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Abetract-The synthetic aspects of several reactions from the multifaceted chemistry of Fischer carbene 
complexes are examined. Their benzannulation reactions with acetylenes are utilixed in the synthesis of 
anthracyclinones via two approaches which differ by beginning at opposite ends of the molecule with either an 
aryl or an alkenyl substituted chromium carbene complex. The latter has been employed in a formal synthesis 
of daunomycinone. The D&s-Alder reactions of u&acetylenic chromium carbene complexes provide for a 
facile entry into substituted cyclohexenyl chromium carbene complexes that are subsequently employed in 
benxannulation reactions. ‘Ibeae tandem cycloaddition/annulation reactions are incorporated into model 
studies for the synthesis of anthracycl.i.nones and wentilactone A. Their potential is also demonstrated for 
coupling to yet a third reaction oforganochromium compounds ; aromatic nucleophilic substitutions on arene 
chromium tricarbonyl complexes. ‘Ihe annulations of ~JMisubstituted alkenyl complexes provides for a 
regio- and stereoselective synthesis of 2.4-cyclohexadienone under neutral conditions at near ambient 
temperatures 

The first transition metal carbenc complex to be 
prepared was the phenyl methoxy carbene complex 1 
by E. 0. Fischer in 1964.’ His ‘or@irud pro&me 
involves the addition of an organoiithitrmcompound 
to chromiumcarbonyl and is still the moat commonly 
used “method for the preparation of “heteroatom 
stabilixed complexes (Fisizher type). This report opened 
the door and today the carbene ligand is nearjy 
ubiquitous and occurs with most if not all of the 
transition metaJs.2*3 ft has also undoubtedly been a 
factor in the reinterpretation of ma&y catalytic 
process which are now viewed as invol&rg transition 
metal carbene comrjlexes as reaction intamediatls.4 

Lie various transition metal carbene cd kxes can be 
divided into two ‘goups on the basis of %e chemical 
reactivity of the carbene carbon.“%*’ The name 
carbene complex is used for those complexes in which 
the carbene carbon is electrophilic and%mh~des the 
heteroatom stabilixed cdmpiexes such as 1. The 
carbene carbon is nucleophilic in a number of 
complexes, particularly those of the early transition 
metals, which have been referred to as alkylidene 
complexes. Both of these names are misleading in that 

there has never been a reaction for any of 
complexes for which the intermediacy of a bee car- 
bene (alkyl or otherwise) has been demonstrated. 
Furthermore the chen&.ry of transition metal carbene 
complexes have been found only in the most supertkiai 
way to bear any resemblance to the chemistry of free 
carben& 

There is. a wealth of rich and varied reaction 
chemistry of transition metal carbene complexes5 and 
at the moment the potential for applications to 
synthetic ‘organic chemistry seems greater for the 
heteroatom stabihx&i ccirbene complexes’*6 than for 
the alkylidene complexea7 The stabilized ca+ene 
complexa are convenient to use in that they are 
generally red crystaJJine solids that are handleable in 
air, can endure temperatures of 100” or more, are stable 
to mild aqueous acids and bases and are soluble in 
organic solvents to the point where most can be rapidly 
eluted from silica gel with hexane. Despite their 
solubility in hex&e, Fischer carbme complexes such as 
1 have large dipole moments and the carbene carbon 
displays marked electrophilic behavior. In fact, a 
number of the reactions of Fischer carbene complexes 
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can be anticipated from the reaction chemistry of esters 
where the chromium pentaaubonyl group is formally 
replaced by an oxygen atom The chemical properties of 
esters mirrored in these complexes is also usually 
greatly accentuated. For example, the protons of the 
methylgroupin thecomplex2haveapK. = 8,and thus 
is one of the most acidic methyl groups known.s As 
might be anticipated its conjugate base 3 is unreactive 
with all but the most reactive of electrophiles.s’*‘-9 A 
few other reactions that have analogs in carbon 
chemistry are illustrated in Scheme 2 for the a$- 
unsaturated complex 5. These include Michael 
additions,” nucleo@ic substitutions, and Diels- 
Afder reactions~ which occur with large rate 
enhancements over their ester analogs. 

The chromium pentacarbonyl group does not 
always play a passive role and as a result there are a 
number of reactions of Fiier aubene complexes that 
are unknown and/or impossible in carbon chemistry. 
As illustrated for complex 5 in !Scheme 3 some of these 

reactions involve the incorporation of a carbon 
monoxideligandalongwiththtaubenacatbonPndits 
substituent in addition to an external organic 
functional group. The reaction of 5 with acetylene-sse*6 
gives the bbnzannulated hydroquinone mono-ether 9 
or the cyclohexaG&dienone lOM if aromatization is 
blocked. The two -alkyne annulated product 11 can be 
obtained in cases where benxannulation is either 
blocked or unfavored or where the acetylene is either 
small or its local concentration is high.6b 
Cyclopropanation of olefins” and photoinduced /.I- 
lactam formation with imineP are among the many 
other reactions with synthetic potential. 

This article will discuss several of these reactions of 
Fischer carbene complexes within the context of their 
application to a number of problems in synthetic 
organic chemistry. One of the more versatile reactions 
is the benzanndation reaction of Fischer carbene 
complexes with acetylenes which was fb-st reported by 
Diitx in 1975 for the reaction of the phenyl methoxy 
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complex 1 with diphenylacetylene.‘2 The armulation 
reaction produces in this case4methoxy-23diphenyl- 
I-naphthol as its chromium triaubonyl complex 14. 
The free naphthol 15 can be obtained by simple 
treatment of the complex 14 with carbon monoxide 
which also generates chromium hexacarbonyl which 
can be recycled in the preparation of 1. The oxidation 
state of the annulation product can he controlled 
during workup. Treatment of the crude mixture from 
the reaction of the 0-methoxy phenyl complex 16 and 
diethylacetylene with aqueous ceric ammonium nitrate 
will give the naphthoquinone 17.6’In a similar way the 
naphthoquinone mono-a&al I9 can be obtained from 
a workup with methanolic ceric ammonium nitrate. 
The armulation of simple a&msaturated complexes is 
also known6 as illustrated by the reaction of the 
cyclohexenyl complex 20 with Cmethoxy butenyne to 
give the phenol 21.&The annulation reaction has been 
found to be highly regioselective with terminal 
acetylenes giving rise to a single isomer.tiJ*p The 
acetylene substituent becomes incorporated adjacent 
to the hydroxyl group in the 2-position and this 
regiochemical assignment has been confirmed in a 
number of ways including the cyclixation of 21 to the 
benxofuran 22. 

A mechanistic accounting for the benz.annulated 
products is outlined in Scheme 5. Very little direct 
experimental evidence has been published which has 
a bearing on the mechanism of this reaction.so*3* It 
has been determined however that the reaction of 1 with 
diphenylacetylene is independent of acetylene concen- 
tration13and therateconstant suggests that thehrst.and 
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ratelimitingstepofthereactionisaninitialdissociation 
of a carbon monoxide ligand from a cis coordination 
site.” Carbon-carbon bond formation in the ring 
closure of the preferred conformation of the acetylene 
complex 23 to give the chromacyclobutene 24 provides 
for a reasonable explanation of the observed 
regiochemistry of this reaction. It has been proposed 
that the ring-opened vinyl carbene complex 25 inserts 
carbon monoxide into the chromi um-carbene bond to 
give the dienyl ketene complex 26 which cyclixes to the 
cyclohexadienone complex 3tIs” An alternative 
possibility is an electrocyclic ring closure of 25 to give 
the chromacyclohexadienone 27 followed by carbon 
monoxide insertion and a reductive elimination to give 
complex 30. 3s There is no evidence in the literature 
which makes it possible to distinguish between these 
two possibilities at this time. If R1 and R, are both 
groups of low migratory propensity then the 
uncomplexed cyclohexadienones can be obtained from 
the reaction of q/?-unsaturated complexes of the type 
SW 
‘T& anthracycline antitumor antibiotics play an 

important role in cancer chemotherapy and their 
structures have continued to provide a synthetic 
challenge to chemists for the last decade.is There are a 
large number ofcompounds in the anthracycline family 
including the aglycones of doxorubicin 31 and ll- 
deoxy doxorubicin 32, and 7con+methyl nogarol 
33 a semisynthetic derivative of nogalamycin. The 
benxannulation reaction of Fischer carbine complexes 
Gth acetylenes seems particularly well-suited for 
deployment in the convergent synthesis of many 
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members of this family bearing a range of substitution 
pattems6= Furthermore, approaches based on this 
reaction have the potential to solve the three major 
synthetic problems associated with this family of 
natural products. These are the regiosekctivity, the 
introduction of the C-7 hydroxyl, and a convergent 
approach to both the 11-oxy and 1 l-deoxy members of 
the family. 

