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addition, it is interesting to note that the isomerization of 
1 to 2 proceeds via a least-motion path of C ,  symmetry, 
as shown in Figure 1, while the parent silanone isomerizes 
via an out-of-plane path of C1 symmetry.2a-c 

As Table I shows, the barrier for the 1,2-silyl shift in 1 
to 2 is 30.7 kcal/mol at the HF/6-31G* level. Addition 
of a set of p-type polarization functions on hydrogens (i.e., 
HF/6-31G**//6-31G*) has no effect on the barrier height. 
On the other hand, the inclusion of a set of diffuse sp 
function' and double sets of d-type polarization functionss 
on heavy atoms (Le., HF/6-31+G(zd,p)//6-31G*) lowers 
the HF/6-31G* barrier only by 1.3 kcal/mol. These sug- 
gest that at the HF  level the further extension of the basis 
set has no significant effect on the barrier height. 

Thus, the effect of electron correlation was incorporated 
by means of Merller-Plesset (MP) perturbation theory up 
to full fourth-order (MP4SDTQ)9 in the core-frozen ap- 
proximation. As Table I shows, the MP calculations drop 
the HF  barriers by ca. 6 kcal/mol: this dropping is rather 
insensitive to the order of perturbation. The most reliable 
energies a t  the MP4SDTQ/6-3l+G(2d,p)//6-31G* level 
yield a barrier of 22.9 kcal/mol for the 1,2-silyl shift in 1 
to 2. Zero-point correction (ZPC) made with the HF/6- 
31G* harmonic vibrational frequencies yields a final pre- 
diction of 22.7 kcal/mol for the classical barrier. 

The predicted barrier is drastically small compared with 
that of 61 kcal/mol for the 1,2-H shift in the parent sila- 
none. It appears that the relatively small barrier of 22.7 
kcal/mol is readily surmountable a t  610 "C where Barton 
and co-worker carried out their e~per iment :~  conventional 
transition-state theory allows us to estimate the rate con- 
stant on the order of 7.2 X lo5 s-l (AH* = 20.8 kcal/mol 
and AS* = -8.3 eu)'O a t  the temperature. On the other 
hand, the reverse reaction 2 - 1 is unlikely to proceed 
under mild conditions, as is apparent from Table I. In fact, 
no experimental evidence for the isomerization of siloxy- 
silylene to silylsilanone has been found.4 

The relatively small barrier for the 1 , 2 4 1 ~ 1  shift is 
probably ascribable to the hypervalent ability of the 
shifting silicon a t  the transition state.l1 At this point, it 
is instructive that the barrier for the 1,2-SiF, shift in 
(SiF,)HSi=O to HSi-OSiF3 was calculated to be 18.4 
kcal/mol a t  the MP4SDTQ/6-31G*//6-31G* level and is 
6.1 kcal/mol lower a t  the same level than that for the 
1,2-SiH, shift. This lowering corresponds to the fact12 that 
very electronegative substituents like F enhance the hy- 
pervalent bonding. In addition, it is important to note that 
the silicon atom in the SiF, group is more positively 
charged and thereby can interact more strongly with the 
negatively charged oxygen atom to be attacked. 

In summary, we hope that the present calculations help 
obtain the definite experimental evidence for the inter- 
conversion of a silanone and a ~i1ylene.l~ The further 

(7) ClarGT.; Chandrasekhar, J.; Spritznagel, G. W.; Schleyer, P. v. R. 

(8) Frisch, M. J.; Pople, J. A.; Binkley, J. S. J. Chem. Phys. 1984,80, 
J .  Comput. Chem. 1983,4, 294. 

3265. 
(9) MP2: Binkley, J. S.; Pople, J. A. Int. J .  Quantum Chem., Symp. 

1975,9,229. MP3: Pople, J. A.; Binkley, J. S.; Seeger, R. Znt. J. Quan- 
tum. Chem., Symp. 1976,10, 1. MP4: Krishnan, R.; Frisch, M. J.; Pople, 
J. A. J. Chem. Phys. 1980, 72, 4244. 

(10) The thermodynamic quantities were evaluated with the statistical 
treatment, using the MP4SDTQ/6-3l+G(ad,p)//6-31G* energies and the 
HF/6-31G* geometries and frequencies. 

(11) For the mobility of silyl groups in silene and disilene, see: Nagase, 
S.; Kudo, T. J .  Chem. SOC., Chem. Commun. 1984, 1392; Organometallics 
1984,3, 1320. Nagase, S.; Kudo, T.; Ito, K. In Applied Quantum Chem- 
istry; Smith, V. H., Schaefer, H. F.; Morokuma, K., Eds.; D. Reidel 
Publishing: Dordrecht, 1986; pp 249-267. 

