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1. Introduction

Lanthanides (Figure 1) are employed in a wide range of
industries and have found general application in such diverse
products as car engines, television screens, lasers, fuel cells

and magnetic resonance imaging (MRI) contrast agents.[1] For
example, neodymium (Nd) and dysprosium (Dy) have
become essential elements for high-performance Nd-Fe-B
magnets used in car motors for hybrid and electric vehicles.[1d]

In contrast, the red-emitting phosphors in plasma display
panels rely on sharp 4f–4f transitions of the Eu3+ ion.[1e]

According to current estimates, the use of lanthanides will
increase in the industrialized world.[1f–h]

In organic chemistry, lanthanides have provided many
exciting opportunities in catalysis and reductive chemistry
that are not available when using other reagents.[2] Since the
4f orbitals of lanthanides are shielded by 5s2 and 5p6 orbitals,
they do not participate in bonding and, in general, similar
chemical properties can be expected across the series of
lanthanides.[1a–c,3] Furthermore, the lanthanide contraction
results in a gradual decrease in ionic radius with increasing
atomic number (Table 1).[3a] Lanthanides are highly electro-
positive (1.1 on the Pauling scale), which contributes to the
ionic character of lanthanide complexes.[3b] Relatively high
Lewis acidity[3d–e] and strong oxophilicity (expressed in terms
of the dissociation energy of the corresponding oxides)[3e] also
play important roles in defining the outcome of transforma-
tions mediated by lanthanides. Finally, although the most
stable oxidation state of lanthanides is trivalent, some
lanthanides exist in their divalent oxidation state, which
leads to their application as strong reductants in synthetic
chemistry.[3f]

Of the lanthanide(II) reagents, samarium diiodide (SmI2,
Kagan�s reagent) has attracted most interest.[4] Although, this
reagent has been known in the solid state since 1906 and
frequently utilized in inorganic chemistry,[5] the solution
synthesis of SmI2 by Kagan and co-workers in 1977 marked
the beginning of an era in which SmI2 has found widespread
use in organic chemistry (Scheme 1).[6] There is little doubt
that SmI2 is one of the most important electron-transfer

Reactions proceeding through open-shell, single-electron pathways
offer attractive alternative outcomes to those proceeding through
closed-shell, two-electron mechanisms. In this context, samarium
diiodide (SmI2) has emerged as one of the most important and
convenient-to-use electron-transfer reagents available in the labo-
ratory. Recently, significant progress has been made in the reductive
chemistry of other divalent lanthanides which for many years had been
considered too reactive to be of value to synthetic chemists. Herein, we
illustrate how new samarium(II) complexes and nonclassical lantha-
nide(II) reagents are changing the landscape of modern reductive
chemistry.
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Figure 1. Lanthanide series. La= Lanthanum. Ce = Cerium. Pr = Pra-
seodymium. Nd = Neodymium. Pm =Promethium. Sm =Samarium.
Eu= Europium. Gd = Gadolinium. Tb =Terbium. Dy =Dysprosium.
Ho = Holmium. Er = Erbium. Tm= Thulium. Yb =Ytterbium. Lu = Lute-
tium.

Table 1: Properties of selected lanthanides.

Entry Ln Electron con-
figuration of
Ln

Ionic
radius
LnII

[�][a]

Ionic
radius
LnIII

[�][b]

Oxophilicity
D0(Ln-O)

[kcalmol�1][c]

E8 LnIII/
LII [V][d]

1 Nd [Xe]4f46s2 1.29 1.16 179 �2.62
2 Sm [Xe]4f66s2 1.27 1.13 138 �1.55
3 Eu [Xe]4f76s2 1.25 1.12 93 �0.35
4 Dy [Xe]4f106s2 1.19 1.08 145 �2.56
5 Tm [Xe]4f136s2 1.09 1.05 116 �2.22
6 Yb [Xe]4f146s2 1.14 1.04 88 �1.15

[a] Eight-coordinate LnII ; Ref. [3a]. [b] Nine-coordinate LnIII ;
Ref. [3a]..[c] Ref. [3e]. [d] vs NHE in H2O; Ref. [3f ] .

Scheme 1. Synthesis of samarium diiodide (SmI2, Kagan’s reagent).
thf = tetrahydrofruran.
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reagents available in the laboratory.[7] With its ability to
initiate challenging chemical processes through either one-
electron, open-shell or two-electron, closed-shell pathways
(often proceeding with precise control of structure and
stereochemistry) merged with its suitability for the orches-
tration of powerful cascade processes (often utilized in
complex natural product synthesis), SmI2 has changed the
way we consider difficult bond disconnections in organic
chemistry.[8]

In recent years there have been many exciting advances in
the reductive chemistry of divalent lanthanides other than
SmI2, including the synthesis of new SmII reagents and the
preparation of nonclassical lanthanide(II) reagents in solution
(Figure 2).[9]

The new complexes of SmII and the first low-valent
complexes of nonclassical lanthanides, such as dysprosium
(Dy), neodymium (Nd), and thulium (Tm) are much more
powerful reductants than SmI2. As a result, new SmII

complexes have dramatically expanded the chemistry medi-
ated by SmI2 and are potential replacements for SmI2/HMPA
(HMPA = hexamethylphosphormaide), a complex in which
the ligands are toxic. The recently discovered reductive power
of the nonclassical divalent lanthanides brings benchmark
reactions in reductive organic chemistry, for example the
Birch reduction, within reach, while preserving the selectivity
exhibited by SmI2. Thus, entirely new vehicles are now
available for the delivery of electrons and the subsequent
exploitation of open-shell reaction pathways. In a broader
sense, the solution availability of new lanthanides(II) charac-
terized by remarkably different reducing properties (reduc-
tion potentials ranging from �0.35 to �2.62 V, see Table 1)
and gradually changing metal ion size, but otherwise similar

chemical properties, offers unprecedented opportunities for
the fine-tuning and optimization of selective electron-transfer
reactions. In this Review we will give a taste of recent
innovations in the area of reductive lanthanide chemistry and
illustrate how the new lanthanide(II) complexes have already
had a major impact on the field of organic synthesis.

2. New Samarium(II) Reagents: Beyond Samarium
Diiodide

In addition to SmI2, six major samarium(II)-based reagent
systems have been used to mediate organic transformations:
1) samarium(II) bromide (SmBr2), 2) samarium(II) chloride
(SmCl2), 3) samarium(II) iodide/water complex (SmI2/H2O),
4) samarium(II) amides, 5) samarium(II) alkoxides, and
6) samarium(II) cyclopentadienyl complexes. In general,
these single-electron reductants are characterized by higher
reduction potentials than SmI2, thus permitting activation of
recalcitrant substrates by electron transfer. Moreover, the
new samarium(II)-based reagents provide a high degree of
chemo-, regio-, and diastereoselectivity, and show good
functional-group tolerance. Accordingly, the use of new
samarium(II)-based reductants has been demonstrated to be
beneficial in many examples from the literature. In analogy to
SmI2, the increasing importance of new samarium(II)-based
reagents is due to their ready availability under standard
laboratory conditions (Scheme 2).
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Figure 2. New vistas in reductive chemistry mediated by lanthanides.
Cp = C5H5.

Scheme 2. Synthesis of samarium(II)-based reductants. Cp* =C5Me5,
HMDS= N(SiMe3)2, MW= microwaves, Tf = trifluoromethanesulfonyl.
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2.1. Samarium(II) Bromide

Although SmBr2 is a powerful reductant (SmBr2: �1.55 V
vs SCE in THF; SmI2: �0.98 V vs SCE in THF),[10]

remarkable levels of selectivity are possible with this reagent.
It was shown by Kagan and co-workers that SmBr2 can be
conveniently prepared by the reduction of SmBr3 with
metallic lithium,[11] while Namy and co-workers reported
another straightforward synthesis of SmBr2 from samarium
metal and tetrabromoethane.[12] The latter procedure was
recently refined by Dahl�n and Hilmersson [Scheme 2,
Eq. (5)].[13] However, perhaps the most convenient method
of synthesis of SmBr2 was reported by Flowers and co-
workers who utilized readily available SmI2 and LiBr
[Scheme 2, Eq. (1)].[14]

Flowers and co-workers have investigated the use of
SmBr2 in C�C bond-forming reactions of alkyl halides and
carbonyl compounds, and observed complete selectivity for
pinacol coupling in the presence of reactive alkyl iodides
(Scheme 3).[10] With SmBr2 as a reductant, complete selectiv-

ity for pinacol coupling in the presence of reactive alkyl
iodides was observed. Interestingly, mixtures of products were
detected in reactions mediated by SmI2 or SmCl2 (see Section
2.2 for a discussion of the characteristics of SmCl2), while
SmI2/HMPA[15] (SmI2/HMPA: �1.75 V vs SCE in THF)
exclusively afforded the Barbier products 4. Mechanistic
studies indicated that the reduction of ketones with SmBr2

proceeds through an inner-sphere mechanism, whereas the
reduction of alkyl iodides with SmI2/HMPA is an outer-sphere
process.[15] This study by Flowers is a beautiful example of the
ability to fine-tune the selectivity and reactivity of SmII

reagents based on a detailed understanding of the underlying
mechanism.

