
O r g a n o m e t a l l i c s  

(PMe3)3 (0.54 g, 1 mmol) in EhO (40 mL). The reaction mixture 
was stirred at  ca. 10 "C for 8 h, during which time a pale red color 
developed. The solvent was then reduced in vacuo to 10-15 mL. 
After centrifugation and cooling at  -10 O C  W(CH3)(S2CN-i- 
Pr2)(C0)2(PMe3)2 was obtained as orange crystals in 80% yield. 

Method 11. To a red solution of an equilibrium mixture of 
W(~2-C(0)CHzSiMe3)(S2CN-i-Pr2)(CO)(PMe3)2 and its alkyl 
isomer (0.65 g, 1 mmol) in acetone was added deaerated distilled 
water (1 drop), and the resulting solution was stirred for 1 h. 
Volatile components were then removed under reduced pressure, 
and the residue was extracted with EhO (15 mL). Crystallization 
at  -10 "C afforded 8 in practically quantitative yield. From 
W(CH3)CI(C0)z(PMe3)3 and the appropriate salts (NaS2CNR2, 
KS2COR, and Tl(acac)) or by generation of W($C(O)- 
CH2SiMe3)(L-L)(CO)(PMe3)z complexes in situ and subsequent 
addition of 1-2 drops of HzO, the following compounds were 
obtained in similar yields by using analogous procedures: W- 
(CH3)(S2CNCSH10)(C0)2(PMe3)2 (91, W(CH3)(S&OMe)(C0)2- 
(PMe3h  ( lo ) ,  W(CH~)(SZCOE~)(CO)~(PM~,), (111 ,  W- 
(CH3)(S2CO-i-Pr)(C0)2(PMe3)2 (12), and W(CH, ) (~C~C)(CO)~-  
(PMe& (13). They were isolated as yellow-orange crystalline solids 
by cooling E t 2 0  solutions of these complexes at  -30 "C. 

X-ray S t r u c t u r e  Determination. A summary of the fun- 
damental crystal data is given in Table IV. A single crystal was 
introduced in a glass capillary and mounted in a Kappa dif- 
fractometer. The cell dimensions were refined by least-squares 
fitting the values of 25 reflections. The intensities were corrected 
for Lorentz and polarization effects. Scattering factors for neutral 
atoms and anomalous dispersion corrections for W and P were 
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taken from ref 21. The structure was solved by Patterson and 
Fourier methods. An empirical absorption correctionz was applied 
at the end of the isotropic refinement. Final refinement with fixed 
isotropic factors and coordinates for H atoms gave RF = 0.041 
and R ( w ) ~  = 0.050. Most of the calculations were carried out with 
the X-Ray 80 system.23 

Acknowledgment. -We thank  t h e  Direcci6n General 
d e  Investigaci6n Cientifica y TBcnica for suppor t  of this 
research (Grant  No. PB86-0653). 

Note Added in Proof. Recent work carried out  in our 
laboratorylg has  shown t h a t  in molybdenum complexes 
related to  the  tungsten compounds described in this con- 
t r ibut ion,  t h e  agostic acetyl formulation is indeed a n  al- 
ternative thermodynamic structure to their isomeric $-acyl 
a n d  alkyl carbonyl formulations. 

Supplementary Material  Available: Tables of H atom 
coordinates and thermal parameters for 13 (2 pages); a table of 
observed and calculated structure factors (32 pages). Ordering 
information is given on any current masthead page. 

(21) International Tables for X-Ray Crystallography; Kynoch Press: 

(22) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158. 
(23) Stewart, J. M. The X-Ray80 System; Computer Science Center, 

Birmingham, U.K., 1974; Vol. IV, p 72. 

University of Maryland: College Park, MD, 1985. 

Vinylidene, Acetylide, and Carbene Complexes from Reactions 
of 2,5-Dithiahex-3-yne (MeSCECSMe) with Cp(PMe,),Ru+ 
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Received January 29, 1990 

The  alkyne M e S C r C S M e  initially displaces C1- in Cp(PMe3)2RuC1 a t  room temperature in MeOH to 
form the sulfur-bound alkyne complex (Cp(PMe3)2R~[S(Me)C=CSMe]JPF6 (1). When it is warmed, 1 
rearranges to  the  vinylidene complex [Cp(PMe3)2Ru=C=C(SMe)2]PF, (2). Complex 2 is reduced by 
Na[HBEt3] or Na/Hg to give the thioacetylide Cp(PMe3)2Ru-C&SMe (5) and MeSSMe. The vinylidene 
complexes [Cp(PMe3)2Ru=C=C(R)(SMe)]+ (6, R = H; 7, R = Me) are formed by electrophilic addition 
to the @-carbon of the thioacetylide 5. Addition of CuCl to  5 forms Cp(PMe3)2Ru(C=CSMe)(CuCl) (8), 
in which the copper is a-bound through the C=C group. Reaction of 6 with methanol and ethanol yields 
the alkoxycarbene complexes [Cp(PMe3)2Ru=C(OR)(CH2SMe)]BF4 (l la,  R = Me; l l b ,  R = Et).  De- 
protonation of l la with NaOMe yields the vinyl complex Cp(PMe3)2Ru[C(OMe)=C(H)SMe] (12). Addition 
of [Me30]BF4 to  complexes 6 and 7 yields the first examples of sulfoniovinylidene dicationic complexes 
[Cp(PMe3)2R~=C=C(R)(SMez)](BF4)2 (9, R = H; 10, R = Me). An X-ray diffraction investi ation shows 
tha t  9 crystallizes in space group ml/n with a = 16.641 (2) A, b = 8.861 (1) A, c = 18.168 (2) 1, @ = 114.80 
(l)', and 2 = 4. Complexes 7 and 10 undergo one- and two-electron reductions, respectively, to  give the 
acetylide Cp(PMe3)2Ru--C=tMe (14) and MeSSMe (for 7) or SMez (for 10). Complexes 6 and 9 are readily 
deprotonated to  give 5 and the sulfonioacetylide [ Cp(PMe3)2Ru-C=CSMez]BF4 (13), respectively. 
Mechanisms of the reactions and structural features of the vinylidenes are discussed. 

Introduction 
T h e r e  has  been considerable experimental  a n d  theo- 

retical interest in reactions between transition-metal cen- 
ters a n d  alkynes.2 Alkynes, when reacted with a single 
ruthenium metal  center ,  a re  known t o  give a variety of 
reaction products: t he  alkyne can form *-alkyne com- 
plexes,3-10 i t  can insert into a M-H or M-C bond of metal  
hydride or metal  alkyl complexes,ll-l* 1-alkynes form 

Current address: Research and Development, Phillips Petroleum 
Co., Bartlesville, OK 74004. 

0276-7333 f 91 f 23lO-OO79$02.50 f 0 

metal-bound vinylidene complexes via a 1,2-hydrogen 
a n d  a variety of alkynes a re  known t o  form 

(1) Ames Laboratory is operated for the U.S. Department of Energy 
by Iowa State University under Contract W-7405-Eng-82. This research 
was supported by the Office of Basic Energy Sciences, Chemical Sciences 
Division. 

(2) (a) Nast, R. Coord. Chem. Reu. 1982, 47,89. (b) Zoellner, R. W.; 
Klabunde, K. J. Chem. Reu. 1984, 84, 545. (c) Kane-Maguire, L. A. P. 
In Mechanisms of Inorganic and Organometallic Reactions; Twigg, M. 
V., Ed.; Plenum Press: New York, 1985; Vol. 3, p 321. (d) Davidson, J. 
L. Reactions of Coordinated Ligands; Braterman, P. S., Ed.; Plenum 
Press: New York, 1986 Vol. 1, pp 825-888. (e) Albers, M. 0.; Robinson, 
D. J.; Singleton, E. Coord. Chem. Reu. 1987, 79, 1. 
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Table I. 'H NMR Data (ppm) for the Complexes" 
compd CP PMe, (JPH, Hz) SMe, (n) other 

ICp(PMe3)zR~[S(Me)C=CSMe]}PF, (Ob 4.86 1.54 (t, 8.95) 2.79 (1) 2.44 (=CSMe) 

ICp(PMe,)2R~[S(Me)C=CMe]}BF4 (3a)b 4.86 1.55 (t, 9.00) 2.78 (1) 1.99 (Me) 
2.43 (Me) ICp(PMe3)2Ru[$-MeSCd!Me]}BF4 (3b)b 5.14 1.60 (d,  10.80) 2.56 (1) 

[Cp(PMe3)2Ru(NCCH3)]BF4 (4Ib+' 4.64 1.54 (t, 9.08) 2.43 (d,  Me)d 
2.29 (1) Cp(PMe3)zRu-C=CSMe (5Ib 4.66 1.47 (t, 8.97) 

[Cp(PMe3)2Ru=C=C(H)(SMe)]BF4 ( 6 ) b  5.51 1.69 (d, 10.21) 2.21 (1) 5.08 (H) 
[Cp(PMe,),Ru=C=C(Me)(SMe)]I (7Ib 5.57 1.75 (d, 10.20) 2.20 (1) 2.08 (Me) 
Cp(PMe3),Ru(CuCl)(C=CSMe) ( 8 ) b  4.84 1.52 (t, 8.87) 2.36 (1) 
[Cp(PMe3)zRu=C=C(H)(SMe2)](BFI)2 (9)' 5.70 1.69 (d, 10.80) 2.87 (2) 5.22 (t, H)f 

2.10 (Me) [ Cp(PMe,),Ru=C=C (Me) @Mez)] (BF4)2 ( 1 O)e 5.70 1.68 (d, 10.67) 2.83 (2) 
[Cp(PMeS),Ru=C(OMe)(CHzSMe)]BF, (lla)b 5.22 1.48 (d,  9.60) 2.25 (1) 4.28 (Me) 

4.13 (CHz) 
[Cp(PMe3)2Ru=C(OEt)(CHzSMe)]BF4 (1 lb)b 5.22 1.50 (d, 9.76) 2.24 (1) (MeY 

Cp(PMe3)2Ru[C(OMe)=C(H)SMe] (12)b 

[Cp(PMe&Ru=C=C (SMel2] PF8 (2) 5.48 1.47 (d, 10.56) 2.22 (1) 

4.11 (SCHZ) 
4.62 (q, CH2)h 

isomer A 4.68 1.41 (t, 8.58) 2.10 (1) 3.47 (d,  Me)' 
5.33 (br, H)J 

isomer B 4.59 1.41 (t, 8.58) 2.13 (1) 3.43 (Me) 

Cp(PMeJ2Ru-C=CMe (14)b 4.62 1.45 (t, 9.03) 1.98 (t, Me)' 

(HI& 
[Cp(PMe3)2Ru-C=CSMel]BF4 (13)b 4.76 1.49 (t, 9.17) 3.00 (2) 

OAbbreviations: d ,  doublet, t ,  triplet; q, quartet;  br,  broad. bCDC13. 'IR (CH2Cl2): u(C=N) 2260 cm-'. JpH = 1.32 Hz. eCD&N. 'JpH 
= 1.08 Hz. Bobscured by PMe, resonances. JHH = 6.89 Hz. i J ~ ~  = 0.62 Hz. 'JpH = 1.38 Hz. & N o t  observed. 'JPH = 2.6 Hz. 