(12) Kutzelnigg, W. Angew. Chem., Int. Ed. Engl. 1984,23,272. Reed, 
A. E.; Weinhold, F. J. Am. Chem. SOC. 1986, 108, 3586 and references 
cited therein. 
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details of this work together with some other 1,2-shifts will 
be published in due course. 
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(13) We have recently found that in the triplet state the 1 , 2 4 1 ~ 1  shift 
proceeds without a significant barrier. 
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Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Pople, J. A. GAUSSIAN 
82 program, Department of Chemistry, Carnegie-Mellon University, 
Pittsburgh, PA. 

Oxidative Syntheses of Cyclopentadienyl v2-Acyi 
Complexes and Stereospecific Conversion to an 
v2-Ylide Complex. X-ray Crystal Structures of 
Cp( NO)( I )Mo( v2-C( 0)-p 401) and 
Cp( NO)( I )Mo( v2-C( 0)( PMe,)-p 401) 

Peter V. Bonnesen, Paul K. L. Yau, and 
Wllllam H. Hersh" 
Department of Chemistry and Biochemistry 
University of California, Los Angeles, California 90024 

Received February 12, 1987 

Summary: Reaction of either C~(NO)MO(~~)-C(O)-~ 401)- 
Fe(CO),Cp (3) @ -to1 = p -tolyl) or Cp(CO)(NO)Mo=C- 
(0Li)R (1) with I, gives the y2-acyl complexes Cp(N0)- 
(I)M0(v2-C(O)R (4) (R = p-tol, 4-t-BuC6H,, Me). Oxidation 
of 4 (R = aryl) gives carboxylato complex 5, while feac- 
tion of 4 (R = p-tol) with PMe, gives at least a 9 5 5  ratio 
of diastereomers of the ylide complex Cp(NO)( I)Mo(v2-C- 

The chemistry of transition-metal acyl complexes com- 
mands interest on the basis of their role in CO insertion 
reactions1 and more recently in serving as templates for 
highly diastereoselective enolate reactions.2 We recently 
reported the synthesis of two isomeric heterodinuclear 
p-acyl compounds, cis- and trans-Cp(CO)Fe(p-C(0)-p- 
tol)(p-CO)Mo(NO)Cp, formed via reaction of Cp(C0)- 
(NO)Mo==C(OLi)R (la, R = p-tol) and Cp(CO)2Fe- 
(THF)+BF4- (2). During the course of this reaction we 
isolated a thermally unstable dinuclear intermediate and 
on the basis of spectroscopic data proposed the novel 
structure 3 shown in eq l., In order to obtain additional 

(O)(PMe,kp -tau (6). 

OCI * t0lYl 

C ~ ( C O ~ ( N O ) M O = < ~ ~ ~ ~ ~ ~ ,  + CdCO),Fe(TW*BF, - CdN0)Mo- Fe(CO),Cp (1) 
l a  2 3 

chemical evidence for this structure, we attempted to ox- 
idatively cleave the proposed metal-metal bond with iodine 
to give C P ( C O ) ~ F ~ I  and a perhaps more tractable molyb- 
denum acyl complex. We report here (1) the successful 

(1) See for instance: (a) Casey, C. P.; Baltusis, L. M. J. Am. Chem. 
SOC. 1982,104,6347-6353. (b) Webb, S. L.; Giandomenico, C. M.; Hal- 
pern, J. Zbid. 1986, 108, 345-347. 

(2) (a) Theopold, K. H.; Becker, P. N.; Bergman, R. G. J. Am.  Chem. 
SOC. 1982, 104,5250-5252. (b) Davies, S. G.; Dordor-Hedgecock, I. M.; 
Warner, P.; Jones, R. H.; Prout, K. J .  Organomet. Chem. 1985, 285, 
213-223 and references therein. (c) Rusik, C. A.; Tonker, T. L.; Tem- 
pleton, J. L. J. Am. Chem. SOC. 1986, 108, 4652-4653. (d) Liebeskind, 
L. S.; Welker, M. E.; Fengl, R. W. Ibid. 1986, 108,6328-6343. 

(3) Bonnesen, P. V.; Baker, A. T.; Hersh, W. H. J. Am. Chem. SOC. 
1986, 108, 8304-8305. 
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Figure 1. ORTEP drawing of 4a. Selected bond distances (A) and 
angles (deg): M d ( l ) ,  2.065 (11); Mo-O(l), 2.228 (9); C(l)-O(l), 
1.250 (13); C(l)-C(2), 1.422 (16); M e I ,  2.770 (2); Mo-N, 1.796 
(13); MO-C(l)-O(l), 80.36 (70); Mo-O(l)-C(l), 66.06 (65); MO- 
C(l)-C(2), 153.08 (94); O(l)-C(l)-C(2), 126.52 (113); MeN-0(2), 
170.43 (124). 