Ellman and co-workers have utilized SmBr2 in a pivotal
asymmetric cross-coupling reaction between a chiral sulfinyl
imine and an a-substituted a,b-unsaturated ester in an elegant
synthesis of tubulysin D, a potent anticancer agent (Scheme
4).[16a] This reaction was the first example of an asymmetric
synthesis of an a-substituted g-amino-acid derivative by direct
coupling of an imine and provided the coupling product in
99% yield with 80:15:3:2 diastereoselectivity. Chromato-
graphic purification gave the pure product 10 in 55% yield.
Interestingly, in addition to SmBr2, the water cosolvent
proved essential in this reaction, thus suggesting that SmBr2/

H2O might have considerable potential as a reagent for
synthesis (see, Section 2.3 for the properties of SmI2/H2O).
Moreover, the Ellman group employed SmBr2 generated in
situ from SmI2 and LiBr.[14] Therefore, it is quite likely that the
lithium cation present in solution played a significant role in
providing a highly ordered transition state in the reported
coupling. This hypothesis is supported by the recent report by
Gilles and Py, who determined that the lithium cation is
required to obtain high levels of diastereoselectivity in
a SmBr2-mediated cross-coupling of nitrones with b-silyl-
a,b-unsaturated esters.[16b]

One of the most dramatic examples of the effect of a SmII

reagent was recently reported by Reisman and co-workers in
the first total synthesis of the complex cytotoxic diterpene
maoecrystal Z (Scheme 5).[17] The reductive coupling of

a ketyl radical (generated selectively at the less hindered
side chain) with the double bond of the a,b-unsaturated
lactone, followed by a second electron-transfer reaction and
aldol condensation, forged two rings and four stereocenters,
thereby providing impressive access to a late-stage inter-
mediate in the synthesis. Interestingly, SmBr2 proved to be the
reagent of choice for the cascade cyclization of dialdehyde 12,
whereas both SmI2 (used in the first examples of this family of
cascade processes by our group)[18] and SmCl2 (employed

Scheme 3. Chemoselective SmBr2-mediated reductive coupling of alkyl
ketones by Flowers and co-workers.[10] SET =single-electron transfer.

Scheme 4. Asymmetric SmBr2-mediated reductive coupling between
a sulfinyl imine and methyl methacrylate in a total synthesis of
tubulysin B by Ellman and co-workers.[16a] Tup= tubuphenylalanine.

Scheme 5. Diastereoselective SmBr2-mediated dialdehyde cyclization
cascade in a total synthesis of maoecrystal Z by Reisman and
co-workers.[17]
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successfully in a model system) were ineffective. Reisman�s
work clearly demonstrates that a judicious choice of lantha-
nide(II) reagent can have a major influence on the outcome of
a desired transformation.

Fluorine-containing compounds are valuable in the phar-
maceutical and agrochemical industries. Yokoyama and co-
workers reported the synthesis of 2-fluoroethanols by the
selective Reformatsky-type cyanofluorination of aldehydes
through exploiting SmBr2 as an electron-transfer reagent
(Scheme 6).[19] Notably, SmBr2 promoted the couplings of

aromatic and aliphatic aldehydes at low temperatures to give
the desired products in good yields. Flowers and co-workers
have studied the properties of a related SmBr2/HMPA
complex, and found that the addition of HMPA to SmBr2

results in a significant increase of the redox potential of the
reagent (SmBr2: �2.07 V; SmBr2/HMPA: �2.63 V, both vs
Ag/AgNO3 in THF).[20]

Enantiomerically pure 1,3-diols are useful building blocks
for the synthesis of natural products. Zçrb and Br�ckner
reported that SmBr2 mediates a novel reduction of acetonides
(generated by Sharpless asymmetric dihydroxylation) to give
enantiomerically pure 3-hydroxy ketones (Scheme 7).[21] Fur-

thermore, by applying the established protocol for the
diastereoselective reduction of hydroxy ketones,[22] the reac-
tion was extended to the synthesis of 1,3-anti diols with good
selectivity.

2.2. Samarium(II) Chloride

The redox potential of samarium(II) chloride (SmCl2:
�1.78 V vs SCE in THF) is higher than that of SmI2 (SmI2:
�0.98 V vs SCE in THF).[10] The method of choice for the
formation of SmCl2 involves the in situ reaction between SmI2

and LiCl reported by Flowers and co-workers [Scheme 2,
Eq. (1)].[14] A recent study by Matsukawa et al. suggests,
rather surprisingly, that this reagent can also be prepared
from SmCl3 and Sm metal in water.[23] SmCl2 is an excellent
promoter of challenging electron-transfer reactions.

Link and Overman showcased the use of SmCl2 in the
reductive dialkylation of isoindigo 21 with cis-1,4-dichloro-2-
butene under mild reaction conditions (Scheme 8).[24] The

reaction mediated by SmCl2 was sufficiently powerful,
establishing two all-carbon quaternary centers with excellent
control over stereoselectivity, that it forged the key step in the
first total synthesis of polyindoline alkaloids meso-chimonan-
thine and meso-calycanthine. The impressive levels of stereo-
control (> 20:1) were rationalized by chelation of both
carbonyl groups to SmIII, thereby leading to a highly organ-
ized transition state with subsequent diastereoselective alky-
lation of the samarium enolate.[25] Interestingly, other reagent
systems including alternative SmII systems (SmI2, SmI2/
HMPA) and more traditional approaches based on deproto-
nation of the corresponding saturated substrates, afforded
mixtures of products, thus demonstrating the remarkable
potential of SmCl2 in the synthesis of complex natural
products.

Wood and co-workers have reported the highly stereose-
lective synthesis of quaternary centers using intramolecular
couplings of isocyanates mediated by SmCl2 in an approach to
welwitindolinone A isonitrile, a highly functionalized oxin-
dole alkaloid (Scheme 9).[26] The reaction was first explored in
the model system 25. These studies demonstrated that SmCl2

was the reagent of choice for the desired transformation, and
that the reaction proceeds by a pathway in which the alkene is
coupled to the isocyanate (“alkene first”) rather than the
more traditional “carbonyl first” mechanism.[8] With the
optimized reaction conditions in hand, the pivotal coupling of
the isocyanate 27 generated the complex oxindole 28 in
excellent yield with complete diastereocontrol. In agreement
with studies by Flowers and co-workers (see, also
Scheme 3),[10] reduction of the sensitive alkyl chloride
moiety was not observed, thus illustrating the selectivity and

Scheme 6. Chemoselective SmBr2-mediated cyanofluorination of alde-
hydes by Yokoyama and co-workers.[19]

Scheme 7. SmBr2-mediated synthesis of enantiomerically pure b-
hydroxyketones and 1,3-diols by Zçrb and Br�ckner.[21]

Scheme 8. Diastereoselective SmCl2-mediated reductive dialkylation in
a total synthesis of meso-chimonanthine and meso-calycanthine by Link
and Overman.[24] Bn= benzyl.
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functional-group tolerance possible with this samarium(II)
reagent.

The reduction of a-heteroatom-substituted carbonyl com-
pounds to the parent carbonyl derivatives is one of the most
common uses of SmI2 (Scheme 10A).[7,8] In the context of the
enantioselective synthesis of atropoisomeric anilides, Simp-

kins and co-workers reported the SmCl2-mediated a-deoxy-
genation of amides under mild reaction conditions (Scheme
10B).[27] In extending the scope of the reductions, Simpkins
showed that SmCl2 is also the reagent of choice for the
deoxygenation of other amide substrates, a reaction that has
not been achieved with SmI2. The ease of the deoxygenation
of amides with the strong reductant SmCl2 suggests that the
mechanism involves a chelation-assisted electron transfer to

the carbonyl group, which is initiated by coordination of the
samarium to both the a-heteroatom substituent and the
carbonyl group.[8]

Our group has reported the reductive a-desulfonylation of
tetrahydroquinolones mediated by SmCl2 as part of a program
directed towards a new linker strategy for the solid-phase
synthesis of nitrogen heterocycles (Scheme 11).[28] In the

solution-phase model system 34, the combined use of SmCl2

and tBuOH as a proton source afforded the syn-product 35 in
good yield and diastereoselectivity. Subsequently, these con-
ditions were successfully applied to a solid-phase synthesis of
a library of diverse tetrahydroquinolones.

The selectivity of SmCl2 has also been exploited in the
reductive cleavage of an N�O bond in the penultimate step of
the total synthesis of ent-malbrancheamide B (38) reported
by Simpkins and co-workers (Scheme 12).[29] Subsequent
regioselective amide reduction afforded the complex natural

product. SmCl2 has been used in a similar context in the final
steps of the synthesis of structurally related ent-breviami-
de B.[30] Notably, the congested bicyclo[2.2.2]diazaoctane
framework did not interfere with the strong reductant, thus
further demonstrating the strategic advantage of using SmCl2

in complex settings.
Matsukawa et al. reported that SmCl2 generated in situ

can be used for the pinacol coupling reactions of ketones and
aldehydes in water (Scheme 13).[23] Mechanistically, it was
shown that both Sm and Mg metals can serve as co-reductants
with SmCl3. The formation of SmCl2 in the aqueous environ-
ment was confirmed by UV/Vis experiments. Although
pinacol couplings can be conveniently achieved with other

Scheme 9. SmCl2-mediated synthesis of oxindoles by the reductive
coupling of isocyanates in an approach to welwitindolinone A isonitrile
by Wood and co-workers.[26]

Scheme 10. A) Reduction of a-heteroatom-substituted carbonyl groups
using SmI2. B) SmCl2-mediated reduction of atropoisomeric a-acyloxy
amides by Simpkins and co-workers.[27] MEM= 2-methoxyethoxy-
methyl.