Table 11. '% NMR Data (ppm) for the Complexes" 
compd C p  PMe3 (t) Jpc, Hz SMe, (n) Ru-C (t) Jpc, Hz P-C other 

lb 82.82 21.38 16.44 36.09 (1) 88.21 91.38 (a-C) 
19.57 (SMe) 

2c 92.69 22.47 16.81 18.86 (1) 326.93 16.77 116.62 
3aC 84.01 21.82 18.10 35.85 (1) 88.61 92.41 (a-C) 

4.60 (Me) 

82.94 (=CS) 
70.66 (ECMe)  

3b' 80.45 21.28 16.50 19.57 (1) 13.33 (Me) 

5 b  80.60 23.00 13.30 21.47 (1) 121.58 25.25 82.02 
6 b  91.65 22.51 17.48 21.73 (1) d 104.90 
7 b  90.91 22.88 18.12 18.57 (1) 331.97 15.46 113.41 12.35 (Me) 
8b 82.42 23.19 15.96 21.97 (1) 122.57 21.78 87.54 
9c 95.21 22.58 18.93 32.01 (2) 332.64 15.03 102.58 
10c 94.88 22.97 18.58 27.24 (2) 323.22 18.78 109.57 5.16 (Me) 
l l a b  89.44 22.47 16.88 16.74 (1) 295.92 13.79 60.03 (OMe) 

12b 
55.64 (CHJ 

isomer A 81.33 23.65 13.91 19.22 (1) 190.62 17.41 102.82 54.44 (OMe) 
isomer B 80.95 e 19.37 (1) e 105.67 56.13 (OMe) 

1 3c 84.08 22.59 16.56 36.40 (2) 183.39 21.98 88.53 

"Abbreviations: d ,  doublet; t ,  triplet. CDC1,. ' CD3CN. Not observed. ePMe3  and Ru-C not observed. 

complexes resulting from metallacyclization and oligom- 
e r i ~ a t i o n . ~ ~ - ~ ~  

In all of the above reactions, the acetylene triple bond 
is the site of reactivity. It seems that mercapto groups in 

(3) Lehmann, H.; Schenk, K. J.; Chapuis, G.; Ludi, A. J. Am. Chem. 

(4) Henderson, W. W.; Bancroft, B. T.; Shepherd, R. E.; Fackler, J. P., 

(5) Calvert, J. M.; Peebles, D. L.; Nowak, R. J. Inorg. Chem. 1985,324, 

SOC. 1979, 101, 6197. 

Jr. Organometallics 1986,5, 506. 
" 4 , .  
5111. 

(6) Degani, Y.; Willner, I. J .  Chem. SOC., Chem. Commun. 1985, 648. 
(7) Moers, F. G. J. Coord. Chem. 1984, 13, 215. 
(8) Bruce, M. I.; Hambley, T. W.; Rogers, J. R.; Snow, M. R.; Wong, 

F. S. Aust. J. Chem. 1982, 35, 1323. 
(9) Treichel, P. M.; Komar, D. A. Inorg. Chim. Acta 1980, 42, 277. 
(10) Clemens, J.; Green, M.; Stone, F. G. A. J. Chem. SOC., Dalton 

Trans. 1973, 375. 
(11) (a) Torres, M. R.; Santos, A.; Ros, J.; Solans, X. Organometallics 

1987,6, 1091. (b) Torrey, M. R.; Vegas, A.; Santos, A.; Ros, J. J .  Orga- 
nomet. &em. 1986,309, 169. 

(12) Werner, H.; Esteruelas, M. A.; Otto, H. Organometallics 1986,5, 
2295. 

(13) (a) Dobson, A.; Moore, D. S.; Robinson, S. D.; Hursthouse, M. B.; 
New, L. Polyhedron 1985,4, 1119. (b) Dobson, A.; Moore, D. S.; Rob- 
inson, s. D.; Hursthouse, M. B. J. Organomet. Chem. 1979, 277, C8. 

(14) Stolzenberg, A. M.; Muetterties, E. L. Organometallics 1985, 4, 
1739. 

(15) Holland, P. R.; Howard, B.; Mawby, R. J. J. Chem. SOC., Dalton 
Trans. 1983, 231. 

(16) Otsuka, S.; Nakamura, A. Adu. Organomet. Chem. 1976,14,245. 
(17) (a) Blackmore, T.; Bruce, M. I.; Stone, F. G. A.; Davis, R. E.; 

Garza, A. J .  Chem. SOC., Chem. Commun. 1971,852. (b) Blackmore, T.; 
Stone, F. G. A. J .  Chem. SOC., Dalton Trans. 1974, 106. 

(18) Harbourne, D. A.; Stone, F. G. A. J .  Chem. SOC. A. 1968, 1765. 
(19) Bullock, R. M. J .  Chem. SOC., Chem. Commun. 1989, 165. 
(20) Bitcon, C.; Whiteley, M. W. J .  Organomet. Chem. 1987,336, 385. 
(21) Bruce, M. I.; Duffy, D. N.; Humphrey, M. G.; Swincer, A. G. J. 

(22) Bruce, M. I.; Swincer, A. G. Ado. Organomet. Chem. 1983,22,59. 
(23) Abbott, S.; Davies, S. G.; Warner, P. J. Organomet. Chem. 1983, 

(24) Bruce, M. I.; Wong, F. S.; Skelton, B. W.; White, A. H. J.  Chem. 

(25) Bruce, M. I.; Hameister, C.; Swincer, A. G.; Wallis, R. C. Inorg. 

(26) Bruce, M. I.; Swincer, A. G. Aust. J. Chem. 1980,33, 1471. 
(27) Davies, S. G.; Scott, F. J. Organomet. Chem. 1980, 188, C41. 
(28) Bruce, M. I.; Wallis, R. C. Aust. J. Chem. 1979, 32, 1471. 
(29) Bruce, M. I.; Swincer, A. G.; Wallis, R. C. J. Organomet. Chem. 

Organomet. Chem. 1985,282, 383. 

246, C65. 

SOC., Dalton Trans. 1982, 2203. 

Synth. 1982,21, 78. 
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Reactions of MeSCECSMe with Cp(PMe3)&u 

the acetylene could alter this reactivity. There are only 
two previous reportsu on the chemistry of mononuclear 
complexes of MeSCECSMe: CpM(MeSC=CSMe)2C1, 
M(CO)(MeSC=CSMe), (M = Mo, W), CpMoC1- 
(CO)(CSH120S4), M(CO),(CsH120S4) (M = Fe, Ru), W- 
(CO)(dmpe)(MeSC=CSMe),, and W(dmpe)(MeSC= 
CSMe)2. No reactions of the *-alkyne or cyclo- 
pentadienone ligands in these complexes are described, and 
the authors noteu that the chemistry of MeSCECSMe is 
dominated by the triple bond. In the present paper, we 
examine the synthesis and reactions of a series of vinyl- 
idene, acetylide, and carbene complexes derived from re- 
actions of MeSCECSMe with the Cp(PMe3),Ru+ group. 
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prepared by using previously described procedures. All other 
chemicals were used as received from commercial sources. 
ICp(PMe3)2Ru[S(Me)C=CSMe]]PF6 (1). A solution of Cp- 

(PMe,),RuCl (50 mg, 0.14 mmol), MeSCSCSMe (0.15 mL, 200 
mg, 1.7 mmol), and NH4PF6 (45 mg, 0.28 mmol) in 2 mL of 
methanol was stirred a t  room temperature for 15 min under Nz. 
The solvent was removed under reduced pressure. The residue 
was dissolved in 5 mL of cold CH2C12 (0 "C), and the solution 
was filtered. The resulting yellow solution was reduced to 1 mL 
under vacuum, and 10 mL of EbO was added, producing a yellow 
precipitate that was collected and dried under vacuum. The yellow 
powder of I was collected in 27% yield (22 mg, 0.039 mmol). Anal. 
Calcd for C15H2SFBP3R~S2: C, 30.98; H, 5.03. Found: C, 31.35; 
H, 5.07. IR (CH2Cl2): u(C=C) 2103 cm-'. 
[Cp(PMe3)2Ru=C=C(SMe)2]PF6 (2). A solution of Cp- 

(PMe3)2RuCl (240 mg, 0.68 mmol) and MeSC=CSMe (0.41 mg, 
3.5 mmol) in 15 mL of methanol was refluxed for 1 h under Nz. 
The heating mantle was removed from the reaction flask, and 
NH4PF6 (430 mg, 2.6 mmol) was added to the resulting red so- 
lution. The solution was cooled to room temperature, and the 
solvent was removed under reduced pressure. The red residue 
was dissolved in 10 mL of CH2C12, the resulting solution was 
filtered under vacuum with use of a Schlenk frit containing Celite, 
and the frit was washed with CH2C12 (2 x 10 mL). The filtrate 
solution was reduced to 5 mL, and 20 mL of Et20  was added, 
producing a red oily residue. The solvent was removed and the 
residue dried under reduced pressure. Crystallization at  -20 OC 
from CH2Cl2/Et20 yielded red platelets of 2 in 76% yield (310 
mg, 0.53 mmol). Anal. Calcd for C15HBF6P3RuS2: C, 30.98; H, 
5.03. Found: C, 30.79; H, 5.05. MS (FAB): m / e  437 (M+), 319 
(M+ - Me2S2C2). IR (CH3CN): u(C=C) 1603 cm-'. 

(Cp(PMe3)2Ru[S(Me)C=CMe]JBF, (3a) a n d  [Cp- 
(PMe3)2Ru(q2-MeSCMe)]BF4 (3b). Similar to the procedure 
for the preparation of complex 2, a solution of Cp(PMe3)zRuC1 
(900 mg, 2.54 mmol) and MeSC=CMe (0.50 mL, 750 mg, 8.7 
mmol) in 30 mL of methanol was refluxed for 1 h under N,. Anion 
exchange was accomplished with NH4BF4 (1.16 g, 11.0 mmol). 
The reaction produced a yellow powder containing isomers 3a 
and 3b (2:l ratio, respectively) in 79% yield (969 mg, 1.97 mmol). 
Complex 3a was separated by TLC (Whatman, K6 silica gel, 20 
X 20 cm, layer thickness 250 gm). The mixture of 3a and 3b (152 
mg, 0.310 mmol) was dissolved in 1 mL of CH2C12 and applied 
as a thin line 1 cm from the bottom of the plate. The plate was 
placed in a developing chamber, and the mobile phase, CHZCl2, 
was stopped 3 cm from the top of the plate. The solvent was 
allowed to evaporate, and the process was repeated twice more. 
The top yellow band was scraped off and placed in a sintered-glass 
frit. Complex 3a was collected by washing the frit with 30 mL 
of acetone. The acetone solution was reduced to 3 mL, and 15 
mL of Et20  was added to produce a yellow powder of 3a in 28% 
yield (42 mg, 0.085 mmol). Anal. Calcd for C15H2sBF4P2RuS: 
C, 36.67; H, 5.95. Found: C, 36.76; H,  5.87. MS (FAB): m l e  
405 (M'), 319 (M+ - MeSCZCMe). IR (CH2C1,): u(C=C) 2203 
cm-'. Isomer 3b decomposed on the silica gel plate; it was 
characterized spectroscopically (Tables I and 11). 