Scheme I 

I 
3 A  

.. 
0 

4a R p-tolyl 

4c R = Me 
4b R = 4-t-BuCsH4 

I o  I .o p - t o l y l  
*-' ~ . */) PMe3 ...* ' ' I/ 

CpMq-C CpMq-C 

p - t o l y l  N \  N '  

O 4a o PMe3 

outcome of this reaction, involving formation of an q2-acyl 
complex, (2) an alternative and apparently general syn- 
thesis of such $-acyls, (3) oxidation of the acyl to a car- 
boxylato ligand, and (4) stereospecific conversion of the 
v2-acyl complex to a rare q2-phosphorus ylide complex. 

Reaction of 3 with 1 equiv of Iz in 201 ether/CH,Cl, at  
-78 "C for 0.5 h followed by warming to -10 "C for 1 h gave 
well-known Cp(C0)2FeI and a new molybdenum acyl 
complex (4a) in 79% and 56% isolated yields, respectively, 
based on the mononuclear starting materials la and 2 
(Scheme I). The spectroscopic data for 4a4 were consistent 
with the simple iodide-substitution product shown; in 
particular, 4a exhibited a terminal nitrosyl band in the IR 
at  1650 cm-', an acyl carbonyl resonance a t  253.3 ppm in 
the 13C NMR, and a Cp resonance a t  6 6.21 in the 'H 
NMR. The acyl resonance is typical of both f 2 -  and 7'- 
a ~ y l s . ~ ~ J  The Cp resonance, however, is at unusually low 

(4) 4a: IR (CH,C12) 1650 (m), 1582 (w) cm-'; 'H NMR (acetone-d,) 
6 8.18 (d, J = 8.2 Hz), 7.63 (d, J = 8.0 Hz) (AA'BB', 4 H), 6.21 (s, 5 H, 
Cp), 2.56 (s, 3 H, Me); 13C NMR (acetone-d6) 6 253.3 (acyl CO), 150.8 (C4), 
134.0 (2 C), 131.4 (2 C), 127.4 (C ) (aromatic), 103.0 (Cp), 22.2 (Me); MS 
(EI, 70 eV), m / e  439 (M+ for 98d0), 409 (M+ - NO), 119 (p-tol-CO+); mp 
150-157 "C dec. 5a: IR (CH2Clz) 1677 (m), 1521 (mw), 1443 (m) cm-'; 
'H NMR (acetone-de) 6 7.90 (d, J = 8.3 Hz), 7.37 (d, J = 8.0 Hz) (AA'BB', 
4 H), 6.49 (5, 5 H, Cp), 2.42 (s, 3 H, Me); I3C NMR (acetone-de) 6 185.8 
(p-t0l-CO2), 146.5 (C4), 130.2 (2 C), 129.5 (2 C), 128.1 (c,) (aromatic), 109.3 
(Cp), 21.7 (Me); MS (EI, 70 eV), m / e  455 (M+ for 98Mo), 425 (M+ - NO), 
135 (p-tol-CO,+), 119 (p-tol-CO+). 6 IR (CHC13) 1572 (vs) cm-I; 'H NMR 
(acetone-d,) 6 7.51 (d, J = 8.0 Hz), 7.27 (d, J = 8.0 Hz), 7.20 (d, J = 7.9 
Hz), 7.15 (d, J = 7.8 Hz) (1 H each), 5.38 (s,5 H, Cp), 2.33 (8, 3 H, Me), 
1.82 (d, J = 13.3 Hz, 9 H, PMe,); I3C NMR (acetone-d,) 6 143.4 (Cl, d ,  
J = 26.4 Hz), 136.6 (C4, d, J = 2.8 Hz), 130.4 (d, J = 1 Hz), 129.7 (d, J 
= 2.4 Hz), 126.0 (s), 124.3 (d, J = 4.3 Hz) (aromatic), 104.1 (Cp), 72.2 (d, 
J = 60.3 Hz, ylide CO), 20.9 (Me), 10.2 (d, J = 52.4 Hz, PMe,); MS (EI, 
16 eV) same as 4a, with m / e  76 (PMe3+, base peak); mp 124-130 "C dec. 
Complete data for new compounds is available in the supplementary 
material. 