Scheme 11. SmCl2-mediated cleavage of an a-heteroatom substitutent
in the synthesis of tetrahydroquinolones by Procter and co-workers.[28]

Scheme 12. SmCl2-promoted reductive N�OBn cleavage in a total syn-
thesis of ent-malbrancheamide B by Simpkins and co-workers.[29]

DIBAL-H= diisobutylaluminum hydride.
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reagents,[7, 8] an important ramification of this study is that it
suggests that samarium(II) reductants other than SmI2 can act
as powerful single-electron donors in water (see Section 2.3).
Accordingly, a range of new SmX2/H2O species can be readily
envisioned for applications in electron-transfer chemistry.

2.3. Samarium(II) Iodide/Water Complex

Complexes of SmI2 and water provide a family of
powerful reductants that enable new transformations pro-
ceeding via radical intermediates to be developed.[31] Detailed
mechanistic studies have demonstrated that complexation of
water to SmI2 generates a strong reductant (SmI2/H2O: up to
�1.9 V vs Ag/AgNO3 in THF; SmI2:�1.33 V vs Ag/AgNO3 in
THF).[32] Furthermore, in SmI2/H2O complexes, water resides
in close proximity to coordination sites on the substrate, thus
imparting selectivity by facile protonation of the formed
radical anions.[33] Although the exact nature of the SmI2/H2O
reagent has yet to be determined, Prasad and Flowers
demonstrated that depending upon the concentration of
water (50 or > 100 equiv with respect to SmI2 in THF) two
distinct SmI2/H2O complexes can be prepared.[32] The benign
nature of the water additive and the operationally simple
reaction protocols contribute to the increased attention that
these complexes have received during the last decade.

In 2008, we reported the first reductions of unactivated
cyclic esters using SmI2/H2O (Scheme 14).[34] Importantly,
prior to this study it was thought that ester carbonyl groups

could not be reduced by SmI2.
[7] Intriguingly, the SmI2/H2O

complex enabled complete selectivity for the reduction of
lactones over esters and showed remarkable ring-size selec-
tivity in that only six-membered lactones were converted into
the corresponding diols. For example, the bis(lactone) 40 was
selectively reduced to 41. We rationalized that the unusual
selectivity originated from the first electron transfer to the

lactone carbonyl to give the ketyl radical anion A, stabilized
by an anomeric effect, which would be particularly pro-
nounced in six-membered ring systems.[35]

We have also developed a selective reduction of Mel-
drum�s acids using SmI2/H2O (Scheme 15).[36] A range of
diverse derivatives of Meldrum�s acids underwent monore-
duction to provide the corresponding 3-hydroxy acids in

excellent yields. Sensitive functional groups, such as aryl
bromides and esters were tolerated, thus underlining the mild
reaction conditions possible with the SmI2/H2O system. In
analogy to the reduction of six-membered lactones, anomeric
stabilization of the radical anion B was proposed to be crucial
for the reactivity. This transformation provided the first direct
entry to important 3-hydroxy acid building blocks from
readily available cyclic 1,3-diesters.

Subsequently, we have exploited the radical-anion inter-
mediates formed in the reduction of six-membered lactones
with SmI2/H2O in unprecedented intramolecular couplings
with alkenes (Scheme 16A).[37] These studies have culminated
in cascade cyclization processes which allow molecular
complexity to be increased rapidly in a single operation
(Scheme 16B).[38] The reactions allowed access to five- and
seven-membered oxygenated scaffolds and azulene motifs in
excellent yields and good diastereoselectivities. Interestingly,
the water cosolvent was crucial for the observed reactivity and
cyclizations were not observed in the presence of other
additives. Recently, we have extended these studies to
cyclization cascades of Meldrum�s acids mediated by SmI2/

Scheme 13. SmCl2-mediated pinacol coupling of aldehydes in water by
Matsukawa et al.[23]

Scheme 14. Ring-size-selective reduction of six-membered lactones
using SmI2/H2O by Procter and co-workers.[34]

Scheme 15. Selective monoreduction of Meldrum’s acids using SmI2/
H2O by Procter and co-workers.[36]

Scheme 16. Reductive cyclization of six-membered lactones using
SmI2/H2O by Procter and co-workers:[37,38] A) monocyclizations; B) cyc-
lization cascades.
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H2O to generate a family of congested carbobicyclic 3-
hydroxy acid scaffolds featuring two adjacent quaternary
stereocenters.[39]

Hilmersson and co-workers have pioneered the use of
SmI2/H2O/amine complexes (Scheme 17).[40] The addition of
Lewis bases was found to enhance the reactivity of SmI2 by

coordination to the metal center, thus increasing the redox
potential of the reagent. Hilmersson demonstrated that this
highly reducing system (�2.8 V vs SCE in DMF)[41] can serve
as a practical alternative to hydride and dissolving metal
reductions, while preserving the selectivity associated with
SmI2. For example, the selective a-defluorination of easily
accessible perfluoroalkyl esters and amides (Scheme 17 A),[42]

and the selective cleavage of allyl ethers in complex
carbohydrates promoted by SmI2/H2O/amine complexes
(Scheme 17B) have been reported.[43] Of note is the high
functional-group tolerance despite the strong reducing prop-
erties of the reagent system.

We have recently utilized SmI2/H2O/amine complexes in
the first reductions of aliphatic esters,[44a] aliphatic carboxylic
acids,[44b] , and all ring sizes of lactones[44c] using samarium(II)-
based reagents.

Concell�n et al. have developed the SmI2/D2O system for
deuteration of activated double bonds.[45] An intriguing
application of this reagent system was reported by Davies
and co-workers in a synthesis of deuterated amino acids
(Scheme 18).[46] Conjugate reduction of the diketopiperazine

52 afforded the dideuterated product 53 in high yield and
diastereoselectivity. Removal of the PMB group and cleavage
of the diketopiperazine template under acidic conditions gave
the phenylalanine methyl ester 54 in 90% ee and with greater
than 99 % deuterium incorporation. This approach demon-
strates the utility of SmI2/D2O for the stereoselective intro-
duction of deuterium during the synthesis of biologically
relevant molecules.

2.4. Samarium(II) Amides

Amides are well known for their role as ligands in a wide
range of lanthanide complexes.[47] Samarium(II) amides are
prepared in a single step by reaction of SmI2 with the
corresponding anions [Scheme 2, Eq. (4)].[48] These ligands
allow fine-tuning of the properties of the samarium(II)
complex by modulating the redox potential of the system
and providing more sterically encumbered reductants. In
addition, samarium(II) amides are useful because of their
favorable solubility in comparison to SmI2. In the last decade,
the (trimethylsilyl)amide ligand (HMDS) has emerged as an
important precursor to SmII complexes applied in organic and
inorganic transformations.

Flowers and co-workers have studied the properties of the
[Sm(hmds)2] complex by examining the reduction of alkyl
halides and ketones (Table 2).[49] It was shown that the

thermodynamic redox potential of [Sm(hmds)2] is intermedi-
ate between that of SmI2 and [SmI2(hmpa)] ([Sm(hmds)2]:
�2.1 V; SmI2: �1.58 V; [SmI2(hmpa)]: �2.35 V, all vs Ag/
AgNO3 in THF). Strikingly, despite moderate reducing
potential, [Sm(hmds)2] promoted the reduction of alkyl
iodides and alkyl ketones at much higher rates than the
more reducing [SmI2(hmpa)] system. This surprising differ-
ence was explained by the fact that solvated [(hmds)2Sm-
(thf)2] contained bent amide ligands[48] and upon THF
dissociation the metal center might be more available for
interaction with substrates. Detailed examination of activa-
tion parameters suggested that the reduction of alkyl iodides
and ketones with [Sm(hmds)2] proceeds through an inner-
sphere mechanism (Scheme 19), thus validating the mecha-
nistic proposal. Another key observation from this work was
that the [Sm(hmds)2] complex can serve as a useful replace-
ment for the popular but carcinogenic [SmI2(hmpa)] system.

Hilmersson and co-workers reported the heteroleptic
[Sm(hmds)I] complex as the reagent of choice for the

Scheme 17. Selected uses of SmI2/H2O/amine complexes by Hilmers-
son and co-workers:[40] A) a,a-didefluorination of esters; B) cleavage of
allyl ethers in complex carbohydrates. Bn= benzyl.

Scheme 18. Synthesis of dideuterated amino acids using the SmI2/D2O
complex by Davies and co-workers.[46] PMB=4-methoxybenzyl. Phe=
phenylalanine.

