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though these findings certainly do not prove a noncyclic 
mechanism 5, they are consistent with such a transition 
states6 

5 

Interestingly, BF, does not reverse diastereoselectivity 
in the w e  of CH3CH=CHCHzTi(O-i-Pr),, which has been 
shown to be a threo-selective reagent.' We have observed 
that it reacts considerably faster than 1 in the absence of 
BF,. os-Cyclopentadienyl ligands as in 1 are powerful ?r 

donorse which reduce the Lewis acidity of titanium dras- 
t i ~ a l l y . ~  
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(6) A referee has noted that BFS-induced removal of halide from 1 
followed by addition of CHsCHPCHCH2+TiCp2 via a cyclic transition 
state could ale0 explain the lack of a halogen effect on diaatereoselectivity. 
We have also considered other possibilities such as BFs complexation at  
RCHO anti to the R group followed by a chair-like pericyclic transition 
state in which R occupies the quasi-axial position instead of the usual 
equatorial position. This would make T i 4  coordination possible but ale0 
raises the question whether two metals can complex at  the aldehyde 
oxygen simultaneously; if C C  bond formation is far advanced in the 
transition state, electron density at  oxygen increases, making double 
coordination more likely. The initial product would be a Lewis acid 
complexed titanium alkoxide, for which there is precedence Gmelin 
Handbuch, Titan-Organische Verbindungen, Springer-Verlag: Berlin, 
1977; Part 1, p 63 and 207). These speculations also apply to such 
reactions as the Mukaiyama aldol addition of silyl enol ethers to 
RCHO/TiCl,, the mechanism of which is also unclear. 

(7) (a) See p 40 of ref 3a. (b) Wider, L.; Seebach, D. Helu. Chim. Acta 
1982,65, 1085. 

(8) Concerning r bonding in bis(cyclopentadieny1)titanium com- 
pounds, see: Huffman, J. C.; Moloy, K. G.; Marsella, J. A.; Caulton, K. 
G. J. Am. Chem. SOC. 1980, 202, 3009. 

(9) We have observed that CpTiCls does not induce allylsilane addi- 
tion to aldehydes, in contrast to TiC1, (Hosomi, A.; Sakurai, H. Tetra- 
hedron Lett .  1976, 2195). 
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Benzannulation of a,B-Unsaturated Fischer Carbene 
Complexes with Acetylenes' 

Summary: The reaction of acetylenes with a,p-unsat- 
urated chromium carbene complexes allows for the con- 
trolled construction of an aromatic nucleus under neutral 
conditions at near ambient temperatures. The synthetic 
scope of the reaction is examined for eight different 
carbene complexes with a variety of acetylenes to give three 
different types of benzannulated products depending on 
the type of oxidative workup employed. 

(1) This work was presented a t  the 186th National Meeting of the 
American Chemical Society, Washington, DC, Aug 28-Sept 2, 1983. 
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Sir: Fischer carbene complexes of chromium are known 
to undergo facile reactions with acetylenes leading to 
products resulting from a benzannulation of one of the 
carbene carbon substituents. This reaction was first re- 
ported by Dotz2 and has since been developed to the point 
where applications to natural product syntheses are be- 
ginning to appear in the 1iterature.3t4 However, all of the 
investigations of this reaction have been limited to those 
complexes for which the annulated substituent is an aryl 
group, with the singular exception of the reaction of the 
cyclopentenyl complex 1 (Scheme I). This complex has 
been reported to react with diphenylacetylene to give the 
indanechromium tricarbonyl complex 2 in 26 % ~ i e l d . ~ , ~  
This result suggests that the benzannulation reaction of 
alkenyl-substituted chromium carbene complexes may also 
have potential for synthetic applications. We now report 
the results of an investigation designed to delineate the 
synthetic scope of this reaction and to explore its appli- 
cations in natural product ~ynthesis .~ 

The data in Table I establish that this annulation re- 
action will be synthetically useful for a variety of a,P-un- 
saturated chromium carbene complexes and acetylenes. 
The benzannulated products can be obtained in good to 
moderate yields and in the oxidation state of choice as 
illustrated in Scheme I1 for the cyclohexenyl complex 3.8 
Rather than isolating the air-sensitive chromium tri- 
carbonyl complex 5, an oxidative workup with FeC1,eDMF 
complexg gives the 4-methoxytetrahydronaphthol 6f in 
64% yield, or an oxidative workup with (NH4)zCe(N03)2 
can give either the quinone 7e (65%) or the quinone 