Cp(PMe3) ,Ru-C4SMe ( 5 ) .  Sodium metal (120 mg, 5.2 
mmol) was added slowly to stirred mercury metal ( 5  mL, 68 g), 
followed by the addition of 10 mL of THF. To the stirred solution 
was added complex 2 (310 mg, 0.53 mmol) in 15 mL of T H F  via 
a syringe over a period of 5 min. The suspension was stirred for 
an additional 15 min, the solution was vacuum-filtered through 
a bed of Celite, and the Celite was washed with THF (3 X 5 mL). 
The solvent was removed from the resulting solution under re- 
duced pressure. The residue was dissolved in CH2C12 (3 x 5 mL), 
and the solution was filtered through a frit containing Celite. The 
solvent was removed under vacuum. The brownish yellow residue 
was dissolved in Et,O and passed through a column of alumina 

Experimental Section 

General Procedures. All reactions, filtrations, distillations, 
and recrystallizations were carried out under N, with use of 
standard inert-atmosphere and Schlenk techniques.& Methylene 
chloride, hexane, and acetonitrile were dried over CaH2 and 
distilled under N,. Diethyl ether and tetrahydrofuran (THF) were 
distilled from Na/benzophenone under NZ Methanol and ethanol 
were dried over magnesium alkoxide, which was generated from 
magnesium turnings and iodine in absolute alcohol, and distilled 
under Nz.46 Reactions were carried out a t  room temperature 
unless stated otherwise. Infrared spectra were recorded on a 
Perkin-Elmer 681 spectrometer; the band positions were refer- 
enced to the 1601.0-~m-~ band of polystyrene. 'H NMR spectra 
(Table I) were obtained with a Nicolet NT-300 (300-MHz) 
spectrometer, using Me4% (TMS) as the internal reference. 
Proton-decoupled 13C NMR spectra (Table 11) were recorded on 
Nicolet NT-300 (75.46-MHz), Bruker WM-300 (75.46-MHz), or 
Bruker WM-200 (50.29-MHz) instruments, using the deuteriated 
solvents as the internal reference. Fast atom bombardment (FAB, 
3-nitrobenzyl alcohol matrix) spectra were obtained with a Kratos 
MS-50 spectrometer. Electron-ionization mass spectra (EIMS) 
were run on a Finnigan 4000 spectrometer. Elemental micro- 
analyses were performed by Galbraith Laboratories Inc., Knoxville, 
TN. 

The compounds ( T ~ - C ~ H ~ ) ( P M ~ ~ ) ~ R U C ~ ~ '  (Cp = s5-CaH6), 
MeSC=CSMe,@ M ~ S C S C M ~ , ~ ~  and (Me2SSMe)S03CF350 were 

(30) (a) Bruce, M. I.; Wallis, R. C. J. Organomet. Chem. 1978, 161, C1. 

(31) Silvestre, J.; Hoffmann, R. Helu. Chim. Acta 1985, 68, 1461. 
(32) Crocker, M.; Froom, S. F. T.; Green, M.; Nagle, K. R.; Orpen, A. 

G.; Thomas, D. M. J .  Chem. SOC., Dalton Trans. 1987, 2803. 
(33) Albers, M. 0.; dewall, D. J. A.; Liles, D. C.; Robinson, D. J.; 

Singleton, E.; Wiege, M. B. J .  Chem. SOC.,  Chem. Commun. 1986, 1680. 
(34) Lutsenko, 2. L.; Aleksandrov, G. G.; Petrovskii, P. V.; Shubina, 

E. S.; Andrianov, V. G.; Struchkov, Y. T.; Rubezhov, A. Z. J.  Organomet. 
Chem. 1985,281, 349. 

(35) Crocker, M.; Green, M.; Orpen, A. G.; Thomas, D. M. J .  Chem. 
Soc., Chem. Commun. 1984, 1141. 

(36) Nagashima, H.; Matsuda, H.; Itoh, K. J .  Organomet. Chem. 1983, 
258, C15. 

(37) Bruce, M. I.; Gardner, R. C. F.; Stone, F. G. A. J .  Chem. SOC.,  
Dalton Trans. 1979,906. 

(38) Bruce, M. I.; Gardner, R. C. F.; Howard, J. A. K.; Stone, F. G. A.; 
Welling, M.; Woodward, P. J .  Chem. SOC.,  Dalton Trans. 1977, 621. 
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(activity grade 4, 1 x 4 cm). The solvent was removed from the 
resulting yellow solution under reduced pressure to give a yellow 
powder of 5 in 87% yield (180 mg, 0.46 mmol). Anal. Calcd for 
CllH28P2R~S: C, 43.18 H, 6.73. Found: C, 43.63; H, 6.92. EIMS 
(70 eV): m / e  390 (M'), 299 [M' - (Me + PMe,)], 167 (CpRu'). 
IR (CH2C12): v(C=C) 2000 cm-'. 
[Cp(PMe3)2Ru=C=C(H)(SMe)]BF4 (6). To  a solution of 

5 (28 mg, 0.072 mmol) in 10 mL of CH2Cl, was added HBF4.EG0 
(0.010 mL, 11 mg, 0.068 mmol) under N,. The resulting red 
solution was stirred for 10 min and filtered through a bed of Celite, 
and the frit was washed with CH2C12 (2 X 10 mL). The solution 
was reduced to 3 mL, and 20 mL of Et,O was added, producing 
a red precipitate that was collected and dried under vacuum; the 
reddish orange powder of 6 was obtained in 85% yield (29 mg, 
0.061 mmol). Anal. Calcd for Ci4HnBF4P2RuS C, 35.23; H, 5.70. 
Found: C, 35.03; H, 5.85. MS (FAB): m/e 391 (M'), 319 (Cp- 
(PMe,),Ru+). IR (Nujol mull): v(C=C) 1622 cm-'. 
[Cp(PMe,),Ru=C=C(Me)(SMe)]I (7). Complex 5 (65 mg, 

0.17 mmol) and Me1 (0.053 mL, 120 mg, 0.85 mmol) were refluxed 
in 20 mL of CH2Clz for 4 h under N2. The solution was cooled 
to room temperature and reduced to 5 mL in vacuo. The addition 
of 20 mL of Et,O to the solution produced a pale reddish brown 
precipitate of 7 in 75% yield (68 mg, 0.13 mmol). Anal. Calcd 
for CI5Hz9IP2RuS: C, 33.91; H, 5.50. Found: C, 34.06; H, 5.64. 
MS (FAB): m / e  405 (M'), 319 (CP(PM~,)~RU+) .  IR (CH2Cl,): 
v(C=C) 1667 cm-'. 
Cp(PMe,),Ru(C=CSMe)(CuCl) (8). Solid CuCl(22 mg, 0.22 

mmol) was added to a solution of 5 (23 mg, 0.059 mmol) in 5 mL 
of CH& and the mixture was stirred for 15 min. The mixture 
was filtered through a column of Celite (4 X 0.5 cm). The solvent 
was removed from the filtrate under reduced pressure, and a 
yellow precipitate of 8 was collected in 69% yield (20 mg, 0.041 
mmol). Fkcrystallization from CH2Cl, /E~0 gave analytically pure 
yellow microcrystals of 8. Anal. Calcd for C14H26ClCuP2RuS: 
C, 34.43; H, 5.37. Found: C, 34.08; H, 5.29. EIMS (70 eV): m / e  
488 (Mt), 390 (M' - CuCl). IR (CH2Cl,): v(C=C) 1882 cm-l. 

[Cp( PMe,),Ru=C=C( H)  ( SMe,)]( BF4), (9). To a stirred 
solution of complex 6 (98 mg, 0.21 mmol) in 20 mL of CH3CN 
was added [Me30]BF4 (100 mg, 0.68 mmol). The solution was 
stirred for 1 h, and the solvent was removed under reduced 
pressure. The insoluble residue was suspended in CH2Clz (3 X 
10 mL), the suspension was filtered through Celite, and the solid 
remaining on the Celite was washed with EGO (2 x 10 mL). The 
solid was dissolved with acetone (3 X 10 mL). The orange-yellow 
acetone solution was reduced to 4 mL, and 20 mL of E t 2 0  was 
added to give a yellow powder of 9 in 72% yield (86 mg, 0.15 
mmol). Anal. Calcd for ClSH,B,F8P,RuS~CH3CN: C, 32.93; H, 
5.36. Found: C, 32.97; H, 5.06. IR (Nujol mull): u(C=C) 1625 
(s), 1577 (s) cm-'. The 'H NMR spectrum of the sample sent for 
elemental analysis showed one molecule of CH3CN per molecule 
of 9. 
[Cp(PMe,)2Ru==C=C(Me)(SMe2)](BF4)2 (10). A solution 

of 7 (68 mg, 0.13 mmol) and [Me30]BF4 (45 mg, 0.30 mmol) in 
20 mL of CHBCN was stirred for 1 h under N,, yielding a dark 
yellow solution. To the solution was added NH4BF4 (140 mg, 1.3 
mmol). After the solution was stirred for an additional 30 min, 
the solvent was removed under reduced pressure, leaving a dark 
yellow residue. The residue was washed with CH2Cl, (2 X 10 mL) 
and then partially dissolved in 20 mL of acetone; the resulting 
acetone suspension was treated with 30 mL of EbO to give a dark 
yellow precipitate of 10 in 55% yield (42 mg, 0.071 mmol). Anal. 
Calcd for C16H32B2F8P,RuS: C, 32.40; H, 5.44. Found: C, 32.50; 
H, 5.49. IR (CH,CN): v(C=C) 1624 cm-'. 
[Cp(PMe3)2Ru=C(OMe)(CH2SMe)]BF4 ( l l a )  and [Cp- 

(PMe3)2R~=C(OEt)(CH2SMe)]BF4 ( l lb ) .  Complex 6 (11 mg, 
0.023 mmol, for 1 la ;  8.7 mg, 0.018 mmol, for l l b )  was stirred in 
20 mL of MeOH or EtOH for 10 h under N,. The solvent was 
removed from the resulting yellow solution under reduced 
pressure. The resulting yellow oil was dissolved in 3 mL of CH2Cl2, 
and 20 mL of E t 2 0  was added to give a yellow precipitate. The 
solvent was removed and the product dried under reduced 
pressure to give a yellow powder of 1 l a  in 78% yield (9.1 mg, 0.018 
mmol). The percent yield for 11 b, based on the amount of reacted 
6 as determined by 'H NMR spectroscopy, was 60%. Anal. Calcd 
for lla, C15H31BF40P2R~S: C, 35.38; H, 6.14. Found: C, 35.12; 
H, 6.02. MS for 1 l a  (FAB): m / e  423 (M'), 319 (Cp(PMeJ2Ru+). 

Miller a n d  Angelici 

Table 111. Crystal and Data Collection Parameters for 
ICD(PMe.),Ru=C=C(H)(SMe,)l(BF,), (9) 

formula 
fw 
space group 
Q,  8, 
b, A 

Z 

cryst size, mm 
N(MO K a ) ,  cm-' 
data collection instrument 
radiation (monochromated in incident 

beam) 
orientation rflns: no.; range (269, deg 
temp, O C  

scan method 
data collecn range, 20, deg 
no. of unique data 

dcalc, g/cm3 

total 
no. with F,2 > 3u(F,2) 

no. of params refined 
transmission factors: max, min (I) 

RO 

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

scans) 

R w b  

RUSP2F8C15B2H30 
579.10 
E 1 / n  
16.641 (2) 
8.861 (1) 
18.168 (2) 
114.80 (1) 
2432 (2) 
4 
1.582 
0.30 X 0.36 X 0.15 
9.036 
Enraf-Nonius CAD4 
Mo K a  ( A  = 0.71073 A) 

25; 18 < 20 < 30 
22 f 1 

0-45 
0-20 

4276 
3200 
207 
0.999, 0.940 

0.051 
0.074 
1.914 
0.09 
0.819 

Cp(PMe3)2Ru[C(OMe)==C(H)SMe] (12). To a stirred so- 
lution of lla (33 mg, 0.065 mmol) in 10 mL of MeOH was added 
1.3 mL of a 0.10 M solution of NaOMe (0.13 mmol) under N,. 
The solution was stirred for 30 min; then the solvent was removed 
under reduced pressure. The resulting pale yellow oil was ex- 
tracted with EtzO (3 X 2 mL), and the resulting solution was 
filtered through a bed of Celite. The solvent was removed under 
reduced pressure, producing a pale yellow powder of 12 in 84% 
yield (23 mg, 0.056 mmol). EIMS (70 eV): m / e  422 (M+), 390 
(M+ - MeOH), 319 (CP(PM~,)~RU+) .  Elemental analyses were 
not obtained due to noticeable thermal decomposition of the 
product within a few days at  room temperature. 
[Cp(PMe3),Ru-C=CSMe2]BF4 (13). To a stirred solution 

of complex 9 (86 mg, 0.15 mmol) in 15 mL of methanol was added 
1 mL of a 0.16 M methanolic solution of NaOMe (0.16 mmol). 
The resulting red solution was stirred for 10 min, and the solvent 
was removed under reduced pressure. The resulting residue was 
dissolved in 5 mL of CH2Cl,. The solution was filtered under 
vacuum through a bed of Celite, and the frit was washed with 
CH2C12 (2 X 5 mL). The volume of the filtered solution was 
reduced to 5 mL under vacuum, and 20 mL of Et20  was added 
to produce a red precipitate of 13, which was collected in 94% 
yield (66 mg, 0.13 mmol). IR (CH2C12): u(C=C) 1960 cm-'. 
Elemental analyses were not obtained due to noticeable thermal 
decomposition of the product in 12 h at  room temperature. 