Table 2: Rate of reduction of different functional groups with
[Sm(hmds)2] by Flowers and co-workers.[49]

Entry SmX2 k [m�1 s�1]

1 [Sm(hmds)2] 19 1.7 � 102 2 � 103

2 [SmI2(hmpa)] 2.6 8 � 10�3 9
3 SmI2 8 � 10�4 7 � 10�4 2 � 10�1
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a functionalization of biologically significant chromanones
under mild reaction conditions (Scheme 20).[50] A variety of
alkyl and aryl chromanones underwent a cyanation in excel-

lent yields. However, the sensitive nature of these products
prevented their efficient isolation. To address this problem,
the authors employed a one-pot protocol involving the
oxidation of substrates 62 with DDQ to give the more
stable chromones. Alternative methods, including direct
cyanation of 4-chromanones, did not provide the desired
products, thus emphasizing the remarkable efficiency of the
samarium(II) reagent in this transformation.

2.5. Samarium(II) Alkoxides

Samarium(II) triflate [Sm(OTf)2] is another valuable
samarium(II) system for organic synthesis.[51] This reagent
are prepared in situ by reduction of Sm(OTf)3 with Grignard
or organolithium reagents. The properties of Sm(OTf)2

formed by this method can be influenced by Mg or Li salts
present in the solution. Recently, Flowers and co-workers
have reported a practical method for the synthesis of Sm-
(OTf)2 involving the reaction between Sm(OTf)3 and Sm
metal [Scheme 2, Eq. (6)].[52] Although the redox potential of
Sm(OTf)2 has not been determined, the reagent is capable of
mediating transformations analogous to those promoted by
SmI2. In some cases, the use of Sm(OTf)2 gives enhanced
diastereoselectivities and higher yields for reductive process-
es.

Fukuzawa et al. applied Sm(OTf)2 in the pinacol coupling
of planar chiral ferrocenes, thus achieving high levels of
stereoselectivity (Scheme 21).[53] Examination of different

reaction conditions revealed that Sm(OTf)2 obtained from
the reduction of Sm(OTf)3 with s-BuLi provided optimal
results for the coupling of the chiral ortho-oxazoline-substi-
tuted formylferrocene 63. In contrast, SmI2 afforded a mixture
of all possible diastereoisomers, thus demonstrating the
advantage of using Sm(OTf)2 as the electron-transfer reagent
in this case. The high selectivity in the reaction mediated by
Sm(OTf)2 was ascribed to the steric influence of the large
triflate anion in the transition state.

2.6. Samarium(II) Cyclopentadienyl Complexes

Samarium(II) cyclopentadienyl complexes are the most
powerful samarium(II)-based reductants as a result of their
unique structures and high redox potentials (Figure 3).[4c]

The dicyclopentadienylsamarium 65, conveniently pre-
pared from SmI2 by ligand metathesis using NaCp [Scheme 2,
Eq. (3)],[54] is characterized by a very high redox potential
([Cp2Sm]: �2.66 V vs [Cp2Fe]+/[Cp2Fe] in THF).[55] However,
as a result of its limited solubility in common organic solvents,
this reagent has remained largely unexplored in organic
synthesis. Nevertheless, it has been reported that the use of
[Cp2Sm] can be advantageous over SmI2.

[56] For example,
cross-couplings between aldehydes or ketones and alkyl
halides proceed in higher yields and under milder reaction
conditions with [Cp2Sm] than with SmI2.

[56a]

The solution synthesis of the solvated decamethylsamar-
ocene 66, from readily available SmI2 and KCp* by Evans
et al. [Scheme 2, Eq. (3)],[57] is an important landmark in the
field of organolanthanide chemistry. In contrast to its Cp
analogue 65, [Cp*2Sm] is soluble in a range of organic
solvents, thus allowing it to be employed as a convenient
starting point for the assembly of other samarium(II) com-
plexes. The estimated redox potential of [Cp*2Sm] ([Cp*2Sm]:
�2.44 V vs SCE in DMF)[58] makes 66 one of the strongest
samarium(II) reductants known to date.

Scheme 19. Proposed mechanism for the reduction of alkyl iodides
with [Sm(hmds)2] by Flowers and co-workers.[49] HMDS=N(SiMe3)2.

Scheme 20. [Sm(hmds)I]-promoted a cyanation of alkyl and arylchro-
man-4-ones by Hilmersson and co-workers.[50] DDQ =2,3-dichloro-5,6-
dicano-1,4-benzoquinone.

Scheme 21. Sm(OTf)2-mediated diastereoselective coupling of planar
chiral oxazoline formylferrocenes by Fukuzawa et al.[53]

Figure 3. Structures of cyclopentadienyl-based samarium complexes.
Cp* = C5Me5.
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Evans et al. have reported that upon heating under
vacuum, the decamethylsamarocene 66 gave the desolvated
complex 68 which possesses a bent structure (see Scheme 22
for structure of 68. Note that in the iron analogue, ferrocene,
the Cp rings are parallel; Scheme 22).[59] The highly reactive,

coordinatively unsaturated complex 68 has opened up new
avenues in reductive lanthanide chemistry.[60] For example,
Evans reported that 68 was the first lanthanide complex
capable of dinitrogen activation (Scheme 22).[61] More
recently, nitrogen activation has also been achieved by
complexes of nonclassical divalent lanthanides.[62] Further-
more, various organic and inorganic molecules react with 68
and 66.[63]

In another striking breakthrough, Evans et al. found that
the extremely sterically crowded complex 67 (Figure 3),
containing three Cp* rings around the Sm metal, can be
structurally characterized and that it acts as a powerful single-
electron reductant despite the three-valent oxidation state of
Sm.[64] The authors demonstrated that in the sterically
crowded environment a Cp* ligand oxidizes to give a Cp*
radical and a SmII species in a process which proved to be
general for other lanthanide complexes.[65]

Harder and co-workers have made substantial progress in
the field of samarium metallocenes.[9e, 66] Using super-bulky
CpBIGH [CpBIGH = (4-nBuC6H4)5C5H)] ligands, these
researchers accomplished the synthesis of [(CpBIG)2Sm] by
reduction of the [(2-Me2N-benzyl)3Sm] precursor. The reac-
tion involves a spontaneous reduction of [(CpBIG)2(2-Me2N-
benzyl)Sm] to give the desired metallocene and a 2-Me2N-
benzyl radical, which dimerizes under the reaction conditions.
Besides structural characterization of [(CpBIG)2Sm], the
successful application of the sterically induced reduction
concept is noteworthy. More recently, the Mitzel group
reported a spontaneous reduction of Sm(AlMe4)3, induced
by the bulky 1,3,5-tricyclohexyl-1,3,5-triazacyclohexane
(TCyTAC), to afford [(TCyTAC)2Sm(AlMe4)2].[9f, 67] This
process also bears many similarities to the spontaneous
reduction in the [Cp*3Sm] system developed by Evans.

3. Reductive Chemistry Mediated by New Divalent
Lanthanides

A large number of divalent lanthanides have been known
in the solid state for the better part of the last century.[68]

However, for years it had been thought that their reductive
chemistry in solution was limited to three “classical” ele-
ments: SmII, YbII, and EuII,[69] with the latter exhibiting
significantly lower redox potential than SmII.[3f] In the last

decade, the groups of Evans[9a] and Bochkarev[9b] discovered
that three “nonclassical” divalent lanthanides, TmII, DyII and
NdII, can be synthesized using more practical procedures than
those typically required for the solid-state synthesis
(Scheme 23),[70] and that TmI2, DyI2 and NdI2 are powerful
SET reagents capable of mediating challenging coupling

reactions under mild reaction conditions in ethereal sol-
vents.[9] Thus, the number of available divalent lanthanides for
reductive chemistry has increased twofold, providing unpre-
cedented opportunities for advances in the reductive chemis-
try of lanthanides and electron-transfer reactions. Although it
has been shown that all three new LnI2 compounds are stable
and soluble in the usual solvents such as THF and DME,[71]

perhaps the most attractive is NdI2 because of its very high
redox potential,[3f] low cost,[72] and the general availability[73]

of neodymium(II) precursors.

3.1. Thulium(II) Iodide

With a redox potential of �2.3 V (TmIII/TmII, vs NHE),
thulium(II) is significantly more reducing than samarium(II)
(SmIII/SmII: �1.55 V vs NHE).[3f, 74] For decades it had been
assumed that thulium(II) would be too reactive to be stable in
solution. Indeed, attempts to prepare this ion were unsuc-
cessful and colored solutions typical for divalent lanthanides
were seen only transiently.[68d] In 1997, a joint effort by the
groups of Evans and Bochkarev resulted in the structural
characterization of the first thulium(II) complex, [TmI2-
(dme)3].[75] The pentagonal bypiramidal geometry of this
complex showed many parallels to the samarium analogue,
[SmI2(thf)5].

