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Abstract - The first examples of the cyclopropanation of 1,3-dienes with transition metal carbene complexes is
reported for the heteroatom-stablized pentacarbonyl complexes of the group 6 metals. The reaction of the
chromium phenylmethoxymethylene complex 36 with Danishefsky's diene gives varying amounts of cyclopro-
panes and metathesis products whose distribution is carbon monoxide dependent. The reactions of the cyclo-
hexenylmethoxymethylene complexes is metal dependent. The chromium complex 12a gives a chemoselective
reaction with Danishefsky's diene resulting in the formation of cyclopropanes, whereas, the same reaction of the
tungsten complex 12b chemoselectively gives Diels-Alder cycloadducts. Some cyclopropanation reactions of
the phenylmethoxymethylene complex 36 with silyl enol ethers and enamines are also presented.

INTRODUCTION

The synthetic applications and methodology based on the reactions of transition metal carbene complexes can be found in
the literature with increasing regularity.2 The heteroatom-stablized complexes of the group 6 metals in particular have a
broad range of applications in synthetic organic chemistry. One of the reasons for this is likely due to the extensive and dual-
nature of the reaction chemistry of these complexes. As illustrated by the three reactions on the left half of Scheme |, one
part of the reaction chemistry of the pentacarbonyl carbene complexes of the group 6 metals can be anticipated from the
reaction chemistry of esters. This is illustrated for the a,8-unsaturated chromium complex 2 in which the carbene carbon has
a vinyl and a methoxy! substituent and for which the corresponding ester is the substituted acrylate 1. Unsaturated carbene
complexes such as 2 will undergo Michael addition reactions.3 As is the case with esters of the type 1, the complex 2 will
also undergo 1,2 addition with substitution for the methoxy! group.4 We reported four years ago that unsaturated carbene
complexes of the type 2 will also undergo cycloaddition reactions.5 The chromium pentacarbonyl group is a reactivity and
selectivity auxilliary and the complex 2 can function as a synthon for the acrylate 1 in the Diels-Alder reaction since the metal
unit in the adduct 5 can be easily oxidatively removed to give the corresponding methyl ester. For those reactions that are
mirrored in the reaction chemistry of esters, it is often observed that the reactions of carbene complexes are greatly
accelerated with respect to those of their ester counterparts. For example, a Diels-Alder reaction of a chromium carbene
complex has been found to be over 104 times faster than that of its corresponding ester with the same diene.5

There is another part of the reaction chemistry of group 6 carbene complexes that bears no relationship to the reaction
chemistry of esters whatsoever and is illustrated by the three examples on the right half of Scheme |. The reaction of
unsaturated carbene complexes of chromium with acetylenes produces benzannulated products of the type 6. This

reaction which was first reported by Dotz twelve years ago,® and at the present time its importance in synthetic organic
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chemistry is well established and has been incorporated in a number of natural product syntheses.2 Three years ago we
introduced a variant of this reaction that produces cyclohexadienones if Ry and Rg in complex 2 are groups of low migratory

propensity.” Another example of a reaction that is not possible for esters is the cyclopropanation of olefins by transition
metal carbene complexes.8 Cyclopropanations reactions of a variety of metal carbene complexes have been investigated,
and was one of the first reactions of group 6 complexes that was examined with respect to synthetic applications. For the
group 6 heteroatom-stablized complexes, this reaction was found to produce useful amounts of cyclopropanes only with
electron rich and with electron deficient olefins. For as long as this reaction has been known, there has not yet been
appeared any synthetic applications of the cyclopropanation of olefins with group 6 carbene complexes. This review will
mainly center on several aspects of the cyclopropanation reaction, but will begin with the Diels-Alder reactions of group 6
pentacarbony! carbene complexes.

