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scription. A theoretical investigation by Schilling and 
Hoffmang of the related cluster (CO)gCo3CCH2+ indicates 
that the preferred conformation is away from the upright 
position. It has been suggestedg that the related ionic 
complexes: H3(CO)gM3CCH2+ (M = Ru,  OS),^ 
(CO)gCo3CCHR+,’o and more recently H(CO)gFe3CCH2,11 
have similar tilting of the CH2 unit as observed in 111. 
NMR evidence has been provided12 for tilted ground-state 
structures in CO,(CO)~CCHR+. Other vinylidene clusters 
have also been identified as having structural arrangements 
similar to 111: (CO)gCo2RuCCRH (R = H, Me, t-Bu, Ph)13 
and (CO)&O~F~CCH~. ’~  

Acknowledgment. We thank the National Science 
Foundation for support of this work through Grant 84- 
11630. We thank Steven Mullen and Professor Alan. G. 
Marshall for FT/ICR mass spectra. NMR spectra were 
obtained at The Ohio State University Campus Chemical 
Instrument Center (funded in part by National Science 
Foundation Grant 79-10019). 

Supplementary Material Available: Listings of selected 
bond distances, selected bond angles, positional parameters, and 
anisotropic thermal parameters (5 pages); a listing of structure 
factor amplitudes (29 pages). Ordering information is given on 
any current masthead page. 

(9) Shilling, E. R.; Hoffman, R. J. Am. Chem. SOC. 1979, 101, 3456. 
(10) (a) Seyferth, D.; Williams, G. H.; Halgren, J. E. J. Am. Chem. SOC. 

1973,95,266. (b) Seyferth, D.; Williams, G. H.; Traficante, D. D. Ibid. 
1974, 96, 604. (c) Seyferth, D. Adu. Organomet. Chem. 1976, 14, 97. 

(11) (a) Lourdichi, M.; Mathieu, R. Organometallics 1986,5,2067. (b) 
Lourdicbi, M.; Mathieu, R. Nouu. J. Chim. 1982,6, 231. 

(12) Edldln, R. T.; Norton, J. R.; Mislow, K. Organometallics 1982, 
1, 561. 

118, 2858. 
(13) Eckehardt, R.; Wolfgang, B.; Vahrenkamp, H. Chem. Ber. 1985, 

(14) Ros, J.; Mathieu, R. Organometallics 1983, 2, 771. 

Electrophilic Alkylation of an Acylmetalate Complex 
at the Metal Center Leading to a Stable 
Methylacetylrhenlum Complex. Photochemical 
Decomposition To Glve 2,3-Butanedlone via a 
Mechanism Involving Carbonylatlon of Free Methyl 
Radicals 

Karen I.  Goldberg and Robert G. Bergman” 
Department of Chemistry, University of California 
Berkeley, California 94720 

Received November 18, 1986 

Summary: Alkylation of the rhenium metalate Li[CpRe- 
(CO),(COCH,)] (1) can be controlled to give either the 
Fischer carbene complex Cp(CO),Re=C(OCH,)(CH,) or 
the new alkyl aryl complex Cp(CO),Re(COCH,)(CH,) (2). 
Photochemical decomposition of 2 under 20 atm of CO 
leads to 2,3-butanedione; evidence is presented that the 
diketone is produced by formation and carbonylation of 
free methyl radicals. 