Two of the general approaches that we are pursuing 
are diagramatically outlined in Scheme 7. It is intended 
that these approaches be utilixed for a number of the 

anthracyclines and thus the substituents in the A ring 
are unspecified. The two routes are exact opposites in 
the sense the first involves building the molecule from 
left to right where the aromatic D ring is incorporated 
into the carbene complex 16 and the saturated A ring is 
part of the acetylene 34. The second route on the other 
hand constructs the molecule from right .fo left and 
incorporatea the saturated A ring into the carbene 
complex 20 and the aromatic D ring in the acetylene 36. 
With each route the relative regiochemistry of the A 
versus the D ring is set up by the benxannulation 
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reaction which for terminal acetylenes is known to be 
highlyrtgioseIactiveP”‘Aqadclad(iimepsiontdeachof 
the two gene+ routes is that the iinal ring closure can 
be envisioned to occur by ~$b.er an electrophilic or 
nuckophilic aromatic, substit$on em*loying an 
appropriate carbon-based fur+@ group for Y. 

A speci6c approach based on the 6rst geneialroute is 
outlined in Scheme 8. The&&a Wtitid,this approach is 
to e&t a one-pot synth&s of the tetracyclic 
intermediate 41 from the acetykne 38 and the carbene 
complex 16. The at&me complex i6is an air-stabk red 
crystalline solid that can be prepared in one step from 
chromium hexacarbonyl in high yieIdr6 Exposure of 
complex 16 to the atmosphere for a month at room 
temperature gives only the slightest indication of 
decomposition, however, recommended ‘storage for 
Fischer carbene complexes in general is in a bottle 
Bushed tith nitrogen in the reliigerator. Unlike most 
Fischer carbine compkxes, naphthol chromium 
trica&nyl complex& such,as 39 are quite sensitive to 
air. Only a few minutori~ exposure ‘&ill lead to the 
oxidation of the chromium to give a green precipitate 

with concomitant release of the free naphthol into 
solution. 

Thus the one&i synthesis of 41. is envisioned from 
the follo%ng sequence of event+. ‘The br+rannuktion 
reaction of the carbene complex 16 and acetylene 38 in 
THF should regiosekctively generate the naphthol 
chromium tricarbonyl complex 39 after 24 brat 45”. 
O@ing to air for a few minutes should oxidatively 
remove the chromium ,tricarbonyl group and leave the 
bee naphtha1 in solution. Addition of tr#luoroa@ic 
anhydride and sodium. acetate should: protect the 
phenol atid’tlte addition of trifluoroacetic acid should 
generate the acylium ion and e&t the Friede~~rafts 
ring closure to give do prior to tautomerixation. Base 
cleavage of the trifluoroacetyl group wihkave the C 
ring as a hydrOquinone mono ether which when flanked 
by an aromatic ring on either side would be expected to 
air oxidize to give the tetracyclic quinone 41. 

Initial efforts in thii development of a one-pot 
doubk-cycliiation procedure for the synthesis of 41 
were concentrated on the t&y& ketone44 in which 
two rings are made in the one-pot reaction of carbene 
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complex 16 and the much simpler acetylene 42 (Scheme 
9). Initially the reaction was.examined as a two-step 
process as a control’experiment. A TIFF solution of the 
complex 16 and a slight excess of acetylene 42 are stirred 
at 45” for 24 hr under an argon atmosphere and upon 
opening to air a green precipitate forms within minutes 
leaving a solution of,the free naphthol 43 which is 
puriiled by column chromatography on silica gel and 
obtained in 66% yield. The second ring closure can be 
effected cleanly only-if the phenol functionality in 43 
is Iirst protected by dissofving in triihroroacetic 
anhydride with a catalytic amount of sodium acetate. 
The phenol is completely trifluoroacetylated in 10 min 
at 25” and the solution is then diluted two-fold with 
trifluoroacetic acid, and after 45 min at room 
temperature base hydrolysis gives the tricyclic ketone 
44 in 88% yield The two-St+ process was thus 
accomplished in 58% overall yieId. 

With the control experiment in hand a one-pot 
conversion of 16 and 42 to the tricyclic ketone 44 was 
attem ted. 

J 
After a THF solution of the two had been 

stirr for 24br at 45”, the mixture was open&l to air and 
a green precipitate began to form. After 15 min the 
mixture was diluted half-fold with trifluoroacetic 

anhydride and a small amount of sodium acetate was 
added which was followed in 10 min by a half-fold 
dilution with trifluoroacetic acid The reaction was 
stopped after 45 min upotrbase hydrolysis and a large 
number of products were formed asindicated by TIC. 
A small amount of 44 may have been formed but its 
isolation was not pursued An explanation is that the 
THFis not compatibl&vith the FriedelCrafts reaction 
and thus a solution would be to find a solvent that is 
compatible with both the benxannulatioh and Friedel- 
Crafts reactions. 

There is virtually nothing in the literature about the 
effects of solvent on the benxannuIation of Fischer 
carbene complexes and acetylenes. With the one 
exception of a reaction in heptatle which gave rise to a 
complex mixture, r’ the benxannulation reactions of 
aryl carbene complexes have always been reported in 
ethereal solvents. An examination of the reaction of the 
o-methoxyphenyl complex 16 and diethylacetylene is 
summarized in Scheme 10. It should be noticed that 
most solvents give comparable or higher yields of the 
naphthoquinone 17 than ‘does THF and included 
among these are solvents that are compatible with 
Friedel-Crafts reactions. It was unexpectedly found 
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that in acetonitrile none of the quinone 17 could be 
found but rather that the cyclobutenone 45 was 
obtained as the major product This,is the first time that 
a cyclobutenone has been obtained in more than 5% 
yield from this reaction except where naphthalene 
formation is blocked.5”*1s We are currently investigat- 
ing the generality of cyclobutenone formation and the 
role of donor solvents on the benxannulation reaction. 

The solvent study on the reaction of 16 with 
diethylacetylene was successful in identi&ing solvents 
which should be compatible with both the benx- 
annulation and’ Friedel-Crafts reactions, that are 
involved in the desired one-pot doubk-cychzation of 
the complex 16 and acetylene 42 to give the tricyclic 
ketone 44. As indicated in Scheme 11, wIten the same 
one-pot procedure is carried out as before with a 
methylene chloride solution of 16 and 42the tricyclic 
ketone 44 is obtained in 64% isolated y&Id and only a 
single spot was observed in the TIC of the crude 
reaction mixture. The use of other solvents,and con- 
ditions will be examined to further optimixe this yield. 

The success of this model study for the one-pot 
construction of the tetracyclic carbon skeleton of 
anthracyclines according to the approach outlined in 
Scheme 8 has prompted efforts towards the synthesis of 
more complicated acetylenes of the type 38. The 
acetylene 47 is a prototype for utilixation in the 
synthesis of ‘I-con-o-methylnogarol 38 and can be 
prepared from the commercially available 1.4 
cyclohexanedione mono2,2dimethyltrimethylene 
ketal in seven steps in 17% overall yield.i9 The 
benxannulation of carbene complex 16 with acetylene 
47 affords the naphthol 48 in 5-o/, yield. It is 
interesting that no cyclobutenone formation was 
observed even though this reaction was carried out in 
acetonitrile. We have found this to be the case with 
other terminal acetylenes. The reaction of 16 with l- 
pentyne in a&o&rile gives only the naphthol in 61% 
yieldlo investigations arecontinuingon the benzannu- 
lation of the carbine complex 16 with 47 and other 
acetylenes of the type 38 

The second general route to anthracyclinones that is 

outlinedinScheme7 hasproven tobeaviableapproach 
in that we have em 
daunomycinone 31. & 

loyed it in a formal synthesis of 
This route may prove to be more 

versatile than the first given the greater flexibility in the 
preparation of u&msaturated complexes of the type 
u) and the fact that their benxannulation reactions are 
less prone than aryl complexes to give rise to various 
side products such as cyclobutenones. For example in 
comparison with the carbene complex 16, the 
cyclohexenyl complex Xl will react with diethyl- 
acetylene to give only 2,3diethyl-5,6,7,&tetrahydro- 
naphthoquinone in good yields with either THF 
(65yJ& or acetonitrile (56%)” as solvent. In order to 
first establish the efEcacy of this type of approach we 
chose as our initial target the tetracyclic trione 52 
(Scheme 13) which has previously been converted to 
daunomychione 31 in three stepL21 The final ring to be 
closedonthewaytoSListheCring,andthustheBring 
is to be made by the benxannulation of the carbene 
complex 49 with the acetylene 50. The problem of the 
relative regiochemistry of the A and D rings reduces to 
the regiochemistry of the alkyne incorporation aiuce 
cyctition can only occur in one direction’foi complex 
49. As with the aryl complex 16 we would expect from 
our previous studies on the regiochemistry of alkyne 
incorporatiorP*P that the alkenyl complex 49 would 
also react with a terminal alkyne such as 50 to give only 
the 2-substituted benxannulation product 51. 

