CI, at room temperature. A THF 
solution of SZC1? (1.62 g, 12 mmol) was added drop-wise (15 min) to a rapidly stirred 
THF solution (100 ml) containing (5.40 g, 24 mmol) of Na[Cr(q’-C5H5)(C0)1] at 
room temperature. The colour changed rapidly to green. The mixture was then 
stirred for 30 min and the IR spectrum was recorded. This revealed the v(CO) bands 
2005m, 1948s 1925s and 1910sh cm-‘: these are characteristic of the chromium 

tricarbonyl cyclopentadienyl dimer. [Cr( q’-C,H,)(CO),] 1 [22]. 
When the reaction mixture was continuously stirred for 2 h it became dark 

olive-green. TLC examination of this olive-green solution showed the presence of the 

sulfur complex, [Cr(q5-CsH5)(C0)2]ZS, R, (10% diethyl ether in petroleum ether) 
0.30. The sulfur complex was isolated by column chromatography (2.75 g, 66% yield) 
and characterized by IR, ‘H NMR and melting point. 

3. Reaction of Na(Cr(q”-C, H,)(CO), / with SOC‘I, at - 97°C. A solution of 
SOCI, (1.43 g, 12 mmol) in THF was added dropwise (15 min) to a rapidly stirred 
THF solution (100 ml) containing (5.40 g, 24 mmol) of Na[Cr($-C,Hs )(CO),] 
cooled to -97°C. The colour changed rapidly to brown. The mixture was then 
stirred for 1 h at - 97°C and subsequently allowed to warm slowly to room 
temperature with stirring. Solvent was removed in vacua, the residue was extracted 
with diethyl ether (100 ml), and the extract was filtered. The volume of the filtrate 
was reduced in vacua to 10 ml, and 5 ml portions were transferred to the top of the 
silica gel column. The column was eluted with 10% diethyl ether in petroleum ether. 
to give a broad olive-green band. This band was collected under nitrogen and kept 
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TABLE 1 

LOW RESOLUTION MASS SPECTRUM DATA FOR (~-S,)[Mo(?i-C~H~)(C0)?12 (II) ” 

m/e Tentative Relative 

assignments abundance 

01 /e Tentative 

assignments 

Relative 

abundance 

311 !C,H, )Mo(CO)&+ 23.6 

283 KgHs)Mo(CO),Sz+ x.4 

219 (CjHS)Mo(CO),S+ 20.8 

255 (C,H,)Mo(CO)Sz+ 53.9 

251 tC,H,)Mo(CQxS + 100.0 

247 (C,H,)Mo(CO), 
+ 16.4 

246 Mo(CO)&+ 73.0 

228 Mo2S+ 4.0 

221 (C,Hs)MoS,+ 10.5 
218 (CO)z MO&+ 28.5 
214 (CO),MoS+ 10.5 

196 hlo, + 63.1 

195 (C‘,H,)MoS- 100.0 

190 (CO)MoSZ - 100.0 

179 (C,H,)MoZS” 6.2 

163 (CiH,)Mo- 29.9 

162 Mo& - 10.2 

130 MoS- 11.9 

65 (C,H,)+ 8.6 

u The assignments involve the most abundant naturally isotopes m each fragment (“MO isotope for 

molybdenum). 

petroleum ether, to give a broad greenish-orange band which was collected under 
nitrogen. TLC examination of this eluate indicated the presence of two compounds 
with R, (33% diethyl ether in petroluem ether) 0.17 (orange) and 0.24 (green): These 

were separated by preparative thin-layer chromatography (PTLC) using 40% diethyl 
ether in petroleum ether as eluant. The compound with R, value 0.17 was isolated as 
an orange-red crystalline solid (0.95 g. 56% yield) and identified by elemental 
analysis. infrared and ‘H NMR spectroscopy. and melting point as Mo($- 
C,H,)(CO),Cl [25]. Anal. Found: C, 34.26; H, 1.91: Cl, 12.81. C,H,MoO,Cl calcd.: 
C, 34.3; H. 1.8; Cl, 12.7%. IR (Ccl,) v(C0): 2055s. 1980~s and 1958~s cm-‘. ‘H 
NMR (CDCI,): strong singlet at S 5.64 ppm (5H. C,HS) melting point: 1355136°C. 