(5) (a) Todd, L. J.; Wilkinson, J. R.; Hickey, J. P.; Beach, D. L.; 
Barnett, K. W. J. Organomet. Chem. 1978,154,151-157. (b) Curtis, M. 
D.; Shiu, K.-B.; Butler, W. M. J. Am. Chem. SOC. 1986,108, 1550-1561. 

field. Since dimeric [Cp(NO)(I)Mo],(p-I), exhibits similar 
NO and Cp bands,6 an alternative structure for 4a, [Cp- 
(NO) (a'-C( 0)-p-tolyl)Mo] , (~-1)~ ,  was also a reasonable 
possibility. An X-ray diffraction study7 confirmed the 
mononuclear v2-acyl structure shown (Figure 1). The bond 
lengths relating to the acyl ligand are comparable to those 
in related corn pound^^^^^^^* and require no comment. The 
one striking feature is the orientation of the $-acyl, which 
lies in a plane roughly parallel to the Mo-I bond and 
perpendicular to the Mo-NO axis: the angles between the 
Mo-C-0 plane and the Mo-I and Mo-N axes are 6.9" and 
75.5", respectively. Furthermore, there is no spectroscopic 
evidence for rotation of this ligand,5b so the orientation 
with the oxygen atom next to the iodine atom may also 
be fixed. These stereochemical features are identical with 
those seen in Cp(NO)(PPh3)Re(v2-CH20)+, in which ex- 
tended Huckel MO calculations reproduce the observed 
~r ien ta t ion .~  In both cases, the NO ligand presumably 
is the unique feature that controls the conformational 
preference, although in the Re (d6) case, this is due to an 
interaction between the d-orbital HOMO and the form- 
aldehyde P* LUMO, while in the Mo (d4) case it would 
involve donation from the oxygen sp2 lone pair into the 
metal-centered LUMO.l0 

The knowledge that 4a was a stable compound suggested 
that it might be prepared directly from 1, without the 
intermediate use of 2 to give 3. In fact, oxidation of the 
anionic acyls la-c with iodine gave 4a-c in 49-99% yield 
(Scheme I)." The method is apparently general, but since 
these compounds do not survive chromatography, difficulty 
in purification may limit its utility. This is a particular 
problem in the purification of 4c, since its separation from 
[C~(NO)(I )MO]~(~-I ) , ,~  which is both the major byproduct 
in the synthesis of 4c as well as its only observable thermal 
decomposition product,12 can only be accomplished by 
tedious and yield-consuming recrystallizations. The aro- 
matic acyls 4a,b are not noticeably thermally sensitive. All 
three acyls undergo immediate air oxidation, but while no 
tractable products can be identified from the oxidation of 
412, clean formation of carbo~ylato'~ derivatives 5a,b was 

(6) (a) King, R. B. Irzorg. Chem. 1967,6,30-34. (b) Identification was 
based on comparison to an authenitc sample: 'H NMR (acetone-d,) 6 
6.39. Bonnesen, P. V., unpublished results. 

(7) 4a: P2,/a,T = 26 "C, a = 13.766 (8) A, b = 7.718 (4) A, c = 14.227 

12.225 (3) A, b = 11.790 (3) A, c = 13.467 (4) A, 0 = 106.370 (5)O, Z = 4, 
R = 0.035. Full details of the solutions are available in the supplementary 
material. 

(8) (a) Roper, W. R.; Taylor, G. E.; Waters, J. M.; Wright, L. J .  J .  
Organomet. Chem. 1979,182, C46-C48. (b) Guzman, E. C.; Wilkinson, 
G.; Rogers, R. D.; Hunter, W. E.; Zaworotko, M. J.; Atwood, J. L. J .  Chem. 
SOC., Dalton Trans. 1980, 229-234. (c) Marsella, J. A.; Huffman, J. C.; 
Caulton, K. G.; Longato, B.; Norton, J. R. J.  Am. Chem. SOC. 1982,104, 
636043368, (d) Desmond, T.; Lalor, F. J.; Ferguson, G.; Ruhl, B.; Parvez, 
M. J.  Chem. SOC., Chem. Commun. 1983, 55-56. (e) Kreissl, F. R.; Sieber, 
W. J.; Wolfgruber, M.; Riede, J. Angew. Chem. 1984, 96, 618-619. (f) 
Carmona, E.; Sdnchez, L.; Marin, J. M.; Poveda, M. L.; Atwood, J. L.; 
Priester, R. D.; Rogers, R. D. J .  Am. Chem. SOC. 1984, 106, 3214-3222. 
(g) Tilley, T. D. Ibid. 1985, 107, 4084-4085. (h) Jeffery, J .  C.; Law- 
rence-Smith, J. G. J .  Chem. Soc., Chem. Commun. 1986, 17-19. 

(9) Buhro, W. E.; Georgiou, $3.; Fernlndez, J .  M.; Patton, A. T.; 
Strouse, C. E.; Gladysz, J. A. Organometallics 1986, 5, 956-965. 

