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ABSTRACT

The mechanism of samarium diiodide (SmI2)-induced cyclization of R,β-unsaturated esters and ketones to bicyclic compounds was examined
using ESR spectroscopy. This is the first report of direct evidence of the radical intermediates in the SmI2 reaction. The preferential reduction of
the R,β-unsaturated carbonyl part in some substrates should be recognized as a main route.

Single-electron reduction by samarium diiodide (SmI2)
is a well-known organic reaction.1 In the past 30 years,
various reviews have been published and this reaction is
used in many synthetic works.2 The reaction mechanism
and the effect of cosolvents, additives, or temperature have
also been investigated in detail.3

Carbonyl-alkene couplings represent one of the widely
studied and useful C�Cbond forming reactions promoted
bySmI2.

4 This is a highly effectivemethod for the reductive
coupling of aldehydes or ketones with alkenes and

aromatic systems. Mechanistically, these reactions have

been described as a ketyl-alkene coupling, involving single-

electron reduction of the carbonyl substrate to give a ketyl

radical anion intermediate followed by addition to the

unsaturated C�C bond. More recent reports have shown

the selective conjugate reduction of the electron-deficient

double bond followed by anionic (or possibly radical)

addition to the carbonyl group.5 As with many other

SmI2 mediated transformations, fine-tuning of the reac-

tion using additives such as proton sources or HMPA can

have a marked influence on the efficiency and stereoche-

mical outcome of the reaction.6 The reduction potential of

SmI2 in THF and the effect of varying concentrations of

HMPA on the redox potential were determined. The

oxidation potential of SmI2 can be changed from �1.33

V (0 eq of HMPA) to�2.05 V (4 eq of HMPA) vs the Ag/

AgNO3 reference electrode.
7 On the other hand, compar-

ison of the half-wave potentials of R,β-unsaturated carbo-

nyls with those of corresponding saturated carbonyl com-

pounds has been extensively studied in electrochemistry.8

The first waves of carbonyl groups, referred to as SCE,

are �2.45 V (cyclohexanone), �2.25 V (methyl ethyl
ketone),�1.8 V (propionaldehyde),�1.55 V (cyclohex-2-en-
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1-one),�1.50V(acrolein), and�1.42V(methylvinylketone),
respectively.8 Therefore, the reduction of anR,β-unsaturated
carbonylmoiety seems easier than that of the isolated ketone
carbonyl group in electrochemical conception. No direct
evidence has been provided until now.
Wehavebeen interested in theutilizationofSmI2 insynthetic

works9 andhavepublishedan intramolecular reductive cycliza-
tionreactionproducing5/6,6/6,5/7,and6/7memberedbicyclic
compounds.10During thesestudies,webecameinterested in the
mechanistic aspects of these reactions. In the presence of the
proton source, the product ratio greatly differs from the case
without any additive.10We have attributed these differences to
the preferential reduction of the R,β-unsaturated carbonyl
moiety prior to the C�C bond formation.
Here, we offer evidence of this reaction mechanism by

measuring the ESR spectrum using the spin trapping
reagent 5,5-dimethyl-1-pyrroline N-oxide (DMPO).
When 1was treatedwith SmI2, 4 (entries 1�3) or 3 and 4

(entry 4) were isolated (Table 1). Compound 3 was a
lactone and its relative configuration was determined by
the NOESY spectrum, while 4 was a hydroxyester whose
relative configurationwas isomeric at theC-3 position of 3.

Interestingly, 4 always predominated, even in the presence
of HMPA (entries 1�4, Table 1). Next, 2 was similarly
treated with SmI2 to afford 3 and 4 (entries 5�8). Except
for entry 8, lactone 3predominated.When the proton source
was added to 1 (entries 2, 3), the yield of the product 4
increased. However, in the case of Z-isomer 2, the yield of
lactone3wasnot changedverymuch (entry 6). Interestingly,
themass balance beween 3 and 4was interchanged in entry 8
when HMPA was added. The mechanism will be discussed
later. The ease of cyclizing to a lactonewith cis substitution is
seen in 3, but in the case of trans substitution of the hydroxy
and methylene groups, formation of a lactone might be
disfavored in the case of a five-membered carbocycle.
When the reaction was quenched with D2O, the corre-

sponding deuterio compounds, 3a and 4a, were obtained.
The presence of one deuterium atom was verified by the
MSspectra; the positionof the deuterium introductionwas
revealed byNMR.The signals ofR-proton to the carbonyl
group was greatly decreased in the 1H NMR spectra of 3a
and 4a (see Supporting Information).
One-carbon-longer esters 5 and 6 were studied next.

These compounds were treated with SmI2 with or
without additives (Table 2). E-ester 5 predominantly
afforded trans fused lactone 811 (entries 1�4), while
Z-ester 6 mainly gave cis-fused lactone 711 (entries

Table 2. Reaction of 5 and 6 with SmI2

Table 1. Reaction of 1 and 2 with SmI2
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5�8). These structures were solved by X-ray crystal-
lographic analyses.
We wanted to obtain direct evidence to show that the

radical intermediate is produced in these reactions. We

used a radical trapping reagent to see the ESR spectrum.

