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A catalytic and stoichiometric approach to the synthesis of
the steroid B-ring en route to estratrienes
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Abstract—Zirconocene catalyzed cyclization of 2-(5-methoxy-3-penten-1-yl)styrene in the presence of organomagnesium reagents
was studied. The cyclization proceeded in high isolated yields (up to 84%) with excellent trans-selectivity (>98%), which is unusual
for the formation of cyclohexane derivatives. Catalytic cyclization in the presence of Cp2ZrCl2 proceeded as well with similar results.
The reaction with (R,R)-(EBTHI)2ZrCl2 gave a cis/trans mixture of 5 in low yield and poor ee.
� 2007 Elsevier Ltd. All rights reserved.
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Scheme 1. Zr-based synthesis of (±)-3-methoxyestra-1,3,5(10)-triene-
16-one 1.
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Transition-metal mediated or catalyzed processes are
very important tools for the synthesis of carbo- and het-
erocyclic ring systems. Particularly interesting are those
based on the coupling of unsaturated fragments at a
transition metal center. In this regard, methods utilizing
zirconium and titanium reagents play leading roles.1

Although the majority of reported examples concern
Zr- or Ti-mediated reactions, the catalytic variants of
these processes have attracted considerable attention.
Several groups have independently shown that non-con-
jugated a,x-dienes can be cyclized into mono- or
di(methylmagnesium) compounds in the presence of a
catalytic amount of zirconocene (Cp2ZrCl2) and an
organomagnesium reagent (usually BuMgX or Bu2Mg).
The rate, yields, stereoselectivity and selectivity for
mono- or difunctionalized products are quite sensitive
to the nature of the diene, the magnesium reagent and
the reaction temperature, as well as the solvent used.
Understanding the role of these factors and their influ-
ence on the course of the reaction is essential for the
development of synthetically useful catalytic proce-
dures.2–4

Recently, we reported a short synthesis of (±)-3-meth-
oxyestra-1,3,5(10)-triene-16-one 1 from a substituted
styrene by using several Cp2ZrBu2 based reactions
(Scheme 1).5 The synthesis of the steroid B-ring was
accomplished by the zirconium-mediated cyclization of
2-(5-methoxy-3-penten-1-yl)styrene 2, which afforded
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organozirconium intermediate 3a (Scheme 2). Subse-
quent addition of a catalytic amount of CuCl resulted
in transmetallation of 3a to organocopper intermediate
3b. The formation of this species was essential for the
reaction with methallyl chloride to afford diene 4. It is
noteworthy that the cyclization proceeded with excellent
trans-stereoselectivity (>98%). Such high trans-selectiv-
ity was rather remarkable, because cyclizations of non-
conjugated dienes containing a terminal allylic ether
5 4

Scheme 2. Synthesis of the steroid B-ring during the synthesis of 1.
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Scheme 3. Cyclization of 2–5.
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having a four-membered tether with a stoichiometric
amount of zirconocene (or titanocene) usually gave
products with preferential cis-substitution on the
ring.6–9 However, it was noticed that this trend was re-
versed with substrates having an aromatic ring as part
of the tether connecting both double bonds. In addition,
it was observed that the trans/cis ratio depended on the
configuration of the allylic double bond.10,11

In addition, it was also shown that non-conjugated
dienes containing a terminal allylic ether or an alcohol
moiety could be cyclized under catalytic conditions to
the corresponding vinyl(methyl)derivatives.6,7,12,13 It
was within this context that we set out to investigate
the corresponding catalytic cyclization of 2 as an alter-
native synthesis of the steroid B-ring.

Initially, the cyclization of 2 was carried out under the
classical stoichiometric conditions reported by Negishi
(1.05 equiv Cp2ZrCl2, 2.1 equiv n-BuLi)6,7,14 and Sato
(1.1 equiv (i-PrO)4Ti, 2.2 equiv i-PrMgCl).11b,c The
results are listed in Table 1 (Scheme 3). The former
afforded the cyclized product 5 in 84% isolated yield
with excellent 98% trans-stereoselectivity (entry 1).15

This was in agreement with our previously observed
results.5 The titanium-mediated reaction gave 5 in a
good 73% isolated yield and with the same stereoselec-
tivity (entry 2).

Our study continued through examination of the Zr-cat-
alyzed cyclization of 2 (Table 1). We soon established
that cyclization of 2 in the presence of 10 mol %
Cp2ZrCl2 and 4 equiv of BuMgCl (THF, 20 �C) led to
the formation of the cyclized product 5 in 63% isolated
yield with 98% trans-stereoselectivity. To assess the
influence of the solvent on the course of the reaction,
cyclizations were run under the same conditions in
diethyl ether and toluene furnishing target compound
5 in 54% and 55% isolated yields, respectively. In these
reactions the formation of higher molecular weight
side-products was observed in small amounts (ca. 5%).
Efficient cyclization of 2 was also observed in the pres-
ence of Bu2Mg in toluene (66% isolated yield). Next
our attention turned to investigate the possibility of cat-
alytic enantioselective Zr-catalyzed cyclization. Racemic
Table 1. Stoichiometric and catalytic cyclization of 2–5