(10) Legzdins, P.; Rettig, S. J.; Sbnchez, L.; Bursten, B. E.; Gatter, M. 
G. J .  Am. Chem. SOC. 1985,107, 1411-1413. 

(11) We find it necessary to isolate la-c (formed most cleanly by 
reaction of C~MO(CO)~(NO) and RLi in ether a t  room temperature for 
R = aryl and in T H F  at  -78 OC for R = Me) in order to obtain high yields 
of 4. Treatment of la ,b  with I2 in ether a t  -10 "C for 15 min gave 4a,b 
in 93-99% yield after CH2Clz or ClCH2CHzC1 extraction, while 4c was 
best obtained (in 49% yield) by reaction in THF. Crystallization of 4a,b 
was carried out in acetone/ether and crystallization of 4c in CHzClZ/ 
hexane, a t  -35 "C. 

(12) Thermal decomposition is complete over the course of 1 week in 
acetone solution at  room temperature; the fate of the acetyl ligand is 
unknown. 

(9) A, 0 = 105.474 (15)O, Z = 4, R = 0.054. 6: P~,/u, T = -140 "C, a = 
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observed in the reactions of 4a,b. Oxidation of 4a with 
anhydrous Me3N0 or PhIO also gave 5a, but less cleanly 
(Scheme I). Spectral4 characteri~ationl~ of 5a,b was based 
on their mass spectra, in which the complex Mo isotope 
envelope of each of the precursor acyls is shifted by 16 amu 
to higher mass and by the replacement of the precursor 
acyl carbonyl resonance in the 13C NMR by one typical of 
a carboxylate, near 186 ppm. Chemical evidence was 
provided by protonation of 5a with HBF4 in CDCl,, which 
yielded some p-toluic acid; 4a is stable under these con- 
ditions. Lastly, in order to confirm the mononuclear 
structure, rather than a symmetrical iodide or carboxyla- 
to-bridged structure, oxidation of a mixture of 4a and 4b 
was carried out to give a mixture that by 'H NMR con- 
tained only 5a and 5b and no signals that would have 
indicated a mixed p-tolyl/4-t-BuC6H4 dimer. 

In order to test the strength of the oxygen coordination 
to molybdenum in 4a, we next combined it with CO and 
PMe, in attempts to generate an &acyl complex. No 
reaction of 4a in aCetOne-d, under 1 2  atm of CO was ob- 
served a t  room temperature, while warming to 65 "C 
surprisingly yielded C ~ M O ( C O ) ~ N O  and p-toluic acid. 
However,  reaction w i th  PMe3  occurred immed ia te l y  a t  
room temperature to  generate y l ide complex 6 (Scheme 
I). Key data4 included a downfield signal at 30.8 ppm in 
the 31P NMR and JPH and JPc values of 13.3 and 52.4 Hz, 
respectively, for the ylide PMe, fragment, while the use 
of 13CO-enriched CpMo(CO),NO allowed the positive 
identification of the ylide carbon resonance in the 13C 
NMR at  72.2 ppm.15 Monitoring the PMe3 reaction by 
,'P and IH NMR at 240 K gave evidence for formation of 
a second diastereomer, as judged by the observation of 
peaks in a 955 ratio at 31.8 and 29.9 ppm in the 31P NMR 
and 6 5.36 and 5.97 in the 'H NMR. However, the only 
evidence that the minor isomer-which irreversibly dis- 
appears upon warming to room temperature-is in fact the 
diastereomeric ylide is the unusually high-field ,'P NMR 
chemical shift. An X-ray diffraction study7 of 6 revealed 
PMe3 coordinated to the acyl carbonyl on the side of the 
NO ligand, rather than that of the bulkier Cp ligand, with 
the orientation of the C-0 portion of the ylide with respect 
to the Mo-I and Mo-N axes remaining virtually identical 
with that seen in 4a (Figure 2). While the v2-ylide 
structure was confirmed, the ligand in 6 also may be de- 
scribed as the q2-acylphosphonium ion Me,PC(O)-p-tol+. 
The geometry is remarkably similar to ?*-carbonyl com- 
p l e x e ~ , ~ J ~  with respect to (1) the carbon-oxygen bond 

(13) (a) Robinson, S. D.; Uttley, M. F. J. Chem. SOC., Dalton Trans. 
1973,1912-1920. (b) Creswell, C. J.; Dobson, A.; Moore, D. S.; Robinson, 
S. D. Inorg. Chem. 1979, 18, 2055-2059. 

(14) Efforts to obtain crystalline, analytically pure 5a or 5b have been 
unsuccessful. 