The target tetracyclic ketone 52 requires the 
preparation of only a modestly functional&d carbene 
complex bearing aketouefunctionality at the incipient 
C-9 position. The ketal complex 55 is the most 
reasonable choice ifthe standard Fischer synthesis is to 
be employed involving the addition of a cyclohexenyl 
lithium to chromium hexacarbonyl. The appropriate 
cyclohexenyl lithium can be conveniently obtained 
from the trisyl hydrazone 53 via the Bond-modification 
of the Shapiro ole6n-synthesis.22 Complex55 must be 
prepared in two steps via the isolation of the 
ammonium salt 54 which is obtained by precipitation 
from an aqueous sol_ution of the lithium salt upon 
treatment with tetramethyl ammonium bromide. Most 
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carbene complexes can be prepared in higher overall 
yields in a single step with direct methylation of an 
ethereal solution of the lithium salt, however, in this 
particular case the carbene complex 55 cannot be 
separated from methyl-2,4,6-triisopropylphenyl sul- 
finate. The reaction of 55 with 1-pentyne gives the 
phenol 56 in 64% yield and is comparable to the 
reaction of the simple cyclohexenyl complex 24) which 
reacts with 1-pentyne to give the analogous product in 
61% yield.ti 

reaction has been found in general to proceed in very 
poor yields for either aryl or alkenyl ca&ene complexes 
with acetylene functionalities that are in conjugation 
with a carbonyl group. For example, the cyclohexenyl 
complex 20 will react with methyl propiolate to give 
only a 22% yield of the annulatecl product” Therefore, 
the acetyler& lactone 57 was selected as a suitable 
alternative and can be prepared in 42% overall yield in 
one step from N,N-diethyl-c-methoxy benxamide and 
propargyl aldehyde. 

The &%rg in 52 is a quine, and thus the correct The benxannulation reaction proceeds nicely with 
oxidation state for the propargylic carbon in acetylene 
50 is a ketone (x = 0). However, the benaannulation 

the ethynyl lactone 57 and the cyclohexenyl ketal 
carbene complex 55 to give the tetrahydronaphthol59 
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in the range of 72-760/, yield(6P/, in acetonitrik) after 
an oxklative workup with ferric chloridcDMF 
complexzs toremov e the chromium tricarbonyl group. 
The5nalringwasciosedbytreatingtbeacid6Owith 
tritluoroa&ic anhydride in the presbna of excess Z6- 
di-t-butylpyridine. The intermediate anthrone was 
oxidiz.ed directly with oxy@n in the presence of triton 
B**totheanthraquinone 61.Tkmethoxymethylether 
of 61 can be selectively cleaved to give the dimethyl 
ether 63 and subsequently oxidatively demethylated2sb 
with silver oxide and hydrolyrkd to give the desired 
tetracyclic trione 52 in 77% yield This oxidation could 
not be successfully scaled up, and as an alternative we 
found that the dimethyl ether 64 could be cleanly 
demethyhtted selectively at the 6-position with 1: 1 
HBr/HOAc to give in larger scales the,trione 52 which 
had ‘H-NMR, 18, and mass ape&a identical with 
those of an authentic sample. That thedmethoxyl in 64 
is selectively cleaved can also be established by the same 
conversion for 65 prepared from the ethoxy carbene 

complex 55b. The synthesis of the t&acyclic trione 
52 was achieved in nine steps from commercially avail- 
able starting materials in 8% overall yield and is 
thus comparable to the other syntheses of this 
intermediate.25 

The basic premise has thus been established that the 
synthetic approach outlined in 8cheme 13 is viable for 

,the synthesis of anthracydinones. Future develop 
ments to he anticipated for the refinement of this 
approach include the development of a convergent 
synthesis for both the ll-oxy and ll-deoxy 
anthracychncs sina the benxannulated product 51 has 
the oxygens in the incipient 6 and 11-positions 
differentially protected. A large advance in the 
convergence of the approach would be realixed by the 
utilization of more highly functionalixed aubene 
complexes. The synthesis of such complexes may be 
possible frommoreelaborate hydrazones than 53 or via 
the cycloaddition methods to be discussed below. 

The synthetic approaches that have been discussed 
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up to this point following the two general routes 
outlined in Scheme 7 have involved 6nal ring closures 
via electrophilic aromatic substitution reactions. 
However, as shown in Scheme 16 an attractive 
alternative would be to take advantage of the electron 
withdrawing chromium tricarbonyl group that is put 
on the B ring (of aS) by this benxannulation reaction (of 
66 and 67) and close the final ring by an aromatic 
nucleophilic substitution reaction. The nucleophilic 
substitution reactions of arene chromium ttjaubonyl 
complexes with carbanions have been examined by a 
number of investigators and most extensively by 
Semmelhack.s6 This approach has the attraction of 
providing For a one-pot construction of the tetracyclic 
intermediate7O.Asabackup tothisapproach theinitial 
benxannulation product 68 could be oxidized with 
methanolic c&c ammonium nitrate to provide the 
quinone monoacetal 69.6’ An intramolecular Michael 
addition would then provide for a tw* construe 
tion of the same tetracyclic intermediate. 

A cyanohydrin acetal will provide the carbanion of 
choice since it is a synthon for a carbonyl anion and it 
has been found to be one of the best carbanions for 
effecting aromatic nucleophilic substitutions on arene 
chromium tricarbonyl complexes.26 There was some 
concern that the close proximity of the cyanohydrin 
functionality during the course of the benzumulation 
reaction might intercede via coordination to one of the 
reaction intermediates and interfere with the efficient 
formation of the normal benxannulation product. As a 
result of this consideration the cyanohydrin acetal of 5- 
hexynal71 was prepared and as can be determined from 
its reactions with the 0-methoxyphenyl complex 16 the 
cyanohydrin functionality does not prevent the 
formation of the normal benxannulated product from 
occurring in good yield. 

With the cyanohydrin issue aside, there is a 
potentially much more delicate problem associated 
with the one-pot synthesis of 70 that is presented in 
Scheme 16. The R group in the initial benmnnulated 
intermediate 68 is always a hydrogen atom. The 
deprotonation of the cyanohydrin will necessarily be 
preceded by deprotonation of the phenol and thus two 

equivalents of basewill be required. The phenoxide ion 
will counteract the electron withdrawing effect of the 
chromium tricarbonyl group and may thus thwart the 
desired aromatic nucleophilic substitution. Recourse 
couldthenbemadetothetwo-stepprocedureinvolving 
the mono-a&al 69. 

A piquant solution to this problem would be to 
employ a carbene complex such as 66 which has a 
trimethylsilyl group in the /?-position and given the 
greater migratory propensity of silicon over hydra- 
gen,2’ the expected benxannulation product would 
then be the trimethylsilyl protected phenol complex 68. 
The crude solution of 68 could then be treated with one 
equivalent of base to effect deprotonation of the 
cyanohydrin a&al and the subsequent intramolecular 
nucleophilic attack on the coordinated arene. 
Oxidative workup followed by hydrolysis should yield 
the tetracyclic ketone 70. 

A test of the migratory aptitude of silicon in the 
lnmxannulation reaction was made by pteparmg the 2- 
methoxy&trimethylsilyl phenyl carbene complex 73 
and examining its reaction with diethylacetylene. None 
of the desired benxannulation product 74 was formed as 
evidenced by oxidixing the crude reaction mixture with 
ceric ammonium nitrate and looking for the 
naphthoquinone 17. The only product that was 
isolated and characterized, from the many that were 
formed, was the indene 75 in 9% yield. This result was 
certainly discouraging with respect to the one-pot 
synthesis outlined in Scheme 16 although the two-step 
procedure involving the quinone mono-ace&I 69 is still 
secure. 

Given the hydrolytic lability of the indene 75 it is 
possible that some of the many other products obtained 
from the reaction of complex 73 were isomeric with or 
derived from this product The failure of carbon 
monoxide to insert is not unprecedented as indene 
products have been observed on other 00 
casions.17*2*:2g In particular, it is interesting that the 
reaction of the carbene complex 76 which also has both 
ortho positions blocked has been reported to react with 
diphenylacetylene to give only the complexed and 
uncomplexed indene 78. One possible explanation 

0 
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centers on the intermediate $8. If a reductive 
elimination occurs rather ‘than .a carbon monoxide 
insertion, then 81 can be related to the product by a $5 
sigmatropic methyl shift. Steric hindrance about a 
metal center can enhance reductive elir&tti~ns~~ and 
thus it is to be expected’ that ttimethyl&yl would also 
cause reductive eliminations leading to indene 
pdUCt3. 

It is of cmme pdtple thirt the behavior of alkenyl 
complexes of the @pa 66 v&l be completely dilkrent 
and that carbon monoxide w’lll in& and that silicon 
will migrate to give ihe’ protected benxannulated 
complex 68. Before c&n@exes of the type 66 can be 
tested they must first of course bQrepared however, it 
is not clear how the Fischer method can be’ applied to 
the general synthesis of complexes of this t+ since the 
corresponding vinyl hthiuttrs of ,the * 81 are not 
likely to be preparabk in a straightforward manner. As 
is suggested in Scheme 19 these complexes would be 
readily aaxssibleviathiDiels_Aldcrreadionsofeither 
the tt%nethylsilykthynyl complex I# or the dienyl 
complex &3. The former should be the most easily 
accessible starting material and in fact can be prepared 
in a single step from trim&My1 acetylene and 
chromium hexacarbonyl in 77% yicldb 

The Diels-Alder reactions of Fischer carbene 
complexes have been pnviously reported from our 
1aboratoriePJ and are &served to proceed with rate 
enhancements#er&sekctivities,apdr&kAxtivities 
that are normally only miociatkd with Lewis acid 
catalyzed reactions. The unsubstlttited vinyl compkx 
85 was found to react with iq&tte with a rate 
enhanceme@ of 2 x 1o”overthat ofits closest carbon 
analog ‘methyl acrylate.@ Furthermore, as might be 
aMidpat& there is an ass&&&d increase in the 
regiosekctivity of the reaction with isoprene which was 
established by oxidizing the mixture of the cycloadduct 
carbene complexes and comparing the resultant 
mixture of the methyl esters 86 and 87 ‘with that 
obtained from the’ reaction of methyl acrylate. The 
chemical and spectral proper& of F&her carbene 
complexes such as the chemical shift ,of the carbene 
carbon of the compkx 8P and the acidity of the 
complex 2s are suggestive that the high dienophilkity 
of a,/-unsaturated Fischer carbe~compkxes is ttlso’a 
measure of the ekctron +thdrawing ‘nature of the 
pentacarbonyl chromium carbene unit. 