Transition-metal alkyl acyl complexes (M(COR)(R)) 
have been proposed as intermediates in various ketone 
forming processes such as that involving the reaction of 
Collman’s reagent Na2Fe(CO), with alkyl halides’ and the 
elimination of acetone from [ (C~CO(CO)(CH,)]~.~ As 
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Casey has pointed out, due to the ease with which alkyl 
acyl complexes undergo reductive elimination to give ke- 
tones, only a small number of isolated examples are 
known., We wish to report that reaction of the acyl 
metalate Li[CpRe(CO)z(COCH3)] (1) with alkylating 
agents can be controlled to give either the conventional 
Fischer carbene product Cp(C0)2Re=C(OCH,)(CH3)4 by 
0-alkylation or the alkyl acyl complex tr~ns-Cp(CO)~Re- 
(COCH3)(CH3)5 (2) by alkylation at the metal center. With 
a reasonably stable and fully characterized alkyl acyl 
complex in hand, we have found that thermal elimination 
in the presence of either CO or phosphines leads to ace- 
tone, but carbonylation induced by UV irradiation leads 
to good yields of 2,3-butanedione (biacetyl). We provide 
evidence here that these two transformations proceed by 
different mechanisms: the thermal reaction appears to 
involve a conventional reductive elimination pathway, but 
the photochemical reaction involves the generation and 
carbonylation of free organic radicals. 

By analogy to the chemistry of organic enolates? 
treatment of lithium acyl metalate 1 with the relatively 
“hard” alkylating agent trimethyloxonium hexafluoro- 
phosphate ((CH,),OPF,) in THF gives the expected 
Fischer carbene complex and the new alkyl acyl complex 
2 (Scheme I) in a 6:l ratio by NMR. In contrast, use of 
the “softer” electrophile CH31 gives 2 quantitatively, and 
it may be isolated pure in 65% yield by chromatography 
followed by recrystallization. We believe this constitutes 
the first direct observation of metal alkylation of an acyl 
metalate.7 The structure of 2 has been confirmed by 
X-ray diffraction; an ORTEP diagram is shown in Scheme 
I.* 

Although 2 is quite stable in solution at ambient tem- 
perature, thermolysis in C6D6 at 100 OC in a sealed tube 
produced acetone in 93% yield (NMR).g This reaction 
proceeds most cleanly in the presence of excess L (L = 
PPh,, PMe,, or CO); here acetone and CpRe(CO),L were 
produced in essentially quantitative yield. A crossover 
experiment carried out by thermolysis of 2-do and 2-d6 in 
the presence of excess PPh, yielded acetone-do and ace- 
tone-d6 with less than 1% acetone-d, (GC/MS). A kinetic 
study of this reductive elimination in the presence of excess 
PPh, showed that the reaction rate is first order in [2] and 
zero order in [L], with k ,  = 6.1 X s-, at 100 “C. On 
the basis of these results, we propose that the process 
occurs by simple rate-determining reductive elimination 
of acetone from 2 to form the coordinatively unsaturated 
intermediate CpRe(CO),, and this fragment is then trap- 
ped in a fast step by L. Presumably 2 undergoes a trans 
to cis isomerization before reductive elimination of acetone; 
our data do not distinguish whether this isomerization or 
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Scheme I 

the reductive elimination is rate-determining. 
The photochemical decomposition of 2 is not as 

straightforward, giving a complex mixture of organic and 
organometaHic products in the absence of added ligand. 
However, irradiation of 2 at  350-380 nm under 20 atm of 
CO in CD2C12 at  6-8 "C leads to the clean formation of 
biacetyl(2,3-butanedione) (80%), CpRe(CO), (loo%), and 
acetone (8%). When the reaction was carried out under 
13C0, no scrambling of 'TO into the starting material was 
observed (MS), and 92% of the CpRe(CO), product con- 
tained only one 13C0 (6% l3CO, 92% 13Cl, 2% l3CZ); the 
2,3-butanedione formed was found by GC/MS to be 22% 
l3CO, 50% 13C1, and 28% 13C2. Furthermore, a crossover 
experiment carried out by irradiation of a 53:47 mixture 
of 2-do and 2-d, gave 2,3-butanedione having a statistical 
distribution of d3 groups (obsd, 27 do, 50% d3, 23% d,; 
calcd, 28% do, 50% d3, 22% d,) with no scrambling of 
labels in the starting mixture. 

