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10 Estrone

impressive scope and utility of this intermolecujι-- --_ ]ιιιιιιIιJιιιlι

tion process for the construction of stereocheπr:_,
membered rings is well recognized.l It is interes_,-,_: ;ι]:ιι ιß]ßß

even more substantial structural change can be :' - _" ι]ιιιlιι

ρΙγ by connecting the tlvo unsaturated reaction ρ;1, : - , * *Þßffh

Scheme 1). Ιη 5, the diene (4π e) and dienophi1,: ]- ,, ºιß]ι]ιι]ιι]ιι]ιιιιßιιß[

nents are part of the same molecule. Iη such α setιin5, _-: ]ι" ,ηLιι!ιιιιιiιi,

ity that the two unsaturated moieties will react with eaci, . _- :, ,, _],

be enhanced, and the structural change that attends the intranroi;- -
|ar |4+2] cycloaddition event is impressive.2 Ιη α single operati.,:_,
α rather complex bicyclic framervork can be fashioned from α cor:-
paratively simple polyunsaturated acyclic molecule. The Diel<-
Alder cycloaddition is indeed α most productive process because ßι
involves α simple summation of the reaction partners; αΙΙ of the

atoms that constitute the diene and dienophilic components are

expressed ßη the [4+2] cycloadduct, ηοηε are rvasted.3
The Diels-Alder reaction accomplishes the formation of two car-

bon-carbon σ bonds at the expense of two carbon-carbon π bonds.
and is among the most atom-economical3 and reliable carbon-car-
bon bond forming methods known ßη organic chemistry. Nonethe-
less, α potentially more powerful bond-forming strategy would be

based οη the |2+2+2] cycloaddition of three unsaturated entities
(see Scheme 2).4 Ιη these striking cyclotrimerizations, three neιι
carbon-carbon bonds and α nerv carbocyclic ring with varyin,r
degrees of unsaturation ινουΙd be produced ßη α single step. The
efficiency of these general transformations is obvious. For example.
the cyclotrimerization of three simple achiral alkenes could, ßη prin-
ciple, furnish α saturated six-membered ring ιvith six contiguous
stereocenters Ι As ßη the case of the Diels-Alder reaction, these

|2+2+21cycloadditions would fuιnish products that are simply τhe

sum of the starting materials.3

L2+2+2] Cycloaddition reactions would appear to hold greaι
promise for the facile construction of carbocyclic systems. Neyer-
theless, examples of purely thermal |2+2+2] cycloadditions are

rare. Iη 1866, Berthelot reported that benzene can be formed by the

cyclotrimerization of acetylene at ca. 400'C.5 Although thermal

|2+2+2) cycloaddition reactions are symmetry-allowed and, ßη mosι
cases, highly exothermic, ßt is likely that the significant decrease ßη
entropy disfavors such transformations. Οη the other hand, [2+2+]]
cycloadditions can be performed with much greater success bl
using transition metal complexes. Iη these transformations, the tran-
sition metal serves as α template υροη which α variety of unsatu-
rated molecules can undergo mutual bond formation. Ιt was Reppe
et αl. who, ßη 1948, described the first transition metal mediated
cyclooligomerization of acetylene.6 Ιη this pioneering rvork, it rvas

shown that nickel catalysts can induce the cyclooligomerization of
acetylene to benzene, cyclooctatetraene, and siyrene. It is ηοττ

known that α large number of transition metal systems can promote

[2+2+2] cycloadditions between alkynes, even functionalized
alkynes, to give α variety of benzene derivatives.ab,7

-ffi ,:::
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Scheme 3. CpCo(CO)2-catalyzed cyclotrimerization of 7 vrith 8, and subsequent reacτions of benzo-
cyclobutene θ.