Inlinewiththedienophof~evinylcomplex8S, 
the trimethylsilylethynyl complex 82 Undergow a very 
facile Diels-Alder reaction with 2,3dimethylbutadiene 

e 
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to give the cycloadduct 88 in 890/, yield isolated by flash 
chromatography.” In contrast to the reaction of 
complex 73, the, annulatiop. of the jWimethylsily1 
compkx 88 with I-pentyne proceeded smoothly with 
carbon monoxide insertion and silicon migration to 
give the trimethylsilyl protected phenol chromium 
tricarbonyl complex 89 in 974 yield Unlike the methyl 
or trimethylsilyl group ip intermediate ,80 the steric 
bulkofthetrimethylsilylgroupinintermaliate9@snot 
enough to cause reductive elimination and this result is 
perhaps suggestive ,af the relative metal-carbon bond 
strengths in intermediates 88 and.98 

The cycloaddition and annulation reactions may 
also be carried out simultaneously with the carbene 
complex, the diene, and the acetylene all in one pot. 
Complex 82 will chemosekctively react with /3- 
dimethylbutadiene in the presence of l-pentyne and the 
resulting cycloadduct will chemoselectively react with 
I-pentyne to give the phenol complex 89 in 80% 
crystal&d yield from hexane in two crops. With an 
oxidation workup the corresponding naphthoquinone 
can be isolated chromatographically in 92% yield 

Other tandemcycloaddition/annulation reactions of 
tbe acetylene complex 81 are presented in Scheme 22. 
Its cycloaddition with 24rimethylsiloxy butadiene 
occurs at room temperature to regioselectively give the 
cyclohexadienyl complex 92 which is not chromato- 
graphically stable and is treated in the crude form with 
2JdimethyLlJ-propanediol with a catalytic amount 
of trimethylchlorosilaneneJ’ to give the ketal carbene 
complex 93 in 61% overall yield. The annulation of 93 

with 1-pentyne proceeds to give after an oxidative 
workup the tetrahydronaphthol derivative 56 in 60”/, 
yield. By way of comparison the ketal complex 56, 
which di&s from 93 only by the trimethylsilyl group, 
reacts with 1-pentyne to give 56 in 64% yield 

The onepot reaction of acetylene complex Sz, 2- 
trimethylsiloxy butadiene, and the l&tone acetylene SI 
produces after ketalixation the same phenol 59 with 
approximately the same overall efftciency that we had 
previously prepared by a.ditTerent method (Scheme 15) 
as an interme&e in anthra+line synthesis.~ These 
tandem cy@tdd$ion/annulation reactions suggest 
attractive approaches@ the synthesis of anthracyclinea 
viaFischerca&necomplexesparticularlywithreqect 
to those that involve aromatic nucleophihc substi- 
tutions in the final ring closure such as that outlined in 
scheme 16. 

Thearylcomplexea73and76whicharebothblocked 
in the ortho positions react with acetylenes to give five 
membered ring annulated products presumably via 
reductive elimination from an intermediate of the type 
80 where R is methyl or ‘himethylsilyl. The a$- 
unsaturated complex 88 on the other hand reacts with 
acetylenes to give only. benxannulated products 
indicating that the intermediate 90 prefers to undergo 
carbon monoxide insertion rather than reductive 
elimination. This suggests that general intermediates of 
the type 95 will undergo carbon monoxide insertion 
and in those cases where the angular substituent (R,) is 
of suIIiciently low migratory propensity (alkyl) the 
annulation reaction would be expected to produce 2,4- 
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cyclohexadienones. This has in fact been found to be the 
case” as illustrated by the reaction of the a& 
.unsaturated complex 97 with I-pentyne which gives a 
67% yield of the cyclohexadienone 98 upon opening to 
air and separation from the crude reaction mixture by 
flash chromatography on silica gel.” 

This cyclohexadienone annulation appears to be 
general for a&msaturated chromium carbene 
complexes that are disubstituted in the beta positions. 
The isobutenyl complex 99 will react with a number of 
acetylenes to ‘ve good yields of the monocyclic 
dienones 1OO.6 P Cyclohexa2+dienones are versatile 
intermediates that have been employed in a number of 
syntheses, however, their synthetic potential has not 
been fully real&d which is probably largely due to the 
lack of general methods for their preparation.33 The 
cyclohexadienone annulation of Fischer chromium 
carbene complexes provides for a direct, regioselective 
approach to this ring system under neutral conditions 
at near ambient temperatures. 

Ph 
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MO 
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Scheme 23. 

wentll8ctono A 1s 

This cyclohexadienone annulation is attractive in 
that it removes the restriction of employing the reaction 
of chromium carbene complexes and acetylenes only in 
the synthesis of planar aromatic systems with sp2 
carbons. The accessibility of sp3 carbons greatly 
expands the horizons for these annulation reactions 
and among the many structures being synthetically 
pursued in this laboratory are acorenone 1O134 and 
wentilactone A 102.35 

A key ‘to the application of this cyclohexadienone 
annulation to the synthesis of natural products 
containing a number of chiral centers is the 
stereoselectivity associated with the introduction of the 
new sp3 carbon with respect to the existing ones. The 
j?,j?-disubstituted carbene complex 103 was prepared 
and found to react with a number of terminal acetylenes 
to give the rranr-decaladienones Win good yields with 
> 90% stereoselectivity in all casesM One explanation 
for this stereoselectivity is that a steric interaction 
between the methoxyl group and the pseudoaxial 

8corenono 1E 

scheme24. 
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methylgroupinintermediate10S(UinScheme5)leads 
to a preferred approach of the chromium syn to the 
pseudoaxial methyl resulting in a trans relationship of 
the methyl groups upon cyclimtion to a chromacyclo- 
hexadiene intermediate (27 in Scheme 5). The same 
consideration could be made for the cyclization of the 
vinyl ketene complex 26 (Scheme 5), however, the 
situation is complicated by the presence of a chiral 
center about the chromium atom This model predicts 
that the annulation of the carbene complex 107 should 
give the cisdecaladienone 108 (via 106) and this 
reaction is currently being investigated. 

The annulation of carbene complexes in which the 
two beta substituents are tied together in a ring should 
provide an entry to spirocyclic synthesis. To examine 
this the carbent complex 109 was prepared from a 
Lewis acid catalyzed aldol reaction of the conjugate 
base of the methyl methoxy complex 2 and 
cyclopentanone.9 The reaction of complex 109 with 
trimethylsilyl acetylene proceeds smoothly to give the 
spirocyclodecadienone 110 in 67% yield. It is 
anticipated that complexes of the type 109 with a chiral 
center in the S-membered ring will undergo 
annulations with the stereoselective formation of the 
spirocyclic center. 

The basis of the approach to the syntheses of 
wentilactone A and the related nagilactones is the 
tandem Diels-Alder cyclohexadienone annulation 
sequence outlined in Scheme 26. The synthesis of the 
&?disubstituted alkenyl complex 113 is envisioned by 
an intramolecular Diels-Alder reaction that is set up by 
the coupling of the acetoxy aubene complex 112 and 

(CO)@ Mo 33 + Ye$3lcEcH 

1s 

thealcoho1111.36*3’*61Asamodelthecomplex115was 
prepared by such a coupling reaction and it was found 
to undergo an intramolecular cyclization with a 
signScant rate enhancement over that of the analogous 
tetrolic ester.3s The resulting cycloadduct 116 unfor- 
tunately does not undergo clean annulation with 
terminal acetylenes and this may be perhaps due to 
strain in the expectedcy~ohexadienone product 117. If 
this is in fact the case it is expected that this could be 
overcome by increasing the chain length in the alcohol 
111, however, it is not clear how this may impact on the 
stereoselectivity of the annulation step. The synthetic 
approach to went&tone A requires a cyclo- 
hexadienone annulation with a propargyl acetate 
derivative, and there was some concern for this step 
since the benzannulation of alkenyl complexes with 
propargyl acetate proceeds in poor yie1d.P and the 
reaction of aryl complexes leads to complex mixtures. 
To the contrary, the reaction of the isobutenyl complex 
99 gives the cyclohexadienone 118 in 55% yield as the 
only mobile compound on TLC. 