Subsequently, Evans and Allen have pioneered the use of
TmI2 in organic synthesis (Scheme 24).[76] TmI2 proved

Scheme 22. Synthesis of the first dinitrogen complex of lanthanides
using decamethylsamarocene by Evans et al.[61]

Scheme 23. Practical synthesis of nonclassical lanthanide(II) halides by
the groups of Evans and Bochkarev.[70, 76]

Scheme 24. Reductive coupling of unactivated alkyl halides using TmI2

by Evans and Allen.[76] TmI2 = thulium diiodide.
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significantly more efficient than SmI2 in promoting cross-
couplings of alkyl halides and ketones. Notably, even cross-
couplings of alkyl chlorides, which are notoriously difficult
substrates, occurred almost instantaneously at room temper-
ature. In contrast, [SmI2(hmpa)], a lanthanide(II) reagent of
choice for this type of cross-coupling,[8] proved to be
ineffective under the conditions examined. Evans also
reported that complexes of thulium(II) reduce dinitrogen,[77]

which might explain why preparation of this reagent failed
during previous attempts.

Evans and co-workers additionally investigated the utility
of TmI2 as a SET reagent in the cross-coupling reactions of
thiophene-2-carboxylate with carbonyl compounds
(Scheme 25).[78] Interestingly, the coupling of the thiophene

73 and cyclohexanone 74 resulted in reductive dearomatiza-
tion to give the difunctionalized dihydrothiophene 75 (by 1,6-
addition and electrophilic trapping by a thulium enolate). It is
worth noting that under analogous reaction conditions SmI2

was ineffective, thus demonstrating the utility of TmI2 for the
synthesis of heterocyclic scaffolds.

3.2. Dysprosium(II) Iodide

The first structurally validated complex of dysprosium(II)
was reported by Evans et al. in 2000.[79] [DyI2(dme)3] was
found to be isomorphous with [SmI2(dme)2]. Moreover, with
a redox potential of �2.5 V (DyIII/DyII, vs NHE),[3f] dyspro-
sium(II) is approaching the reductive power of classical
reagents used for electron-transfer processes (Mg: �2.4 V;
Na: �2.7 V; K: �2.9 V vs NHE). Importantly, its structural
similarity to SmI2 provides an attractive platform for the
development of selective functional group transformations.

Evans et al. investigated the use of DyI2 in organic
synthesis (Scheme 26).[79] When compared to TmI2, DyI2 is
a more powerful reductant in cross-coupling reactions
between alkyl chlorides and alkyl ketones (Scheme 26A).
Remarkably, the high redox potential of DyI2 means that it is
the first lanthanide(II) reagent capable of promoting Birch
reductions of aromatic systems (Scheme 26 B). The mild
reaction conditions for reduction of naphthalene with DyI2

compare favorably with the traditionally employed alkali
metals in liquid ammonia.[80] Furthermore, DyI2 can reduce
alkynes with synthetically useful selectivity (Scheme 26C).
Dysprosium(II) has also been shown to have a rich dinitrogen
chemistry.[81]

Another recent advance in the reductive chemistry of
dysprosium(II) is the activation of simple commodity chem-

icals, such as dichloromethane or acetylenes, to form syntheti-
cally useful products. Zhou and co-workers exploited the high
redox potential of DyI2 in the cyclopropanation of alkenes
using dichloromethane as a methylene transfer reagent
(Scheme 27).[82] The desired cyclopropanes were isolated in
excellent yields when a sixfold excess of dichloromethane was

employed. Other electron-transfer reagents, including SmI2

and Na, did not promote the reaction. The stability of
dichloromethane means that it is rarely used as a reagent in
organic synthesis.[83]

A regioselective cyclotrimerization of terminal alkynes
promoted by DyI2 has been developed by Zhou and co-
workers (Scheme 28).[84] Other reductants, including SmI2, did
not promote the reaction, and other sources of silyl radical
proved less efficient. The high regioselectivity was ascribed to
the cooperative role of DyII and DyIII in the catalytic cycle.
The authors have also found that DyI2/SiCl4 promotes the
polymerization of methyl methacrylate. This study demon-
strated for the first time that a nonclassical divalent lantha-
nide reagent can be employed as a catalyst for a valuable
synthetic transformation (see, Section 5 for other systems
catalytic in LnII).

Scheme 25. TmI2-mediated reductive cross-coupling between thiophene
and cyclohexanone by Evans, Fang, and co-workers.[78]

Scheme 26. Reductive transformations using DyI2 by Evans et al.:[79]

A) Cross-coupling; B) Birch reduction; C) alkyne reduction.
DyI2 = dysprosium diiodide.

Scheme 27. DyI2-mediated cyclopropanation of styrenes using CH2Cl2
as the methylene transfer reagent by Zhou and co-workers.[82]
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3.3. Neodymium(II) Iodide

The first fully characterized, divalent complex of neo-
dymium, [NdI2(thf)5], was reported by Bocharkev and
Schumann in 2001.[85] Examination of its structural properties
revealed that [NdI2(thf)5] is isotypic to [SmI2(thf)5]. Neo-
dymium(II) iodide (NdIII/NdII reduction potential of �2.6 V
vs NHE),[3f] is the most powerful lanthanide reductant
analogous to SmI2 isolated to date.

Evans et al. explored the utility of NdI2 as a reductant in
organic synthesis (Scheme 29).[86] As expected from the

reduction potential, NdI2 proved to be more reactive in the
cross-couplings of alkyl chlorides and ketones than other
lanthanide(II) iodides. Remarkably, the reaction of secondary
alkyl chlorides was successful at cryogenic temperatures.
However, no reaction occurred with a tertiary chloride. In
addition, NdI2 was found to promote the Birch reduction of
naphthalene and cross-couplings between alkyl chlorides and
aldehydes.

Evans, Bochkarev, and co-workers have extended the
scope of the reactions of NdI2 with organohalides
(Scheme 30).[87] In THF, NdI2 promoted the reduction of
aryl halides to the corresponding hydrocarbons with minor

quantities of products arising from the Wurtz coupling.
However, in benzene, a cross-coupling between alkyl chlor-
ides and solvent was observed.[88] The authors proposed
a mechanism involving the reduction of 89 to give [NdI2Cl]
and subsequent Friedel–Crafts alkylation. As the cooperative
role of SmII/SmIII is well-precedented in organic synthesis,[89]

this report sets the stage for the future development of LnII/
LnIII cooperative processes using nonclassical lanthanides.

Overall, the isolation of the first divalent complexes of
Tm, Dy, and Nd and initial forays into their application in
organic synthesis provide a convincing argument for the use
of TmI2, DyI2, and NdI2 in reaction discovery and the
optimization of electron-transfer processes which are cur-
rently executed using alkali metals or samarium(II)-based
reagents. As summarized in Table 3, the nonclassical lantha-
nide(II) reductants are much more powerful than the popular
[SmI2(hmpa)] complex and, as such, should prove valuable in
organic chemistry.[90]

4. Other Lanthanide(II) Reagents

Additional lanthanide(II) reagents include lanthanide(II)
halides derived from lanthanides with lower and higher redox
potentials than samarium(II), namely ytterbium(II), euro-
pium(II), and cerium(II) (LnIII/LnII : Yb: �1.15 V; Eu:
�0.35 V; Ce: �3.2 V; Sm: �1.55 V, all vs NHE),[3f] organo-
metallic lanthanide(II) complexes, and divalent lanthanides
prepared transiently from their three-valent precursors and
characterized by much higher redox potential than neo-
dymium(II) (LnIII/LnII: Nd: �2.6 V; Ho: �2.9 V; Er: �3.1 V;
La: �3.1 V; Tb: �3.7 V; Gd: �3.9 V; Lu, Y: not available, all
vs NHE).[3f]

Although YbI2, EuI2, and CeI2 are not as popular as their
SmII counterpart, benefits arising from the use of these or
related reductants have been reported. In analogy to SmI2,
the solution synthesis of YbI2 and EuI2 from 1,2-diiodoethane
and the corresponding metal provides straightforward access
to these reagents (see Scheme 1).[6, 91]

Scheme 28. DyI2-promoted regioselective cyclotrimerization of terminal
alkynes by Zhou and co-workers.[84]

Scheme 29. Reductive coupling of alkyl chlorides at cryogenic temper-
atures using NdI2 by Evans et al.[86] NdI2 =neodymium diiodide.

Scheme 30. Cross-coupling of alkyl chlorides and benzene using NdI2

by Evans, Bochkarev, and co-workers.[87]

Table 3: Comparison of reductive properties of divalent lanthanides.