REACTION OF GROUP 6 CARBENE COMPLEXES WITH 1, 3-DIENES

The Diels-Alder reactions of a,B-unsaturated carbene complexes of the type 2 with dienes was first reported in 1983 and is a
reaction that as of yet has not been completely explored, but the early results suggest that it may prove to be be very
important with regard to synthetic applications in organic chemistry.5 The first reports described the cycloadditions of
relatively unsubstituted examples, but which nonetheless were found to occur with rates that were greatly accelerated with
respect to their ester analogs.® After finding that the greatly enhanced rates for these Diels-Alder reactions extends to a
number of different carbene complexes and dienes, we became interested in determining the limits of the synthetic potential
of these reactions. The reaction of the ester 9 with Danishefsky's diene is on the edge of the limits for the Diels-Alder
reactions of esters with this diene.1® The cyclohexenyl ester 9 gave a 53 % yield of the hydrolyzed adduct 11 in 30 hours at
190° C. The reaction of the cyclohexa-1,4-dienyl ester corresponding to 9 gave similiar results and was the first step in
Danishefsky's synthesis of vernolepin and thus high throughput for this reaction was needed.’? if not the ultimate, then
certainly a most challanging test of the accelerating effect of the chromium pentacarbonyl group would thus be the reaction
of the cyclohexenyl complex 12 with Danishefsky's diene. In view of the high thermal requirement for the reaction of 9 with
10, it is not clear that even if the complex 12 displays the typical rate enhancement over esters, the reaction with the diene
10 may still have a thermal requirement that is at a point higher that the thermal stability of the starting carbene complex.

Qur expectations were exceeded when it was found that the rate of the reaction of the cyclohexenyl complex 12 with
Danishefsky's diene was such that the reaction was complete at room temperature in 48 hours, however, it came as a
complete surprise that the major product from this reaction was the cyclopropane 13 and not a Diels-Alder adduct. A second
product was obtained from this reaction in 12 % yield which was not immediatly characterized other than it was determined
not to be a Diels-Alder product, and was an isomer of 13 but was not a cyclopropane. The cyclopropane 13 was obtained as
a single diastereomer and is the result of the regioselective transfer of the carbene ligand to the most electron-rich double-
bond of the diene 10. The cyclopropanation of 1,3-dienes with transition metal carbene complexes has not previously been

reported although a metathesis reaction has been observed.12
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The stereochemistry of the cyclopropane 13 was assigned as trans on the basis of the fact that it had to be heated to 90°C
before it would undergo a Cope rearrangment. It is known that cis-divinylcyclopropanes undergo Cope rearrangements at or
below room temperature and that they are not normally isolable.'3 The Cope rearrangements of the trans-isomers of
divinylcyclopropanes have been demonstrated to occur with initial isomerization to the cis-isomers followed by a Cope
rearrangement via a boat transition state.14 This is consistent with the stereochemistry observed for the Cope product 14.
The Cope product 14 was found to have spectral properties identical with those of the unidentified isomer of 13 produced
in the reaction of complex 12 and diene 10.

The overall sequence to the seven-membered ring product 14 involves a tandem cyclopropanation/Cope rearrangement.
The cyclopropanation of 1,3-dienes with transition metal carbene complexes is unknown and the closest reaction sequence
known in the literature is that of the rhodium catalyzed reaction in Scheme V.15 The diazo compound 16 may react with
cyclopentadiene via the intermediacy of a rhodium carbene complex, but in any event the reaction gives the the
divinylcyclopropane 17 which is only isolable in the case where the substituent R is non-hydrogen and can be converted by
mild thermolysis to the Cope rearrangement product 18.
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Since cis-divinylcyclopropanes undergo Cope rearrangement much faster than their corresponding trans isomers, it can be
deduced that the ratio of the trans-cyclopropane prbduct and the Cope product from the reaction of the cyclohexenyl
carbene complex 12a and Danishefsky's diene is a reflection of the stereoselectivity of the cyclopropanation reaction. This
is illustrated in Scheme VI for the reaction with 3-t-butyldimethylsiloxy-1-methoxybutadiene 19 which produces a more
chromatographically stable derivative of the Cope product. In this reaction the cyclopropane 20 is obtained in 40 % yield and
the Cope product 22 is obtained in 23 % yield and therefore the stereoselectivity of the cyclopropanation reaction is 1.7:1.0.
Since the thermal rearrangement of the cyclopropane 20 is nearly quantitative, this reaction can be utilized for the
preparation of highly functionalized fused seven-membered rings in good overalt yield. This investigation came full circle with
another surprise when it was found that the tungsten complex 12b gives the Diels-Alder adduct 23 at room temperature!
The yield of the Diels-Alder reaction is only 34 % but the increased rate of this reaction compared to that of the cyclohexenyl
ester 9 (Scheme 1) is quite remarkable.