(2) Doh, K. H. Angew. Chem., Int. Ed. Engl. 1975, 24,644. 
(3) (a) Dbtz, K. H.; Pmkil ,  I. J.  Organomet. Chem. 1981,204, C4. (b) 

Dotz, K. H.; Pruskil, I.; Muhlemeier, J. Chem. Ber. 1982, 115, 1278. 
(4) Semmelhack, M. F.; B o d ,  J. J.; Sato, T.; Wulff, W.; Spiess, E.; 

Zask, A. J. Am. Chem. SOC. 1982,104, 5850. 
(5) Dbtz, K. H.; Dietz, R. Chem. Ber. 1978, 211, 2517. 
(6) (a) A preliminary report on the reactions of one other alkenyl 

complex has appeared: Semmelhack, M. F. Pure Appl. Chem. 1981,53, 
2379. (b) Subsequent to the disclosure of this work and the preparation 
of this manuscript, two communications appeared describing five addi- 
tional examples: Dbtz, K. H.; Kuhn, W. J. Oganomet. Chem. 1983,252, 
C78. Ddtz, K. H.; Kuhn, W. Angew. Chem., Znt. Ed. Engl. 1983,22,732. 

(7) Wulff, W. D.; Tang, P. C. J. Am. Chem. SOC. 1984, 106,  434. 
(8) The carbene complexes in Table I are prepared by the standard 

Fischer method involving addition of an alkenyllithium (cyclopentenyl- 
lithium in the case of 3) to chromium hexacarbonyl followed by meth- 
ylation. For example, the cyclopentenyl complex 3 can be prepared in 
71% yield from cyclopentenyl bromide. 

(9) The procedurea for the use of these oxidants in the workup of other 
benzannulations has been previously described.'O The workup with tri- 
n-butylphosphine involves stirring the reaction mixture with 3 equiv at  
25 OC for 36 h followed by destruction of the excess phosphine by se- 
quential treatment with excess methanol and carbon tetrachloride. 

0 1984 American Chemical Society 
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Table I. Benzannulation of Alkenyl Complexes" ,,,b$:l OH ;,-R2$$RL 0 
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"Conditions: -0.3 M in THF, 45 "C, 24 h, 1.5 equiv of acetylene; oxidation with FeC13.DMF complexs for 6, (NH4)zCe(N03)6 oxidationg 
Contains for 7. *Reference 8. Isolated yields. 

7.0% of quinone 72. ' E  isomer. 'Contains 11 .0% of quinone 7y. 'Tri-n-butylphosphine w~rkup.~ 
n-Bu20 solvent at 70 O C .  e Air oxidation. f I2 oxidation. g 1.6:l.O mixture of EZ. 

monoacetal8 (59%). In some cases the phenols can be 
obtained cleanly from the crude reaction mixture by 
chrometography on silica gel in air as is the benzopyran 
6p11 (Scheme 11). 

Those reactions that involve terminal acetylenes were 
found to be regioselective, giving only those products where 
the acetylene substituent becomes ortho to the carbon 
monoxide derived hydroxyl group in 6. This is confirmed 
by the fact that the tetrahydronaphthol 6i can be cyclized 
to the benzofuran 9 (Scheme 11) and by intramolecular 
hydrogen bonding in the products 6k and 61 and by the 
fact that the isopentenyj phenol 6x, a suicide substrate for 
juvenile hormone biosynthesis, can be cyclized with phe- 
nylselenium chloride and with subsequent oxidation- 
elimination converted to 7-ethoxypre~ocene.~~J~ The re- 
giochemistry has also been confirmed by employing this 
reaction in the synthesis of an anthracyclinone interme- 

(10) Wulff, W. D.; Tang, P. C.; McCallum, J. S. J.  Am. Chem. SOC. 
1981, 103, 7677. 

(11) Satisfactory spectral data were obtained for all new compounds, 
and with the exception of the relatively unstable complexes 14 and l5l3 
satisfactory elemental analyses or high-resolution maaa spectra were ob- 
tained as well. 

(12) Bowers, W. S.; Evans, P. H.; Marsella, P. A.; Soderlund, D. M.; 
Bettarini, F. Science (Washington, D.C.) 1982,217, 647. 

(13) Part of the problem with the low yields for entries X and Y may 
be that the complexes 14 and 15 are rehtively unstable as are most 
a,@-unsubstituted alkenylchromium ~omplexes.~' We are currently 
seeking to circumvent this shortcoming. 