In summary, it can be said that the chemistry of 
Fischer carbene complexes is rich with potential for 
utilization in synthetic problems in organic chemistry. 
Included among their useful reactions are the 
benxannulation, cyclohexadienone ammlation, and 
Diels-Alder reactions which have been describedin this 
article with respect to synthetic applications that are 
being pursued in our laboratories. Other reactions of 
Fischer carbene complexes which also appear to have 
synthetic potential are cyclopropanations, aldol con- 
densations,9 and two-alkyne annulations6* 
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EXPERIMENTAL 

unkss otlmwise noted all reagents were obtained from 
commercial suppliers and used without further purification. 
THF was distillai from sodium benxophenone ketyl 
immediately prior to use. AU reactions were carried out under 
either argon or nitrogen and for reactions involving carbene 
complexes the reaction mixtures were deoxygenated by the 
freez.e-thaw method (- 1%“/25”, 3 cydes). Flash column 
chromatography was carried out as described by Still,39 and 
this was done in air even Ear the various carbene complexes. 
The solvents for chromatography and corresponding to the 
indicated R, valuea arc indicated as a ternary mixture. of ether, 
CHICI,. and hexancs. All m.ps and b.ps are uncorrected. 
Routine proton NMR spectra were recorded either on a 
Bruker 270 MHz or a DS loo0 (Chicago built) 500 MHz 
spectrometer in CDCl, with TMS as internal standard. The 
multiplicities of the NMR spectral absorptions are indicated 
by: s, singlet; bs, broad singlet; d,doubkt; f triplet; q, quartet; 
m, multipkt; and dd, doublet of doubleta The ‘“C-NMR 
spectra were recorded on a Nicolet 200 spectrometer at 50 
MHz IR spectra weIt recorded on a Perk&Elmer model 283 
spectrophotometer and the five largest peaks are listed plus 
any others that are particularly characteristic. Low resolution 
mass spectra were recorded on a Finn&an 1015 instrument 
and high resolution mass spectra were carried out at the 
Midwest Center for Mass Spectromctry (Nebraska). 
Elemental analysis were carried out by Galbraith Lab., Inc. 

Prepmarion of methoxy (o-methoxyphfmyf)methylene penta- 
carbonyl chromium 16 

o-Lithioanisole was prepared by adding 91.0 mm01 of n- 
BuLi(58.7mlofa1.55Msolninhexane)toasolnof21.3gofo- 
bromoanisole(114mmol)in lOOmI ofanhydetber at 0” tmder 
argon. After the soln had warmed to mom temp for 20 min it 
was transfd via amnula to a slurry of 20.0 g of chromium 
hexacarbonyl(91.0 mmol) in 400 ml of anhyd ether. After 30 
min the slurry (the lithium acylate usually precipitates out at 
thispoint)ismethylatedbythedropwiseadditionof13.0g(114 

mmol, Columbia) of methyl fl~orosulfonate (ii tiune hood). 
The r&action is stopped after 45 min and the excess methyl 
fluorosulfonate is quenched by washing with 300 ml of sat 
NatCO, aq. The organic layer was washed with water and 
saturated brine and dried over MgS04. After the removal of 
the ether the solid residue was extracted into 1 I of hexane and 
filtered through c&e. Concentration of this soln on a rotary 
evaporator to 200 ml with cooling to below room temp gave 
14.3 g of 16 as red crystals, Further~ncentration to 50 ml and 
cooling to 0” gave an additional 8.2 g of 16. If longer reaction 
timea arc allowed then the crude mixture is not dean enough 
to provide pure 16 by direct crystallization and a cbromato- 
graphic purification must be used. 

The 7.7 g of solid residue from the mother liquor was found 
to contain two carbene complexes. These could be separated 
chromatographically on silica gel with hexane as eluent to 
provide an additional 2.5 g ofl6(R, = 0.09). Complex 16 was 
obtained in 80.5% total isolated yield: m.p. = 71-74” (lit. 
73°16);‘H-NMR,G = 3.80(s,3H),4.13(s3H),6.4-7.4(m,4H); 
mass spectrum, m/e (“/o rel. int.) 342 M + (1 l), 286 (lo), 258 (8), 
230 (22). 203 (23), 202 (IOO), 159 (44), 52 (58). The second 
aubene complex was isolated (R, = 0.05) and identiEed as the 
internally coordinated methoxy (o-methoxyphenyl)methyl- 
ene tetracarbonyl chromium as very chromophoric dark red- 
brown crystals : m.p. 97-99” ; 6 = 4.18 (s, 3H), 4.82 (s, 3H), 6.4- 
7.4 (m, 4H) ; IR (cyclohexane), F = 2020 s, 1925 s, 1850 s ; mass 
spectrum, m/e (% rtl. int.), 314 M* (8), 286 (7). 258 (3). 230 
(21), 203 (14), 202 (64), 159 (47), 91 (36), 52 (100); Anal.: 
C,3Hlo06Cr (C, H, W. 

Integration of the ‘H-NMR spectrum of the crude mixture 
indicates that the ratio of the two carbene complexes is 27/l. 
Although the pentauubonyl complex is indefinittly stable in 
the solid state it will slowly lose CO in soln to give the 
tetracarbonyl complex. This is in fact observed for all of the 
annulation reactions of 16 as monitored by TLC but is of no 
consequence since both undergo the samt annulation. 

The anmdation of complex 16 with diethylacetykne 
A soln of0.690 gof 16(2.02mmol) and 0.207 g(2.52 mmol) of 

3-hexynt in 20 ml of THF was deoxygenated by the freexe- 
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thaw method (- IWO/W, 3 cydu). The mixture was stirred 

The quinone monoaatal Hoan be obtained by pouring the 

under argon at 45” end monitomd by TLC. The mdxture was 
opeated toairandoxi&mdbyvigoroualystirringwithXWof 

crude mixture into a soln of 7.5 equivx of ceric ammonium 

aO.5Mso~of~ammomiqmrdtrs~~O.lNHClfor30 
min. The organic phase was diluted with ether and washed 

nitrate in 100 ml of anhyd MeOH stirred over 1 g ofpowdaad 

withwataandsaturatedbrifteanddried~vaMgSO,.The 
crudeproduct waspmitied byfiashchromatogmphy onsilica 

anbyd Na,CO,. After 30 rnin the soln was diluted with 200 ml 

gelwitha1:1:4solventnvixtum(R,-0.22)andobtaiwdia 
70% yield (0.345 8.1.42 mntol) as a ye&w solid which was 

of 2% NaHCO, aq and extracted with several portions pf 

identifieda. 17:m.p. = 108.5-U&‘(e&er/hexane); ‘H-NMR, 
6 = l.l4(t, 3H), 1.15 ft. 3W. 26O(a. 2HL265 (q.2HA4.00 (a 

ether. At& removal of the volatiks the crude product was 

3H), 7.25jh, lti, J = 8:3 H& 7.63‘jf lI$J = ao H&7.74 (h, 

puri&zdbychromatogtaphyonactivityIVb@caluminawith 

lH,J = 7.8Hz);IR(CH,Cl,),y = 3080q3005q1660s,1592; 
massspectrum,m/e(%rclint~244M’(#)),u9(4~u)l(55~ 

a 1: 1:4solventmixture(R, = O.l3)andobtainedin72”/,yield 

115 (SS), 

as a white solid : m.p. = 88-89.5” (ether/hexane) ; ‘H-NMR, 

76 (100); 

6= 1.14(1.3H,J=7.5Hx),1.24(1,3H,J=7.5Hz),251(q,2H), 

W-NMR, 6 

2.57 (q, 2H), 2.92 ($6H), 3.94 (s, 3H), 7.15 (d, lH, J = 8.6 Hz), 

= 13.6, 

7.47 (t, lH, J = 8.0 Hz), 7.79 (d, lH, 7.7 Hz); ‘“CNMR, 

13.8, 19.7,20.1.56.1, 

b = 13.3, 14.0, 19.4, 20.0, 51.256.1, 99,s. 115.2, 118.5. 125.1, 

117.0.118.6.134.0.134.2145.4.149.5.159.0.184.1.184.8:Anal 
C,$,,O, $Z, Hj. The’quinine 17*&n dc ob&ed ih SPA 
yield with the same procedure from the internally 

130.0,134.4,1421,154.8,157.3,183.2;massspe~~m,m/e(0/, 

coordinatai methoxy (cMlethoxyphenyl)methykne tetra- 
carbonyl chromium. 

re1.int).290M+(18),275(1~261(100),259(52),231(78),135 
(78), 115 (85), 91(60), 77 (88); Anal. C,,H,,O. (C, H). 