These results argue against a mechanism involving CO 
migratory insertion followed by ligand addition, reductive 
elimination, and another ligand addition because this 
would be expected to lead to unlabeled 2,3-butanedione 
and doubly labeled CpRe(CO),. They are consistent, 
however, with the initial formation of both methyl and 
acetyl radicals, provided that the methyl radicals formed 
can be trapped efficiently with CO to give acetyl radicals, 
to account for the high yield of biacetyl. Literature data 
are consistent with this: rate and equilibrium constants 
for the known CH,' + CO e CH,CO' equilibration show 
that the forward reaction is reasonably rapid and the re- 
verse rather slow (k, = 3.4 X lo3 M-' s-l; kl = 1.1 s-l; Kw 
= 3.1 X lo3 M-' a t  7 OC).'O Pressure dependent solubility 
data in CH2C12 have not been reported. However, from 
data in other solvents, the CO concentrations present a t  
20-atm pressure should be on the order of 10-2-10-1 M.ll 
It therefore seems reasonable that under 20 atm of CO 
methyl radicals in solution would be converted to CH,CO 
radicals a t  a reasonable rate, and these could act as effi- 
cient precursors of biacetyl. 

(10) Watkins, K. W.; Word, W. W. Znt. J. Chem. Kinet. 1974,6,855. 
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Eng. Data 1984, 29, 36. 

Further support for this picture of the mechanism was 
provided by the following experiments. (a) Irradiation of 
the dimethyl complex t ran~-Cp(C0)~Re(CH,)~ under 20 
atm CO gave clean conversion to biacetyl (80%) and 
CpRe(CO),; only 5% acetone and no ethane or methane 
were formed. When 13C0 was employed, the 2,3-butane- 
dione product was found to contain >99% 13C2 and the 
CpRe(CO), was again found to contain only one 13C. (b) 
Irradiation of 2 in mixtures of CCl., and CD2CIz under CO 
led to substantial amounts of acetyl chloride. As the CC14 
concentration was increased, the yield of acetyl chloride 
increased smoothly at  the expense of 2,3-butanedione, 
indicating strongly that these two products arise from the 
same intermediate-very, likely acetyl radicals. (c) Pre- 
dicting that CBrCl, should be a substantially more efficient 
radical scavenger, we hoped this halocarbon would trap 
both methyl radicals12 and the initially formed rhenium 
radical before carbonylation or conversion to other prod- 
ucts. This was observed in the following reaction carried 
out under 20 atm of CO: irradiation of 2 with CBrC1, gave 
CH,Br (41-44%), acetyl bromide (32-39%), trans-Cp- 
(CO)zRe(CH3)Br13 (4, 40-43%), trans-Cp(CO)zRe- 
(COCH3)Br6 (5, 38-40%), and acetone (8-10%).14 simi- 
larly, irradiation of Cp(C0)zRe(CH3)2 in CC14 gave acetyl 
chloride (152% or 1.52 equiv based on 1.0 equivalent of 
starting Re compound), CH3Cl (19% or 0.19 equiv), ace- 
tone (6%), and CpRe(C0)3 (97%);15 photolysis with 
CBrC1, gave only CH3Br (81447%) and Cp(CO)zRe- 
(CH3)(Br) (7845%). CzC& can be detected (GC/MS) in 
the products of this reaction (>65%). 

