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planar conformation (Ru-C4-01-C11 dihedral angle 0.7'), 
consistent with n-donation from 0 1  to the carbene moiety and 
giving rise to a C4-01 distance similar to those of other alk- 
oxycarbenes.14 The short R u X 4  distance of 2.002 (3) A implies 
substantial n-donation from Ru to the carbene ligand, as found 
in Cp(CO),Mn and -Re systems.14 In common with arene di- 
carbonyl group 6 c~mplexes , '~  the carbene group in 2 is ap- 
proximately perpendicular to the plane bisecting the CO-Ru- 
CO fragment; this is in contrast to Cp(CO),Mn-carbene com- 
plexes in which the M=C-0 plane usually bisects the CO- 
M-CO angle,16 in agreement with theory.lSa+" This orientation 
may be sterically favored, although the appearance of a single 
C O  resonance in the I3C N M R  spectrum suggests rapid rotation 
about the Ru-C4 bond. 

Complex 2 is relatively stable toward thermolysis, decomposing 
at  80 OC in THF with a half-life of 1.5 h in a sealed cell and 
forming the tricarbonyl precursor 1 as the only carbonyl-containing 
product. Reaction of 2 with an excess of 1-hexyne in refluxing 
toluene followed by oxidation of the reaction mixture generated 
the naphthoquinone 3 (Scheme I).I8 This is the first observation 
of the benzannulation reactionI9 for a group 8 metal-carbene 
complex,20 occurring under conditions in which (MeCp)- 
(CO),MnC(Ph)(OMe) and Cp(CO),ReC(Ph)(OMe) are un- 
reactive.'6b 

The isolation of 2 presages the synthesis of a new family of 
ruthenium (and perhaps other metal) carboranestabilized carbenes 
with unusual properties, which can be tailored by varying the C2B, 
ring substituents.21 We anticipate that these reagents will be 
relatively accessible, given the recent development of a facile 
synthesis of nido-R2C2B4B6 carboranesZZ that we have employed 
on a multigram scale. 
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The benzannulation of a,@-unsaturated Fischer 
carbene complexes with alkynes is largely restricted3 to complexes 
bearing the pentacarbonylchromium moiety. We have recently 
found that manganese carbene complexes activated with a titanoxy 
substituent undergo benzannulation with 1-hexyne in modest 
 yield^.^ Here we report that intramolecular benzannulation 
reactions of siloxycarbene compounds of manganese bearing 
tethered alkynes produce functionalized naphthoquinones in ef- 
ficient fashion with complete regioselectivity under photochemical 
conditions. 

Facile connection of the M e c ~ ( C 0 ) ~ M n  carbene (MeCp = 
q5-C5H4Me) and acetylenic alcohol fragments can be accomplished 
with the dimethylsilyl group, as shown in the general structure 
le5 The intramolecular benzannulation reaction of 1 is shown 
in eq 

2a.m la-m - 
Preliminary results concerning the scope of the intramolecular 

benzannulation process under a standard set of conditions are 
summarized in Table I.' As in intramolecular benzannulation 
reactions of chromium alkoxycarbene complexes,8 yields are low 
for terminal alkynes (entries 1, 5 ,  12, and 13) and a trimethyl- 
silyl-substituted substrate (entry 9). In contrast, a variety of 
substituted propargylic and homopropargylic alcohols afford fair 
to good yields of naphthoquinones. No other products that can 
be obtained from alkyne insertion reactions of group 6 Fischer 
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Table I. Intramolecular Benzannulation Reactions of Siloxycarbene Complexes" 
entry complex R i  R* R' n quinone yield (%)b 

