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The first samarium(II)-mediated spirocyclisation onto an
aromatic ring was achieved by the reaction of methyl
4-(4-oxoalkyl)benzoates with SmI2 in the presence of i-PrOH
and HMPA, yielding methyl 1-alkyl-1-hydroxyspiro-
[4.5]dec-6-ene-8-carboxylates in moderate to high yields.

Radical cyclisation is one of the most useful methodologies for
construction of spirocyclic quaternary carbon centres.1 While
the spirocyclisation by the reaction of tertiary radicals with
alkene or alkyne multiple bonds is well documented,2 radical
spirocyclisation onto an aromatic nucleus (Scheme 1) is
relatively limited. This is presumably due to both the instability
of spirocyclohexadienyl radical intermediate A and the reversi-
ble nature of the radical addition.3,4 The intermediate A can be
easily converted into an alkyl radical (1 or another)3 or a more
stable condensed ring 2.4

When the unstable radical species A can be oxidised or
reduced efficiently, spirocyclic compounds such as 3 could be
obtained from the aromatic ring with a loss of aromaticity.
Although some examples of the radical spirocyclisation onto an
aromatic ring have been reported,5 samarium(II)-mediated
formation6 of spirocycles by this process is unknown as far as
we are aware.7

Recently, we have reported that treatment of 4 with SmI2
yields ipso-substituted product 5 (Scheme 2).8 The detailed
investigation of this reaction revealed that addition of HMPA to
the reaction mixture dramatically changes the cyclisation mode:
thus, treatment of 4 with SmI2 in the presence of HMPA9 and i-
PrOH yielded a condensed ring 6 bearing a cyclohexadienyl
moiety as a diastereomeric mixture (8+1).10 Considering that
the ketyl radical attacks at the para-position of the ester group

of 4, we expected that the radical spirocyclisation onto an
aromatic ring could be possible when using benzoates such as 7
bearing an oxoalkyl group at the para-position to the ester
group. We report herein a samarium(II)-mediated stereose-
lective spirocyclisation via intramolecular radical addition onto
electron-poor aromatic rings. This is a reaction of considerable
interest in that the ketyl radical can attack at a more hindered
aryl carbon.11

First, we prepared benzoate 9 bearing a 4-oxopentyl group on
the para-position, and investigated the samarium(II) iodide-
promoted cyclisation. Selected results are summarised in Table
1. As we expected, treatment of 9 with THF solution of SmI2 in
the presence of HMPA (18 equiv.) and i-PrOH (2 equiv.) gave
spirocyclic compounds 10 and 11 in 50% yield (10+11 = 1.7+1,
entry 1). Increased loading of i-PrOH (entry 2) or HMPA was
less effective. Although some other proton source such as H2O
or 2,6-di-tert-butyl-4-methylphenol (BHT)12 was employed
(entries 3 and 4), a considerable amount of the starting material
was recovered or dienylspirocyclic compound 12 was obtained.
However, lowering the reaction temperature to 0 °C increased
the yield of 10 and 11 (93% yield, entry 6). In all cases, the
relative stereochemistry of the spirocyclic quaternary centre and
the neighbouring quaternary carbon was completely con-
trolled.13

As shown in Scheme 3, ethyl ketone 13 and aldehyde 14 were
used comparably for the present spirocyclisation. In both cases,
the desired spirocycles 15–18 were isolated in moderate yields
(51 and 57%, respectively). When a spiro[5.5]undecene pre-
cursor 19 was subjected to the samarium(II)-mediated cyclisa-
tion, the expected spiro compounds 20 and 21 were obtained
(20+21 = 1.6+1), although other unidentified products were
also produced.

Finally, the reactions of ortho- and meta-substituted benzo-
ates 22 and 23 were investigated. As shown in Scheme 4, ortho-
substituted benzoate 22 gave the desired spiro compounds 24

Scheme 1

Scheme 2 Reaction conditions: (a) SmI2 (3.5 equiv.), THF; (b) SmI2 (5
equiv.), HMPA (18 equiv.), i-PrOH (2 equiv.), THF, 0 °C.

Table 1 Spirocyclisation of 9a

Entry ROH (equiv.) Temp. 10 + 11 Ratiob (10:11) 12

1 i-PrOH (2) rt 50% 1.7+1 0%
2 i-PrOH (10) rt 55% 2+1 0%
3 H2O (2) rt 9% 2.5+1 0%
4 BHTc (2) rt 12% 2+1 17%
5 none rt 10% 2+1 18%
6 i-PrOH (2) 0 °C 93% 1+1.3 0%
7 i-PrOH (2) 278 °C 84% 1.7+1 0%
a All the reactions were carried out in THF using 5 equivalents of SmI2.
b BHT = 2,6-di-tert-butyl-4-methylphenol. c Ratios were determined by 1H
NMR.
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and 25 in 56% yield (24+25 = 7+1). In this case, a small amount
of a condensed ring 26 was obtained (8% yield) along with other
products. The undesired 26 would be produced by the
rearrangement of the cyclohexadienyl radical intermediate A
(Scheme 1),4 followed by single electron transfer by SmI2. As
we expected, cyclisation of meta-substituted benzoate 23
afforded no spiro compound, yielding an unstable condensed
cyclohexadiene 27 and an aromatised compound 28 (54%,
27+28 = 1+1). The diene 27 was gradually converted into 28
during purification. From these observations, the ketyl radicals
can attack the substituted benzene ring at the para- or ortho-
position to the ester group.

As shown in Scheme 5, this spirocyclisation will proceed via
the ketyl radical intermediate 29. Cyclisation of 29 would occur
onto the more reactive carbon (para- or ortho-position to the
ester group) to give the unstable cyclohexadienyl radical
intermediate 30. Another molecule of SmI2 reduces 30 from the
side of the oxygen atom as depicted in 31, and cyclohexadienyl
anion 3214 will be produced stereoselectively. Finally, alcohol-
ysis of 32 followed by 1,4-reduction of the resulting enoate 3315

by SmI2 gives a diastereomixture of 10 and 11.
In conclusion, we have demonstrated the first samarium(II)-

mediated spirocyclisation onto an aromatic ring. This reaction
can serve as a stereoselective synthetic route to highly
congested spirocyclic compounds. Further studies including the

reaction of substrates bearing other electron-withdrawing
groups are now under way in this laboratory.
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