The radical mechanism which most reasonably accounts 
for our results is shown in Scheme I. Upon photolysis, the 
methylacetylrhenium complex 2 is promoted to an excited 
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Johnston, L. J.; Ingold, K. U. J.  Am. Chem. SOC. 1986, 108, 2343. (b) 
Macken, K. V.; Sidebottom, H. W.; Int. J.  Chem. Kinet. 1979,1I, 511. 
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state (or states) which, on the basis of the similar amounts 
of 4 and 5 formed in the CBrC1, experiment, undergo 
relatively nonselective cleavage of the Re-CH3 and Re- 
C(0)CH3 bonds. In the presence of CBrCl,, the radicals 
resulting from this cleavage are trapped.16 Without 
CBrCl, in solution, the CpRe(C0)2R' (R = Me, C(0)Me) 
can go on to product CpRe(CO)3 either by an associative 
(17e-19e) or a dissociative mechanism of substitution of 
R' by CO. The CH,' radicals produced are carbonylated, 
and the acetyl radicals can then either combine to form 
2,3-butanedione or, in the presence of sufficient concen- 
trations of CCl,, react to form acetyl chloride; CC14 does 
not transfer chlorine rapidly enough (k = 8.2 M-' s-l a t  7 
O C ) 1 2  to compete with carbonylation of the methyl radicals. 
This mechanism also accounts for the statistical distri- 
bution of isotopes in the reaction of 2 with 13CO; acetyl 
radicals are known to undergo rapid interchange of acyl 
groups with 1,2-diketones.17 

In summary, we have found that the cyclopentadienyl 
rhenium complexes discussed here undergo thermal and 
photochemical decomposition by different mechanisms; 
the latter process involves M-C bond homolysis, leading 
to methyl and acetyl radicals. The methyl radicals react 
competitively with CO and CBrCl,; CCl, reacts more slowly 
and scavenges only the acetyl radical product of CH,' 
carbonylation. It seems possible that some other or- 
ganometallic "double carbonylation" reactions may take 
place by similar nonchain radical mechanisms;ls in addi- 
tion, our results suggest that CBrCl, is substantially more 
useful than CC14 as a diagnostic reagent for organic and 
organometallic radical  intermediate^.'^ 
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Summary: Efficient procedures for the synthesis of the 
tungsten carbyne complexes [(WR)CI(CO)(PMe,),] (2, 
R = CaH5, C,H4CH,-4) and [(M=CPh)Br(PMe,),] (3, M = 
W, and 5, M = Mo) are described. Reaction of complex 
3 with HBr gives the hydrido complex [(W=CPh)Br,(H)- 
(PMe,),]. Reaction of complexes 2 with HCI gives the 
tungsten alkylidene complexes [ (W=CHR)CI,(CO)- 
(PMe,),] (7) that can be deprotonated to give coordina- 
tively labile anionic tungsten carbyne complexes [(WE 
CR)CI,(CO)(PMe,),]-. Dehydrochlorination of 7 in the 
presence of ligands provides substituted tungsten carbyne 
complexes [(W=CR)CI(CO)(PMe,),L] (L = pyridine, P- 
(OMe),, CNCMe,). The crystal structure of the benzylid- 
ene complex [(W=CHPh)CI,(CO)(PMeJ,] is reported. 

Bis(donor ligand)-substituted carbyne complexes' of the 
group 6 transition metals have become easily accessible 
through the recent development of simple synthetic pro- 
cedures.2 The. bis(pyridine)-substituted complexes 
[ ( M G C R ) X ( C O ) ~ ( ~ ~ ~ ) ]  (X = C1, Br; py = pyridine; M = 
Cr, Mo, W; R = alkyl, aryl) are particularly useful systems 
since they combine increased thermal stability-compared 
to the tetracarbonylmetal carbyne complexes [ (M=CR)- 
X(CO),]-and a high degree of reactivity-due to coor- 
dinative lability of the two pyridine ligands. The lability 
of the pyridine ligands is essential in the synthesis of stable 
tungsten alkene carbyne complexes such as [(W=CPh)- 
Cl(ma1eic anhydride)(CO)(py),].4 On the other hand, 
reaction of [(W=CPh)C1(CO)2(py)2] with alkynes leads to 
alkyne polymerization without detectable metal alkyne 
carbyne complexes as  intermediate^.^ Our interest in this 
latter type of metal complex led us to develop more 
strongly stabilized metal carbyne complexes containing 
only one weakly coordinated ligand. Availability of such 
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