(15) Related organometallic ylide complexes yield similar NMR data: 
(a) Kreissl, F. R.; Fischer, E. 0.; Kreiter, C. G.; Fischer, H. Chem. Ber. 
1973,106,1262-1276. (b) Schmidbaur, H.; Blaschke, G. 2. Naturforsch., 
E Anorg. Chem., Org. Chem. 1980,35B, 584-587. (c) Uedelhoven, W.; 
Neugebauer, D.; Kreissl, F. R. J.  Organomet. Chem. 1981,217, 183-194. 
(d) Labinger, J. A.; Bonfiglio, J. N.; Grimmett, D. L.; Masuo, S. T.; 
Shearin, E.; Miller, J. S. Organometallics 1983,2, 733-740. (e) Kreissl, 
F. R.; Wolfgruber, M.; Sieber, W. J. Ibid. 1983,2,1266-1267. (fJ Scordia, 
H.; Kergoat, R.; Kubicki, M. M.; Guerchais, J. E.; L'Haridon, P. Ibid. 
1983,2, 1681-1687. (g) Belmonte, P. A.; Cloke, F. G. N.; Schrock, R. R. 
J. Am. Chem. SOC. 1983,105, 2643-2650. 

(16) (a) Countryman, R.; Penfold, B. R. J.  Cryst. Mol. Struct. 1972, 
2,281-290. (b) Brunner, H.; Wachter, J.; Bernal, I.; Creswick, M. Angeur. 
Chem., Int. Ed. Engl. 1979,18,861-862. (c) Tsou, T. T.; Huffman, J. C.; 
Kochi, J. K. Inorg. Chem. 1979,18,2311-2316. (d) Berke, H.; Huttner, 
G.; Weiler, G.; Zsolnai, L. J.  Organomet. Chem. 1981, 219, 353-362. (e) 
Clark, C. R.; Headford, C. E. L.; Marsden, K.; Roper, W. R. Ibid. 1982, 
231, 335-360. (fJ Kaiser, J.; Seiler, J.; Walther, D.; Dinjus, E.; Golic, L. 
Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem. 1982, B38, 
1584-1586. (g) Harman, W. D.; Fairlie, D. P.; Taube, H. J. Am. Chem. 
SOC. 1986, 108, 8223-8227. (h) Fernindez, J. M.; Emerson, K.; Larsen, 
R. H.; Gladysz, J. A. Ibid. 1986, 108, 8268-8270. 

Figure 2. ORTEP drawing of 6. Selected bond distances (8) and 
angles (deg): Mo-C(l), 2.171 ( 5 ) ;  Mo-O(l), 2.078 (3); C(l)-O(l), 
1.367 (6); C(l)-C(2), 1.505 (7); C(l)-P, 1.831 (5); Mo-I, 2.819 (1); 
Mo-N, 1.765 (4); Mo-C(l)-O(l), 67.58 (25); Mo-O(l)-C(l), 74.96 

116.98 (35); Mo-N-0(2), 165.39 (38). 

length, (2) the shorter Mo-0 than Mo-C bond length, and 
(3) the attenuated pyramidalization about the carbonyl 
carbon.I7 Free acylphosphonium cations are well-known,18 
but to our knowledge 6 is the first simple coordination 
complex of this species to be de~cribed.'~ This formalism 
also has the interesting feature that the metal fragment, 
anionic CpMo(1)NO-, is now d6 and therefore isoelectronic 
with the orientationally similar rhenium formaldehyde 
complex described above.g 

In conclusion, we have developed a simple and poten- 
tially general oxidatitre synthesis of new cyclopentadienyl 
q2-acyl complexes, which are related to the well-known 
hydridotris(pyrazoly1)borate (Tp) molybdenum q2-acyls.kt5b 
The further oxidation of the Cp $-acyls to carboxylato 
complexes 5a,b bears an interesting resemblance to the 
insertion of sulfur into the Mo-C bonds of CpMo(N0)R;O 
and the oxidation of CpMo(CO),- to give a carbonate lig- 
and,21 but i t  is nonetheless unusual in that only a single 
oxygen atom is incorporated. While reaction of phosphines 
with the related T p  complexes gives rise to CO substitu- 
t i ~ n ~ ~  rather than ylide formation, this latter reaction 
channel has been observed in formally electron-deficient 
tantalum q2-acyls.'@J7 The most remarkable aspect of the 
formation of 6 is the high stereospecificity. Stereospecific 
reactions of related enolates are proposed to depend on 
steric interactions with neighboring phosphine groups,2p22 
yet here high stereospecificity is apparently mediated 
simply by a Cp ligand. Of course, the new stereocenter 
is adjacent to the chiral metal center here rather than one 

(25); Mo-C(1)-C(2), 119.70 (34); MO-C(l)-P, 114.12 (24); 0- 
(l)<(l)-C!(2), 116.34 (41); O(l)-C(l)-P, 112.55 (34); C(P)C(l)-P, 

(17) In a closely related py-ridinium analogue of phosphonium complex 
6, the sp3 description was supported by significant pyramidalization and 
by a relatively long C-O bond length Arnold, J.; Tilley, T. D.; Rheingold, 
A. L. J. Am. Chem. SOC. 1986,108, 5355-5356. 