From the point of view of the synthetic methodological development of transition metal organometallics , the two reactions
indicated in Scheme VI represent an ideal situation. The reaction of the carbene complex 12 with Danishefsky's diene can
be fine tuned to give either the tandem cyclopropanation / Cope product 22 or the Diels-Alder product 23 by adjusting the
nature of the metal in the complex. These reactions are highly chemoselective in their reactions with Danishefsky's diene as
the chromium complex 12a gave no detectable amounts of the Diels-Alder product, and the tungsten complex 12b gave
less than 0.5 % of the cyclopropane 20. There were a few other minor products produced from the reaction of the fungsten
complex that as of yet have not been identified.
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Two interesting transformations of the Diels-Alder adduct 23 are indicated in Scheme Vil. Hydrolysis of the the silyl eno!
ether of the cycloadduct 23 gives rise to the carbene complex 24 in which the enone double-bond is coordinated to the
tungsten. Several examples of alkene-carbene complexes are known and most have been shown to give cyclopropanes
upon thermolysis.'® In an attempt to prepare the complex 26 which requires the cleavage of the silyl enol ether without
elimination of the methoxyl group, the cycloadduct 23 was treated with tetrabutylammonium fluoride. The only product to be
isolated from this reaction (not-optimized) was the decalenone 25. This type of reaction has not been observed before for
transition metal carbene complexes, but in ester chemistry would be analogous to a reductive decarboxylation. The
mechanism for this reaction is not known, but two possibilities are likely. It is possible that fluoride attacks the carbene carbon
to give the intermediate 27, and then a reductive fragmentation would account for the product. At this time there is no
evidence for the formation a fluoromethoxyl carbene complex of tungsten. An alternative mechansim begins with the
nucleophilic cleavage of the methyl-oxygen bond of the methoxyl group on the carbene carbon of the intermediate 26.
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The tandem cyclopropanation / Cope rearrangement sequence and the Diels-Alder reaction in Scheme VI have obvious
potential in natural product synthesis. A key factor in their successful implementation will be the understanding of the
reasons for the extreme sensitivity of the chemoselectivity of the reactions of group 6 carbene complexes with dienes to the
nature of the metal in the complex. General studies are in progress to determine how the distribution between Diels-Alder
and cyclopropanation products will vary with the substitution pattern and functionality in the diene and in the carbene
complex.

There is a third possible outcome for the reactions of group 6 carbene complexes and 1,3-dienes that is not indicated in
Scheme VIII. An initial cycloaddition of the diene and the chromium carbon double-bond would give an intermediate of the
type 34 in Scheme X, and the most likely consequence of this event would be a reductive elimination and the isolation of
the cyclopentene derivative 35. This transformation is formally a [4 + 1] cycloaddition and is an as of yet unprecedented
reaction. The likelihood of this cutcome can perhaps be enhanced by removing the possibility of a cycloaddition on the
carbene carbon substituent (R4 = vinyl), however, there would still remain the possibility of a [2 + 1] cycloaddition leading to

cyclopropanes.
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The reaction of the phenyl chromium complex 36 with Danishefsky's diene at room temperature in benzene went to
completion in 5 days and gave a 52 % yield of the vinylcyclopropanes 37a and 37b (stereochemistry not assigned)and a 36
% yield of a-methoxystyrene which is the metathesis product resulting from the fragmentation of the metallacyclobutane
intermediate 32. The yield of the cyclopropane products 37 can be increased and the amount of metathesis product can be
essentially eliminated if the reaction is carried out under 800 psi of carbon monoxide. No cyclopentene products could be
found from this reaction and thus there is no evidence for the reaction pathway indicated in Scheme IX that begins with a [4 +
2] cycloaddition on the chromium carbon double-bond. The reaction did unexpectedly produce the cyclopropane 39 which
is related to the expected cyclopropanation product 37 but has suffered a reduction of the cyclopropyl methoxyl and an
oxidation of the B-vinyl carbon. Labelling studies conducted to illucidate the mechanism by which this abnormal
cyclopropanation product is formed will be presented elsewhere. 17
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REACTION OF GROUP 6 CARBENE COMPLEXES WITH ELECTRON RICH
OLEFINS