Cp(PMe,),Ru-C=CMe (14). The preparation of this com- 
plex from the reaction of Na/Hg (10 mg, 0.43 mmol/3 mL, 41 
g) with complex 7 (10 mg, 0.019 mmol) in 10 mL of T H F  pro- 
ceeded analogously to the synthesis of 5. A yellow oil of 14 was 
collected in over 80% yield (5.5 mg, 0.015 mmol). IR (CH2C12): 
u(C=C) 2095 cm-'. Complex 14 has been previously characterized 
by Bruce and c o - w o r k e r ~ . ~ ~  

X-ray S t r u c t u r e  Determination of [Cp(PMe3)2Ru=C= 
C(H)(SMe2)](BF4), (9). Yellow crystals of 9 were grown by vapor 
diffusion of E t 2 0  into an acetone solution of 9 a t  -20 OC. The 
cell constants were determined from a list of reflections found 
by an automated search routine. Pertinent data collection and 
reduction information is given in Table 111. 

A total of 4434 reflections were collected in the +h,+k,*l 
quadrant. An empirical absorption correction was made, on the 
basis of a series of $-scans. The agreement factors for the av- 
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Table IV. Positional and Thermal Parameters for 
[Cp(PMe,),Ru=C=C(H)(sMe,)l(BF,), (9) 

atom X Y z B, Azo 
Ru 0.76300 (3) 0.14873 (6) 0.47919 (3) 3.14 (1) 
S 0.6393 (2) 0.1836 (2) 0.6432 (1) 5.31 (6) 
P(1) 0.7190 (1) 0.3544 (2) 0.3908 (1) 4.18 (5) 
P(2) 0.8670 (1) 0.2874 (2) 0.5820 (1) 4.46 (5) 
C(1) 0.6833 (4) 0.1953 (7) 0.5180 (4) 3.7 (2) 
C(2) 0.6213 (5) 0.2305 (9) 0.5456 (4) 5.0 (2) 
C(3) 0.6353 (8) 0.358 (1) 0.6902 (7) 8.6 (5) 
C(4) 0.5315 (7) 0.106 (1) 0.6270 (7) 8.1 (4) 
C(5) 0.6366 (6) 0.477 (1) 0.4009 (6) 6.8 (3) 
C(6) 0.6665 (8) 0.298 (1) 0.2864 (5) 8.0 (3) 
C(7) 0.8005 (6) 0.485 (1) 0.3862 (6) 7.4 (3) 
C(8) 0.9716 (5) 0.312 (1) 0.5739 (5) 6.1 (3) 
C(9) 0.8374 (6) 0.474 (1) 0.6039 (6) 7.4 (3) 
C(l0) 0.9012 (6) 0.190 (1) 0.6786 (5) 7.9 (3) 
C(21) 0.8113 (7) -0.0905 (8) 0.5173 (4) 7.8 (4) 
C(22) 0.8681 (7) -0.0221 (8) 0.4865 (4) 8.9 (4) 
C(23) 0.8168 (7) 0.0140 (8) 0.4038 (4) 8.3 (5) 
C(24) 0.7283 (7) -0.0321 (8) 0.3834 (4) 7.9 (4) 
C(25) 0.7249 (7) -0.0967 (8) 0.4536 (4) 7.5 (4) 

F(1) -0.1283 (3) 0.1935 (5) 0.2680 (3) 8.08 (9)b 
F(2) -0.0504 (3) 0.4045 (5) 0.2784 (3) 8.08 (9)b 
F(3) -0.0220 (3) 0.2614 (5) 0.3880 (3) 8.08 (9Ib 
F(4) 0.0141 (3) 0.1790 ( 5 )  0.2894 (3) 8.08 (9)b 
B(1’) -0.049 (1) 0.236 (2) 0.311 (1) 4.3 (2)b 
F(1’) -0.032 (1) 0.085 (2) 0.326 (1) 10.9 (5Ib 
F(2’) -0.017 (1) 0.312 (2) 0.383 (1) 10.9 (5)b 
F(3‘) -0.139 (1) 0.257 (2) 0.272 (1) 10.9 (5)b 

I F(4’) -0.010 (1) 0.289 (2) 0.263 (1) 10.9 (5)b 
B(2) 0.1386 (6) 0.770 (1) 0.1136 (5) 6.3 (2)b 
F(5) 0.2071 (6) 0.835 (1) 0.1777 (5) 8.2 (2)b 
F(6) 0.0651 (6) 0.765 (1) 0.1294 (5) 8.2 (2)b 
F(7) 0.1620 (6) 0.626 (1) 0.1025 (5) 8.2 (2)b 
F(8) 0.1205 (6) 0.853 (1) 0.0449 (5) 8.2 (2)b 
B(2’) 0.1236 (7) 0.770 (1) 0.1013 (6) 6.3 (2)b 
F(5’) 0.2115 (7) 0.804 (1) 0.1438 (6) 8.8 (2)b 
F(6’) 0.1154 (7) 0.639 (1) 0.0587 (6) 8.8 (2Ib 
F(7’) 0.0851 (7) 0.752 (1) 0.1542 (6) 8.8 (2Ib 
F(8’) 0.0825 (7) 0.885 (1) 0.0486 (6) 8.8 (2Ib 
B(2”) 0.128 (1) 0.763 (2) 0.113 (1) 6.3 (2Ib 
F(5”) 0.101 (1) 0.669 (2) 0.047 (1) 10.7 (5)* 
F(6”) 0.171 (1) 0.681 (2) 0.182 (1) 10.7 (5)b 
F(7”) 0.183 (1) 0.872 (2) 0.107 (1) 10.7 (5Ib 
F(8”) 0.055 (1) 0.831 (2) 0.116 (1) 10.7 (5)b 
H( l )  0.5612 (5) 0.2880 (9) 0.5067 (4) 5 (2)b 

a Estimated standard deviations are given in parentheses. An- 
isotropically refined atoms are given in the form of the isotropic 
equivalent displacement parameter defined as 4/3[aZR(ll) + b2B- 

(23)]. Atoms were refined isotropically. 

eraging of 222 observed reflections were 1.3% based on intensity 
and 1.2% based on F,,. 

Structure Solution and Refinement. The positions of the 
Ru, S, and P atoms and one of the BF4 anions were located by 
direct methods5* Following three cycles of least-squares re- 
finement, a difference Fourier map indicated the positions of the 
remainder of the carbon atoms and the other BF4 ion; disorder 
in the anions also became evident. 

The position of the vinylic hydrogen atom bound to C(2) was 
also seen in a difference map. However, only the isotropic tem- 
perature factor for the hydrogen atom was refined, while the 
idealized position was held fixed. All other hydrogen atoms were 
placed in idealized positions, riding 1.08 8, from the carbon atoms. 
The alkyl hydrogen atoms were given a common temperature 
factor, as were the hydrogen atoms of the Cp ring. The Cp ring 
itself was refined as a rigid pentagon (C-C distance fixed a t  1.42 
A); the carbon atoms of the ring were refined with anisotropic 
temperature factors in the final refinement cycles. 

While the cationic complex was refined smoothly, the disor- 
dered anions posed some problems. In the final model, one of 

(51) Sheldrick, G. M. “SHELXS-86”; Institut fur Anorganische Che- 

B(1) -0.0466 (3) 0.2596 (5) 0.3059 (3) 4.3 (2)b 

(22) + c2R(33)  + ab(cos r)B(12) +  COS B)B(13) + bc(cos a)B- 

mie der Universitat: Giittingen, FRG, 1986. 

Table V. Bond Distances (A) and Angles (deg) for 

Bond Distances (A) 
[Cp(pMe,)~Ru=C=C(H)(sMez)l(BF1)2 (9) 

Ru-P( 1) 2.334 (2)’ P(l)-C(6) 1.796 (8) 
Ru-P(2) 2.298 (2) P(l)-C(7) 1.81 (1) 
Ru-C(l) 1.792 (8) P(2)-C(8) 1.820 (9) 
S-C(2) 1.719 (9) P(2)-C(9) 1.82 (1) 
S-C(3) 1.78 (1) P(2)-C(10) 1.82 (1) 

C(l)-C(2) 1.36 (1) S-C(4) 
P(l)-C(5) 1.82 (1) C(2)-H(1) 1.08 (l)b 
Ru-C(21) 2.270 (7) Ru-C(24) 2.256 (7) 
Ru-C(22) 2.27 (1) Ru-C(25) 2.258 (7) 
Ru-C(23) 2.27 (1) 

1.83 (1) 

Bond Angles (deg) 
P(l)-Ru-P(2) 93.08 ( 7 )  C(6)-P(l)-C(7) 99.9 (5) 
P(l)-Ru-C(l) 91.1 (2) Ru-P(2)-C(8) 114.8 (3) 
P(2)-Ru-C(1) 89.3 (2) Ru-P(2)-C(9) 118.9 (3) 
C(2)-S-C(3) 104.9 (5) Ru-P(2)-C(10) 110.8 (4) 
C(2)-S-C(4) 101.0 (4) C(8)-P(2)-C(9) 105.3 (5) 
C(3)-S-C(4) 99.8 (6) C(8)-P(2)-C(lO) 102.3 (4) 
Ru-P(l)-C(5) 115.5 (3) C(9)-P(2)-C(lO) 102.8 (5) 
Ru-P(l)-C(G) 112.4 (3) Ru-C(1)-C(2) 178.7 (5) 

C(5)-P(l)-C(7) 103.4 (5) C(5)-P(l)-C(6) 102.8 (5) 
Ru-P(l)-C(7) 120.4 (3) S-C(2)-C(1) 119.6 (5) 

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

Figure 1. ORTEP drawing of [Cp(PMeJ,Ru=C=C(H)- 
(SMe,)](BF,), (9). The phosphine carbons are shown as arbitrary 
spheres. The vinylidene hydrogen is shown for clarity. 

the anions was refined as two superimposed BF4 units and the 
other as three superimposed units. Each BF, unit was refined 
as a rigid group having B-F bond lengths of exactly 1.37 8, and 
bond angles of 109.5’. The occupancy of each rigid group was 
refined independently until the final set of least-squares cycles, 
in which the occupancies were slightly adjusted and fixed to make 
the total occupancy at  each site 1.0. The groups centered on B(1) 
and B(1’) were 78 (1) and 22 ( l )% occupied; those on B(2), B(2’), 
and B(2”) were 40 (2), 37 (2), and 23 (1)% occupied. All B and 
F atoms were refined with isotropic temperature factors. A 
common temperature factor was refined for the four F atoms in 
each group. The final cycle of refinement included 207 variable 
parameters and converged to R = 0.051 and R, = 0.074.52 

Refinement of the structure was carried out with the SHELX-76 
package.53 The final positional and thermal parameters are listed 
in Table IV. Selected bond lengths and angles are presented in 
Table V, and an ORTEP drawing of the cation is given in Figure 
1. 