(18) (a) Issleib, K.; Driebe, E. Chem. Ber. 1959, 92, 3183-3189. (b) 
Issleib, K.; Low, 0. 2 Anorg. A&. Chem. 1966, 346, 241-254. (c) Kos- 
tyanovsky, R. G.; Yakshin, V. V.; Zimont, S. L. Tetrahedron 1968, 24, 
2995-3000. (d) Beck, P. In Organic Phosphorus Compounds, Kosolapoff, 
G. M., Maier, L., Eds.; Wiley: New York, 1972; Vol. 2, Chapter 4. (e) 
Osaki, T.; Otera, J.; Kawasaki, Y. Bull Chem. SOC. Jpn .  1973, 46, 
1803-1806. (fJ Brzezinska, K.; Chwialkowska, W.; Kubisa, P.; Maty- 
jaszewski, K.; Penczek, S. Makromol. Chem. 1977, 178, 2491-2494. 

(19) The structure of a cyclic Lewis acid stabilized iron phosphonium 
acyl complex has been reported,lSd and the structure of a tantalum 
phosphonium silaacyl complex has been determined (footnote 16 in ref 
17). 

(20) Legzdins, P.; Skchez, L. J. Am. Chem. SOC. 1985,107,5525-5526. 
(21) Curtis, M. D.; Han, K. R. Inorg. Chem. 1985, 24, 378-382. 
(22) Seeman, J. I.; Davies, S. G. J .  Am. Chem. SOC. 1985, 107, 

6522-6531. 
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atom removed as in the enolate systems. Further work on 
the reactions and associated stereochemistry of these acyls 
is in progress. 
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Formation of SI-SI Bonds from Si-H Bonds in the 
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Summary: Complexes of Pt, Pd, Rh, and I r  that are 
known to catalyze the hydrosilation of alkenes are found 
to also catalyze the formation of Si-Si bonds from Si-H 
bonds. The relative rates of hydrosilation and Si-Si bond 
formation are measured for several catalysts. 

The reactivity of Si-H bonds with transition metals is 
well-established and is frequently exploited to produce 
Si-C and Si-0 bonds via hydrosilation of alkenes and 
carbonyl compounds, respectively,l and as a general syn- 
thetic method to produce organometallic complexes con- 
taining Si-M bondsS2 There are, however, few examples 
of Si-Si bond formation in the presence of transition 
metals.3 In fact, the only general method for the synthesis 
of Si-Si bonds is the Wurtz-type coupling of halosilanes 
in the presence of alkali metal: in spite of the difficulties 
frequently encountered in using the method5 and the 
currently widespread interest in using polysilanes as pre- 
cursors to ceramic materials, as photoinitiators for vi- 
nyl-free radical polymerization and as photoresist mate- 
rials.6 Therefore, the observation in our laboratory of 

(1) (a) Lukevics, E.; Belyakova, Z. V.; Pomerantseva, M. G.; Voronkov, 
M. G. J. Organomet. Chem. Libr. 1977, 5, 1. (b) Speier, J. L. Adv. 
Organomet. Chem. 1979, 17, 407. (c) Chalk, A. J.; Harrod, J. F. J .  Am. 
Chem. Soc. 1965, 87, 16. (d) Yamamoto, K.; Hayashi, T.; Kumada, M. 
J .  Organomet. Chem. 1971, 28, (237. 

(2) MacKay, K. M.; Nicholson, B. K. In Comprehensiue Organo- 
metallic Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; 
Pergamon: Oxford, 1982; Vol. 6, Chapter 43, p 1043. 

(3) (a) Aitken, C.; Harrod, J. F.; Samuel, E. J.  Organomet. Chem. 1985, 
279, C11. Here the formation of Si-Si bonds from Si-H bonds is referred 
to as the dehydrogenative coupling of (primary) organosilanes. (b) Ait- 
ken, C.; Harrod, J. F.; Samuel, E. J.  Am. Chem. SOC. 1986, 108,4059. (c) 
Lappert, M. F.; Maskell, R. K. J.  Organornet. Chem. 1984,264, 217. (d) 
Ojima, I.; Inaba. S.; Kogure, T.; Nagai, Y. J .  Organomet. Chem. 1973,55, 
C7. ( e )  Yamamoto, K.; Okinoshima, H.; Kumada, M. J .  Organomet. 
Chem. 1971, 27, C31. 