The compound with R f value 0.24 was isolated as a green crystalline solid (0.67 g. 
20% yield) and characterized by elemental analysis. infrared spectra, ‘H NMR, mass 
spectra and melting point, 6997O”C, as (@,)[Mo($-CsH5)(CO),], (II). Anal. 
Found: C, 34.46; H, 1.95; MO, 34.93; S, 11.71. C,,H,,,Mo,0,S2 calcd.: C, 34.67: H, 
1.82; MO, 34.62; S, 11.57%. IR (petroleum ether) u(C0): 204Os, 1972~s and 1949~s 
cm- . ’ ‘H NMR (CDCl,): strong singlet at 8 5.56 ppm (5H, C,H,). In the mass 
spectrum the molecular ion was not observed; significant mass fragments were 
observed for the molybdenum isotopes (see Table I). 

When the reaction of Na[Mo($-C,H,)(CO),] with S,Cl, was carried out at room 
temperature the products were mainly the molybdenum dimer [ Mo( $-Cj H, )(CO) i ] z, 
the chloromolybdenum derivative Mo($-C~H~)(CO)~CI. and elemental sulfur. 

2. Reaction of Mo(q’-C,H,)(CO),Cl brith Li,S. A THF solution (20 ml) of Li,S 
(0.092 g, 2 mmol) was added slowly under nitrogen to a rapidly stirred solution of 
Mo($-C~H~)(CO)~C~ (1.12 g, 4 mmol), which had been made by reaction of 
Na[Mo($-C,Hs)(CO),] with &Cl, in 50 ml THF at room temperature. The 
mixture was stirred for 24 h at room temperature and TLC examination then 
indicated the presence of two compounds with R, values (33% diethyl ether in 
petroleum ether) of 0.56 and 0.17. The compounds were identified as [Mo(q5- 
C,H,)(CO),], and unreacted Mo(~~-C,H~)(CO)~C~ by comparison with authentic 
samples. 
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vacua to 10 ml and subjected to preparative TLC. Elution with 35% THF in 
petroleum ether and extraction with THF gave a pure green crystalline solid. 
compound IV m.p. 182-184°C (decomp.). IR (CH,Cl,) v(C0): 2025m, 1945sh, 
1926s (br) and 1885 sh cm-‘. ‘H NMR (CDCI,): singlet at 6 5.62 ppm (5H. CjHj). 
R, (50% THF in petroleum ether) 0.42. Anal. Found: S, 9.03. C,,H,,,W?O,S,, 
(&S,)[W($-C5Hj)(C0)3]2SZ calcd.: S. 8.77%. 

When the reaction of Na[W($-C,HS)(CO)i] with S,CI, was carried out at room 
temperature, the products were mainly the dimer, [W( q’-C,Hi)(CO)J]2. and the 
chloro derivative W( $-Cs H i )(CO),Cl. 

When W(T$-C,H~)(CO)~CI was treated separately with THF solution of Li,S, 
Li,S,, Li,S,, or Li,S, at room temperature or in boiling THF. no reaction was 
observed, and the starting material, W($-CSH,)(CO),Cl stayed intact. Mainly 
similar results were obtained when boiling toluene was used, but in this case an 
unidentified precipitate was also observed. 

Results and discussion 

In neutral organometallic sulfanes each terminal sulfur atom acts as simple two 
electron u-donor, and each sulfur atom retains two uncoordinated lone pair which 
should be available for further complexation. The procedures used for the prepara- 
tion of the organometallic sulfanes involved mild conditions in order IO avoid 
decarbonylation and further complexation. From previous work [I], it was known 
that the organoiron trisulfane, ($S?)[Fe( q5-C,Hj)(CO)JZ was the most stable iron 
sulfane. In the present work, the most commonly encountered product from the 
chromium reactions was the dark-green crystalline chromium sulfur complex I. in 
- 65% yield, [Cr(q5-C,H5)(CO)Z]ZS. This was the final major product from the 
reaction of Na[Cr( qs-C, H5)(C0)3] with &Cl z and SOCl z at room temperature or at 
-97’C. Reaction of the chromium dimer with elemental sulfur also gave the 
chromium sulfur complex I. The reaction of chromium dimer, [Cr(n5 - C,H,)(CO),] z 
with elemental sulfur was previously shown to produce the chromium sulfur complex 
(n5-C,Hj)ZCrZ(CO),S, as dark brown crystals having the following structure [27,28]: 

cn\ ;q{::, 

co+ \ 
co co co 

CP =(q5-C,H,) 