Results and Discussion 
Reactions of MeSCrCSMe and MeSC*Me with 

Cp(PMe3),RuC1. The sulfur-bound alkyne complexes 
{Cp(PMe,),Ru[S(Me)C=CR]}+ (R = SMe (l), Me (3a)) are 
formed in room-temperature reactions of Cp(PMe,),RuCl 

(52) Neutral-atom scattering factors and anomalous scattering cor- 
rections were taken from: International Tables for X-ray  Crystallog- 
raphy; Kynoch Press: Birmingham, England, 1974; Vol. IV. 

(53) Sheldrick, G. M. SHELX-76. In Computing in Crystallography; 
Schenk, H., Olthof-Hazenkamp, R., Van Koningsveld, H., Bassi, G. C., 
Eds.; Delft University Press: Delft, The Netherlands, 1978. 
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Na / Hg 
W F  

Miller and Angelici 

doublets and triplets are measured between the two outer 
peaks. A more detailed discussion of the 'H NMR spectra 
of complexes with two PMe, ligands has been reported by 
others.7,s 

The 13C NMR spectrum of 2 shows a Cp resonance a t  
92.86 ppm, which is similar to the Cp resonances reported 
for the complexes [C~(PM~,),RU=C=C(H)(R)IPF,'~ (R 
= Me, 91.7 ppm; R = H, 92.7 ppm). The carbon reso- 
nances of PMe, appear as an apparent triplet (Jpc = 18.33 
Hz) at 22.52 ppm. The triplet is part of an A3XX'A', 
pattern, and the Jpc values are measured from the middle 
peak to an outer peak. Table 11 shows that the resonances 
do not change significantly for the neutral and cationic 
species, all of which fall in the range 22.47-23.65 ppm with 
coupling constants ranging from 13.30 to 18.93 ppm. The 
key observation that establishes the presence of the vi- 
nylidene ligand is a far downfield triplet in the 13C NMR 
spectrum for the carbon bound to ruthenium (a-carbon). 
This 13C NMR a-carbon resonance in complex 2 appears 
a t  326.93 ppm and is split into a triplet (Jpc = 16.81 Hz) 
by the phosphorus; the P-carbon occurs as a singlet a t  
116.62 ppm. The a-carbon and 0-carbon resonances are 
characteristic of the related vinylidene complexes [Cp- 
(PMe3)2Ru=C=C(H)(Me)]PF6'9 (347.9 and 103.4 ppm), 
[C~((M~O),P),MFC=C(H)(~-BU)]L~~ (322.8 and 121.8 
ppm), and [ Cp(PPh3) (NO)Re=C=C(H) (Me)]CF3S0357 
(328.5 and 126.0 ppm). 

Unlike the reaction of Cp(PMe3),RuC1 with MeSCE 
CSMe to give 1 and 2, under similar conditions Cp- 
(PMe3)2RuC1 reacts with MeSCECMe to give a 2:l ratio 
of the sulfur-bound (3a) and ir-bound (3b) complexes, 
which are collected in 79% total yield. Although pure 3a 
was isolated, 3b could not be separated completely from 
3a. Refluxing a solution of pure 3a in MeOH for 30 min 
or warming 3a in CD,OD at 40 "C for 4 h again gave a 2:l 
ratio of 3a to 3b. Complex 3b was characterized by its 'H 
NMR Cp resonance a t  5.14 ppm, which is similar to the 
Cp resonances reported for the complexes [Cp- 
(PMe,),Ru(q2-alkyne)]PF6 (HC=CMe, 5.02 ppm;lg HC= 
CH, 5.02 ppm;lg EtC=CEt, 5.25 ppm7). The 13C NMR 
resonances for the alkyne carbons in 3b occur a t  82.94 and 
70.66 ppm as singlets. In similar compounds, the alkyne 
resonances occur as singlets a t  73.0 and 53.6 ppm for 
[Cp(PMe3)2Ru(q2-MeCrCH)IPF619 and at 54.29 for [Cp- 
(PMe3)2Ru(s2-CF3C-CCF3)] PF6.7 

When the mixture of isomers 3a and 3b was refluxed 
in CH3CN for 9 h under N2, the pale yellow powder [Cp- 
(PMe3),Ru(NCCH3)]BF4 (4) was isolated in quantitative 
yield (Scheme I). Complex 4 was previously characterized 
by Treichel and K ~ m a r , , ~ ~  and its 'H NMR and IR data 
are given in Table I. Complex 2 reacts slowly and partially 
with CH3CN at 95 "C to liberate MeSCrCSMe and form 
complex 4 (eq 1); an equilibrium mixture of complexes 2 

CH&N 
[C~(PM~,),RU=C=C(SM~)~]PF, = [Cp(PMe3),Ru(NCCH3)]PF6 

MeSC =CSMe 
2 4 + (1) 

and 4 (1.251 ratio) is established after 72 h. The reaction 
of the vinylidene complex 2 with CH3CN to generate free 
MeSCECSMe must result from a facile 1,2-migration of 
SMe from one carbon to the other. 

The known f~rmation'"~' of metal vinylidene complexes 
from reactions of 1-alkynes with metal complexes is pro- 
posed to proceed through a 1,2-hydrogen shift via an in- 
termediate q2-alkyne complex.22J' Similarly, the rear- 

1 y;;;;MelS03CF3 ?!c1 
, %  I <  

Scheme I 
Cp(PMe3)ZRuCI 

MeSC-CSMe MeSC-CMe 
NH~PFF. NH4BF4 [ R U ] = C ~ ( P M ~ ~ ) ~ R U  

SMe 1 BF4 

I MeOH 

Me1 BF4 

1 

1 *c 

/Me1 pF6 

[w-- s, [Rul-- s, + [RuI-E 

3a  C 3b Me +c C 

\ Me , SMe I 

NCCH3 

,SMe 1 pF6 I 
NCCH3 [Ru]-NCCH#F4 

MeoH 1 
[Ru]=C=C 

(54) Redfield, D. A.; Cary, L. W.; Nelson, J. H. Inorg. Chem. 1975, 24, 

(55) Pregosin, P. S.; Kunz, R. W. NMR:  Basic Princ. Prog. 1979, 26, 
50. 