The stoichiometric cyclopropanation of olefins with Fischer carbene complexes was one of the first reactions investigated
subsequent to the discovery of transition metal carbene complexes. The reaction fails with unactivated olefins, but can give
useful yields with electron rich1® and electron deficient19 olefins. The reaction of the phenyl complex 36 with ethyl vinyl
ether gives the metathesis product 38. The cyclopropane 41 can only be obtained if the reaction is carried out under 100
atmospheres of carbon monoxide. The chromium and the tungsten complexes both give 60 % yield of the cyclopropane
with only slightly different stereoselectivities. In light of these early observations it is curious that the cyclopropanation of the
cyclohexenyl chromium complex 12a with Danishefsky's diene gives essentially the same yield of cyclopropane products
{20 + 21) but in the absence of carbon monoxide. It is likewise curious that the reaction of the phenyl complex 36 with
Danishefsky's diene also gives a comparable yield of cyclopropanes (52 + 12 %) in the absence of carbon monoxide.
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The cyclopropanation reactions of carbene complexes have been shown not to involve free carbenes. One supporting
piece of evidence is the transfer of chirality from a complex bearing a chiral phosphine ligand to the cyclopropane product.20
The dependence of the stereochemistry of the cyclopropane product 41 on the nature of the metal also suggests that a free
carbene is not an intermediate.'® Casey has proposed the mechanism in Scheme Xl to account for the affect of carbon
monoxide on the distribution between metathesis and cyclopropane products.2!  Addition of the olefin to the carbene
complex generates the metallacyclobutane 42 as the key intermediate. Reductive elimination leads directly to the
cyclopropane. In the absence of an external pressure of carbon monoxide, ligand dissociation occurs to give the
unsaturated metallacyclobutane intermediate 44. As a consequence of its open coordination site, this intermediate can
undergo carbon-carbon bond rupture to give the olefin carbene complex 45 and hence produce the metathesis product
46. It has not yet been resolved whether this or other mechanistic possibilities actual pertain for these or any other
cyclopropanation reactions of carbene complexes, particularly with non-heteroatom stabilized or cationic complexes.8
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In the absence of data which can distinguish between the various mechanisms for cyclopropane formation, the general
observations are that Danishefsky's diene will give cyclopropane products in the absence of carbon monoxide, whereas, the
presence of carbon monoxide is a necessary condition for the formation of cyclopropanes from the reactions with ethyl viny!
ether. One question to be asked is whether this carbon monoxide dependence correlates with the electron density of the
diene. In other words, how much of the functionality of Danishefsky's diene is needed in order to see cyclopropane
products in the absence of carbon monoxide? Are both oxygen substituents necessary and/or are both double-bonds
necessary? These questions are currently being addressed, and in a preliminary result shown in Scheme XIll the answer is
that not much of the functionality of Danishefsky's diene is needed. The silyl enol ether 47 will react with the phenyl
chromium complex 36 to give the cyclopropane 48 in 38 % yield along with substantial amounts (not yet quantified) of the
metathesis product 38 in the absence of carbon monoxide. Under 100 atmospheres of carbon monoxide, the cyclopropane
48 is obtained in 80 % yield as a 25:1 mixture of diastereomers in favor of the Z-isomer with less than detectable amounts of
the methathesis product being formed.
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Investigations of the scope, stereoselectivity, and synthetic applications of the cyclopropanations of carbene complexes with
silyt enol ethers are continuing, but the reaction shown in Scheme XiV gives an idea of the upper limit of this reaction. The
reaction of the silyl enol ether of cyclopentanone with the phenyl complex 36 did not go until the reaction was heated to 95°
C for several days. Under these conditions the reaction went to completion, but no cyclopropanation products could be
isolated from the reaction mixture. The only reaction observed was that of the carbene complex with the solvent acetonitrile
to give the insertion product 50. Insertion reactions of this type have been observed before, but only with electron rich
nitriles such as cyanamides.22 This is the first example of the insertion of an organonitrile into the chromium carbon bond of