(14) Wilson, J. W.; Fischer, E. 0. J. Organomet. Chem. 1973,57, C63. 

diateS7 The direction of the acetylene incorporation is thus 
the same as that we have previously established for the 
annulation of arylchromium carbene complexes.1° It has 
been suggested that the regioselectivity of this reaction 
arises from a conformational preference of an acetylene 
complex of the type A.lS 

The extent of the regioselectivity is indicated by entries 
y and z. The complexes 15 and 6 were chosen since the 
pair of quinone products 7y and 72 are mutually shared 
as the two possible regioisomers from each reaction with 
1-pentyne and also because according to the model sug- 
gested by complex A, 15 and 16 may be expected to be the 
least regioselective of all the complexes in Table I. The 
reaction of the complex 15 with 1-pentyne gives quinone 
7y which is contaminated with the isomeric quinone 72 
to the extent of 7.0%. In the corresponding reaction of 
complex 16 which was carried out and worked up in an 
identical manner, the quinone 72 is free of the quinone 7y 
to the extent of 11.0% which is on the order of the extent 
of the regioselectivity found for the aryl complexes with 
terminal alkynes.l0 It is not clear why the complex 15 is 
less regioselective than 16; and we plan to examine this 
in further detail.16 

(15) For mechanistic discussions of this reaction, see: (a) Fischer, H.; 
Mulhemeier, J.; Markl, R.; Datz, K. H. Chem. Ber. 1982,115, 1355. (b) 
Casey, C. P. In 'Reactive Intermediates", Jones, M., Jr., Moss, R. A., as.; 
Wiley: New, York, 1981; Vol. 2. 
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carbene complexes.'* However, as indicated by entry r 
electron-withdrawing groups further removed from the 
acetylene do not affect the reaction, nor do alkenyl or aryl 
groups conjugated with the acetylene (entries a, b, i, 0, v ) . ~  

The reaction of acetylenes with @unsaturated chro- 
mium carbene complexes allows for the controlled con- 
struction of an aromatic nucleus under neutral conditions 
a t  near ambient temperatures. It thus offers an allterna- 
tive to the normal synthetic strategy of employing the 
aromatic nucleus in the start ing material. We have utilized 
this reaction in the formal syntheses of anthracy~linones~ 
and are currently employing it in synthetic approaches to 
other natural products. We will report a t  a later date on 
mechanistic studies16 and on the effects of solvent2' and 
the metal22 on product distribution. 
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It was also interesting to find that whereas both of the 
E and 2 isomers of 16 (1:l mixture) can be converted to 
the quinone 7, it cannot be assumed that the 2 isomer is 
annulated directly since the same mixture will isomerize 
completely to the E isomer (E2 2 100) under the reaction 
conditions (THF, 45 "C) in approximately the same time 
period (24 h). This facile isomerization is very intriguing 
as there are a number of possible explanations, and in- 
vestigations are continuing on this matter. 

An examination of the data in Table I reveals that the 
yields of the benzannulated produds are dependent on the 
nature of the acetylene and the structure of the chromium 
carbene complex. Most notably, those acetylenes bearing 
electron-withdrawing substituents a to or conjugated with 
the acetylene give poor yields (entries j-m).17 Nonetheless, 
these results are of interest in that these acetylenes (entries 
k-m) fail to give annulated products with arylchromium 

(16) The reactions of entries y and z were subjected to GC-mass 
spectral analysis (University of Illinois). All of the other products in 
Table I were judged to be isomericdy pure by 600-MHz lH NMR, by 
TLC, and in some caeca by lSNMFt and by HPLC. 

(17) It is interesting that the electron-rich 4-methoxybutenyne (entry 
i) rea&, since ethoxyacetylene gives no annulated products with either 
4 or various aryl chromium carbene complexes.l* The latter may be 
related to the reactions of ynamines with aryl complexe~.~~ 

Supplementary Material Available: Spectral data for all 
compounds and experimental procedures (19 pages). Ordering 
information is given on any current masthead page. 

(18) Unpublished resulta from this laboratory. 
(19) Fischer, H.; Dab, K. H. Chem. Ber. 1980,113, 193. 
(20) This is in contrast to the reactions of conjugated enynes with aryl 

(21) Datz, K. H. J. Organomet. Chem. 1977, 140, 177. 
(22) Foley, H. C.; Strubinger, L. M.; Targos, T. S.; Geoffroy, G. L. J. 

complexes which yield complex mixtures.'* 

Am. Chem. SOC. 1983,105, 3064. 
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