65. 

~~~~ 

(56) Gill, D. S.; Green, M. J. Chem. Soc., Chem. Commin 198c1037 
(57) Senn, D. R.; Wong, A.; Patton, A. T.; Marsi, M.; Strause, C. E.; 

Gladysz, J. A. J .  Am. Chem. SOC. 1988, 220, 6069. 
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Scheme I1 

HBF,*Et,O ,HI BF4 ,CH2SMe 1 BF4 
CHzC12 ROH - [RU1=C\ 

Cp(PMe3)2Ru-CsCC-SMe - [Rul=C=C 

5 NaOMe 6 'SMe R = M e , l l a  OR 
R = Et, I l b  

[Me30lBF4 

NaOMe 
CH3CN 

, ,H 1(BF4)2 
HBF4.EtzO 

CH2C12 
* [Ru]=C=C 

SMe 
[Rul 

1 2  OMe 

[ R u ] 4 G S M e 2  1 BF4 
CH3CN 13 

I 
[Ru]=C=C 

NaJHg 
M F  

Na[HBEt3] 
CD3CN 

I 
[Ru]=C=C 

NaJHg 
M F  

Na[HBEt3] 
CD3CN 

[RuFCEC-Me 2 
1 4  

rangement of complex 1 to 2 is suggested to proceed via 
an undetected a-MeSCECSMe intermediate, which re- 
arranges to the vinylidene product 2 by an intramolecular 
1,2-SMe shift. There appears to be no precedent for such 
a SMe migration, although a somewhat related iodo mi- 
gration has been reported for the iodoalkyne complex 
Cp(C0)2Mn(~2-IC=CCH(OR)2).5a 

The fact that complex 3b does not undergo a 1,2-SMe 
rearrangement to form a vinylidene complex indicates that 
this rearrangement requires both SMe groups in the alk- 
yne. While one of these groups migrates, the other must 
in some fashion stabilize an intermediate which promotes 
the SMe migration. 

Reactions of [CP(PM~&,R~=C=C(SM~)~]PF~ (2) 
with Reducing Agents. The Na/Hg amalgam reduction 
of complex 2 results in a yellow powder of 5 (Scheme I). 
This complex is characterized by an IR u(C=C) band at  
2000 cm-', which is lower than those of other ruthenium 
acetylide complexes: Cp(PPh,),Ru--C=CR (R = Me, 
2100 cm-'; Ph,  2068 cm-'; C02Me, 2058 cm-1)28 and Cp- 
(PMe3)2Ru-C=CR (R = Ph, 2105 cm-'; Me, 2098 cm-').% 
However, the free thioacetylene MeSCECSMe also has 
a Raman-active band (2082 ~ m - ~ ) ~ ~ ~  that is lower than 
those of free alkyl- and arylacetylenes, which occur in the 
region 2260-2100 cm-1.59 The lower u(C=C) band in 
MeSCECSMe and in 5 may be due to a combination of 
the effect of the heavy sulfur atom adjacent to the ace- 
tylenic carbon and/or the effect of carbon-sulfur vibra- 
tional coupling.60 For 5 ,  there may be an additional 
weakening of the C=C bond caused by some contribution 
of a vinylidene resonance form of the type discussed later 
in eq 4, which would be stabilized by the sulfur atom on 
the &carbon. 

The 13C NMR signal for the a-carbon in 5 occurs as a 
triplet (Jpc = 25.25 Hz) a t  121.58 ppm, and the @-carbon 

(58) Liiwe, C.; Hund, H.-U.; Berke, H. J. Organomet. Chem. 1989,371, 
311. 

(59) Silverstein, R. M.; Bassler, G. C.; Morrill, J. C. Spectrometric 
Identif ication of Organic Compounds,  4th ed.; Wiley: New York, 1981; 
p 98. 

(60) Davison, A.; Selegue, J. P. J. Am. Chem. SOC. 1980, 102, 2455. 

[Ru] = Cp(PMe&Ru 

occurs as a singlet a t  82.02 ppm. In similar compounds, 
the a-carbon resonance is also characteristically a triplet 
at 87-103 ppm and the @-carbon is a singlet a t  98-123 ppm: 
Cp(PPh,),Ru-C=CR (R = n-Bu, 89.4 and 111.3 ppm; R 
= t-Bu, 87.8 and 120.9 ppm) and Cp*(dppe)Ru-CEC-t- 
Bu (102.2 and 116.4 ppm).20 

While other vinylidene complexes are knowdl to un- 
dergo attack at the a-carbon by anions such as H-, MeO-, 
and NHz- to give vinyl derivatives (eq 21, complex 2 reacts 
with Na[HBEt3] in CD,CN in an NMR tube to give 5 and 
MeSSMe. Thus, the Na[HBEt3] is acting as a reducing 

[Cp(dppe)Fe=C=C(Me)*]* + Na[B(OMe)3H] - Cp(dppe)Fe >Me (2) 
H 

agent. The formation of MeSSMe suggests an electron- 
transfer process, which is discussed in detail later. Sim- 
ilarly, the reactions of 2 with NaH, NaSEt, NaSPh, and 
NaOMe also give 5. 

Reactions of Cp(PMe3)zRu--C=tSMe ( 5 ) .  Complex 
5 readily reacts with HBF4.Et20 at  room temperature to 
give [Cp(PMe,),Ru=C=C(H)(SMe)]BF, (6) and with Me1 
in refluxing CHZCl2 to give [Cp(PMe,),Ru=C=C(Me)- 
(SMe)]I (7) in 85% and 75% yields, respectively (Scheme 
11). These additions of an electrophile to the @-carbon 
of a metal-acetylide complex to form a metal-vinylidene 
complex are presumably promoted by an accumulation of 
electron density that is localized on the @-carbon of the 
acetylide, as suggested by MO calculations.61 Many ace- 
tylide complexes undergo @-carbon protonation or alkyl- 
ation to give a variety of vinylidene 

(61) Kostic, N. M.; Fenske, R. F. Organometallics 1982, 1, 974. 
(62) Bianchini, C.; Meli, A.; Peruzzini, M.; Zanobini, F. Organo- 

(63) Consiglio, G.; Morandini, F.; Ciani, G. F.; Sironi, H. Organo- 

(64) Bruce, M. I.; Swincer, A. G.; Wallis, R. C. J. J. Organomet. Chem. 

(65) Bruce, M. I.; Dean, C.; Duffy, D. N.; Humphrey, M. G.; Kout- 

(66) Bruce, M. I.; Humphrey, M. G.; Snow, M. R.; Tiekink, E. R. T. 

metallics 1990, 9, 241. 

metallics 1986, 5, 1976. 

1979, 171, C5. 

santanis, G. A. J .  Organomet. Chem. 1985, 295, C40. 

J .  Organomet. Chem. 1986, 314, 213. 
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The 'H NMR spectrum of 6 shows a singlet a t  5.08 ppm 
for the vinylidene proton; in 7 the corresponding methyl 
protons appear as a singlet a t  2.08 ppm. In the similar 
complexes [Cp(PMe3),Ru=C=C(R)(Ph)]PF6 (R = H, 
Me),24 the proton and methyl signals a t  1.37 ppm (t, no 
JPH value given) and 5.40 ppm (t, JPH = 2.2 Hz), respec- 
tively, show coupling to phosphorus. The vinylidene 
resonances in the 'H and 13C NMR spectra of complexes 
6 and 7 (Tables I and 11) are comparable to those in 2. 

While the reaction of complex 5 with Me1 in refluxing 
CH2Clz gives 7, the same reaction a t  0 "C in CHzClz or 
CDC1, in an NMR tube first appears to give [Cp- 
(PMe3),Ru-C=CSMe2]I (Scheme 11); when the solution 
is warmed to room temperature for 10 min, this complex 
rearranges to the vinylidene complex 7. The formulation 
of the intermediate as [Cp(PMe,),Ru-C=CSMe,]I is 
supported by a comparison of its IR and 'H NMR spectra 
with those of complex 13 (see synthesis later); an IR u- 
(C=C) band is present a t  1960 cm-', and 'H NMR reso- 
nances a t  4.76, 3.22, and 1.49 (d) ppm are assigned to Cp, 
SMe,, and PMe, groups, respectively. The 'H NMR 
resonance (3.22 ppm) of the SMe, group in [Cp- 
(PMe3),Ru--C=CSMe2]I is somewhat downfield of the 
SMe, group (3.00 ppm) in complex 13 (discussed in a later 
section); this may be due to an association of the sulfonium 
group with the iodide anion. The identity of the inter- 
mediate was further supported by a 'H NMR tube study 
of the reaction of complex 5 and Me1 a t  0 "C until the 
formation of [ Cp(PMe,),Ru-C=CSMe,]I was observed; 
then, addition of HBF4.Et20 to the reaction solution gave 
a 'H NMR spectrum which was identical with that of 
[Cp(PMe3)2Ru=C=C(H)(SMez)lz+ (9). 

A 5-min reaction of complex 5 with 1 equiv of 
[MeSSMe,]SO,CF, at room temperature in CD3CN in an 
NMR tube gives the vinylidene complex 2 in quantitative 
yield (Scheme I), as established by its 'H NMR spectrum. 

Reaction of 5 with a suspension of CuCl in CH,Cl, af- 
fords the complex Cp(PMe,),Ru(C=CSMe) (CuC1) (8) in 
69% yield (Scheme I). The resulting yellow powder was 
characterized by its 'H and I3C NMR spectra (Tables I and 
11), IR and EIMS spectra, and elemental analyses. The 
IR v(C=C) frequency appears 118 cm-' lower (1882 cm-') 
than for 5 (2000 cm-'1, indicating the side-on 7r-coordina- 
tion of the C=C group to the copper.la This decrease is 
similar to that observed upon coordination of CuCl to 
alkynes (81-173 cm-'P and to acetylide complexes: 
(~~~~)(CO),M~(C=CR)(CUC~)~~ (R = CH20Me, 1980 
cm-'; t-Bu, 1983 cm-'; Ph, 1989 cm-') and Cp(PPh,),Ru- 
(C=CR)(CUC~)'~ (R = Ph, 1979 cm-l; p-MeC6H4, 1945 
cm-'; Me, 1982 cm-'). The 'H NMR spectrum of 8 shows 
a SMe resonance at 2.36 ppm that is slightly downfield of 
the 2.29 ppm shift observed for 5 (Table I). This further 
suggests that the copper is bound to the C=C group and 
not to the sulfur. If the copper were bound to the sulfur, 
a larger downfield methyl resonance shift would be ex- 
pected, as is observed for [Cp(PMe,),Ru--CCSMe,]BF, 
(13; discussed later). An X-ray diffraction study carried 
out on (dppe)(C0),Mn(C=CPh)(C~Cl)~' revealed that the 
complex is monomeric in the solid state and the copper 

Miller and Angelici 

is 7r-bound to the carbon-carbon triple bond of the u- 
acetylide ligand. 
Reactions of [Cp(PMe,),Ru=C=C(R)(SMe)]BF4 (R 

= H (6), Me (7)). The monocationic vinylidene complexes 
6 and 7 react readily with [Me30]BF4 in CH3CN to form 
the dicationic sulfonio complexes [Cp(PMe3)2Ru=C=C- 
(R)(SMe,)](BF& (R = H (9), Me (10)) in 72% and 55% 
yields, respectively (Scheme 11). The products are isolated 
as air-stable yellow solids that are soluble in CH,CN, 
sparingly soluble in acetone, and insoluble in less polar 
solvents such as CH,Cl,. In the 'H NMR spectra of 9 and 
10, the sulfonio methyl resonances are a t  2.87 and 2.83 
ppm, respectively, which are downfield by approximately 
0.6 ppm in comparison to the methyl resonances in com- 
plexes 6 and 7. The 'H NMR methyl resonance of the 
sulfonium group in [Cp(PPh3)(NO)ReCH2SMe2]PF,72,73 
(2.60 ppm) is also approximately 0.6 ppm downfield of that 
in the analogous thioether Cp(PPh,)(NO)ReCH,SMe (2.01 
ppm). The 'H NMR chemical shift of the Cp group in 
complexes 9 and 10 is also downfield as compared to those 
of complexes 2, 6 ,  and 7 (Table I); this suggests that the 
positive charge is not localized on the sulfonium group but 
is delocalized throughout much of the complex. In the 'H 
NMR spectrum of 9 the vinylidene proton resonance ap- 
pears as a broad triplet a t  5.22 ppm. This signal collapses 
to a sharp triplet (JPH = 1 Hz) when the sulfonium methyl 
resonance is irradiated in a selective decoupling experi- 
ment. The 13C NMR signals of the a-carbons in complexes 
9 and 10 are triplets a t  322.64 and 323.22 ppm; the p- 
carbons in complexes 9 and 10 occur as singlets at 102.58 
and 109.57 ppm (Table 11). 

Complex 6 readily undergoes deprotonation with 
NaOMe in MeOH to give complex 5 in 90% yield (Scheme 
11). The reducing agent Na/Hg and bases such as Na- 
[HBEt,], NaSEt (pK, = 10-11), and NaHCO, (pK, = 6.35) 
also readily deprotonate complex 6; thus, 6 appears to be 
more acidic than similar vinylidene compounds of known 
pK,: ICp(dppe)Fe=C=C(H)(Me)l+ (7.74 f 0.05 in 

(67) Bruce, M. I.; Koutsantanis, G. A.; Liddell, M. J.; Nicholson, B. K. 
J .  Organomet. Chem. 1987,320, 217. 

(68) Hefner, J. G.; Zizelman, P. M.; Durfee, L. D.; Lewandos, G. S. J .  
Organomet. Chem. 1984, 260, 369. 

(69) Carriedo, G. A.; Miguel, D.; Riera, V. J. Chem. Soc., Dalton 
Trans. 1987, 2867. 

(70) (a) Ahu Salah, 0. M.; Bruce, M. I .  J .  Chem. Soc., Dalton Trans. 
1975, 2311. (h) Bruce, M. I.; Cifuentes, M. P.; Snow, M. R.; Tiekink, R. 
J. J .  Organomet. Chem. 1989, 359, 379. 

(71) Solans, X.;  Solans, J.; Miravitlles, C.; Miguel, D.; Riera, V.; Ru- 
bio-Gonzalez, -J. M. Acta Crystallogr., Sect. C 1986, 42, 975. 

TH%-H,0)74 and [Cp(PMe,),Ru=C=C(H)(CMe,)]+ (20.8 
f 0.2 in CH,CN).75 

Alcohols are known to add across the vinylidene car- 
bon-carbon double bonds to form alkoxycarbene com- 
plexes such as [Cp(PPh3),Ru=C(OMe)(CH2Ph)]PF6 and 
[Cp(PPh,~(CO)Ru=C(OR)(CH,Ph)]PF, (R = Et, i-Pr);26 
on the other hand, di-/+substituted complexes such as 
[Cp(PPh,),Ru=C=C(Me)(Ph)]I do not react with alco- 
hols. A t  room temperature MeOH and EtOH add to 
complex 6 to give [Cp(PMe3),Ru=C(OR)(CHzSMe)]BF4 
(R = Me (1 la), Et (1 lb); Scheme 11). The air-stable yellow 
powder of 1 la was characterized by its elemental analyses, 
FAB mass spectrum, and 'H NMR (Table I) and I3C NMR 
spectra (Table 11). The reaction to form llb did not go 
to completion in a 10-h period, while the formation of lla 
was complete by that time. The 13C NMR resonance of 
the methoxycarbene carbon in 1 la occurs a t  295.92 ppm, 
which is similar to that in [Cp(PPh,),Ru=C(OMe)- 
(CH,Ph)]PF,26 (308.7 ppm). Higher alcohols such as i- 
PrOH and t-BuOH did not react with 6 to give alkoxy- 
carbene complexes under similar conditions. 

The abstraction of a proton from 1 la with NaOMe gave 
two isomers of the vinyl complex Cp(PMe,),Ru[C- 
(OMe)=C(H)SMe] (12) in an 8:l ratio (Scheme 111, as 
determined by 'H NMR spectra of the compound. The 

(72) McCormick, F. B.; Gleason, W. B.zhao ,  X.; Heah, P. C.; Gladysz, 

(73) McCormick, F. B.; Gladysz, J .  A. J .  Organomet. Chem. 1981,228, 

(74) Davison, A.; Selegue, J. P. J .  Am. Chem. SOC. 1978, ZOO, 7763. 
(75) Bullock, R. M. J .  Am. Chem. Soc. 1987, 109, 8087. 

J .  A. Organometallics 1986, 5, 1778. 

c57. 
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Table VI. Selected Bond Lengths (A) and Angles (deg) in Ruthenium Vinylidene Complexes 
compd Ru=C c=c Ru-C (l)-C( 2) 

ICP(PM~~)~R~=C=C(H)(SM~,)I(BF~)~ (9) 
[Cp(PPh3)2Ru=C=C(I)(Ph)]I,67 
[ C P ( P P ~ ~ ) ~ R U = C = C ( B ~ )  (C6H4Br-4)]Brt7 
[Cp(PPhJ2Ru=C=C(Me)(Ph)]I@ 
[C~(PP~J~RU=C=C(P~)(N=NC~H~M~~-~,~)]BF,~ 
[Cp(dppe)Ru=C=C(Ph)(C7H7)lPF,BS 
[Cp(PMe,)2Ru=C=C(H)(Me)]PFci 

pale yellow powder of 12 was collected in 84% yield and 
was characterized by its EIMS, 'H NMR (Table I), and 
13C NMR spectra (Table 11). It  showed appreciable de- 
composition in the solid form in approximately 6 h when 
exposed to air. The 'H NMR spectrum of isomer A shows 
a broad vinyl proton signal a t  5.33 ppm. This signal 
collapsed to a triplet with J ~ H  = 1.38 Hz when the methyl 
of the OMe group was irradiated in a 'H NMR selective- 
decoupling experiment. The vinyl proton resonance of the 
less abundant isomer B was not located. The stereo- 
chemistry of isomer A cannot be assigned definitively; 
however, comparison with related complexes suggests an 
E conformation (proton cis to the metal). The complexes 
C~(PP~,)(CO)RU[C(O-~-P~)=C(H)P~]~~ and Cp(P- 
(OM~),),MO[C(H)=C(H)-~-BU]~~ have been assigned as 
E isomers and show p-vinyl proton resonances at 4.82 and 
5.40 ppm with JpH = 1.2 (d) and 2.0 (t) Hz, respectively. 
In the 13C NMR spectrum of isomer A of 12, the a-carbon 
appears a t  190.62 ppm and the P-carbon at  102.82 ppm. 
The vinyl complex Cp(P(OPh),)(CO)Fe[C(Me)=C(Me)- 
SPhI7' and C~(PP~,)(CO)RU[C(O-~-P~)=C(H)P~]~~ show 
similar resonances for the a-carbon at  157.8 and 206.08 
ppm, respectively, and for the P-carbon at 127.7 and 88.76 
ppm, respectively. Complex 12 readily adds 1 equiv of 
HBF4.E&0 in CDCl, to give back the carbene complex l la 
quantitatively (Scheme II), as indicated by the 'H NMR 
spectrum. 

X-ray Crystal Structure of [Cp(PMe,),Ru=C=C- 
(H)(SMe2)](BF4), (9). Complex 9 is the first example of 
a mononuclear vinylidene complex with an overall +2 
charge. The geometry about the ruthenium(I1) center is 
nearly octahedral, as shown in Figure 1; one face of the 
octahedron is occupied by the Cp group and the opposite 
face by the two PMe3 and vinylidene ligands. The most 
notable features of this structure are in the vinylidene 
moiety. The Ru-C(1)-C(2) system is essentially linear 
(178.7 (5)'). The Ru-C(l) distance (1.792 (8) A) is the 
shortest reported ruthenium-vinylidene carbon bond 
distance; these distances range from 1.823 (9) to 1.863 (10) 
A (Table VI). In fact, the Ru-C(l) distance is within the 
range for metal-carbyne complexes: (CI)(CO)(PPh,),Os- 

C6H4NMe2)],'9 1.75 (1) A; {(PPh,) (Cl),[(tolyl)NC]Os[= 
C(4-C6H4NMe2)]JC104,'9 1.78 (1) A 

The C(l)-C(2) distance at  1.36 (i) A is slightly longer 
than the distances (1.293 (151-1.34 (1) A) in related ru- 
thenium vinylidene complexes (Table VI); it is not as long 
as the C(sp)-C(sp2) single-bond distance in (Cl)(CO)- 
(PPh,),O~(=C-tolyl)~~ (1.45 (3) A) but is similar to that 
in [Cp(CO)2Mn=CC(H)=CPh2]BF4so (1.389 (7) A). The 
short Ru-C(1) and long C(l)-C(2) bonds as compared to 

( ~ C - t o l y l ) , ~ '  1.77 (2) A; (PPh,),(Cl),(SCN)Os[rC(4- 

