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Abstract: Recent work from our laboratories has shown SmI2–H2O to be a versatile, readily-accessible and non-
toxic reductant that is more powerful than SmI2. This review describes the reduction of functional groups that
were previously thought to lie beyond the reach of SmI2 and complexity-generating cyclisations and cyclisation
cascades triggered by the reduction of the ester carbonyl group with SmI2–H2O.
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1. Introduction

First introduced in 1977 by Kagan,[1]
samarium diiodide (SmI

2
, Kagan’s rea-

gent) is a versatile single-electron reduc-
ing agent. The reagent is able to mediate
a wide range of radical and anionic trans-
formations, often with high regio-, stereo-
and chemoselectivity, and has thus been
used widely in critical transformations on
sensitive substrates, for example in natural
product syntheses,[2–5] and to generate high
complexity in cascade reactions. A major
advantage of SmI

2
arises from the ability to

tune its reducing power using additives and
co-solvents (e.g. (vs. Ag/AgNO

3
) SmI

2
:

–1.33 V; SmI
2
–H

2
O: –1.9 V; SmI

2
–HMPA:

–2.05 V).[6] This has led to the discov-
ery of new Sm(ii)-based reagent systems
that have opened up unexplored reaction
space through the manipulation of new
substrates. In recent years, our group has
shown that SmI

2
–H

2
O can mediate a range

of new reactions involving functional
groups and substrates that were previously
thought to lie beyond the reach of SmI

2
.

In this review, we present an overview of
recent work from our laboratories employ-
ing SmI

2
–H

2
O, starting with the discovery

of new functional group reductions and
concluding with their application in cycli-
sations and cyclisation cascades.

2. Discovery of New Reactivities

The potential of combining SmI
2
and

H
2
O was recognised during the pioneering

studies of Kagan,[1] and the accelerating ef-
fect of H

2
O on the reactions of SmI

2
with

less-reactive functional groups was noted
by Curran in 1993.[7] However, only in re-
cent studies by Flowers has it been shown
that the use of excess H

2
O results in the

formation of a stronger Sm(ii) reductant.[8]
Flowers’ results indicate thatwater exhibits
a much higher affinity for SmI

2
than other

proton sources, displacing the bulk solvent
from the inner coordination sphere even at
low concentration (50 equiv. with respect
to SmI

2
) and resulting in a change of mech-

anism for the reduction of acetophenone at
higher water concentration (>80 equiv.).[9]
Cyclic voltammetry studies determined a
reduction potential of –1.9 V for SmI

2
in

the presence of 500 equiv. of water (vs.Ag/
AgNO

3
). In 2009, Hoz reported that the use

of water with SmI
2
results in rapid trapping

of radical anions by protonation from wa-
ter bound to the samarium centre with pro-
ton transfer from the bulk solution being
insignificant.[10] More recently, Flowers
has demonstrated that water displaces the
iodides from the inner coordination sphere
of samarium.[11] In addition, coordinatively
saturated complexes were not formed even
at high water concentration, and thus sub-
strate binding to samarium and reduction
was not inhibited. The exciting properties
of SmI

2
–H

2
O have been exploited by our

group to uncover new reactivity and selec-
tivity in the chemistry of important func-
tional groups.

2.1 Selective Lactone Reduction
During studies on the development of

stereoselective SmI
2
–mediated conjugate

reduction/spirocyclisations, we found
that treatment of 1 with SmI

2
in THF us-

ing H
2
O as a co-solvent gave a mixture of

the expected lactone 2 and triol 3 (Scheme

1).[12,13] Prior to this observation, the re-
duction of unactivated aliphatic esters or
lactones with SmI

2
was thought to be im-

possible.
Importantly, the presence of a

β-hydroxyl was found not to be crucial
and the scope of the reaction was explored
using less-functionalised lactones. In all
cases, six-membered lactones underwent
reduction to the corresponding diols in
good yield. The reduction of lactones
bearing acyclic ester substituents was also
investigated, and the corresponding diols
were obtained in excellent yields with
no reduction of the acyclic ester moiety
(Scheme 2).[13,14]

The selectivity of the SmI
2
–H

2
O rea-

gent system was emphasised using com-
petition experiments in which mixtures of
six-membered lactones and esters, or other
lactones, were prepared and treated with
SmI

2
–H

2
O. In all cases, selective reduc-

tion of the six–membered lactone occurred
smoothly and no products arising from re-
duction of other lactones and acyclic esters
were observed (Scheme 3).

Experimental and theoretical studies
were carried out to explore the mecha-
nism and selectivity of the reduction.[14]
Reductions using SmI

2
–D

2
O delivered la-

belled products consistent with a mecha-
nism involving the generation and proto-
nation of anions during a series of single
electron transfers (Scheme 4). Studies
suggested that the ring-size selectivity of
the transformation arises from the initial
electron transfer to the lactone carbon-

O
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O

O

HO Me
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HO

HO

Scheme 1. The observation of lactone reduc-
tion during studies on stereoselective spirocy-
clisation.
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agreed with kinetic studies that suggested
the first electron transfer is the rate deter-
mining step (Scheme 4).