The employment of BTMSA (8) ßη the cobalt-mediated cyclotri-
merization described above is significant for three reasons, First, it
was reasoned that the tlvo trimethylsilyl substituents would confer
sufficient steric bulk to 8 such that autocyclization (homooligomer-
ization) would not occur. Βυt ßη contrast to di-lerr-butylacetylene, α
compound too hindered either to autocyclize or to cyclotrimerize,
BTMSA (8) might participate ßη cyclotrimerizations with α,ω-
diynes because the carbon(sp)-_silicon bond (ca. 1.9 Α) is longer
than the carbon(sp)-carbon(sp3) bond (1.46 Α). as shovrn ßη
Scheme 3, BTMSA (8) indeed undergoes cyclotrimerization with
αη a,ω-diyne ßη the presence of α catalytic amount of CpCo(CO)2.
At least οη the time scale of the cyclization experiment, BTMSA
(8) does not react ιvith itself. Second, because compound 8 is sym-
metrical, regiochemical problems would not arise ßη cyclotrimeriza-
tions with unsymmetrical a,ω,diynes. And third, the silylbenzene
products that emerge from cyclotrimerizations of silylated alkynes
are amenable to α variety of electrophilic aromatic substitution
reactions,11 For example, the tιvo trimethylsilyl groups ßη benzocy-
clobutene θ can be replaced by elecιrophiles, selectively and step-
wise (see 9-+12, Scheme 3).9 Interestingly, the rate associated
with the replacement of the first trimethylsilyl group is ca. 4Ο times
greater than that for the second. Differentially substituted benzene
derivatives are thus readily available.

Wiih respect tο reaction mechanism, it is likely that CpCo(CO)2-
mediated alkyne cyclotrimerizations proceed through discrete orga-
nometallic intermediates and are therefore ηοß concerted.12 Α ρΙαυ-
sible mechanistic pathway for the CpCo(CO)2-catalyzed cyclotri-
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mal oxidaiion state of cobalt ßη Β is two units higher than it is ßη Α.
Insertion of the remaining alkyne into the vinyl-cobalt bond would
then give the metallacycloheptatriene C, after vrhich ring contrac-
tion (reductive elimination) and extrusion of CpCo would furnish
the final product. Alternatively, complex Β could undergo conver-
sion to the benzocyclobutene product through αη intramolecular
Diels-Alder reaction, followed by demetalation.

With α new method for the construction of benzocyclobutenes ßη
hand, ßt was of interest to determine if α 1,S-hexadiyne substituted
vrith α potential dienophile would take part ßη cobaltQ)-induced
cyclotrimerization reactions. If so, then the initially formed benzo-
cyclobutene product could, ßη principle, be òοηνεττεd ßη situ to α
highly reactive ortho-qιiπodimethane through conrotatory ring
opening and thence to α polycyclic ring system νßα αη intramolecu-
lar Diels-Alder reaction. Indeed, intramolecular cycloadditions to
reactive ortho-qιlinodimethanes are powerful and elegant transfor-
mations that can expedite the synthesis of α myriad of complex
polycyclic systems. Wolfgang Oppolzer stands foremost among the
developers of this efficient strategy for polycycle construction.
Oppolzer was the first to demonstrate that reactive orrho-quinodi-
methanes, generated by thermally-induced opening of the four-
membered ring of benzocyclobutenes, serve admirably as dienes ßη
intramolecular |4+2] cycloaddition reactions with pendant dieno-
philes.l3 This important rvork laid the foundation for αη elegant
synthesis of (t)-chelidonine (see Scheme 5).13. Not surprisingly,
the efficiency of this methodology soon captured the attention of

, ßηtταmοιeòι!ιατ
DieIs-AIder

ο
(
ο

ο

""ο{ c

ζ¼d» ffi

(+)-chelidonine

Scheme 5. Oppolzer's synthesis of (t)-chelidonine.
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The homology of the tricyclic products ßη Scheme 6 to the ABC-
ring portion of the steroid nucleus is obvious. Iη fact, the facility
\λ/ßth which these tricyclic materials òαη be constructed from simpli
building blocks provided the impetus for the development of αη
exceedingly efficient synthesis of the female sex hormone, estrone
(1). This importanτ biomolecule has stimulated the development of
numerous. 

