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Samarium(II) diiodide-mediated intramolecular cyclodimerisation of simple bis-enones and -enoates in
THF/MeOH has been investigated. Spirocyclic and elaborated polycyclic products, including stereodefined
cis-bicyclo[3.3.0]octane and trans-bicyclo[4.3.0]nonanes, are obtained in synthetically useful yield.
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Samarium(II) diiodide-mediated homodimerisation of a,b-
unsaturated carbonyl compounds1 involves initial formation of a
delocalised ketyl radical, for example, 2, arising from single elec-
tron transfer to the enone, which may either couple with an iden-
tical radical, or undergo conjugate addition to another enone
molecule, directly or following further reduction to the corre-
sponding delocalised organosamarium anion. Cabrera1b,c and oth-
ers1e have reported that acyclic enones, upon treatment with
SmI2 in the presence of HMPA, undergo homodimerisation fol-
lowed by intramolecular aldol condensation to give b-hydroxyke-
tone products, whilst cyclic enones only participate in the first
homodimerisation step, without subsequent aldol reaction, yield-
ing simple 1,6-dicarbonyl products.

Treatment of enones with SmI2 in the presence of added HMPA
and a proton source (stoichiometric tBuOH or MeOH) results in 1,4-
reduction of the enone.2 However, the complexity of the role of
additives in Sm(II)-mediated reactions is well known3,4 and a strik-
ing example is our report of SmI2-mediated reduction of an a-allyl-
oxy-substituted cyclopentenone, 1 (Scheme 1). Homodimerisation
was shown to be an efficient process in a mixed THF/MeOH solvent
system and subsequent intramolecular aldol condensation took
place. Stereodefined tetracycle 3 was obtained without 1,4-reduc-
tion of the enone.5

To explore this reaction further, we have now examined the
intramolecular cyclodimerisation of various bis-enones and -eno-
ates,6 of general structure 4, in THF/MeOH solvent mixture. Trap-
ping of the first formed radical, 5, with a tethered enone or
enoate as Michael acceptor, could be followed by intramolecular
aldol or Dieckmann condensation, providing a novel cyclisation
pathway for one-pot access to [3.3.0]bicyclooctane skeletons 6
and 7, respectively (Scheme 2).

Cyclisation substrates, diketone 8a,6a diester 8b7 and keto-ester
8c8 were each prepared from glutaraldehyde (Fig. 1). The results of
ll rights reserved.
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cyclisation of 8a–c upon treatment with SmI2 in THF/MeOH are
presented in Table 1.

Pleasingly, intramolecular cyclisation of diketone 8a took place
in good overall yield (Table 1, entry 1). trans-Bicyclo[4.3.0]nonane
9 was isolated as the major product, and its stereochemistry was
confirmed by X-ray analysis, alongside two minor, diastereomeric
cis-bicyclo[3.3.0]octanes, 10 and 11, the stereochemistry of each
of which was also confirmed by X-ray analysis.11 Substrate 8b gave
rise to a �1:1 separable mixture of products, 12 and 13, again in a
good combined yield (Table 1, entry 2). Cyclodecane 12 arises from
tandem inter- then intramolecular enoate homodimerisation, and
13 arises from intramolecular conjugate addition followed by Dieck-
mann condensation. In the case of mixed keto-ester substrate 8c,
intermolecular enone homodimerisation predominates, followed
by intramolecular aldol reaction and 1,4-reduction of the enoate
moieties, giving diastereomeric cyclopentanes 14 (Table 1, entry 3).
2

Scheme 1.
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Table 1
SmI2-mediated cyclisation of enone–enoate, bis-enone and bis-enoate substratesa

Entry Substrate Product(s) [yield%]b

1 8a

H

H

OH

OH

9 [53]c

H

H

OH

HHO

10 [12]c

H

H
HHO

OH

11 [6]c

2 8b
CO2Et
CO2Et

EtO2C
EtO2C

12 [38]d

O

CO2EtH

H

13 [35]

3 8c
HO

HO

CO2Et

CO2Et

7

14a [23],e 14b [33]e

a Reactions were conducted on 1.60–1.94 mmol scale, in 4:1 THF/MeOH at
�78 �C.9

b Isolated yield.
c The relative stereochemistry of each of the products 9, 10 and 11 was deter-

mined by X-ray analysis.
d Isolated as a 4:1 inseparable mixture of diastereomers with an unidentified side

product.
e C7 epimers 14a/b were isolated, of which one (14a) was inseparable from a

further minor diastereomer (14a dr = 3.5:1).10 Stereochemical assignments are
based upon the known SmI2-mediated coupling of a,b-unsaturated ketones.5
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The formation of 10, 11 and 13 is readily rationalised. SmI2-
mediated reduction of 8a or 8b and 5-exo-trig cyclisation lead to
Sm(III)-chelated12 cis-intermediate I and partial protonation then
gives an enolate intermediate, II. Aldol condensation (R = Me) leads
to diastereomeric b-hydroxy ketones, further SmI2-mediated
reduction of which accounts for the observed diol products 10
and 11. Similarly, Dieckmann condensation of II (R = OEt) gives rise
to 13 (Scheme 3).