2.2 Selective 1,3-Diester Reduction
Cyclic 1,3-diesters (e.g. Meldrum’s

acids) are also selectively reduced using
SmI

2
–H

2
O to afford the corresponding

3-hydroxy propanoic acids (Scheme 5).[15]
Meldrum’s acids are important chemi-
cal feedstocks for synthesis and ours is
the first example of the desymmetrising,
mono-reduction of such a system. Prior to
our report, access to hydroxy acids from
the corresponding Meldrum’s acids typi-
cally required four steps (e.g. conversion
to the monoacid, activation of the acid as a
mixed anhydride, reduction using NaBH

4
and hydrolysis).

Competition experiments carried out on
mixtures of cyclic 1,3-diesters and acyclic
1,3-diesters illustrated the impressive se-
lectivity of the reagent system (Scheme 6).

A mechanism analogous to that pro-
posed for the reduction of six-membered
lactones was suggested: Initial electron

yl. The ketyl radical-anion arising from
electron transfer to the carbonyl of a six-
membered lactone benefits from stabili-
sation by an anomeric effect and it is this
stabilisation that appears to promote the
initial reduction step. Calculations on the
lowest energy conformation of the radical
anion derived from a six-membered lac-
tone support a pseudoaxial, anomerically
stabilised orientation. Interestingly, 2-ox-
abicyclo[2.2.2]octan-3-one, a conforma-
tionally-locked six-membered lactone that

cannot adopt the chair conformation nec-
essary for effective anomeric stabilisation
of an intermediate radical-anion, was not
reduced by SmI

2
–H

2
O. In addition, com-

putational studies on the relative reaction
energy of the initial electron-transfer to the
lactone carbonyl gave a calculated energy
considerably lower for a six-membered
lactone than for analogous five- and seven-
membered lactones. The calculated energy
of the second electron transfer was similar
for all three systems. This later observation
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cyclisation of axial radical-anion 4 onto
the ‘right’ alkene (Scheme 10).

Several cis-configured substrates were
synthesised and treated with SmI

2
–H

2
O.

Pleasingly, the expected azulenes were
obtained in good to excellent yields and
with good diastereoselectivity (Scheme
11). The successful use of alkyne tethers
in the second stage of the cascade allowed
the installation of an exocyclic olefin that
could be used for further functionalisation.
The importance of the cis-configuration in
the substrates was confirmed when a trans-
configured lactone substrate was found to
undergo monocyclisation onto the ‘left’
alkene to give a cyclopentanol upon expo-
sure to SmI

2
–H

2
O.

4.2 Cyclisation Cascades of
Meldrum’s Acids

The potential of cyclic 1,3-diesters
bearing two tethered alkenes to undergo
analogous cyclisation cascades was also
investigated. The desymmetrisation of
readily accessible cyclic 1,3-diester de-
rivatives was achieved, affording cis-fused
bicyclic hydroxy acids in good yield and
with high diastereocontrol.[17,18] The use
of substrates bearing different alkene sub-
stituents led to single isolated diastereoiso-
mers in moderate to good yields (Scheme
12).[18]Differential activation of the radical
acceptors was found to be crucial in order

transfer from Sm(ii) to the ester car-
bonyl forms a pseudoaxial ketyl radical-
anion stabilised by an anomeric effect.
Subsequent reduction of the ketyl radical-
anion to the anion, protonation, collapse of
the ketal unit and reduction of the result-
ing aldehyde then affords the hydroxy acid
product. Further reduction to the diol is
prevented by collapse of the cyclic system.
Calculations show a sizeable difference
in relative reaction energy for electron-
transfer to the ester carbonyl of cyclic and
acyclic 1,3-diesters, with the former being
lower in energy.[14]

3. Exploiting the Radical-anion
Intermediates in C–C Bond
Formation

3.1 Cyclisations of Lactones
Upon treatment with SmI

2
–H

2
O, six-

membered lactones bearing a tethered alk-
ene at the α-position afforded cyclopen-
tanones in good yields and with high dias-
tereoselectivity through an unprecedented
radical cyclisation (Scheme 7).[15] The
presence of an α-ester appears to prevent
the collapse of a hemiketal intermediate
and over-reduction to yield cyclopentanol
products. These cyclisations demonstrated
for the first time the feasibility of using an
ester carbonyl as a ketyl radical precursor
in carbonyl-alkene couplings.

In addition, tethering the alkene at the δ
position of the six-membered lactone gave
access to seven-membered carbocycles in
moderate to good yield (Scheme 8).[16] In
contrast to the examples shown in Scheme
7, ketone intermediates were further re-
duced to give cyclic alcohol products un-
der the SmI

2
–H

2
O conditions.

3.2 Cyclisations of Cyclic
1,3-Diesters

Analogous cyclisations of cyclic
1,3-diesters bearing tethered alkenes were
also explored.[15a,17] Cyclopentanols were
obtained in good yields from Meldrum’s

acid-derived substrates, although dia-
stereoselectivities were only moderate.
Improved diastereoselectivites were ob-
served when the acetone-derived ketal was
exchanged for an acetophenone-derived
ketal. The improved selectivity appears
to arise from the greater conformational
control exerted by the acetophenone ketal
unit over the substrate and the intermediate
radical anion.