Entry Complex Equiv R–M

1 Cp2ZrCl2 1.05 n-BuLi
2 (i-PrO)4Ti 1.1 i-PrMgCl
3 Cp2ZrCl2 0.1 BuMgCl
4 Cp2ZrCl2 0.1 BuMgCl
5 Cp2ZrCl2 0.1 BuMgCl
6 Cp2ZrCl2 0.1 Bu2Mg
7 rac-(EBTHI)ZrCl2

c 0.1 BuMgCl
8 rac-(EBTHI)ZrCl2

c 0.1 BuMgCl
9 (�)-(NMI)ZrCl2

d 0.1 BuMgCl
10 (R,R)-(EBTHI)ZrCl2

c 0.1 BuMgCl

a Isolated yields.
b Side-products (5%) were formed.
c Dichloro[rac-ethylenebis(4,5,6,7-tetrahydro-1-indenyl)]zirconium(IV).
d (�)-Dichlorobis(1-neomenthylindenyl)zirconium(IV).
e 1H NMR yield.
(EBTHI)ZrCl2 complex (10 mol %) was employed as the
pre-catalyst in this study. Unfortunately, the cyclization
did not proceed either in THF or Et2O and the starting
material was almost completely recovered (>90%) (en-
tries 7 and 8). Analysis of the reaction mixture did not
reveal even traces of the expected product 5. This result
indicated that even the stoichiometric reaction would
not take place. A similar negative result was also ob-
tained with (�)-(NMI)ZrCl2 complex under the same
reaction conditions (entry 9).

Partial cyclization of 2 with a catalytic amount of (R,R)-
(EBTHI)ZrCl2 to 5 (16% yield) was observed only after
carrying out the reaction at 70 �C for 16 h (entry 10).
Interestingly, the product was obtained as 1.1/1 mixture
of trans and cis isomers.16 The asymmetric induction in
the trans isomer was 67% ee and 81% ee in the cis iso-
mer. The reason for the observed low catalytic activity
of chiral zirconocene complexes is unknown, especially
since these complexes have been successfully used for
the enantioselective cyclization of non-conjugated
dienes containing a terminal or an internal allylic alco-
hol moiety.3,13,17,18

Next, we decided to study the reaction mechanism. In
order to utilize the catalytic reaction for further
synthetic purposes, it was necessary to obtain a new
organometallic compound (an organomagnesium com-
pound such as 3c) at the end of the cyclization process.
Quenching of the reaction mixture after the reaction in
THF (conditions in entry 3) with DCl did not result in
any incorporation of deuterium in product 5. This result
confirmed the previously proposed reaction mechanism
(Scheme 4).6,12 The mechanism of the catalytic cycliza-
tion reaction involves (i) replacement of butene in
zirconocene-butene complex 6 by 2, followed by cycliza-
tion to zirconacyclopentane 7, (ii) elimination of the b-
Equiv Cond (�C, h) Solvent 5, Yielda (%)

2.1 20, 16 THF 84
2.2 20, 16 Et2O 73
4 20, 16 THF 63
4 20, 16 Et2O 54b

4 20, 16 Toluene 55b

4 20, 16 Toluene 66
4 20, 16 THF 0
4 20, 16 Et2O 0
4 20, 16 THF 0
4 70, 16 THF 16e (67% ee)
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Scheme 4. Reaction mechanism of the Zr-catalyzed cyclization.
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methoxy group from 7 to form alkylzirconium com-
pound 8, (iii) substitution of MeO by BuMgCl to yield
dialkylzirconocene 9, and (iv) b-hydrogen elimination
from the butyl group on zirconium to regenerate zircono-
cene-butene complex 6 and release cyclized product 5.
Although the result was not encouraging, we hoped that
perhaps by changing the solvent used a second transmet-
allation of 9 instead of b-hydrogen elimination would
promote formation of organomagnesium compound
3c. It was previously reported that the transmetallation
is promoted by using less polar solvents than THF
and/or diorganomagnesium compounds.4 However,
quenching of the reaction carried out in Et2O (entry
4), toluene (entry 5), or in the presence of Bu2Mg (entry
6) with DCl did not yield any detectable amount of deu-
terated products.

We can conclude that 2-(5-methoxy-3-penten-1-yl)sty-
rene 2 can be cyclized to the corresponding 2-meth-
oxy-5-methyl-6-vinyl-tetrahydronaphthalene 5 with
zirconium or titanium reagents under stoichiometric
conditions with high trans-stereoselectivity. Catalytic
cyclization proceeded as well, however, the use of a ste-
rically more demanding zirconocene complex such as
(EBTHI)ZrCl2, which would allow an enantioselective
reaction, did not occur in an acceptable yield. To the
best of our knowledge this is the first example where
the use of such a complex failed to promote the reaction.
Perhaps, the observed results could be explained by ste-
ric factors, which may not allow the substrate to ap-
proach the reduced zirconcene and to form the crucial
intermediate zirconacycle 7. Moreover, unlike in the
cyclization of a,x-dienes, it was not possible to control
the course of the reaction for the formation of (cyclo-
alkylmethyl)magnesium compounds. Nonetheless, fur-
ther research along these lines is under way.
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