The amulation ofwmplex 16 with t-butyl-5-pentynote 42 
Aso1nof0.627gof16(1.83mmol)andO.462gofacetylene42 

(2.75 mmol) in 10 ml of CH&l, was deoxygamtal by the 
freeze-thaw method (- l%‘/oo, 3 cyclw). The mixture was 
stirredunderargonat4O”andal?er36hrthedeanformationof 
43 was indicated by TLC. The sob was exposed to air by 
transferring to a new flask and stirring for 15 min at room 
temp. NaOAc (200 mg) was added followed in 5 min by 4 ml of 
trilluoroacetic anhydride. After TLC indicated that acety- 
lation of the naphthol was complete (10 min) 6 ml of 
tritluoroacetic acid was added. The cyclization proceeded in 
45 min to give essentially one product as indicated by TLC. 
The mixture was slowly added to 5Oml ofwater and the crude 
product was extracted with two 75 ml portions of ether. The 
imbined ether layer was extracted with ten 40 ml portions of 
1 N KOH. The tirst five nortions were acidic and were 
discarded. The remaining five were a&li6al and extracted 
with ether. After removal of the volatilcs, the crude product 
was purified by flash chromatography with a 1: 1: 1 solvent 
mixture (R, = 0.16) and obtained in 64% yield (0.32 g, 1.17 
mmol) as a-yellow solid and identilied as&e tri&lic ketone 
44: m.p. = 157”; ‘H-NMR. d = 2.13 fm. 2H). 2.68 It. 
2H. J = 6.6 Hz), i96 (t, 2H, i = 6.1 Hz), j.6 (s, iti), 3.98 is; 
3H), 6.86 (d, lH, J = 7.8 Hz), 7.47 (t, lH, J = 8.0 Hz), 7.70 (d, 
lH, J = 8.4 Hz); IR (CHCI,), j = 3600 m, 3005 m, 2935 m, 
1680s,1613m,1370m,1281m;mas.sspectrum,m/e(%retint.), 
272M+(94),243(65),85(65),83(1OO);Anal.C L6 16 * H 0 (C.H). 

Preparation of cyclohexeny&nethoxy)me)mcthylene pentauw- 
bony1 chromiwn 20 

To 7.68 g (20.3 mmol) of cyclohexanone 2,4,6-triisopropyl 
benzene suifonyl hydrazone2~ in 50 ml of THF at - 78” was 
slowly added by syringe 25.54 ml (39.6 mmol) of a 1.55 M soln 
of n-BuLi in hexsne. The resulting yellow soln was transferred 
to an ice-bath and the soln turned to a deep red with Nz 
evolution. After 15 min, the resulting vinyl anion soln was 
transferred to a slurry of 4.46 g (20.3 mmol) of chromium 

hexacatrbonyl in 50 ml of etha at room temp. The soln rapidly 
turmdtoydlowandwlsstirredfw3oQinTo.tLiewaeaddcd 
4ml(sOmmo1)of.~ylfluor~~o~~~~~~g~ 
soln was stirred for 20 min. Powdemd No&O, was added to 
destroy the excaas methyl fluorosulfonate. After filtration and 
dilution with 200 ml of&her, the soln was washed with brine 
anddriedover MgSO,.Aftorrcmovalofsolveata,theresidue 
was extracted with several portions of hexane .and filtered 
throughcelit&Thecaude~wa~~flashcbromatographed 
on silica gel with hexane as &vent to give 3.87 i (123 mmol, 
6?k] of 20 as a red oil: ‘H-NI+4R (500 MI&), a t 1.58-1.67 (bs, 
4H),216(bs,2H),232(bs,2H),4.67(s,3H),6.37(bs,lH); ‘“C- 
NMR. 6 = 21.43. 21.82 25:25. 25.63. 64.98. 134.98, 154.17. 
216.7,&3.8,350.0.85;IR(&t),~= 19~w,20&,1!&&1620 
~,1450m,lUOm.l122~985~795m;massspcctrum,~/e 
(“/,rel.int.~316M+(1.8),288(5),260(1.7),232(1.4),204(5), 176 
(36), 52 (loo); Anal. C,sH,O&r (C, H. Cr). 

and 3 ml of TMEDA at -78” was added 18 ml (26 mmol) of a 
1.45 M soln ofs-BuLi in cvclohexane.~ After 90 min. 27 mmol 

Preparation of 3-eth~yl-7-methox~3H)-isobenzofurononc $7 

ofMgBr,inathcrwesaddcd~dtheBaskwaJtransCcrradto 

Toastirredsolnof4.2g(2Ommol)ofS6inl5OmlofTHF 

anicabath.After#)minthesolnwascookdto-78’and1.62 
g (30 mmol) of propynal in 5 ml of the THF was added slowly. 
The soln was stirred for 45 min at - 78” and 3 hr at room temp 
and then hydrolyzed with loo/. HCI aq. The organic layer was 
washedwithwaterandsaturatedbrineanddriedoverMgS0,. 
The product was crystallized from hexane andCH&l, to give 
1.58 g (8.41 mmol, 42%) of 57: m.p. = 170-172”; ‘H-NMR 
(5OOMHz),6 = 269(d,lH,23Hx),4.Ol(s,3H),5.97(d, lH, 1.9 
Hz),6.99(d,1H,8.3Hx),7.14(d,1H,7~5Iiz),7.71(1,1H,8.0Hz); 
IR(CHCl,),~=3M5m,3105w,1770s,1610m,14!Xls,129Os, 
1030s640w;mpps~m/c(%rctint.A188M+(30A170 
(8), 158(31), 140(40), I35(33), 130.(47), 113(27), 102(100),84 
(83). 76 (55); Anal. C,,H,Os (C, H). 

Reparation of the 2,4,Uriisopropylphenyl sldfonyl hydrazone 
of 1,4-cyclohexane&ne mon&,2dbnethyl trimethyleaae ketal 
!X3 

To a soln of 386 g (Aldrich, 18.53 mmol) of 1,4- 
cyclohexanedione mono-2,2dimethyl trimethylene ketal in 
50 ml of MeOH was added in smatl portions 6.8 g (23 mmol) 
of freshly prepared and finely powdered 2.4,~triisopropyl 
benzene sulfonyl hydra&de*’ The soIn was stirred for 30 min 
after the hydrazone had a)atallizad from the sola and then 
chilled in a fnxxer for 4 hr. Thehydrazone was collected and 
washed with 50 ml of cold MeOH to give 8.27 g (17.3 mmol, 
93”/, m.p. 154157”) of 53 after drying in vacw for several 
hours. If the order of addition is reversed, the yield will drop 
due to rapid decomposition of the hydrazide in MeOH. 
Spectral data for 53: ‘H-NMR (500 M&), d = 0.93 (s, 3H), 
1.00 (s, 3H), 1.26 (d, 18H, 6.8 Hz), 1.8G1.87 (m, 4H), 225-234 
(m,4H),29O(m,1H),3.45(d,2H,11.3Hz),3.52(d,2H,11.3Hz), 
4.21 (sept, 2H, 6.8 Hz), 7.16 (a. 2H); IR (CHCl,), C = 3260 w. 
2960s.2830m.1640w.1595m.1360m.1010m.1640w.1595 
m,1360m,lOli)m,65~m;~s~m/e~~~l.in~~478 
M+(2.2),399(1.8),282(22),267(15),203(18),198(28),128(44), 
97 (72), 69 (100). 43 (90); Anal. C,,H,,O,N,S (C, H). 

Preparation of 4-(2,2dimethyl trimethylene kera&l-cyclo- 
hexenyt(methoxy)methylene pentacmbonyl chromium 56 

To a soln of 11.34 g (23.7 ~1) of 53 in 90 ml of THF at 
- 78” was added 28.8 ml (46.1 mmol) of a soln of n-BuLi in 
hexane. ARer the addition the golden yellow soln was 
transferred to an ice-bath and stirred for an additional 15 min. 
The soln of the vinyl anion was traagfcrrcd by cannula to a 
Wry of 5.2 g (23.6 mmol) of chromium hexaaubonyl in 100 
ml of ether at room temp. The resulting lithium acyl metallate 
was cation exchan@ by removing the solvents, dissolving the 
tidue in 30 ml of.water which had previously been purged 
with argon, and diluted with 70 ml of saturated aqueous 
solution of tttramethyl ammonium bromide. CHICll was 
added until all of the yellow crystals dissolved. The CHIC12 
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layor was sojmlat~ washc!d withhlinc, dried ovor Mgso,, 
anddiluted withbtxant! lmtu yellow crystals qpearod Tho 
soln was chilled to give 4.62 g (9.7 mmol, 41%) of the 
tetramethy1 ammonium acyl metal&e. 

The ammonium salt (6.1 g, 12.8 mmol) was dissolved in 180 
ml of CHlC12 and treated with 1.4 ml (16.6 mmol) of methyl 
fluorosulf&ie. After 90 mill the reaction was quenched dy 
shakingwithSOmlofcoldsatNa,CO,aa.followed bva brine 
wash, -hying with l&so, ali r&ovil of solve& The 
residue was extracted with 50 ml of hexanc, filtered, con- 
centrated, and flash chromatotiphed on silica gel with a 
1:1:4solventmixturttogive4.68g(11.25mmd,88%)of5s 
(m.p. 69-71’) ‘H-NMR (so;0 MHzj, a = 0.94 (s, jH); -i.@ (s, 
3H), 2.00 (t, W, 6.3 Hz), 2.30 (bs, 2H), 2.65 (bs, 2H), 3.49 (d, 2H, 
11.4 Hzb‘3.57 (d, ZH, 11.4 Hz), 4.63 (s, 3H), 6.18 (hs, HI); IR 
(CHCI,),~=2960w.2062m,1W5s.1110m.645m;mape 
smruo~m/el”/. rel. intJ.416 M+ (6.2138810.2L 36011.21332 .._ 
(iO), 304(18), 276 (32), fi0 (23), lti(i& 12i (s’jx lti (5$, 80 
(81152 (100); Anal. CIsH~,,OsCr (C. H. Cr). 

