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Metal ion-promoted degradation of thiophenes is central to 
industrial processes aimed at the hydrogenolytic removal of 
organosulfur impurities from fossil fuels.'-2 The C-S cleavage 
step is especially crucial; three general types of ring-opened 
thiophene complexes have been identified (Chart I) .  Simplest 
are those species in which only the sulfur atom and one carbon 
atom are coordinated. the result of oxidative addition of a C-S 
bond. Two versions of this structure (I  and I1 in Chart 1) can 
be distinguished on the basis of the planarity, electron count, 
and degree of delocalization of the MSC, ring.'.4 Ring-opened 
thiophenes are also known to span two metals via sulfur and 
two carbon atonis (111 i n  Chart I ) .  In the catalytic process, it 
is plausible that bonding modes 1-111 are related mechanisti- 
cally such that loss of ligand from I1 gives I, which is 
electronically suited for binding a second metal to give 111,' 
which in turn is known to be susceptible to hydrogenolysis.'h 
In this repon we describe a founh bonding mode for ring-opened 
thiophene (structure IVI that extends this series and is suggestive 
of a pathway for extrusion of the S atom. 

The reduced thiophene complexes (CRMe6)Ru(rli-CJRrS) (R 
= Me or HI were found to readily protonate at carbon." 
Subsequent \+orb- showed that the protonated complex of 
thiophene. (C,,Me,,IRu(i/'-CiH~S)+. reversibly undergoes C-S 
scission IO Five a thiapentadienyl derivative (eq I). This finding 

s h o w  that the sequence of reduction (to generate the qJ- 
thiophene complex) followed by protonation can effect C-S 
cleavage. We were. however. disappointed to find that proto- 
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Figure 1. Structure 01 the cation in IlC,,Me~,)(CrHs)Ru~(CMrlS)IPFa 
(LaPFd. Important disranoes ( A ) :  Ru(lI-Ru(21. 2.728(1):  Rui 1j-S. 
2.26X( I ) :  Ru(Z)-S. 2.3140): Rui l I -C(I8) .  2.127(4):  Ru(I ) -CiZI) .  
2.071(51: Ru(2)-C(lYI.  2,23114): Ru(2)-C(2O). 2.2119(4): Rui21- 

nation did not promote the cleavage of C-S bonds in complexes 
of 2.5-dimethylthiophene or tetramethylthiophene.X We have 
found that a metal ion can serve as an auxiliary electrophile." 
in place of a proton. to effect C-S cleavage reactions. 

Treatment of (C,~M~~)Ru(q'-C~Me.,S) with [(CsHslRu(MeCN)II- 
PFI, (MeCN solution, 25 "C, 2 h) afforded a 53% yield of 
[(CrHil(CI,Me~,lRu2(SC,Meil]PF,~ (ZaPF,,),). after recrystallization 
from THF-hexanes."' Single-clystal X-ray diffraction" showed 
that the complex is asymmetric (Figure I ) .  in accord with the 
IH and "C NMR spectra. The R u  atoms are mutually bonded 
(2.82 A), and the thiapentadienediyl group is coordinated in v4 
and v3 modes to Ru(CiHs) and Ru(C,,Me6). respectively. The 
species is structurally related to the thiaferrole motif (111 in Chart 
I ). However, there is no free olefin, and the sulfur atom is 
strongly twisted out of the Cr plane, while remaining bound t? 
both metals. The remaining C-S bond is 1.77 A (vs 1.718 A 
in thiophene'). 

It is reasonable to assume that 2ai arises via an initial attack 
of the unsaturated electrophile (CsRs)Ru(MeCNh+ on (Ch- 
Me,,)Ru(qr-CdMeiS). presumably at sulfur." Subsequent loss 
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see: in) iao. S.: Ogilvy. A. E.: Rauchfiisr. T. b.: Rheinpld. A. L.: Wilson. 
S. R. ~ ~ , s ~ , , ~ , , , , ~ ~ , l ~ , l l i ~ . s  1991. IO. I(H13. ih) Chcn, J.: Dimiclr. L. M.: Angelici. 
R. J. J. Ani. C h n n  Sot. 1991. I 1.3. 2544. 

11(1)2aPFb: 53% yield: 'H  NMR (acetone-&l 0 4 x 8  (<. 5Hl .  3.07 (s. 
3HI. 2.32 ( 5 .  IXH). 1.90 (<,  3H). I . X 9  (s.3H). 1.24 (I. 3H): "Ci 'H) NMR 
(CDJNOI) r )  IXX.7. 115.3. Il1X.X. 99.2. X5.0. X4.1. 34.4. 30.9. 21.6. 17.6. 
15.4: FAB-MS. Mi.  Aniil. CHPS. 

iII)ForC?sH,~F~PRU?S: monoclinic PZllr i .o= 17.097i4).11= 9 . I I I ~  
13). and < '  = 17.992(5) A. /j = IOX.ilIt2)". Z = 4. V = 2666 A'. 7 = 22-1 
K. lJi;,lid = 1.781 glcm'. K ( F I  = 4.113'% for X?X4 independent reflection\ 
(4.0' 5 ?IJ 5 62.0"). The PFa- uiis pscniillly disordered. 