_ 
synthetic strategies and these have been amply

revie,,rved. 16 The remainder of this chapter is devoted to the brillþnt
synthesis of racemic estrone by Κ. Ρ. C. Vollhardτ òτ αl.Ι2,17

Ι0.2 Retrosynthetic Analysis and Strategy

The tetracyclic steroidal framevrork of the estrone molecule òοm-
prises four contiguous stereocenters and is distinguished,by trans-
anti-trans ring fusion stereochemistry. Compound 13 could serve
as α retrüsynthetic precursor for the natural product provided, of
course, that the former compound can be manipulated ßη α regio-
selective manner (Scheme 7). Although direct precedent for the
regioselective conversion of bis(trimethylsilyl)esiratrienone 13 to
estrone vr'as not available, it was known that arylsilanes can be sub-
stituted with α variety of electrophiles.ll Compound 13 presented
itself as α very attractive synthetic intermediate because it could, ßη
principle, be assembled ßη one pot from compounds 16 and 8. Iη
the syntheiic direction and οη the basis of the results summarized
ßη Schemes 3 and 6, it vras anticipated that cobalt-catalyzed cycloo-
ligomerization of 1,S-diyne 'l6 and BTMSA (8) ιvould furnisir ben-
zocyclobutene 15. οη heating, the strained benzocyclobutene 15
would be expected to participate ßη α conrotatory electrocyclic ring-
opening reaction to give the highly reactive ortho-qιlinodimethane
(ortho-xy|ylene) 14 as α transient inteιmediate. Although 14 could
undergo electrocyclic ring closure back to benzocyclobutene 15, it
could also paιlicipate ßη α very productive intramolecular Diels-
Alder reaction to give ietracycle 13. Driven thermodynamically by
the restoration of aromaticity, the intramolecular [4+2] cycloiddi-
tion event vrould accomplish the formation of trryo carbon-carbon σ
bonds and rings Β and C of the natural product. This particular
strategy for the construction of estrone's polycyclic framelvork vvas
guided by the assumption that the crucial intramolecular Diels-
Alder reaction would proceed through α1 eχo transition state geo-
metry, of ιhe tlvo possibilities, exo transition state Α, ßη which the
νßηγΙ grouping engages the β face of the ortho-qιιinodimethane,
was deemed more favorable than Β οη steric grounds; molecular
models sholv that eχο transition state Α closely resembles the ener-
getically more favorable chair conformation, while exo transition
state Β adopts α boatlike conformation and is destabilized by ηοη-
bonding interactions. Υου ινßΙΙ note that intramolecular [4+2)
cycloaddition through eχο transition state Α would furnish ietra-
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162 1Ο Estrone

cycle 13 with the requisite trans-anti-trans ring fusion stereo-
chemistry. Thus, through cobalt-catalyzed cyclotrimerization and
intramolecular Diels-Alder reactions, monocycle 16 could conceiy-
ably be converted to tetracycle'l3 without the isolation of αηγ
intermediates; if successful, this elegant consecutive reaction pro-
cessl5' lvould accomplish the formation of five carbon-carbon
bonds and two contiguous stereocenters !

The synthetic problem is norv reduced to cyclopentanone 16.
This substance possesses two stereocenters, one of which is qua-
ternaly, and its constitution permits α productive retrosynthetic
maneuver. Retrosynthetic disassembly of 16 by cleavage of the
indicated bond furnishes compounds 17 and 18 as potential precur-
sors. Ιη the synthetic direction, α diastereoselective alkylation of
the thermodynamic (more substituted) enolate derived from 18 ιvith
αlΚγ1 iodide 17 could afford intermediate 16. While trimethylsilyl
enol ether 18 could arise through silylation of the enolate oxygen
produced by α Michael addition of α divinyl cuprate reagent to 2-
methylcyclopentenone (1θ), iodide 'l7 can be traced to the simple
and readily available building blocks 7 and 20. The application of
this basic ρΙαη to α synthesis of racemic estrone t(t)-l] is described
below.

10.3 Total Synthesis

The efficient synthesis of estrone by Vollhardt and cov,zorkers com-
mences with the conjugate or Michael addition of the divinyl cup-
rate reagent derived from vinylmagnesium bromide (tιvo equiva-
lents) and CuI (one equivalent) to 2-methylcyclopentenone (1θ)
(see Scheme 8). Trimethylsilylation of the resulting enolate oxygen
then gives silyl enol ether 18 ßπ 89Ψο yield. Iη α parallel sequence
of reactions, exposure of 1,S-hexadiyne (7) to three equivalents of
n-butyllithium and one equivalent of tetramethylethylenediamine
(TMEDA) results ßη the formation of α trilithiated compound. Iη
the presence of ethylene oxide (20), α completely regioselective
alkylation of the more nucleophilic propargylic position occurs to
give the desired 3-substituted diynol 21 ßη 65 Ψο γßεl'd. Quantitative
conversion of 21 to the corτespoπdlng para-toluenesulfonaιe ester,
followed by α simple Finkelstein exchange, then provides iodide 17
ßι 96 Ψο overall yield.