~~~~ 

(76) Bottrill, M.; Green, M. J. Am. Chem. SOC. 1977, 99, 5795. 
(77) Reger, D. L.; Belmore, K. A.; Mintz, E.; McElligot, P. J. Or- 

ganometallics 1984, 3, 134. 
(78) Clark, G. R.; Marsden, K.; Roper, W. R.; Wright, L. J .  J. Am. 

Chem. SOC. 1980, 102, 6570. 
(79) Clark, G. R.; Edmonds, N. R.; Pauptit, R. A,; Roper, W. R.; 

Waters, J. M.; Wright, A. H. J .  Organomet. Chem. 1983, 244, C57. 
(80) Kolobova, N. E.; Ivanov, L. L.; Zhuanko, 0. S.; Khitrova, 0. M.; 

Batsahov, A. S.; Struchkov, Yu. J. J. Organomet. Chem. 1984, 262, 39. 

1.792 (8) 1.36 (1) 178.7 (5) 
1.839 (7) 1.31 (1) 171.0 (7) 
1.85 (1) 1.31 (2) 169.4 (14) 

172.8 (11) 1.863 (10) 1.293 (15) 
1.823 (9) 1.34 (1) 169.9 (7) 
1.848 (9) 1.32 (1) 174.9 (6) 
1.845 (7) 1.313 (10) 180 (2) 

those in other vinylidene complexes (Table VI) suggest 
that both vinylidene and carbyne resonance forms con- 
tribute to the bonding in 9 (eq 3). 

The C(l)-C(B)-S angle (119.6 (5)') is typical of C(sp2) 
centers; the C(2)-S distance a t  1.719 (9) A is shorter than 
C(sp2)-S single-bond distances found in Cp(PPh,)(CO)- 
WsCSPh'' (1.768 (12) A) and [(PPh,),(CO),Mn==C=C- 
(NMe2)SMe]BF482 (1.784 (16) A). The mean value of 
S(sulfonium)-C(sp2) ylide bond lengths is 1.715 A with a 
range from 1.707 (7) to 1.721 (4) A.S3 The C(2)-S distance 
is short enough to suggest considerable double- bond 
character, as was also proposed for the thioester complexes 
(CO),(PP~,),(H)OS[C(S)SM~]~ (1.724 (5 )  A) and [Cp- 
(dppe)Fe=C=C (Me) (C (S)SMe)]I.MeOHE5 (1.73 (2) A). 
However, it is not as short as a full double bond, since 
C(sp2)=S distances are much shorter, as in [Cp(CO)- 
F~]&~L-CO)(~L-C=S)~  (1.596 (9) A) and (CO),(PPh,),(H)- 
Os[C(=S)SMeIa (1.648 (4) A). The shortening of the 
Ru-C(l) and C(2)-S distances and the lengthening of the 
C(l)-C(2) distance support a resonance form with partial 
carbyne and ylide character as contributing to the bonding 
in 9 (eq 3). 

Preparation of [Cp(PMe3)2Ru-C=CSMe2]BF4 (13). 
Just as the monocationic vinylidene complex 6 can be 
deprotonated with a base to give 5, complex 9 is depro- 
tonated by a slight excess of NaOMe to give a red powder 
of 13 in 94% yield (Scheme 11). The complex readily 
decomposes in the solid state over approximately 12 h; 
however, it can be handled in air for short periods of time 
without any appreciable decomposition. The 'H NMR Cp 
resonance (4.76 ppm) of complex 13 is nearly identical with 
that of 5; the 13C NMR a-carbon resonance of 13 at  183.39 
ppm is downfield by 60 ppm from that of 5 and the p- 
carbon at  88.03 ppm is nearly identical with that of 5. The 
IR u(Cd!) band in 13 is 40 cm-' lower than that in 5 (2000 
cm-'); in the only known alkynylsulfonium salt, [PhC= 
CS(Me)Et ] (~ ic ra t e ) ,~~  the IR u(C=C) band is found at  
2195 cm-', which is also shifted by 60 cm-' as compared 
to that of MeC=CSMe (2255 cm-'). In the complexes 

(CH2CH2PPh2)3)88 the v(C=C) band decreases (-30 cm-') 
upon replacing R = Ph with R = C0,Et; these results were 
interpreted to mean greater a-back-bonding from the Rh 

( L ) R h - C r C R  (L = N(CHZCH2PPh2)3, P- 

(81) Greaves, W. W.; Angelici, R. J.; Helland, B. J.; Klima, R.; Jacob- 
son, R. A. J .  Am. Chem. SOC. 1979, 101, 7618. 

(82) Dean, W. K.; Wetherington, J. B.; Moncrief, J. W. Inorg. Chem. 
1976, 25, 1566. 

(83) Perozzi, E. F.; Paul, I. C. In The Chemistry of the Sulfonium 
Group; Stirling, C. J .  M., Patai, S., Eds.; Wiley: New York, 1981; p 48. 
(84) Walters, J. M.; Ibers, J. A. Inorg. Chem. 1977, 16, 3273. 
(85) Selegue, J. P. J. Am. Chem. SOC. 1982, 204, 119. 
(86) Beckman, D. E.; Jacobson, R. A. J. Organomet. Chem. 1979,279, 

(87) Gosselck, J.; Beness, L.: Schenk. H.: Schmidt, G. Anmu.  Chem.. 
187. 

- 
Znt. Ed .  Engl. 1965, 4, 1080. 

nello, p.; Ottaviani, F. M. Organometallics 1990, 9, 360. 
(88) Bianchini, C.; Meli, A.; Peruzzini, M.; Vacca, A.; Laschi, F.; Za- 
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to the acetylide ligand. The lower u(C=C) value in 13 as 
compared with that of 5 suggests a weaker carbon-carbon 
triple bond. This together with the downfield shift of the 
a-carbon resonance toward those of vinylidene compounds 
suggests that a resonance form with partial double-bond 
character created by C(2p)-S(3d) overlap contributes to 
the bonding in 13 (eq 4).89 A structural study of the 

, M 7 +  (4) 
[ RuFC=C= S, 

0 M 7  + 

[RuFCZC-S, 
Me Me 

diphenylallenylidene complex [Cp(PMe3)zRu=C=C= 
CPhz]PF6w also indicated a substantial contribution from 
two different forms, [CpLzRu=C=C=CPh2]+ - 
[CpLzRu-C=C-CPh2]+, with the cationic charge sta- 
bilized by both the metal center and the diphenyl- 
carbenium moiety. 

Like the protonation of complex 5 to form 6, the sul- 
fonioacetylide 13 can be protonated quantitatively, as in- 
dicated in the 'H NMR spectrum, with 1 equiv of 
HBF4.Etz0 in CD,CN to form complex 9, which was iso- 
lated in greater than 70% yield (0.020-mmol scale). 