To confirm the ESRpattern,methyl 3-methyl-2-butenoate

(10) was allowed to react with SmI2 in the presence of

DMPO and the ESR spectrum of the adduct was mea-

sured. The ESR spectrum in Figure 1a was obtained. The

simulated spectrum was also shown in Figure 1b. In this

case there is no other site of reduction; only adduct 11was

produced. This result shows that single-electron reduction

of the R,β-unsaturated ester gives a radical anion inter-

mediate by SmI2 followed by trapping to a carbon radical

at the β-position of the samarium enolate.
In the case of DMPO and 1, the ESR spectrum in

Figure2awasobtained.Fromthe splittingpattern, the radical
species was calculated and two patterns were simulated.
Both simulation patterns are presented inFigure 2b, c. The
hfc values for the species 12were a(N)= 1.40 and a(H)=
2.19mT, while those for the species 13were a(N)=∼1.47
and a(H) = ∼2.49 mT in spectra (b) and (c), respectively.
When the contribution of both species was 1:1, the simu-
lated spectrum was quite different from spectrum (a). The
contribution of spectrum (c) seems to be quite small, and
thus, spectrum (b) and 12%of spectrum (c)were combined
to afford the simulated spectrum (d). The real one (a) and
the simulated one (d) are very similar to each other,

showing that the predominant mechanism should be route
a (1f14f12) and hence route b (1f16f13) is minor
(Figure 3).
Because the enone moiety is easily reduced, Sm(II) first

reduces the ester carbonyl group to afford a radical anion
14. Another SmI2 further reduces the ketone group to
provide dianion 15 with the formation of a C�C single
bond. When D2O was added, both anions took deuterium
atoms producing 4a (Figure 3).
Contrary to the results shown in Figure 2, the spin

trapping experiment using 2 and DMPO provided a
different spectrum as shown in Figure 4a. The simulated
spectrum of the sum of 12 and 13 in 1:1 ratio (Figure 4b) is

Figure 1. Reaction of methyl 3-methylbut-2-enoate (10) with
SmI2 in the presence ofDMPO. (a) ESR spectrum of the reaction
mixture; (b) simulated spectrum of adduct 11.

Figure 2. (a) ESR spectrum of the reaction of 1 with SmI2 in the
presence of DMPO (rt, 1 min); (b) simulated spectrum of 12; (c)
simulated spectrum of 13; (d) sum of 12 and 13 (100:12).

Figure 3. Mechanism for reductive cyclization of 1 and cyclization
to 15.
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slightly different from (a). This is presumably due to
contamination by an unknown species or impurities. After
several trials, we found that the addition of the unknown
species for simulation afforded the spectrum in Figure 4c,
which is very similar to (a).
It is thus clear that the R,β-unsaturated carbonyl group

is easily reduced by one-electron transfer processes in-
itiated by Sm(II) to produce a radical anion like 14. This
radical can formaC�Cbondbetween the carbonyl carbon
synchronized with reduction by another Sm(II) producing
a dianion like 15. Of course these processes compete with
the direct reduction of the carbonyl group generating the
radical 16. These results indicate that at least 1 is prefer-
entially reduced at the R,β-unsaturated ester moiety and
provide direct evidence that both radicals 14 and 16 are
formed by reduction of Sm(II).
The stereochemistries of the productswere controlled by

the steric repulsion between the carbonyl group and the
R,β-unsaturated ester moiety as shown in Figure 5. The
E-ester 1 proceeds with the cheletion mechanism, while
the Z-ester 2 proceeeds with the nonchelation control. In
the case of 1, the R,β-unsaturated moiety is preferentially
reduced to afford the radical species 14 (A in Figure 5),
which is in equilibriumwith (B). Because themethyl group
at the bridge head position has steric repulsion between the
estermoiety (conformationB), the cyclizedproduct has the
stereochemistry depicted in 4. 2 is rapidly reduced at the
ketone carbonyl group as shown by the ESR trapping
experiments,providingspeciessuchas(C)and(D) inFigure5.
Apparently conformation (D) is more stable, because the
R,β-unsaturated moiety has steric repulsion between the

cyclohexane part in the case of (C). Therefore, 3 is produced
as amain product (Table 1). Both conformations (E) and (F)
have steric repulsion between themethyl group and the ester
part. This is why trans-fused products were not formed.
These results are inmarked contrast to those by Shirahama
et al.,12 because their compounds have hydroxy groups in
the side chain to control the stereochemistry by chelation
with Sm.
WhenHMPAwas added (Table 1, entry 8), the ratiowas

reversed, as in the case of cis ester 2. Addition of HMPA
resulted in formationof the bulky surroundings around the
Sm atom and the R,β-unsaturated ester part has a steric
repulsion, pushing away close to conformation (C), to
afford 4. Thus, the stereochemistry obeys the preferred
conformation as shown in Figure 5.
In conclusion, we have observed the formation of two

kinds of radicals, 14 and 16, by radical trapping with
DMPO and ESR spectra. This is, to the best of our
knowledge, the first report on the detection of radical
formation in the SmI2 reduction. The precise mecha-
nism for a given reductive carbonyl-alkene coupling will
depend on the specific combination of reactants and
the respective redox potential and rates of reduction of
each component by the lanthanide reagent. Spin trap
experiments using ESR is useful for the clarification of
selectivity and the mechanism of the radical reaction
initiated by SmI2.
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Figure 4. (a) ESR spectrum of the reaction of 2 with SmI2 in the
presence of DMPO (rt, 1 min); (b) simulated spectrum of the
sum of 12þ 13 (1:1); (c) simulated spectrum of the sum of
(b)þ unknown species (see Supporting Information).

Figure 5. Mechanism for the formation of 3 and 4.
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