Surprisingly, studies on the influence
of the reaction temperature showed that
higher selectivities could be obtained by
increasing the reaction temperature from
ambient to 50 °C. Again, ketone interme-
diates were reduced to cyclopentanol prod-
ucts under the reaction conditions (Scheme
9).

4. Radical Cyclisation Cascades

4.1 Cyclisation Cascades of
Lactones

We next considered the possibility of
trapping both ketyl-radical anions formed
during the reduction of the ester carbon-
yl. We proposed that cis-lactones bearing
two tethered alkenes, such as 5, would
undergo selective cascade cyclisations.[16]
Theoretical calculations on model sub-
strate 5 suggested that high sequence in-
tegrity should be observed due to the low
relative activation energy calculated for the
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to achieve high sequence integrity and thus
high diastereocontrol. In addition, the use
of different tether lengths was possible and
alkynes could also be employed as the sec-
ond radical acceptor.

In all cases, the stereochemistry ob-
tained is consistent with the reaction of

both radicals through anti-transition states
(Scheme 13).

4.3 Cyclisation Cascades
Terminated by Lactone Reduction

We have also exploited SmI
2
–H

2
O in

cascade cyclisations terminated by lactone

reduction. In synthetic studies towards
stolonidiol, a natural cytotoxic diterpenoid,
the reagent system was used for the con-
version of enantiomerically pure lactone
6 to triol 7, in a single cascade process,
in good yield and high stereocontrol.[19]
The cascade starts with the conjugate re-
duction of the electron deficient olefin
and formation of a Sm(iii)-enolate which
then undergoes a diastereoselective aldol
cyclisation. The observed stereoselectivity
can be explained by complexation of the
acetate and ketone carbonyl groups with
Sm(iii) in the transition state. Subsequent
reduction of the spirocyclic lactone in-
termediate then affords the desired triol
(Scheme 14).

The SmI
2
–H

2
O reagent system also

proved to be highly effective in a one-pot
dialdehyde cyclisation cascade/lactone
reduction sequence.[20] Treatment of di-
aldehyde 8 with SmI

2
–tBuOH triggers an

anti-selective ketyl-olefin cyclisation and
selective formation of a Sm(iii)-enolate
which undergoes subsequent selective
aldol cyclisation.Addition of SmI

2
–H

2
O to

the reaction flask then triggers reduction of
the six-membered lactone in the spirocy-
clic product, thus giving complex bicyclic
tetraol 9 in excellent yield and diastereose-
lectivity (Scheme 15).

5. Reduction of Acyclic Carboxylic
Acid Derivatives Using SmI2–H2O
Activated by Amine

More recently, we have reported the
use of SmI

2
–H

2
O in conjunction with an

amine for the reduction of acyclic esters
(Scheme 16).[21] Crucially, this is the first
example of the reduction of acyclic esters
using a SmI

2
-based system. The reagent

system takes advantage of the Lewis basic-
ity of the amine to generate a stronger re-
ductant. Importantly, both water and amine
additives are required for ester reduction
although the identity of the amine can be
varied. Our studies show that a broad range
of ester groups can be reduced, including
sterically demanding substrates, leading
to the corresponding alcohols in excellent
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yields. The reduction of lactones to the cor-
responding diols, irrespective of their ring
size, can now be readily achieved using
SmI

2
–H

2
O–Et

3
N.[22]As expected, selectiv-

ity for the reduction of lactones over that of
acyclic esters can be achieved, as empha-
sised by the selective reduction of the lac-
tone moiety in lovastatin, and the reagent
system shows good tolerance of functional
groups and steric hindrance. The SmI

2
–

H
2
O–Et

3
N reagent system is also able to

reduce carboxylic acids to the correspond-
ing alcohols, allowing us to disclose the
first general protocol for their reduction
under electron transfer conditions.[23]
Again, good tolerance of functional groups
and steric hindrance was observed. We be-
lieve that the mechanism of reduction with
SmI

2
–H

2
O–Et

3
N mirrors that proposed for

the reduction of lactones and involves a
series of single electron transfer and pro-
tonation steps.

6. Conclusion

The emergence of SmI
2
–H

2
O as a

readily-accessible, non-toxic, and more
powerful reductant than SmI

2
has led to the

discovery of synthetically useful reactions
that exhibit exquisite selectivity. The new
carbonyl reductions developed within our
group allow us to manipulate substrates
that were previously thought to be inert to
SmI

2
. Such reductions provide convenient

access to ‘unusual’ radical anions that can
be exploited in unprecedented C–C bond-
forming events and have thus paved the
way to new cyclisations and cyclisation
cascades. Further studies will undoubtedly
lead to a wealth of new transformations
and selectivity that can not be achieved
using conventional reagents thus making
SmI

2
–H

2
O an indispensable tool for ad-

vances in synthetic chemistry.
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