The analogous ethoxy carbene compkx SB was prepared 
from the ammonium salt and ethyl fluoroaulfonate using the 
same procedure. Chromatography as above gave a 46% yield 
of5s;‘H-NMR@OOMHz)6 = O.%(s,3H), 1.02(s,3Ii),1.60(1, 
3H,6.9Hz),2.01(bs,2H),230(bs,2H),2650,3.50(d,2H. 
11.2 Hz), 3.57 (d, ZH, 11.3 Hz), 4.90 (bs, 2H), 6.13 @II, 1H). 

Preparation @2-[3(7-methoxy-143H) i.wbenzofuranonyrll4 
methoxy - 7 - (2,2 - diwhyl trimethylene ketal) - 5,7,8,9 - 
tetrahydr~l-naphthd 59 

A deoxygenated soln of 0.424 g(1.02 mmol) of 56 and 0.21 g 
(1.12mmol)ofS7in10mlofTHFwashcatedat45’for18hr. 
The mixture +as oxidized by pouring into a soln 012 equivs of 
krric chloride+DMF complex’” in SO ml of THF. After 
dilutionwithH,Oandextntctionwithethertheo~cph~ss 
was washed with Hz0 and brine and dried ov& MaOI. 
Crystallization from cther/hexane save 0.288 g of 59. Flash 
chromatography on silica’gel witha 2 : 2 : 1 so&t mixture 
gave addition’alS9 for a total of 0.341 g(o.782 mmol, 760/, R, 
= 0.18.m~. 212”dec): ‘H-NMR(500 MHz), 6 = 0.91 (s, 3H), 
1.11 (s, 3H), 2OG217 (m, 2H), 270-2.74 (m, 2H), 294 (d, lH, 
16.2 Hz),288(d, 1H. 16.2Hz), 3.5O(d,2H, 11.5 Hz), 3.64-3.67 
(m, SH), 4.00 (s, 3H), 4.67 (s, IH, exchange with D1O), 6.38 (s, 
1~6.71(s.lH),~91(d,l~81Hz~7.o4(d,1I/7.5~~7.56(1, 
lH, 7.8 Hz); IR (CHti,), i = 3Sti w, 29?8 m, 1760 g-1610 m, 
1485s.1290m,1110m1070m1040m:massscc&um.m/e10/. .._ 
rel. int.), 440 ti+ (0.6x395(11), 354(G), 323 ($, 310(U), 309 
(100),267(34),163(13);cakforC,,H,,O,m/e44O.1835,meas. 
440.1824. 

2-(2-Methoxy-6-methyknebenzoicocfd)-4-methoxy-7- 
(2,2 - dimethyl trimethylene ketaf) - 5,6,7,8 - letrahydro - 1 - 
naphthyl methoxymethyl ether 60 

The phenolic functionality in 59 was protected by refluxing 
1.114g(253mmol)witll4mlofdiisopropylethylamineand 
4.4 ml of chloromethyl methyl ether in 80 ml of CH,Cl, for 3 
hr. All of the volatiles were removed and the residue was 
extracted with ether, washed with cold 2% HCl and saturated 
brine and dried over MgSO, CrystaUization ftom CHaC12/ 
hexane gave 0.64 g of the methoxymethyl ether and another 
0.476 g was obtained by lIash chromatography on silica gel 
with a 2: 2 : 1 sol-t mixture followed by crystallization 
to give a.total of 1.115 g (230 mmol, 91x, R, = 0.33) of the 
methoxymethyl ether of 9, m.p. 163-164’. 

ThelictonAmction ofthe Pboveintermediate was reduced 
(0.4763g,0.984mmoI)by&X~xingwithamixtureof13gofZn 
powder, 1.8 ml of pyridine, and 0.29 g of CuSO* - 7H,O in’ 30 
ml of loo/. KOH aa for 24 hr.42 After the solids were removed 
by ant&gation, ihc basic layer was washed with ether and 
carefuUy acidilkd in an ice-bath with cold 10% HCI to pH 
= 2-3. After extraction with CHCl,, 0.454 g (0.934 mmol, 
95%) of the acid 10 was obtained as a fo&ny solid : ‘H-NMR 
(500 MHz), 6 - 0.97 (& 3H), 1.03 (s, 3H), 2.08 (t, 2H, 6.6 Hz), 
2.73 (t,2H,6.5 Hz), 3.11 (s,2H), 3.54-3.6O(m, 7H), 3.66(s, 3H), 
3.87(s,3H),4.12(~,2H),4.84(s.ZH~6.48(qlH~6.72(d,lH,7.6 

Hz), 6.78 (d, lH, 8.3 Hz), 7.21 (t, 1H. 7.9 Hz); IR (CHClj i 
=29SO(s,broad),172Om,1S8Om,147Os,143Om,l#K)s,lllO 
s ; mass e m/e (“/, rd. int.), 486 M+ (3), 468 (1). 458 (I), 
442 (12), 424 (3), 368 (10); tale for C,,HUOs ml@ 486.2253. 
meas. 486.2274. 

Compound*(R=Et)wasobtainedfromSb)aadthe 
acetylene 51 f6Ifowing tho above procedures in WA owrall 
yield for the four steps : ‘H-NMR (500 MHz), 6 + 0.97@,3H), 
1.04 (s, 3H), 1.31 (t, 3H, 6.9 Hz), 208 (t, 2H. 6.6 Hz), 276(t, ZH, 
6.6Hz),3.11(s,2H),3.55(s,3H),3.58(dd,AB,4H,’11.4Hz).3.87 
(q,u/6.9Hz),4.11(~2H),4.83(~2H),6.44(s,1H),6.71(d,1H, 
7.8 Hz), 6.79 (d, lH, 8.3 Hz), 7.23 (t, lH, 8.0 Hz). 

Cyclization of acid 60 to 4,6-dime&ox~9-(2,2-di’mcthyf 
trimethykme keta&ll+nerhoxy methyloxy)-7,~9,lO-tefr& 
hydronaphthalene-5,12dione 61 

A soln of 0.25 g (0.530 mmol) of 60 in 150 ml of CH,Cl, 
was charged with 1.2 ml of 2&di+butyl pyridine (5.5 
mmol)andcooladinanicbbatli.Afteradditionof~~112m1~~.g 
mm0ij of freshly distilled trilluoroacetic tiyw the &I 
waswarmedtoroomtempandstirredfor4hr;All‘ofthe 
solvents w=ere removed on a rotary eva$orator and tlG 
evacuated flask tilled with Op. After addition of50 ml of 
MeOHand8mlofa40~solnofTritonBinMeOHthesoln 
was stirred for 20 min before pouring into wattr.‘* The 
product was extracted with ether, washed with oold 1% HCI 
Lddriedover MgSO,.Thoaudoproductwaselutedthrough 
silicagdwitha2:2:1solventmixturotogiveO.I75g(O.364 
mmol69D/,R,= 0.31) of 61 as yellow cry&& (m.p. 67-70”): 
‘H-Nh4R (500 MHz). d = 1.00 la 3H1 1.04 (a 3HI. 209 It 
2H. 6.7 Hzj, 3.00 (t. 2ii, 6.7 Hz), j.is (s&Q 3:ti (d&i, 11:8 
Hz), 3.62(d, 2H, 11.4Hz), 3.67(s, 3H), 3.94(s, 3H), 3.99(s, 3H), 
5.18(s,2H),7.22(d,lH,8.3Hz),7.59(t,lH,8.1Hz),7.7(d,lH, 
7.7Hz);1R(CHCl,),~=3030w,1670a,158Dm,1200s,1100 
m ; mass spectrum, m/e (“/. rel. int.), 482 M + (3), 450 (0.5). 437 
(0.5),364(1),338(2),309(2),294(2).281(2);cakforC~,H,,0, 
m/e 482.1940, meas. 482.1931. 

The same cyclization/oxidation procedure was carried out 
on6Oa(R = Et) togive62in 5PAyiold: ‘A-NMR(XiOMHz), 
d = LOO@, 3H), 1.05 (s, 3H), 1.49 (t, 3H, 6.9 Hz), 209(t, 2H, 6.7 
Hz), 299 (t,2H, 7.0 Hz), 3.29 (8, 2H), 3.55 (d, 2H. 11.4 Hz), 3.62 
(d, W, 11.4 Hz), 3.67 (s, 3HA3.99 (9 3I&4.09 (4, 2H. 6.9 Hz), 
5.18fs.ZH).7.22(6 lH.8.2Hzl.7.591t. lH.g.OHzL7.701d 1H. 
7.8Hz);IR(CH~~),t=297~rn1865s,i580w;ilsom,97d 
m; mass spectrum, m/e (% rel. int.), 4% M+ (40); talc for 
C,sH,,Os m/e 496.2097, meas. 496.2083. 