Diastereoselective formation of 9 as the major product from
diketone 8a can be explained by assuming that initial cyclisation
of 8a proceeds via a conformation in which one enone group
occupies a pseudo axial position. Reduction and conjugate addition
lead to a trans-intermediate III. Following protonation, aldol
condensation does not occur since a highly strained trans-bicy-
clo[3.3.0]octane would result; instead a second protonation,
reduction of the resulting bis-ketone to a (bis)-ketyl radical IV
and pinacol coupling, then leads to cis-diol 9 (Scheme 4).

We now sought to extend this method to the preparation of
polycyclic systems. b-Substituted cyclic enones 17a and 17b,13

respectively, functionalised with remote enone or enoate function-
ality, were readily prepared from 1,3-cyclohexandione via conver-
sion to aldehyde 1514–16 and Wittig olefination. Similarly a mixed
enone–enoate 18, tethered via an ether linkage, was also pre-
pared13 (Scheme 5). The results of cyclisation of 17a/b and 18,
upon treatment with SmI2 in THF/MeOH, are presented in Table 2.

Intramolecular coupling to the pendant enone was observed for
17a, followed by tandem pinacol coupling or aldol condensation, to
give tricyclic products 19 and 20a/b, respectively (Table 2, entry 1),
and we rationalise the formation of each according to the analo-
gous acyclic system 8a. Thus, reduction of one enone moiety and
intramolecular coupling to the other enone lead to diastereomeric,
spirocyclic intermediates V and VI. This is followed either by intra-
molecular aldol condensation to give 20a and 20b with an embed-
ded cis-fused bicyclo[3.3.0]octane, or by a pinacol coupling to give
19. As with the acyclic system, the aldol reaction appears to be fa-
voured over pinacol when it is not precluded by ring strain
(Scheme 6).

Diols 21a/b, obtained from mixed enone/enoate 17b, demon-
strate that intramolecular coupling with a pendant enoate appears
to proceed more slowly than with an enone since intermolecular
homodimerisation of the enone predominates (Table 2, entry 2).
Once again, intramolecular aldol condensation follows the dimeri-
sation and further reduction then occurs to give the product diols.
The result is consistent with that observed in the acyclic series (Ta-
ble 1, entry 3). Interestingly, intramolecular conjugate addition of
b-alkoxy tethered analogue, 18, does take place in high yield. Sub-
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Table 2
SmI2-mediated cyclisation of cyclic enone–enoate, bis-enone and bis-enoate
substratesa

Entry Substrate Product(s) [yield%]b

1 17a

HO

H

HO

19 [18]

H

HOHO

5

6
7

20a [16],c 20b [9]c

2d 17b

H
OHOH

7 6

CO2Et
CO2Et

21a [14]e

H
OHOH

7 6

CO2Et
CO2Et

21b [25]f

3 18

O

OH O

OEt

22a [23],g 22b [48]g

a Reactions were conducted on 1.18–1.29 mmol scale, in 4:1 THF/MeOH at
�78 �C.9

b Isolated yield.
c Single diastereoisomers 20a and 20b were separated by column chromatogra-

phy. Relative stereochemistry at C5 and C7 is rationalised according to the forma-
tion of 11.

d A third product of unidentified structure was isolated in 10% yield.
e A 3JH6–H7 = 10.0 Hz axial–axial coupling (1H NMR, 400 MHz, CDCl3) is diagnostic

of the exo-cis equatorial diastereomer.
f We were unable to confirm the stereochemistry of this expected5 exo-cis axial

diastereomer due to overlap of the H6 resonance in the 1H NMR spectrum
(400 MHz, CDCl3).

g Two diastereomeric mixtures 22a and 22b were isolated by column chroma-
tography (22a dr = �2.5:1, 22b dr = �2:1).10,17
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toluene, D, 3–16 h (17a, 61%), (17b, 71%), (18, 50%).
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sequent protonation and further SmI2-mediated reduction lead to
spirocycles 22a/b (Table 2, entry 3).

Finally, we also investigated the intramolecular (9-endo-trig)
cyclisation of dione 23.18 However, treatment of 23 under the same
reducing conditions resulted in a mixture of diastereomeric prod-
ucts, 24a and 24b, in modest yield, from which we were able to
separate one diastereomer (24a) and identify its structure by
X-ray analysis.11 Tricyclic tetraols 24 arise from a remarkable cas-
cade sequence involving reduction of 23 followed by intermolecu-
lar homodimerisation to give a samarium bis-enolate, double
intramolecular aldol condensation, further reduction of the resul-
tant ketone functionality and pinacol coupling (Scheme 7).

In conclusion, we have investigated the SmI2-mediated, intra-
molecular cyclodimerisation of several (bis)-a,b-unsaturated
carbonyl compounds, which provide a rapid entry to cis-bicy-
clo[3.3.0]octane and trans-bicyclo[4.3.0]nonane products from
simple acyclic starting materials. Similarly, tricyclic products can
be obtained from cyclohexanone-containing precursors. In addi-
tion, ready access to other elaborate polycyclic and spirocyclic
products can be achieved, from simple starting materials and via
cascade sequences involving the iterative formation of multiple
carbon–carbon bonds and stereogenic centres.
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Supplementary data

X-ray crystallographic data for compounds 9, 10 and 11 and 24a
are provided in cif. format. Spectroscopic characterisation of com-
pounds 9–11, 13, 14b, 17a/b, 18, 19, 20a/b and 21a/b. Supplemen-
tary data associated with this article can be found, in the online
version, at doi:10.1016/j.tetlet.2009.03.031.
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