( 1 2 )  Chcn. J.: Angelici. R. J. O,i.arrornraiiliI\ 1990. Y. X4i. 
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afforded only a single regioisomer, as indicated by 'H and I3C 
NMR studies. Single-crystal X-ray diffraction showed that 2c+ 
is structurally similar to 2a+ and that C-S cleavage occurs at 
the less hindered C-S bond.lg 

Summarizing, C-S bonds of alkyl-substituted thiophenes are 
easily cleaved by the combined action of reducing and elec- 
trophilic metal centers. In a slightly different approach, a 51% 
yield of 2a+ results when a solution of (CsHs)Ru(MeCN)3+ and 
the oxidized tetramethylthiophene complex, (C&k6)RU(C4- 
Me&*+, is treated with cobaltocene. That is, the reduced metal 
center can be generated in situ for attack by the electrophile. 
The fact that these chemically distinct metal reagents cooperate 
in solution suggests that analogous processes could describe a 
surface reaction, as might be found in heterogeneous hydrode- 
sulfurization catalysis. 
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of two other MeCN ligands would be compensated by C-S 
cleavage and Ru-Ru bond formation (eq 2). The ruptured 
thiophene serves as an 8e- fragment (six n electrons, two CJ 
electrons), vs 2,4, and 6e- SC& ligands seen previously (Chart 
1). 

R. 

+ (C~R~)RU(MCCN),+ 
- 3 McCN 

Za+ (R, = R z =  Me; R = H) 

Zc' (R, = H, R2 = Me: R=H) 
2b* (RI =Me. R z = H ;  R = H )  

3a* (R1 = R, 5 Me; R = Me) 

It is noteworthy that the 2e- process of C-S oxidative 
addition is promoted by the attachment of a redox inactive 
electrophile. The ability of electrophiles to control the redox 
state of sulfur ligands is well known (induced redox reactionI3) 
and may be related to the catalytic activity of metal-sulfido 
ensembles. These results parallel and extend the previously 
observed proton-induced C-S cleavage? with the advantage 
that the metal electrophile activates a more encumbered substrate 
(see eq 1). This is relevant to the fact that thiophenes in fossil 
fuels are typically highly s~bst i tuted. '~  

The generality of the new reaction was tested by variations 
in both the metal electrophile and the thiophene substrate, 
illustrated by examples 3a+ and 2b+,l59l6 although the latter was 
only identified spectroscopically. The trimethylthiophene case1'J8 
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6252 and references therein. 
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(15) 3aPK: 10% vield: 'H NMR (acetone-dd 6 2.83 fs. 3H). 2.26 fs. 
ISH), '1.72 (i, 15H),-1.66'(~, 3H), 1.62 (s, 3Hj; 1.26 (s,'3H); FAB-MS; 
M'. Anal. CHPS. 

(16) 2bPF6: -30% yield: 'H NMR (acetone-&) 6 5.12 (d, lH), 5.02 ( s ,  

(17) The trimethylthiophene complexes are new; IC was prepared 
according to the methods in ref 6 from [(CsMes)R~(r1~-2,3,4-Me~C~Hs)]- 

3H), 1.77 (s, 18H), 1.27 (s, 3H). 
(18) 2cPF6: 28% yield; 'H NMR (acetone-&) 6 9.88 (s, lH), 4.99 (s, 

SH), 2.34 (s, 18H), 1.93 (s, 3H), 1.86 (s, 3H), 1.25 (s, 3H); 13C{1H} NMR 
(CD3NOdG 176.85, 115.2, 107.9, 100.2, 83.7, 83.7, 31.4, 20.6, 20.0, 17.3; 
FAB-MS, M+. Anal. CHPS. 

(19) For C ~ ~ H ~ ~ F ~ P R U Z :  triclinic Pi, a = 9.361(6), b = 11.244(6), and 
c = 12.849(6) A, a = 96.96(4)0, /? = 90.09(4)0, y = 102.58(4)', V = 
1310(1) A3, 2 = 2, T =  297 K, Dcalc = 1.777 g cm-l, R(F) = 5.36% for 
3680 observed [ I  > 2a(1)] independent reflections (4' I 28 I 52'). The 
largest remaining peak in the electron density difference map (1.0 eA-3) 
occurs at a chemically unreasonable position [OX from C( 19)] and was 
considered as random noise. The C-S bond distance is 1.773(7) A. 

5H), 3.60 (d, lH), 3.00 (s, 3H), 2.30 (s, 18H), 1.26 (s, 3H); FAB-MS, M'. 

(OTf)2 in 52% yield: 'H NMR (C6D6) 6 4.24 ( s ,  lH), 1.84 (s, 3H), 1.79 ( s ,  


