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Abstract—An expedient synthetic route to E-ring extended estrone derivatives is reported. Estrone-derived cyclopentenones were
accessed by an intermolecular Pauson–Khand (PK) cycloaddition. It was found that electron donating and withdrawing substituents
in the arylalkyne increased and decreased the yields of PK products, respectively. The stereochemistry of the products was eluci-
dated by X-ray and NMR studies.
� 2006 Elsevier Ltd. All rights reserved.
Several D-ring alkylated estrone analogues display
exceptionally high affinity for estrogen receptors.1 In
particular, compounds in which an E-ring is formed
are known to be involved in the inhibition of steroido-
genic enzymes.2,3 Such compounds also have an effect
on steroid dehydrogenase activity and the ability to inhi-
bit the detrimental action of the steroid sulfatase
enzyme.4

Generally, E-ring extended steroids have been accessed
by modification of the C17-ketone in the D-ring by
either arylimine or oximino formation,5 addition of a
carbon nucleophile2 or hydrazone formation.4 Other ap-
proaches have included ketone reduction, silyl enol ether
formation or ring-closing metathesis (giving five- or six-
membered E-rings).6,7

While a number of skeletal variations of steroids have
been examined and other cycloaddition—mediated ap-
proaches to D-ring modification have been developed,1,8

ring extension via an intermolecular Pauson–Khand
reaction (PK) has not hitherto been described.
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�X-ray crystallography.
The PK reaction has been considered a valuable and
convergent method for the synthesis of five-membered
rings.9 This carbon–carbon bond forming reaction con-
verts an alkyne, an alkene and carbon monoxide into a
cyclopentenone unit under the influence of a transition
metal carbonyl compound, usually dicobaltoctacar-
bonyl, (Fig. 1).10 Since its discovery in the early seven-
ties,11 the usefulness of the reaction has been
broadened through the development of promoters
and catalytic techniques. Although the reaction was dis-
covered in its intermolecular form, the scope of the
intermolecular PK reaction has always been limited by
the poor reactivity and selectivity of simple alkenes.
Since only low to modest yields have been reported for
unstrained alkenes, most of the intermolecular PK
applications have been restricted to the use of strained,
norbornene-type alkene structures. An additional limi-
tation is the possible mixture of regioisomers as reaction
products, thus, there are only a few examples of inter-
molecular PK reactions where unsymmetrical rings have
been used as the alkene substrate.12
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Figure 1. The Pauson–Khand cycloaddition reaction.
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Figure 2. The ORTEP X-ray structure presentation of 8a at 30%
probability level with crystallographic numbering.

5670 E. Kaasalainen et al. / Tetrahedron Letters 47 (2006) 5669–5672
During the course of our studies towards the synthesis
of skeletally modified estrone analogues, it was shown
that 3-methoxy-estra-1,3,5(10),16-tetraene derived from
estrone undergoes an intermolecular PK cycloaddition
leading to estrone analogues which contain a 2-phenyl-
cyclopentenone E-ring.

In the first phase of our work, estrone 1 was converted
to 3-methoxy-estra-1,3,5(10),16-tetraene 3 via the Shap-
iro reaction13 as shown in Scheme 1. The 3-hydroxy
group of estrone 1 was methylated with MeI in the pres-
ence of K2CO3 yielding 78% of 2 after crystallisation.14

The Shapiro reaction of estrone has previously been
performed with tosyl hydrazide and catalytic HCl in
THF followed by elimination with 30% overall yield.15

In our hands, the tosyl hydrazone was formed in 82%
yield with p-TsOH as catalyst in toluene. Subsequent
elimination of the tosyl hydrazone with excess base16

afforded alkene 3 in a yield of 78% after column
chromatography.

The PK reaction of alkene 3 with phenylacetylene 4 and
t-butyl methyl sulfide promoter in dichloromethane17

afforded cyclopentenones 8a and 8b in 55% combined
yield after purification by column chromatography
(Scheme 2).18 The isomers 8a and 8b were separated
by crystallisation.

To determine the influence of the electronic nature of the
alkyne, the reaction was performed with different aryl
alkynes substituted at the 4-position. Substituents with
an electron donating character, i.e. a 4-Me group, (al-
kyne 6), increased the yield of the desired product 10
(59%). Further increasing the electron donating nature
of the substituent (4-OMe), the reaction of p-methoxy-
phenylacetylene 5 with 3 afforded product 9 with an
excellent yield of 83%. As expected, if the electron
donating character of the alkyne is decreased by an elec-
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Scheme 1. Reagents and conditions: (i) K2CO3, MeI, acetone, 78%, (ii) (a) p
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Scheme 2. Pauson–Khand reaction with 4-substituted phenylalkynes.
tron withdrawing ester group, such as in alkyne 7, a con-
siderably lower yield was obtained (29% of 11).19a

The PK reaction with alkene 3 and alkyne 4 (as well as
alkynes 5–7) gave rise to a mixture of two cyclopent-
enone isomers 8a and 8b. The regio- and stereochemist-
ries were determined by crystal structural analysis and
using a combination of NMR techniques: COSY,
HSQC and ROESY. We succeeded in growing crystals
of PK adduct 8a, which were suitable for X-ray analy-
sis19b (Fig. 2), and which allowed us to determine the
configuration of 8a based on the known stereochemistry
of the optically pure estrone 1 and chiral space group
P21. NMR studies were used to determine whether 8a
and 8b were regio- or stereoisomers. The bridgehead
methyl group showed a strong ROE effect with both
protons Ha and Hb (Scheme 3), indicating that the pro-
tons are located on the same side of the fused rings, and
thus leading to the conclusion that compound 8b is a
regioisomer of 8a.

The regiochemistry of the PK reaction can be explained
by electronic and steric factors during the insertion of
the alkene component into the cobalt–alkyne com-
plex.12,20 In special cases the regioselectivity is believed
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Scheme 3. Observed ROE correlations.
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to depend not only on through-bond inductive effects of
the remote substituents but also to be controlled by
through-space orbital interactions.21 The only examples
of the formation of unsymmetrical rings have been with
bridged alkenes, such as norbornyl- or 8-oxabicy-
clo[3.2.1]oct-6-ene derivatives or strained cyclobut-
enes.12 Due to the insertion of the less hindered face of
the alkene p-bond into a less substituted C–Co–bond
in the cobalt–alkyne complex, the intermolecular PK
reaction commonly yields exo-fused products with the
larger alkyne substrate in the a-position with respect
to the carbonyl. Large allylic substituents on the alkene
tend to align themselves ‘anti’ to the carbonyl group.

The ratios of regioisomers a and b in adducts 8–11 indi-
cate (Scheme 2) that electronic effects exerted by alkyne
substituents have no significant influence on the regiose-
lectivity. However, the fact that the sterically less bulky
phenylacetylene 4 leads to adduct 8a as the major isomer
while regioisomers 9–11b dominate with substituted
phenyl alkynes 5–7, implies that even distant steric ef-
fects, i.e. smaller substitution of 4, may affect the
regioselectivity.

To conclude, 2-phenylcyclopentenone was introduced to
the estrone D-ring via an intermolecular PK reaction
yielding E-ring extended estrone derivatives. Our cur-
rent efforts are aimed at broadening the scope of this
reaction.
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