Entry Reagent E8
(LnIII/
LII)[a]

Unactivated
R-Cl[b]

Birch
reduction

1 [SmI2(hmpa)] �2.05 V � �
2 TmI2 �2.22 V + �
3 DyI2 �2.56 V + +
4 NdI2 �2.62 V + +

[a] For entry 1 values are vs Ag/AgNO3 in THF;[20b] for entries 2–4 values
are vs NHE.[87] [b] For entry 1: 25 8C, 18 h; for entry 2: 0 8C, 1 h; for
entries 3 and 4: <0 8C, <5 s.
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With the redox potential of�1.02 V (vs Ag/AgNO3), YbI2

is a powerful SET reagent capable of mediating the vast
majority of transformations typical to SmI2 (SmI2: �1.55 V vs
Ag/AgNO3).[92] The differences in redox potential between
the two reagents can be further modified by the use of
appropriate additives.[41] A practical advantage of using YbI2

is that enhanced levels of stereoselectivity can be obtained,
especially for chelating substrates. For example, Molander
and Etter reported that YbI2 provides high diastereocontrol
in the annulation of 2-(iodoalkyl)ketones to five- and six-
membered carbocycles (Scheme 31).[93] It was proposed that
the short ytterbium–oxygen bond and the large solvated

radius of YbIII ion in the proposed ketyl radical 94 contribute
to the observed stereoselectivity. It is important to note that
an alternative mechanism involving an organoytterbium
intermediate cannot be discounted.[7c] Similar findings have
been reported during studies on the electrochemical gener-
ation of ytterbium(II).[94] However, the full synthetic potential
of size optimization of this lanthanide(II) reagent has yet to
be explored. Among other ytterbium(II) species,[95] YbBr2 has
attracted the most attention.[96] Fujiwara and co-workers
reported a straightforward synthesis of YbBr2 from Yb metal
and TMSBr, and its subsequent use in the coupling of
imines,[96a] ketones,[96b] and a,b-unsaturated compounds.[96c]

The use of europium(II) reagents as reductants in organic
chemistry is rare due to their low reactivity.[7a] Katakis and co-
workers were able to accomplish the reduction of pyruvic and
isonicotinic acids by utilizing europium(II) perchlorate in
aqueous acidic solutions (Scheme 32).[97] On the basis of
kinetic studies, the mechanism involving two SETs from
europium(II) has been proposed. Perhaps the most intriguing
aspect of this work is that nicotinic and picolinic acids[97b] as
well as dialkylketones[13] were shown to be unreactive towards
europium(II), thus showing the potential for chemoselective
reductions. Furthermore, it is worth noting that both YbI2 and
EuI2 provide important entry points to organometallic com-
plexes of ytterbium and europium with downstream applica-
tions in inorganic chemistry, catalysis and polymerization.[1a–c]

Cerium(II) iodide is another lanthanide(II) reagent that
has been used in organic synthesis (Scheme 33).[98] Imamoto
et al. reported a chemoselective pinacol coupling of ketones
and aldehydes mediated by CeI2, which was prepared in situ
from Ce metal and iodine (Scheme 33A).[99] Although pinacol
couplings can be accomplished using other reagents,[100]

interesting features of this reaction include mild reaction
conditions and good functional group compatibility. Recently,
Groth and Jeske reported an attractive advancement in
cerium-mediated pinacol couplings (Scheme 33B).[101] It was

found that the pinacol coupling of aldehydes mediated by
catalytic Ce(O-iPr)3 and diethylzinc as the co-reductant
afforded the corresponding 1,2-diols with high anti selectivity.
The reaction could be scaled up to more than 5 g with
a 1 mol% catalyst loading. The proposed mechanism involves
a SET from cerium(II) to the carbonyl group, however, an
electron transfer from diethylzinc to the carbonyl group may
lead to an alternative pathway.[102]

Although a comprehensive survey of organometallic
lanthanide(II) reagents is beyond the scope of this Review,
it is worthwhile to mention several recent advances in this
area (see, Figure 4 for some representative examples).[1a–c,103]

In 2002, Evans et al. reported the synthesis and structural
characterization of the first organometallic complex of
thulium(II), [Cp’’2Tm(thf)] (see, Figure 4 for the structure),
through the metathesis reaction of TmI2 with KCp’’ in THF.[81]

This reaction capitalizes on the solution availability of the
thulium(II) iodide precursor described earlier. Nief and co-
workers achieved the first synthesis of organodysprosium[104]

and organoneodymium[105] complexes by applying a reductive
pathway from lanthanide(III) precursors. In this case, the
limited stability of DyI2 and NdI2 in polar solvents prevented
the successful use of metathesis reactions from the respective
iodides.

Another breakthrough in this area is the synthesis of
isolable lanthanide(II) complexes by Lappert and co-workers
(Scheme 34).[106] These researchers also accomplished the first
synthesis of a cerium(II) complex (as a mixed valence CeII/
CeIII complex).[106] Recently, Evans investigated the reactivity
of the lanthanide(II) complex 104 with nitrogen.[107] Thus,

Scheme 31. YbI2-mediated diastereoselective ring annulation by
Molander and Etter.[93]

Scheme 32. Europium(II)-mediated reductions by Katakis and co-work-
ers:[97] A) reduction of pyruvic acid; B) reduction of isonicotinic acid.

Scheme 33. CeII-mediated transformations: A) stoichiometric pinacol
couplings by Imamoto et al;[99] B) catalytic variant by Groth and
Jeske.[101] TMS= trimethylsilyl.
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molecular compounds of eight different lanthanides have
already been isolated and characterized in the divalent
oxidation state.[108]

Finally, while investigating dinitrogen activation using
nonclassical lanthanides (Tm, Dy and Nd), Evans et al.
reported an intriguing approach to other divalent lanthanides
by the in situ reduction of their three-valent precursors.[109] In
particular, dinitrogen activation occurred when lanthanide-
(III) amides, [Ln(hmds)3], were reacted with alkali metals,
thus indicating the transient presence of divalent lanthanide
intermediates. Remarkably, this reaction sequence proved
successful with Tm, Nd, Dy, Ho, Er, Tb, Gd, Y, and Lu.
Importantly, HoII chemistry had not been previously
reported. This discovery demonstrated that lanthanides with
extremely high redox potentials are accessible for reductive
lanthanide(II) chemistry by their in situ preparation.
Although this method has not yet been used in organic
synthesis, the potential of this approach has been illustrated
by the successful synthetic application of Sm(OTf)2

[51–53] and
NdI2,

[86b] prepared in situ from their three-valent precursors.

5. Reductive Chemistry Catalytic in Divalent
Lanthanides

The major drawback of using divalent lanthanides as
reductants in organic synthesis is the requirement for
stoichiometric quantities of lanthanide(II) species. Despite
the central role that lanthanides occupy in electron-transfer

processes,[7] reactions catalytic in lanthanide(II) have been
slow to emerge.[110]

The pioneering studies by Endo and co-workers demon-
strated the possibility of using SmI2 as a catalyst in pinacol
coupling reactions (Scheme 35).[111] In this system, Mg acts as
a stoichiometric co-reductant, whereas TMSCl serves to
regenerate SmI2Cl from the initially formed samarium(III)

pinacolate. However, the modest yields and low diastereose-
lectivities obtained with this system, especially when com-
pared to pinacol couplings mediated by stoichiometric
samarium(II) reagents,[7] have limited its utility in synthesis.

Subsequently, other systems catalytic in SmI2 have been
described (Scheme 36). An approach by Greeves and co-
workers relies on a stoichiometric use of tetraglyme (with
respect to SmI2) to improve the diastereoselectivity of the
SmI2-catalyzed pinacol coupling reaction originally devel-
oped by Endo (Scheme 36A).[112] Notably, substantial levels
of selectivity could be achieved with the sterically encum-
bered SmII/tetraglyme reductant. Moreover, intramolecular
pinacol couplings catalytic in SmI2 proceeded in high yields.
Corey and Zheng reported a SmI2 catalytic system for the
annulation of ketones to g lactones (Scheme 36 B).[113] The

Figure 4. Structures of selected complexes of divalent lanthanides. In
structures 103–105 THF ligands are omitted for clarity. Cp’’= 1,3-
C5H3(SiMe3)2. Cpttt = 1,2,4-C5H2(tBu)3.

Scheme 34. Synthesis of a molecular complex of lanthanide(II) by
Lappert and co-workers.[106] Cp’’=1,3-C5H3(SiMe3)2.

Scheme 35. Seminal SmI2-catalyzed pinacol coupling of ketones and
aldehydes by Endo and co-workers.[111]

Scheme 36. Other SmI2-catalyzed reductive transformations: A) diaste-
reoselective pinacol coupling by Greeves and co-workers;[112] B) annula-
tion of ketones to g-lactones by Corey and Zheng.[113] Mes = mesityl.
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key feature of this approach was the use of zinc amalgam and
TMSOTf as more efficient co-reductant and capping reagents,
respectively. In addition, LiI was employed to facilitate the
conversion of SmI2OTf into SmI3. In other systems, the
metathesis with chloride or alkoxide ligands complicates the
catalyst turnover because of the slow reduction rate and
problems with the low solubility of the SmX3 species.

Systems catalytic in other lanthanide(II) reductants have
also been reported with SmBr2/mischmetall in pinacol
coupling reactions,[12] SmI2/mischmetall in Barbier-type reac-
tions,[114] SmI2/Mg in Reformatsky reactions[115] and SmI2 in
atom-transfer radical addition reactions.[116] Furthermore, the
use of nonclassical lanthanides(II), DyI2

[84] and TmI2,
[9c] in

catalytic quantities has already been documented. Overall,
these studies provide a solid foundation for the future
development of practical systems catalytic in lanthanide(II)
reductants.[117]

6. Conclusion

The design of new reagents and strategies for selective
transformations is of central importance to advances in
organic synthesis. The unique properties of SmI2 have been
exploited by organic chemists for the last 35 years. In the last
decade, important developments have been made in the
synthesis, mechanistic understanding, and application of
divalent complexes of lanthanides other than SmI2. These
novel electron-transfer reductants are more powerful than
SmI2, yet the remarkable functional-group tolerance and
selectivity possible with Kagan�s reagent is often retained,
and these reagents have already proven to be indispensable
tools for organic synthesis. In particular, the different
structural and redox characteristics of the new lanthanide
complexes allow them to be fine-tuned to promote trans-
formations impossible to achieve with other reagents, often in
complex molecular settings.