Reduction Reactions of [Cp(PMe3)zRu=C=C- 
(Me) (SMe)]I (7) a n d  [Cp(PMe3),Ru=C=C(Me)- 
(SMeZ)](BF4), (10). Similar to the reduction of complex 
2 to 5 (Scheme I), complex 7 is reduced by equimolar 
Na[HBEt,] in CDCl, to give a stoichiometric conversion 
to the desulfurized acetylide Cp(PMeJZRu-CdMe (14) 
and MeSSMe (Scheme 11), as indicated by the 'H NMR 
spectrum. Complex 14 is also obtained in over 80% yield 
from the reaction of 7 with a Na/Hg suspension in THF. 
Complex 14 was previously reported by Bruce and co- 
workersz4 and identified by its u(C=C) band at 2095 cm-' 
and characteristic triplet in the 'H NMR spectrum for the 
acetylide methyl group a t  1.98 ppm (JPH = 2.6 Hz). 

The reduction of the dicationic complex 10 with 2 equiv 
of Na[HBEt,] in CD,CN gives a stoichiometric conversion 
to the desulfurized acetylide 14 and Me$, as indicated by 
the 'H NMR spectrum. 

Mechanisms for the Reduction of [CP(PM~,)~RU= 
C=C( SMe)JBF4 (2), [Cp(PMe3)zRu=C=C( Me)- 
(SMe)]I (7), and [Cp(PMe,),Ru=C=C(Me)(SMe,)]- 
(BF,), (10). In earlier sections we have described re- 
ductions (Na/Hg or Na[HBEt,]) that convert 2 to 5 , 7  to 
14, and 10 to 14 with loss of MeS' or Me$. To our 
knowledge, reactions of this type have not previously been 
reported. Of the possible mechanisms for these reactions, 
initial electron transfer to the metal seems unlikely since 
the Ru already has 18 electrons and ruthenium vinylidene 
complexes have not been reported to undergo reduction. 
A more likely possibility is initial electron transfer to the 
sulfur of the vinylidene ligand in complexes 2, 7, and 10. 
This suggestion is based on the considerable amount of 
information that is known about mechanisms of reduction 
of organic thioethersgl and sulfonium compounds.92 As 
applied to the reduction of 2 and 7, the initial step would 
be a one-electron addition to form a radical intermediate 
(C, eq 5); carbon-sulfur bond cleavage with electron re- 
arrangement in the vinylidene unit would form a metal- 
centered radical cation acetylide (D) and MeS-. Related 
radical cation acetylides were generated by Bitcon and 

Miller and Angelici 

(89) Kral, V.; Arnold, Z.; Havlas, Z. Collect. Czech. Chem. Commun. 

(90) Selegue, J. P. Organometallics 1982, 1 ,  217. 
(91) Shono, T. In The Chemistry of Ethers, Crown Ethers, Hydroxyl 

Groups and their Sulphur Analogues; Patai, S., Ed.; Wiley: New York, 
1980; p 327. 

(92) Shine, H. J. In The Chemistry of the Sulfonium Group; Stirling, 
C .  J. M., Patai, S., Eds.; Wiley: New York, 1981; p 141. 

1981, 46, 883. 

,SMq+ e- . ,SMe 
[Ru]=C=C, [Ru]=C=C, 

R R 

Y R = SMe, 2 
R=Me,7 

[ R u F C i C - R  + 112MeSSMe - [ d u ~ C ~ C - ~ + +  MeS- 
R = SMe, 5 D 

( 5 )  
WhiteleyZ0 in the reversible one-electron oxidations of 
Cp(PPh,),Ru-C=CR and Cp(PPh,)(CO)Fe-C=CR (R 
= Ph, n-Bu, t-Bu). The final step (eq 5) is electron transfer 
from MeS- to the metal acetylide cation; the resulting 
MeS' radicals would couple to form the observed MeSSMe. 

It seems possible that intermediate C in this mechanism 
(eq 5) could undergo carbon-sulfur bond cleavage to give 
a neutral metal acetylide and MeS' radical (eq 6). Al- 

[RuFC=C, - IRUl-C=C-R + MeS' - 1/2MeSSMe (6) 

though carbonsulfur bond cleavage to form MeS' has not 
been observed previously in organic systems, it is possible 
that the ruthenium-acetylide complex is sufficiently sta- 
bilized that MeS' would be produced. 

The two-electron reduction of sulfonium complex 10 
with the formation of the MezS product presumably pro- 
ceeds via a mechanism similar to that for the reduction 
of organic sulfonium ions (eq 7).9z The rate-determining 

Me3Si 8- [Me81 - Me2S + Me e CH4 (7) 

step would be initial electron transfer to the sulfonium 
group in 10 (eq 8). This is followed by carbonsulfur bond 
cleavage to give MezS and the radical E, which rapidly 
adds another electron to give the acetylide product 14. 

R = Me, 14 

. , SMe 

R 

- 

H+ 

/SMq: -Me2S 
[Ru)=C=C, - [Ru+C=C:l' 8- [RUECEC-Me 

Me E Me 1 4  
(8) 

Conclusions 
In contrast to the alkyl- and arylacetylenes that react 

with Cp(PMe3)zRuC1 to give the r-acetylene complexes 
[Cp(PMe3)2Ru(~z-RC=CR)]+, the mercaptoacetylene 
MeSCECSMe reacts with C P ( P M ~ , ) ~ R U C ~  to give the 
S-coordinated {Cp(PMe3)2Ru[S(Me)C=CSMe]}PF6 (l), 
which readily rearranges to the vinylidene [Cp- 
(PMe,),Ru=C=C( SMe),] PF, (2). Although the r-com- 
plex [Cp(PMe3),Ru(v2-MeSC=CSMe)]+ is not detected, 
it is a likely intermediate in the rearrangement of 1 to 2. 
Unlike related vinylidene complexes [Cp(PMe3)zRu==C= 
CRz]+, 2 reacts with one-electron-reducing agents to lose 
MeS' and produce the acetylide Cp(PMe3)zRu-CdSMe 
(5). This acetylide is similar to other acetylides in that 
the P-carbon reacts with electrophiles (R = H+, Me+) to 
give vinylidene complexes [Cp(PMeJZRu=C=C(R)- 
(SMe)]+, but in addition it alkylates a t  the sulfur to give 
the unusual sulfonioacetylide [Cp(PMe3)zRu-C= 
CSMez]+. The sulfur atoms in the vinylidene complexes 
[Cp(PMe3)zRu=C=C(R)(SMe)]+ (R = H (6), Me (7)) are 
also alkylated to give the dicationic vinylidene complexes 
[Cp(PMe3)2Ru=C=C(R)(SMez)](BF4)z (R = H (9), Me 
(10)). It is clear from these studies that both the acetylene 
functionality and MeS groups are sites of reactivity in the 
vinylidene, acetylide, and carbene chemistry of the 
MeSCECSMe ligand. 

Since a variety of ligands have been attached to the 
Cp(PMe&Ru+ center in these investigations, we have 
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attempted to evaluate their effects on the electron density 
a t  Ru by comparing the chemical shifts of their Cp proton 
resonances. As seen from the data in Table I, these res- 
onances move to lower field in the order -C=C-SMe- = 
-C(OMe)=C(H)SMe- > -C=CSMe2 > S(Me)C=CSMe 
> MeSCECMe > =C(OR)CH2SMe > =C=C(R)SMe > 
=C=C(R)SMe2+. The trend indicates that a-bound lig- 
ands such as acetylides and vinyl groups are the better 
donors, while the x-alkyne, carbene, and vinylidene ligands 
are the better x-acceptors. The sulfoniovinylidene ligand 
in [Cp(PMeJ,Ru=C=C(H)(SMe,) J (BF4)2 is the best x- 
acceptor, partly due to bonding that involves some Ru=C 
carbyne character. 
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The cationic vinylidene complex [C~(PM~J,RU=C=C(SM~)~]BF~ (1) undergoes addition of electrophiles 
such as HBF4.Et20, [MeSSMe2]S03CF3, and [Me30]BF4 to give the complexes ([Ru] = Cp(PMe,),Ru) 

H SMe 
4 2 a  R = H, 2b: SMe, 3 

An X-ray diffraction investigation shows that 2a crystallizes in space group C2/c with a = 31.558 (5) A, 
b = 10.492 (2) A, c = 16.484 ( 5 )  A, @ = 100.89 ( 2 ) O ,  and Z = 8. The reaction of 4 with phosphines results 
in the cleavage of MeS' to form the sulfonio acetylide [Cp(PMe3),Ru-C=CSMe2]BF4 ( 5 )  and [MeS- 
PPh,R]+ (R = Me, Ph). Anionic nucleophiles such as NaSR (R = Et, Me) displace Me$ from 4 to yield 
the vinylidene complexes [Cp(PMe,),Ru=C=(SR)(SMe)lBF, (R = Et (71, R = Me (1)). Complex 4 also 
reacts with pyridines, 4-NC5H4R (R = H, Et, NMe, (DMAP)), and SEt, to displace Me,S to yield the 
dicationic vinylidene complexes [Cp(PMe3)2Ru=C=C(4-NC5H4R)(SMe)] (BF4), (R = H (8), Et (91, NMe, 
(10)) and [Cp(PMe3)2Ru=C=C(SEt2)(SMe)](BF,), (11). The reactions of DMAP and SEt2 (Nuc) with 
4 in CD3CN follow the general rate law rate = k,[4] + k,[4][Nuc]. The reaction of DMAP is dominated 
by the k2 pathway, which is proposed to involve nucleophilic attack at the cu-carbon of 4. The less nucleophilic 
SEt, reacts by both nucleophilic (k2) and dissociative (h,) pathways. 

Introduction 
In the previous paper,, we examined the influence of 

mercapto groups (SR) on the reactions of the alkynes 
MeSCECSMe and MeSCECMe with Cp(PMe,),RuCl 
(Cp = T ~ - C ~ H & .  We noted that the reaction with 
MeSCECSMe gave the (methy1thio)vinylidene complex 
[C~(PM~&,RU=C=C(SM~)~]BF, (I); this presumably 
occurred via an T2-alkyne intermediate that rearranged to 
the product by a 1,Z-SMe migration (eq 1, [Ru] = Cp- 

[RuICI + MeSC =CS&le - [ IRu+P-( ] - [Ru]=C=C, 

(1) 

(PMe,),Ru). Complex 1 could be reduced by Na[HBEt3] 
or Na/Hg to yield the (methy1thio)acetylide complex Cp- 

SMe / S M q  + 

1 SMe SMe 

'Current address: Research and Development, Phillips Petroleum 
Co., Bartlesville, OK 74004. 

0276-7333/91/2310-0089$02.50/0 

(PMe,),Ru-C=CSMe and MeSSMe (eq 2). We further 

,SMa + 

'SMe 
+ e -  - [Ru]-C-C-SMe + 1iZ MeSSMe (2) [ Ru]=C=C 

reported that the methylthio moiety of the vinylidene 
complexes [Cp(PMe,),Ru=C=C(R)(SMe)]BF, are al- 
kylated to give dicationic sulfoniovinylidene complexes (eq 
3). In order to explore the effects of SR groups on the 

(3) 
FITC2 / + [Me30]BF4 - [RU]=C=C 

/ R l  + 

[ Ru]=C=C 
'SMe 'SMe2 

R = H and Me 

(1) Ames Laboratory is operated for the U S .  Department of Energy 
by Iowa State University under Contract W-7405-Eng-82. This research 
was supported by the Office of Basic Energy Sciences, Chemical Sciences 
Division. 

( 2 )  Miller, D. C.; Angelici, R. J. Organometallics, previous paper in this 
issue. 
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