a group 6 carbene complex.23
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Conceptually, it should be possible to extend the scope of the cyclopropanation reactions to more highly substituted olefins
by employing the more electron rich enamines. There are two reports24 of the reactions of group 6 carbene complexes with
enamines in the literature and in one example it was found that the pyrrolidine enamine of cyclopentanone 51, unlike its silyl
enol ether analog 49, will react with the phenyl carbene complex 36, however, under the conditions reported only the
metathesis product 52 was obtained and no cyclopropane was reported.240  The phenyl complex 36 was reported to
cyclopropanate the piperidine enamine of acetophenone in low yield to give the cyclopropane 54 with unspecified
stereochemistry. A small amount of the metathesis product 55 was also observed for this reaction.240
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Although the reaction of the enamine 51 with complex 36 does not produce cyclopropane products, we were encouraged
by its high reactivity reflected in the fact the reaction with the phenyl complex 36 occurs in one hour at room temperature.
We found that the reaction of the morpholino enamine of cyclopentanone 5§6 occurs at a slightly slower rate but still at room
temperature in a reasonable period of time to give the cyclopropane 57 in 33 % yield as a single diastereomer whose
stereochemistry has not yet been assigned. This is a reduced derivative of the expected cyclopropanation product 58
where the methoxy! group on the cyclopropyl carbon bearing the phenyl group has been replaced by a hydrogen. The
expected cyclopropanation product 58 can be obtained from this reaction also as a single diatereomer if the reaction is
carried out under 900 psi of carbon monoxide, conditions under which still small amounts of the reduced cyclopropane 57 is
still produced. Both reactions also gave the metathesis product 59, but the amount from each reaction has not yet been
quantified. The mechansim for the formation of the reduced cyclopropane 57 is not known at this time, but the structure of

this cyclopropane is related to the reduced cyclopropane 39 obtained from the reaction of the phenyl complex 36 with
Danishefsky's diene.
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CONCLUSIONS

The cyclopropanations of the group 6 pentacarbonyl carbene complexes have been known and studied for fifteen years yet
they have not been utilized in synthesis. The initial studies on the cyclopropanations of silyl enol ethers and enamines
described herein suggest that furthur studies are needed to determine the scope of the cyclopropanations of electron rich
olefins with group 6 carbene complexes. The first examples of the reactions of group 6 carbene complexes with 1,3-dienes
reveal that the preferred reaction path leads to cyclopropanes rather than cyclopentenes, i.e., [2 +1] rather than [4 +1]
cycloaddition. The reaction is regioselective leading to addition to the most electron rich double-bond of an unsymmetrical
diene. The reactions of o,p-unsaturated carbene complexes with 1,3-dienes have the additional option of [4 + 2]
cycloaddition and the cyclohexeneyl complexes 12 provide a dramatic example of chemoselective control in an
organometallic reaction. The chromium cyclohexenyl chromium complex 12a gives exclusively cyclopropanation products,
whereas, the tungsten complex 12b gives the Diels-Alder product to the exclusion of cyclopropanes. Further studies will be
needed to examine this remarkable affect of the nature of the metal on the product distribution in these reactions.

Acknowledgements
This work was supported by the National Science Foundation under Grant CHE-8517103 and by the National Institutes of
Health (PHS-GM 33589). The National Institutes of Health has provided a predoctoral training grant for D. C. Y. (No. GM

07151). The NMR instruments used were funded in part by the NSF Chemical instrumentation Program and by the NCI via
the University of Chicago Cancer Research Center (CA-14599).

REFERENCES

-

(a) EliLilly Young Scholar, 1986-1987. (b} NIH predoctoral trainee, 1982-1986.