This disulfur complex undergoes CO-elimination and desulfurization slowly at 
ambient temperature to produce the chromium sulfur complex I. We observed 
formation of a brown color on addition of S,C12 or SOCl, to Na[Cr($-C,H,)(CO),] 
at -97°C. this gradually changed to dark olive green, the color of complex I upon 
warming up to room temperature; we think that the development of the brown color 
at low temperatures may indicate the formation of chromium sulfane. (p-S, )[Cr( n’- 

~,HsWT,I,. which at room temperature undergoes CO elimination and desulfuri- 
zation, and is finally converted into the stable chromium sulfur complex I. Complex 
I was first obtained by Legzdins [21], in 34% yield. from the reaction of Na[(p’- 



-lot, 
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2200 2000 1900 1800 

v(CO)icm-'1 

Fig. 1. v(C0) infrared spectrum of (~-S,)[MO(~‘-C,H~)(CO),]~ in petroleum ether. 

Reactions of Mo($-C~H~)(CO)~C~ with Li,S, (x = 1, 2, 3. and 4) in THF 
solution in 2/l molar ratio respectively were carried out separately at room 
temperature. The Li,S reaction yielded only the molybdenum dimer, [Mo(q5- 
C,H,)(CO),], whereas the Li,S, reaction gave the molybdenum dimer, the 

molybdenum disulfane, (F-S~)[MO(TJ~-C,H~)(CO)~] 2, and a new reddish-pink solid 
compound, III, which was identified as (~-S3)[M~(~5-C5H5)(C0)3]. These com- 
pounds were separated by preparative thin-layer chromatography under nitrogen. 
The solution (petroleum ether) infrared spectrum in the Y(CO) region of compound 
III is shown in Fig. 2. The spectrum shows three bands at 2048m, 1982~s and 1955s 
cm-‘, which are attributed to terminal carbonyl ligands. The ‘H NMR spectrum of 
compound III shows a sharp singlet at 5.61 ppm due to the cyclopentadienyl ring 
protons. Compound III dissociates slowly at room temperature in solution to give 
the molybdenum dimer [Mo($-C$H~)(CO)~]~ and the molybdenum disulfane. 

2200 2000 1900 1800 

VCCO) (cm-') 

Fig. 2. u(C0) infrared spectrum of (~-S,)[MO($-C,H~)(CO)~]~ in petroleum ether. 
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TABLE 2 

SOME PROPERTIES OF (L~-S,)[M(~I~-C,H,)(CO),]~ (M = Mo. I =l, 2. 3: M = w. x =l. 2) 

Compound Colour M.p. RI IR ‘H NMR, 6 (ppm) 

(“C) p(CO) (cm-‘) (CDCI,) 

(~-S)[Mo(n5;C,H,)(CO)ilz <l green 5.48 

(~-S,)[Mo(r)--C,H,)(CO),I, green 69-70 0.24 h 2040s. 1972~s 5.56 
and 1949~s ’ 

(~-S,)[Mo(q’-CsHs)(CO)Ilz reddish 0.42 ’ 2048m. 1982~s 5.61 
pink and 1955s ” 

(~-S)[W(?I~-C,H,)(CO)~I~ <l green 203ow. 2005s. 5.56 

1935~s (Ix) and 

1910sh’ 

(~L-SL)[W(?)‘-C~H~)(CO)~IZ green 1822184 0.42 ’ 2025m. 1945sh. 5.62 

(dec.) 1926s (br) and 
1885 sh ’ 

u Ref. 16. * R, values were measured in 33% diethyl ether in petroleum ether. ’ R, value was measured 

in 50% THF in petroleum ether. ’ In petroleum ether. ’ In CDCI 1. ’ In CH,C12. 

hours, after which the solution contained unreacted, W(q5-CjH5)(C0)3C1 and a 
precipitate was also present, but this was not characterized. 
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