(4) West, R. In Comprehensive Organometallic Chemistry; Wilkinson, 
G., Stone, F. G. A,, Abel, E. W., Eds.; Pergamon: Oxford, 1982; Vol. 2, 
Chapter 9.4, p 365. 

(5) Zeigler, J. M. Polym. Prepr. 1987, 28, 424. 

T a b l e  I. React ion  of R3SiH in the Presence 
of L&(CzHd (1) 

others 
experimenta silane R3Si-SiR3; % (% yieldIb 

1 PhMeSiH, 27 PhzMeSiH (52) 
2 PhMe,SiH 0' Ph,Me,Si (4) 
3 EtsSiH 0' 
4 Et,SiH, 95 
5 (EtO&3iH OC (EtO),Si (61) 
6 Et2SiH2 + Et4Si2H2, 58% 

Et3SiH EtSSiPH, 8% 

0.03 mmol of 1, 9 mmol of R3SiH. See footnote 8 for experi- 
mental details. *Yield as  percentage of total products a t  75-h re- 
action time. Products such as  trimers, siloxanes (formed from 
traces of water), other disproportionation products, and  unidenti- 
fied compounds are not included in the  table. No reaction within 
our limits of detection (approximately 0.1 %). 

T a b l e  11. Rela t ive  Rates of Disilane F o r m a t i o n  a n d  
Hvdros i la t ion  in the Presence of V a r i o u s  C a t a l y s t s  

catalyst 

~ 

A. Si-Si bond B. 
formation" hydrosilationb 

1.0c 0.8 
0.1 
0.1 
0.7 

31 
5 
0.2 
0.3 
1 
0.2 

12 

6 
0.1 

70 
400 

60 
0.7 
3 

25 
3 

100 

0.01 mmol of catalyst and 1.0 mmol of Et,SiH,. Rate values for 
disilane formation were obtained from the amount  of time neces- 
sary to  form 0.01 mmol of product. See text for further discussion 
of kinetics and footnote 9 for experimental details. * 0.01 mmol of 
catalyst, 1.0 mmol of EtzSiHz, and 1.0 mmol of 1-hexene. Values 
were obtained from the  relative amounts  of HEt,Si(n-hexyl)/di- 
silane formed for each catalyst, corrected for detector response 
factors, and multiplied by the  relative rate in column A. 'This 
rate was arbitrarily assigned a value of 1, and all others are ex- 
pressed relative to it. 

formation of disilane HPhMeSi-SiPhMeH from PhMe- 
SiH2 in the presence of small amounts of (PPh,),Pt- 
(H2C=CH2) ( 1)7 warranted further investigation (eq 1). 

HPhMeSi-SiPhMeH (27%)+ H2 + 
Ph,MeSiH ( 5 2 % )  + others (including Pt compounds) 

(1) 
The reactions of various silanes with catalytic amounts 

of 1 were examined first (Table I).8 When the silane is 

(6) (a) Hench, L. L., Ulrich, D. R., Eds. Ultrastructure Processing of 
Ceramics, Glasses, and Composites; Wiley-Interscience: New York, 1984; 
p 235. (b) West, R.; Wolff, A. R.; Peterson, D. J. J .  Rad. Curing 1986, 
13, 35. (c) Miller, R. D.; Hofer, D.; Fickes, G. N.; Willson, C. G.; Marinero, 
C.; Trefonas 111, P., West, R. Polym. Eng. Sci. 1986, 26, 1129. 

(7) For a description of the synthesis of Pt-silyl compounds from these 
reagents, see: Eaborn, C.; Metham, T.; Pidcock, A. J.  Chem. SOC., Dalton 
Trans. 1975, 2212. 

(8 )  For experiment 1, 1 (22 mg, 0.03 mmol) was placed in a vial in a 
Vacuum Atmospheres glovebox under a continuously scrubbed nitrogen 
atmosphere. PhMeSiH, (1.10 g, 9 mmol, dried over 4A molecular sieves 
and distilled) was added, and a Teflon-lined cap was placed on the vial. 
Bubble evolution was immediate, and within minutes all 1 had dis- 
solved/reacted to give a yellow solution. The reaction was allowed to 
proceed a t  18 "C in the closed vial, which was opened periodically to 
withdraw 1 gL of solution via syringe. The syringe was removed from 
the glovebox, and its contents were immediately analyzed by gas chro- 
matography. This method minimized introduction of air into even very 
small samples over long periods of time. The reaction was followed for 
75 h, a t  which point the catalyst activity was greatly reduced and the 
solution was red. Experiments 2-6 were conducted in a similar manner. 
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