2. For reviews of the chemistry of these complexes, see: (a) K. H. Dotz, H. Fischer, P. Hoffmann, F. R. Kreissl, U.
Schubert, K. Weiss, "Transition Metal Carbene Complexes", Verlag Chemie, Deerfield Beach, FL, 1984. (b) W.D.
Wulff, P. C. Tang, K. S. Chan, J. S. McCallum, D. C. Yang, and S. R. Gilbertson, Tetrahedron, 41, 5813 (1985). (¢) K.
H. Dotz, Angew. Chem. Int. Ed. Engl., 23, 587 (1984). (d) F. J. Brown, Prog. Inorg. Chem., 27, 1 (1980).

3. (a) C.P.Casey and W. R. Brunsvold, /norg. Chem., 16,391 (1977). (b) C. P. Casey and W. R. Brunsvold, J.

Organomet. Chem., 77, 345 (1974).



144

CONOOA

11.
12.
13.

14.

15.
16.
17.
18.
19.
20.
21.

22.

23.
24,

W. D. WULFF, D. C. YANG and C. K. MURRAY

H. Werner, E. O. Fischer, B. Heckl, C. G. Kreiter, J. Organomet. Chem., 28, 367 (1971).

W. D. Wulff and D. C. Yang, J. Am. Chem. Soc., 105, 6726 (1983).

K. H. Dotz, Angew. Chem. Int. Ed. Engl., 14, 644 (1975).

P.C. Tang and W. D. Wulff, J. Am. Chem. Soc., 106, 1132 (1984).

For a recent review, see: M. Brookhart and W. B. Studabaker, Chem. Rev., 87, 411 (1987).

See references 1b, 5 and: (a) W. D. Wulff and D. C. Yang, J. Am. Chem. Soc., 106, 7565 (1984). (b) K. H. Dotz and
W. Kuhn, J. Organomet. Chem., 286, C23 (1985). (c) K. H. Dotz, K. Werner, G. Mueller, B. Huber, H. G. Alt., Angew.
Chem. int. Ed. Engl., 25, 812, (1986). (d) L. A. Paquette, M. Gugelchuk, Y. L. Hsu, J. Org. Chem., 51, 3864 (1986).
S. Danishefsky and T. Kitahara, J. Org. Chem., 40, 538 (1975).

S. Danishefsky, P. F. Schuda, T. Kitahara, S. J. Etheredge, J. Am. Chem. Soc., 99, 6066 (1977).

S. P. Kolesnikov, N. I. Okhrimenko, and O. M. Nefedov, Dokl, Akad. Nauk SSSR, 243, 1193 (1978).

(a) J. M. Brown, T. Golding, J. J. Stofko, J. Chem. Soc., Chem. Commun., 319 (1973). (b) P. A. Wender and M. P.
Filosa, J. Org. Chem., 41, 3490 (1976).

(a) C. Ullenius, P. W. Ford, and J. E. Baldwin, J. Am. Chem. Soc., 94, 5910 (1972). (b) J. E. Baldwin and C. Ullenius,
J. Am. Chem. Soc., 96, 1542 (1974).

H. M. L. Davies, H. D. Smith, and O. Korkor, Tetrahedron Lett., 1853 (1987).

For examples see references 8 and Sc.

W. D. Wulff, D. C. Yang, and C. K. Murray, unpublished results.

E. O. Fischer and K. H. Dotz, Chem. Ber., 105, 3966 (1972).

K. H. Dotz and E. O. Fischer, Chem. Ber., 105, 1356 (1972).

M. D. Cooke and E. O. Fischer, J. Organomet. Chem., 56, 279 (1973).

C. P. Casey in "Transition Metal Organometalalics in Organic Skynthesis", H. Alper, Ed., Academic Press: New York,
1976; Vol 1.

For leading references see: H. Fischer, S. Friedrich, and G. Muller, J. Organomet. Chem., 320, 185 (1987).

The insertion of an organonitrile has been referred to in a review22 but has not been described in the literature.

(a) B. Dorrer, E. O. Fischer, and W. Kalbfus, J. Organomet. Chem., 81, C20 (1974). (b) K. H. Dotz and !. Pruski,
Chem. Ber., 114, 1980 (1981).