Αη important stage ßη the synthesis has been reached. Ιt was
anticipated that cleavage of the trimethylsilyl εηοΙ ether ßη 18 using
the procedure of Binkley and Heathcockl8 would regiospecifically
furnish the thermodynamic (more substituted) cyclopentanone eno-
late, α nucleophilic species that could then be alkylated lvith iodo-
diyne 17. Το secure rvhaι is to become the trans CD ring junction
of the steroid nucleus, the diastereoisomer ßη ιηιhßòh the νßηγΙ and
methyl substituents have α cls relationship must be formed, Ιη the
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ενεηt, exposure of trimethylsilyl εηοΙ ether 18 to the action of
lithium amide ßη liquid NH:-THF furnishes the corτesponding eno-
late. When the latter is then treated with iodide 't 7, αη enolate αΙΚγ-
lation reaction takes place to give α 2:1 mixture of trans (16) and
cis diastereomers, each as α mixture of C-9 (steroid numbering)
epimers (64 Ψο total yield). Although the diastereoselectivity exhib-
ited ßη this step is disappointing, the major product 16 (as α mixture
of C-9 epimers) possesses the requisite C13-C14 relative sτereo-
relationship and can be separated chromatographically from the
undesired cjs stereoisomers. Ιt should be noted that although the
enolate produced ßη the initial conjugate addition step could, ßη
principle, be alkylated directly with iododiyne 17, it was found that
the copper salts present ßη the reaction mixture interfered with the
unprotected alkyne functions. Trimethylsilyl enol ether 18 is αη
attractiye precursor for the requisite enolate because it can be easily
purified by distillation.

We are ηο,"ν ßη α position to address the crucial and exciting
cobalt-catalyzed cyclotrimerizaτion of 16 ιvith BTMSA (8), From
the outset, the configuration at the benzylic position (C-9) ßη 15
,uyas of ηο concern because both benzocyclobutene diastereomers
should undergo conversion tο the same ortho-quinodimethane 14
by α conrotatory opening of the four-membered ring. Gratifyingly,
cocyclization of diyne 16 ιvith BTMSA (8) ßη the presence of
CpCo(CO)z (5 mol %) under oxygen-free conditions furnishes α
single estratrienone 13 ßη Ι8% γßε|d and α mixture of epimeric
benzocyclobutenes 15 (567ο yield). When α solution of the stereo-
isomeric benzocyclobutenes ßη decane is heated to reflux, the
desired ring opening and intramolecular Diels-Alder reactions take
place smoothly, providing the desired estratrienone 13 ιη 95α/ο
yield; τhε τοταΙ yield of 13 is τhus raised ßο ºLºο. The diasτereo-
selectivity of the conversion of '16 to 13 is truly remarkable, indi-
cating that the crucial intramolecular Diels-Alder step proceeds
preferentially through exo transition state Α (Scheme 7),

The jouιney to estrone (1 ) is almost complete. Iη the event that α
regioselective oxidative aryl-silicon bond cleavage could be
achieved, 2,3-bis(trimethylsilyl)estratrienone 13 could serve as α
potential precursor to estrone. Somehow, the trimethylsilyl group
attached to C-3 has tο be replaced by α hydroxyl group, while the
C-2 trimethylsilyl group has to be replaced by α hydrogen αtοm.
During the course of the synthesis, interesting and very useful
observations suggested that the 2-position of 2,3-bis(trimethyl)silyl-
ated A-ring aromatic steroids is actually more susceptible to αη
electrophilic attack than the 3-position.17" The increased reactiviτy
of the 2-position ßη 13 can, ßη fact, be exploited to achieve the total
synthesis of the estrone molecule. Under caref'ully controlled condi-
tions, exposure of 2,3-bis(trimethylsilyl)estratrienone 13 to the
action of trifluoroacetic acid (ΤFΑ) ßη CCl+ at -30 

oC results ßη the
formation of α 9:Ι mixture of regioisomeric monotrimethylsilylated
compounds ßη favor of the desired C-3 silylated steroid (90 %
yield). Α regioselective protodesilylation of 13 was thus achieved.

16

,ι5

14

,ι3

(t)-1: (t)-estrone
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