It is worth noting that the lanthanide reagents described in
this Review constitute only a small subset of the large family
of recently designed and structurally characterized lanthanide
complexes and further advances in their development and
application can be expected. The future advances in this field
may cover redox-active ligands,[118] photoinduced reduc-
tions,[119] enantioselective variants,[120] and theoretical studies
using computational models.[121] Collectively, the exciting
innovations in the reductive chemistry of lanthanides provide
a fresh impetus in the quest to develop electron-transfer
processes that proceed with useful efficiency and selectivity,
mediated by new, tailor-made lanthanide reductants.

We gratefully acknowledge the EPSRC for financial support.

Received: February 8, 2012
Revised: April 3, 2012
Published online: August 15, 2012

[1] a) S. Cotton, Lanthanide and Actinide Chemistry, Wiley, Chi-
chester, 2006 ; b) T. Imamoto, Lanthanides in Organic Synthesis

Academic Press, London, 1994 ; c) Lanthanides: Chemistry and
Use in Organic Synthesis (Ed.: S. Kobayashi), Springer, Berlin,
1999 ; d) M. Nakamura, K. Ozaki, S. Hara, M. Tanaka, T. Oki, T.
Akai, Y. Watanabe, AIST Today 2008, 29, 1; e) Luminescence:
From Theory to Applications (Ed.: C. R. Ronda), Wiley-VCH,
Weinheim, 2008 ; f) G. B. Haxel, J. B. Hedrick, G. J. Orris, Rare
Earth Metals—Critical Resources for High Technology, US
Geological Survey, Fact Sheet 087, 2002 ; g) J. Jubak, A rare
opportunity in mining stocks, http://www.moneyshow.com, 11/9/
2009; h) J. S. Getsinger, Resource World Magazine 2009, 8, 6.

[2] a) H. B. Kagan, J. L. Namy, Tetrahedron 1986, 42, 6573;
b) G. A. Molander, Chem. Rev. 1992, 92, 29; c) K. Mikami, M.
Terada, H. Matsuzawa, Angew. Chem. 2002, 114, 3704; Angew.
Chem. Int. Ed. 2002, 41, 3554; d) M. Shibasaki, S. Matsunaga, N.
Kumagai in Acid Catalysis in Modern Organic Synthesis, Vol. 2
(Ed.: H. Yamamoto), Wiley-VCH, Weinheim, 2008, p. 635;
e) G. A. Molander, J. A. C. Romero, Chem. Rev. 2002, 102,
2161; f) Z. Hou, Y. Luo, X. Li, J. Organomet. Chem. 2006, 691,
3114; g) M. Nishiura, Z. Hou, Nat. Chem. 2010, 2, 257; h) L.
Perrin, F. Bonnet, T. Chenal, M. Visseaux, L. Maron, Chem.
Eur. J. 2010, 16, 11376.

[3] Ionic radius: a) R. D. Shannon, Acta Crystallogr. Sect. A 1976,
32, 751; Electronegativity: b) M. Husain, A. Batra, K. S.
Srivastava, Polyhedron 1989, 8, 1233. Lewis acidity: c) H.
Tsuruta, K. Yamaguchi, T. Imamoto, Chem. Commun. 1999,
1703; d) H. Tsuruta, K. Yamaguchi, T. Imamoto, Tetrahedron
2003, 59, 10419; Oxophilicity: e) E. Murad, D. L. Hilderbrand,
J. Chem. Phys. 1980, 73, 4005; Redox potential: f) L. R. Morss,
Chem. Rev. 1976, 76, 827; Abundance: g) K. H. Wedepohl,
Geochim. Cosmochim. Acta 1995, 59, 1217.

[4] a) H. B. Kagan, M. Sasaki, J. Collin, Pure Appl. Chem. 1988, 60,
1725; b) H. B. Kagan, J. L. Namy, Handbook on the Physics and
Chemistry of Rare Earths, Vol. 6 (Eds.: K. A. Gschneidner, Jr.,
L. Eyring), Elsevier, Amsterdam, 1984, p. 525; c) R. A. Flow-
ers II, E. Prasad, Handbook on the Physics and Chemistry of
Rare Earths, Vol. 36 (Eds.: K. A. Gschneidner, Jr., J. C. B�nzli,
V. K. Pecharsky), Elsevier, Amsterdam, 2006, p. 393.

[5] a) C. A. Matignon, E. Caze, Ann. Chim. Phys. 1906, 8, 417;
b) G. Jantsch, Naturwissenschaften 1930, 18, 155; c) M. D.
Taylor, Chem. Rev. 1962, 62, 503; d) G. Meyer, Chem. Rev.
1988, 88, 93; for a more comprehensive study of the preparation
of solutions of SmI2, see e) M. Szostak, M. Spain, D. J. Procter,
J. Org. Chem. 2012, 77, 3049.

[6] a) J. L. Namy, P. Girard, H. B. Kagan, Nouv. J. Chim. 1977, 1, 5;
b) P. Girard, J. L. Namy, H. B. Kagan, J. Am. Chem. Soc. 1980,
102, 2693.

[7] For reviews, see: a) H. B. Kagan, Tetrahedron 2003, 59, 10351;
b) G. A. Molander, C. R. Harris, Tetrahedron 1998, 54, 3321;
c) A. Krief, A. M. Laval, Chem. Rev. 1999, 99, 745; d) P. G.
Steel, J. Chem. Soc. Perkin Trans. 1 2001, 2727; e) D. J.
Edmonds, D. Johnston, D. J. Procter, Chem. Rev. 2004, 104,
3371; f) K. C. Nicolaou, S. P. Ellery, J. S. Chen, Angew. Chem.
2009, 121, 7276; Angew. Chem. Int. Ed. 2009, 48, 7140; g) M.
Szostak, D. J. Procter, Angew. Chem. 2011, 123, 7881; Angew.
Chem. Int. Ed. 2011, 50, 7737; h) A. Dahl�n, G. Hilmersson,
Eur. J. Inorg. Chem. 2004, 3393; i) R. A. Flowers II, Synlett
2008, 1427; j) C. Beemelmanns, H. U. Reissig, Chem. Soc. Rev.
2011, 40, 2199; k) H. Y. Harb, D. J. Procter, Synlett 2012, 23, 6.

[8] D. J. Procter, R. A. Flowers II, T. Skrydstrup, Organic Syn-
thesis using Samarium Diiodide: A Practical Guide, RSC
Publishing, Cambridge, 2009.

[9] a) W. J. Evans, Inorg. Chem. 2007, 46, 3435; b) M. N. Boch-
karev, Coord. Chem. Rev. 2004, 248, 835; c) F. Nief, Dalton
Trans. 2010, 39, 6589; d) K. Izod, Angew. Chem. 2002, 114, 769;
Angew. Chem. Int. Ed. 2002, 41, 743; e) G. Meyer, Angew.
Chem. 2008, 120, 5040; Angew. Chem. Int. Ed. 2008, 47, 4962;

.Angewandte
Reviews

D. J. Procter and M. Szostak

9252 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 9238 – 9256

http://dx.doi.org/10.1016/S0040-4020(01)82098-6
http://dx.doi.org/10.1021/cr00009a002
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3704::AID-ANGE3704%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3554::AID-ANIE3554%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3554::AID-ANIE3554%3E3.0.CO;2-P
http://dx.doi.org/10.1021/cr010291+
http://dx.doi.org/10.1021/cr010291+
http://dx.doi.org/10.1016/j.jorganchem.2006.01.055
http://dx.doi.org/10.1016/j.jorganchem.2006.01.055
http://dx.doi.org/10.1038/nchem.595
http://dx.doi.org/10.1002/chem.200903455
http://dx.doi.org/10.1002/chem.200903455
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1016/S0277-5387(00)81146-8
http://dx.doi.org/10.1039/a905569j
http://dx.doi.org/10.1039/a905569j
http://dx.doi.org/10.1016/j.tet.2003.06.006
http://dx.doi.org/10.1016/j.tet.2003.06.006
http://dx.doi.org/10.1063/1.440627
http://dx.doi.org/10.1021/cr60304a007
http://dx.doi.org/10.1351/pac198860111725
http://dx.doi.org/10.1351/pac198860111725
http://dx.doi.org/10.1007/BF01501667
http://dx.doi.org/10.1021/cr60220a001
http://dx.doi.org/10.1021/cr00083a005
http://dx.doi.org/10.1021/cr00083a005
http://dx.doi.org/10.1021/jo300135v
http://dx.doi.org/10.1021/ja00528a029
http://dx.doi.org/10.1021/ja00528a029
http://dx.doi.org/10.1016/j.tet.2003.09.101
http://dx.doi.org/10.1016/S0040-4020(97)10384-2
http://dx.doi.org/10.1021/cr980326e
http://dx.doi.org/10.1039/a908189e
http://dx.doi.org/10.1021/cr030017a
http://dx.doi.org/10.1021/cr030017a
http://dx.doi.org/10.1002/ange.200902151
http://dx.doi.org/10.1002/ange.200902151
http://dx.doi.org/10.1002/anie.200902151
http://dx.doi.org/10.1002/ange.201103128
http://dx.doi.org/10.1002/anie.201103128
http://dx.doi.org/10.1002/anie.201103128
http://dx.doi.org/10.1039/c0cs00116c
http://dx.doi.org/10.1039/c0cs00116c
http://dx.doi.org/10.1021/ic062011k
http://dx.doi.org/10.1016/j.ccr.2004.04.004
http://dx.doi.org/10.1039/c001280g
http://dx.doi.org/10.1039/c001280g
http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C769::AID-ANGE769%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C743::AID-ANIE743%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/ange.200801444
http://dx.doi.org/10.1002/ange.200801444
http://dx.doi.org/10.1002/anie.200801444
http://www.angewandte.org


f) G. Meyer, Angew. Chem. 2010, 122, 3182; Angew. Chem. Int.
Ed. 2010, 49, 3116.