1 la H H H 0 2a 30 
2 lb H H M e  0 2b 15 
3 
4 
5 
6 
7 
8 
9 

10 
11  
12 
13 

IC 
Id 
le 
If 
1g 
lh 
li 
li 
lk 
11 
lm 

H 
H 
Me 
Me 
Me 
O M e  
Me 
M e  
M e  
Me 
Me 

H 
H 
H 
H 
H 
H 
H 
Et 
H 
H 
H 

Et 
Ph 
H 
M e  
Et 
M e  
SiMe, 
M e  
M e  
H 
H 

0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
2 

2c 
2d 
2e 
2f 
2g 
2h 
2i 
2j 
2k 
21 
2m 

51 
60 
20c 
15 
19 
48 
3 2d 
5 I e  
56e 
22 
23 

"Substituent positions refer to numbering scheme in eq 1. bIsolated yields by flash chromatography. 'Acetylation in situ affords a 45% yield of 
Compound 2i is unstable toward silica gel chromatography, giving diminished yields. e Values represent combined yields of the Quinone acetate. 

hydrbxyquinone and carbonil product from overoxidation in workup. 

carbene complexes, such as indenoid or cyclobutenone compounds? 
are formed. 

In every case in which the carbene aryl group is substituted 
(complexes lem), a single isomer of the corresponding quinone 
(2e-k) is p r o d ~ c e d . ~  Analogous regiocontrol in benzannulation 
reactions has previously been reported for tethered reactions of 
chromium alkoxycarbene complexes which provide tricyclic 
products.* The present method extends the intramolecular strategy 
by providing bicyclic products with a convenient functional group 
for further elaboration. 

Reaction conditions were optimized for complex If and include 
the following variables: (1) irradiation with a 150-W Xe arc lamp 
was found to be superior to Hg arc sources; (2) a glass filter with 
half-maximum absorption at  345 nm was found to protect the 
product from photochemical degradationlo and to insure selective 
irradiation of the lowest-energy electronic band of the siloxy- 
carbene complexes at  A,,, = 360 nm; and (3) the presence of 5 
equiv of diphenylacetylene was found to roughly double the yield 
of naphthoquinone, without incorporation of the external alkyne. 
In all cases, diphenylacetylene can be recovered quantitatively. 
Carbon monoxide (1 atm), styrene, triphenylphosphine, di- 
methylacetylenedicarboxylate, and 2 equiv of diphenylacetylene 
were each found to be ineffective additives. Wulff and co-workers 
have shown the presence of an excess of alkyne to alter the course 
of benzannulation reactions of chromium, presumably by coor- 
dination to one or more intermediates in the multistep process." 
Consistent with this rationale is our observation that the beneficial 
effect of 5 equiv of PhCCPh was eliminated in the presence of 
1 atm of CO, but use of ' T O  resulted in no incorporation of label 
in the product quinone. 

The intramolecular nature of the reaction was demonstrated 
by a crossover experiment in which an equimolar mixture of 
complexes lb and l g  gave only naphthoquinones 2b and 2g in 78% 
overall yield. In contrast to all benzannulation reactions of 
chromium and the intermolecular reaction of a manganese titanoxy 
system: the intramolecular reactions of 1 require irradiation and 
could not be effected by heating.I2 

Thus, the efficient and regioselective photochemical conversion 
of acetylenic alcohols to naphthoquinones has been accomplished, 
representing the first high-yield benzannulation chemistry of 

(9) Quantitative capillary GLC analysis of the crude reaction mixtures 
showed a single quinone in every case. Stereochemical assignments were made 
for representative cases by comparison with the isomeric products produced 
in the reaction of (CO),CrC(Ar)(OMe) with protected terminal alkynols, by 
observation of long-range 'H-I'C NMR coupling, and by X-ray crystallog- 
raphy (supplementary material). 
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manganese carbene compounds. Studies concerning the scope, 
mechanism, and applications of this process will be reported in 
due course. 
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There has been considerable interest in the development of new 
chemical methods to distinguish and detect nucleic acids with 
sequence specificity.l One focus of our laboratory has been on 
the application of ruthenium as spectroscopic probes 
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