4,6 - Dimethoxy - 11 - hydroxy - 7.89.10 - retrahydrct 
naphthame - 59.12 - tine 64 

A soln of 0.175 g (0.364 mmol) of 61 in 86 ml of acetone was 
treated with 0.13 g(1.26 mmol) of cone H,S04 and heated at 
56” for 60 min. The reaction was quenched by pouring into sat 
NaHCO, aq, extracted into EtOAc and dried over MesO, 
Removal of solvents left 0.132 g (0.364 mmol, lw/_ R, 
= 0.17/2:2: 1) of64, m-p. m(dec): ‘H-NMR(mMHz), 8 
= 2.61 (t, 2H, 7.0 Hz), 3.27 (t,2H. 6.9 Hz), 3.65 (s, 2H), 3.93 (s, 
3H),4.04(~,3H),7.34(d,lH,8.5Hz),7.69(t,lH,8.0Hz),7.91(d, 
lH.7.8Hz).13.17~s,l~:IR(CHCl,1~= 305Om.1712s.1665 

talc foLC&,& k/e 352&7, &s. 3%946: ‘. ’ ” 
The same conditions can be employed to hydrolyze 62 (R 

= Et)to66:‘H-NMR(5OOMHz),6 = l.Sl(s,3H),26O(t,2H, 
6.9Hz),3.26(1,2H,6.8Hz),3.63(s,2H),4.03(~3H),4.05(q,ZH, 
7.1Hz),7.53(d,lH,8.3Hz),7.67(t,lH,8.0Hz),7.89(d,lH.7.4 
Hz),13.16(s, lH);IR(CHCl,),? = 3OOOm, 1710s. 1660% 1620 
s, 1620 m, 1580 s; mass spectrum, m/e (% rel. int.), 366 M+ (100). 
348 (60), 309 (So), 295 (60). 

4,6-Dimethoxy-9-(2,2-dimahyl%rimethy&neketal)-l1- 
hydroxy - 7,8,9,10 - tetrahydro&phthaeene - 5,12 - &one 63 

To a soln of 21 mg (0.0436 m&l) of61 in 12 ml of C&Cl2 
wasadded4.1 pl(O.OS53mmol)oftrilluoroaceticacidThesoln 
was stirred for 11 hr at room temp and poured into a sat 
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NaHCO, 4 and extracted with EltOAc and dried over 
MgSO,Thacn&mixtwewaselnte4ithro*silicagelwitha 
2 : 2 : 1 solvent mixture to give 18.9 mg(0.0432 mmol, w/’ R, 
= 0.3 1) of 63, m.p. = 74-77” : ‘ii-NMR SO0 MHz), d = 1.06 

tt (~6~2.12(:lf/66~299(1,~iis -1,3.13(&2H),3.56 
(d.2H,11.4Hz),3.63(d,2H,11.~Hz),3.91@,3H),4.02(s,3H), 
7.31 (d 1H. 8.6 Hz). 7.66 0. 1H. 8.0 H& 7.90 Id. 1H. 7.7 I&L 
13.3i(i, lti);lR(&&),:= 3ilOOw,ti7Ow,‘l&O; 16206 
l58Os,1355s,1270m,l2OOqlllf)s;masssm/~/c_(o/crd. 
int.),438 M+ (55),423(10),365(20), 352(20),337(30),324(50), 
310 (50), 295 (40); talc for CssHssO, m/e 438.1678, meas. 
438.1666. 

6.11 - Dihydroxy - 4 - methoxy - 7.8.9.10 - tetrohydro- 
MphrhWOU? - s9,12 - trione 52 

(a) From quinone 64. A sample of 64(25 mg, 0.071 mmol) was 
stirredrapidlyin32mlofal:lmixtureofAcOHand48”/,HBr 
at 53” for 2 hr. The mixture was diluted with water, extracted 
with EtOAc, washod several times with water and then sat 
NaHCO, aq, and dried over MgSO,. The crude ‘H-NMR 
indicated that the demethylation was adective and that none 
of trihYdroXY compound was formed. Tk crude DdUCt was 
c1uted-through sili& gel with cH,clI@to14c (3 -1) to give 14 
mg (0.0414 mmol, 61%) of 52, m.p. 249-250” (dec): ‘H-NMR 
(5OOMHz),d = 266(t.w,76Hz~3~((t,w,7.OHz),3.64(q 
2H),4.10(s,3H),7.39(d,lH,8.4Hz),7.78(t, lH,8.2Hz),8.03@, 
lH.7.6Hd. 13.301s lHl.13.8lk3Hl:IRlCHCl~~~ = 1710s. 
16~0s,15~~s,141&,13~0s,12jds,1~q’1065w~~5m;m~ 
spectrum, m/e (% rel. int), 338 M+ (lOO), 310 (40). The above 
spectral data are identical with those obtained from an 
authentic sample of 52 kindly provided by Profmr Andrew 
S. Kende. 

(b)Fromquinone6S.Asolnofl4.3mg(0.0393mmol)in 14ml 
ofa 1: 1 mixtureof48%HBrandAcOHwas heatedat 55”for2 
hr. After the same workup as above, th6 aude mixture was 
eluted through silica gel with a 2 : 2 : 1 solvent mixture to give 
7.2 mg (0.0213 mmol, 54%) of a compound that had the same 
‘H-NMR spectrum as d&bed abbve for 52. 

(c) Fromquinone63.‘s*To asolution of5mg(O.O114mmol) 
of 12 in 0.5 ml of acetone was added 14 mg (0.113 mmol) of 
freshly prepared AgO*’ in one portion The resulting red soln 
wasacidilkdwithO.lmlof6NHNO~.Afterl5minthecrude 
mixture was poured into a 1% NaHS& aqand extracted with 
EtOAc. Removal of solvents left 4.6 mg (%O/@ of the crude 
dihydroxy compound, which without ptlrification was dis- 
solved in 3 ml of EtOAc and acetone (1: 1). This was then 
treated with 3 ml of loo/, HsSO, and then heatad at 45” for 10 
hr after workup and purification as deszrihed above 3 mg 
(770/ of a compound that had spectral data identical to that 
d&bed above for 52 We have not been succes&d in 
obtaining good yields for the oxidation step on scales larger 
than 25 mg. 

Preporotion of trimethylsilyl ethynyl(methoxy)methylene 
pentocorbonyl chromium 82 

A soln of trimethylsilykthynyl lithium was prepared by 
dropwise addition of 15.0 mm01 of a 1 .S4 M soln of n-BuLi in 
hexane to a soln of 15.0 mm01 (1.47 g, 207 ml) of trimethylsilyl 
acetylene in 30 ml of ether at - 78” under N1. After 30 min the 
acttylide soln was warmed to 0” over a period of 20 min and 
then transferred via cannula to a slurry of 3.7 g of chromium 
hexacarbonyl(l6.8 mmol) in 1 H) ml of ether at 0”. The mixture 
was warmed to room temp and 25 ml of ether at 0”. The 
mixture was warmed to room temp and 25 ml of THF was 
added which causes a reddening of the soln and the dissolution 
of the remaining chromium hexacarbonyl. The soln was 
cooled to 0” after 90 min and 257 g (22.5 mmol, 1.8 ml) of 
methyl fluorosulfonate was added dropwise. The reaction was 
quenched by stirring with sat NaHCOs aq for 20 min. The 
organic layer was washed with saturated brine and dried over 
MgSO,. After removal of volatiles, the residue was extracted 
with hexane and the crude product was purified by Bash 
chromatography on silica gel with hexane (R, = 0.39). The 
hexsne solution was concentrated to 10 ml on a rotary 

evaporator and the remaining solvant was removed withhigh 
vacuumwithooolingtobdo~o”.ThecprbenecomPkx~wwas 
thus obtaihed in 7% yield (3.83 g, 11.5 mmol) asa dark red 
solid: m.p. 26-27”: ‘H-NMRd = 0.31 (a&Il,4..35fs. 3HI: IR 
(CHCl,<j= 2&m, 199Ow; 1950s;mslas&tr&mj~~ 
rel. int.), 332M+ (3),276(3).248(3),220(% 192(20), 149(80); 
calcforc H 0 CrSim/e33198079,found33198094;Anal. L1 11 6 
CI$I,,O&rSi (C, H). 

The cy&wddition/annulation 4 complex 82 with 2,f 
dimethylba&ene and 1-pemyne 

Asolnof0.349gof8Z(l.OSmmol),O.l6mlofl-pentyne(l.58 
mmol), and 10 ml of 2,3dime&ylbutadkme in 25 ml of THF 
was deuxygenated by the -thaw method (- lW”/oO, 3 
cydea). The mixtura was heated at 50” for 60 hr under argon. 
After the volatilea were removed by rotary evaporator the 
trimethylsilyl protected phenol complex 89 was w 
from a hexane soln of the residue and obtained in 80.3% yield 
(0~83~22oos)asanalvticallv~~v~wcrvstalam.u. 121- 
i23.5”T1H-N-tiR (500 &Iz),x= O.js(s, 9H5 1.04$, jH, 7.3 
Hz), 1.63(m,2H), 1.8O(s.3H), 1.77(.9,3H),2.28(m, lH),259(m, 
lH),3.OS-3.3O(m,4H),3.7O(s,3H),4.93(s, lH);IR(CHCl,),? 
= 1945,1865,1850eh;massspsctrm/e~~r~.intX454M’ 
(20),398(15),370(100),353(10),325(30);Anal.C,,H,,,0,CrSi 
(C, H, Cr). 
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