[10] R. S. Miller, J. M. Sealy, M. Shabangi, M. L. Kuhlman, J. R.
Fuchs, R. A. Flowers II, J. Am. Chem. Soc. 2000, 122, 7718.

[11] A. Lebrun, J. L. Namy, H. B. Kagan, Tetrahedron Lett. 1993, 34,
2311.

[12] F. H�lion, M. I. Lannou, J. L. Namy, Tetrahedron Lett. 2003, 44,
5507.

[13] A. Dahl�n, G. Hilmersson, Eur. J. Inorg. Chem. 2004, 3020.
[14] J. R. Fuchs, M. L. Mitchell, M. Shabangi, R. A. Flowers II,

Tetrahedron Lett. 1997, 38, 8157.
[15] For studies on SmI2/HMPA, see: a) K. A. Choquette, D. V.

Sadasivam, R. A. Flowers II, J. Am. Chem. Soc. 2010, 132,
17396; b) D. V. Sadasivam, P. K. S. Antharjanam, E. Prasad,
R. A. Flowers II, J. Am. Chem. Soc. 2008, 130, 7228; c) E.
Prasad, R. A. Flowers II, J. Am. Chem. Soc. 2002, 124, 6895; It
has been shown that four or six molecules of HMPA can be
coordinated to SmI2: d) R. J. Enemærke, T. Hertz, T.
Skrydstrup, K. Daasbjerg, Chem. Eur. J. 2000, 6, 3747; e) Z.
Hou, Y. Wakatsuki, J. Chem. Soc. Chem. Commun. 1994, 1205;
f) Z. Hou, Y. Zhang, Y. Wakatsuki, Bull. Chem. Soc. Jpn. 1997,
70, 149; g) J. B. Shotwell, J. M. Sealy, R. A. Flowers II, J. Org.
Chem. 1999, 64, 5251.

[16] a) H. M. Peltier, J. P. McMahon, A. W. Patterson, J. A. Ellman,
J. Am. Chem. Soc. 2006, 128, 16018; b) P. Gilles, S. Py, Org. Lett.
2012, 14, 1042.

[17] J. Y. Cha, J. T. S. Yeoman, S. E. Reisman, J. Am. Chem. Soc.
2011, 133, 14964.

[18] a) M. D. Helm, M. D. Silva, D. Sucunza, T. J. K. Findley, D. J.
Procter, Angew. Chem. 2009, 121, 9479; Angew. Chem. Int. Ed.
2009, 48, 9315; b) M. D. Helm, D. Sucunza, M. Da Silva, M.
Helliwell, D. J. Procter, Tetrahedron Lett. 2009, 50, 3224;
c) M. D. Helm, M. Da Silva, D. Sucunza, M. Helliwell, D. J.
Procter, Tetrahedron 2009, 65, 10816.

[19] Y. Asano, S. Suzuki, T. Aoyama, K. Shimizu, M. Kajitani, Y.
Yokoyama, Synthesis 2007, 1309.

[20] a) B. W. Knettle, R. A. Flowers II, Org. Lett. 2001, 3, 2321; For
an investigation of the electrochemical properties of SmI2/
HMPA, see: b) M. Shabangi, R. A. Flowers II, Tetrahedron
Lett. 1997, 38, 1137.

[21] A. Zçrb, R. Br�ckner, Eur. J. Org. Chem. 2010, 4785.
[22] a) G. E. Keck, C. A. Wager, T. Sell, T. T. Wager, J. Org. Chem.

1999, 64, 2172; b) P. R. Chopade, T. A. Davies, E. Prasad, R. A.
Flowers II, Org. Lett. 2004, 6, 2685; c) T. A. Davis, P. R.
Chopade, G. Hilmersson, R. A. Flowers II, Org. Lett. 2005, 7,
119.

[23] a) S. Matsukawa, Y. Hinakubo, Org. Lett. 2003, 5, 1221; b) see
also: S. Matsukawa, K. Ichikawa, Y. Ogura, Synth. Commun.
2010, 40, 1345.

[24] J. T. Link, L. E. Overman, J. Am. Chem. Soc. 1996, 118, 8166.
[25] For a review on Sm enolates, see: I. M. Rudkin, L. C. Miller, D.

Procter, J. Organomet. Chem. 2008, 34, 19.
[26] a) J. M. Ready, S. E. Reisman, M. Hirata, M. M. Weiss, K.

Tamaki, T. V. Ovaska, J. L. Wood, Angew. Chem. 2004, 116,
1290; Angew. Chem. Int. Ed. 2004, 43, 1270; b) S. E. Reisman,
J. M. Ready, A. Hasuoka, C. J. Smith, J. L. Wood, J. Am. Chem.
Soc. 2006, 128, 1448; c) S. E. Reisman, J. M. Ready, M. M.
Weiss, A. Hasuoka, M. Hirata, K. Tamaki, T. V. Ovaska, C. J.
Smith, J. L. Wood, J. Am. Chem. Soc. 2008, 130, 2087.

[27] a) A. D. Hughes, N. S. Simpkins, Synlett 1998, 967; b) A. D.
Hughes, D. A. Price, N. S. Simpkins, J. Chem. Soc. Perkin Trans.
1 1999, 1295.

[28] a) K. L. Turner, T. M. Baker, S. Islam, D. J. Procter, M.
Stefaniak, Org. Lett. 2006, 8, 329; b) L. A. McAllister, K. L.
Turner, S. Brand, M. Stefaniak, D. J. Procter, J. Org. Chem.
2006, 71, 6497; c) see also: F. McKerlie, D. J. Procter, G. Wynne,
Chem. Commun. 2002, 584; d) L. A. McAllister, S. Brand, R.

de Gentile, D. J. Procter, Chem. Commun. 2003, 2380; e) L. A.
McAllister, R. McCormick, S. Brand, D. J. Procter, Angew.
Chem. 2005, 117, 456; Angew. Chem. Int. Ed. 2005, 44, 452;
f) L. A. McAllister, R. A. McCormick, K. M. James, S. Brand,
N. Willetts, D. J. Procter, Chem. Eur. J. 2007, 13, 1032; g) K. M.
James, N. Willetts, D. J. Procter, Org. Lett. 2008, 10, 1203.

[29] F. Frebault, N. S. Simpkins, A. Fenwick, J. Am. Chem. Soc. 2009,
131, 4214.

[30] F. Frebault, N. S. Simpkins, Tetrahedron 2010, 66, 6585.
[31] M. Szostak, M. Spain, D. Parmar, D. J. Procter, Chem.

Commun. 2012, 48, 330.
[32] E. Prasad, R. A. Flowers II, J. Am. Chem. Soc. 2005, 127, 18093.
[33] a) M. Amiel-Levy, S. Hoz, J. Am. Chem. Soc. 2009, 131, 8280;

b) D. V. Sadasivam, J. A. Teprovich, Jr., D. J. Procter, R. A.
Flowers II, Org. Lett. 2010, 12, 4140.

[34] L. A. Duffy, H. Matsubara, D. J. Procter, J. Am. Chem. Soc.
2008, 130, 1136.

[35] a) V. Malatesta, K. U. Ingold, J. Am. Chem. Soc. 1981, 103, 609;
b) B. Giese, Angew. Chem. 1989, 101, 993; Angew. Chem. Int.
Ed. Engl. 1989, 28, 969; c) T. Cohen, M. Bhupathy, Acc. Chem.
Res. 1989, 22, 152; d) A. J. Buckmelter, A. I. Kim, S. D.
Rychnovsky, J. Am. Chem. Soc. 2000, 122, 9386.

[36] a) G. Guazzelli, S. De Grazia, K. D. Collins, H. Matsubara, M.
Spain, D. J. Procter, J. Am. Chem. Soc. 2009, 131, 7214; b) M.
Szostak, M. Spain, D. J. Procter, Nat. Protocols 2012, 7, 970.

[37] D. Parmar, L. A. Duffy, D. V. Sadasivam, H. Matsubara, P. A.
Bradley, R. A. Flowers, II, D. J. Procter, J. Am. Chem. Soc.
2009, 131, 15467.

[38] D. Parmar, K. Price, M. Spain, H. Matsubara, P. A. Bradley,
D. J. Procter, J. Am. Chem. Soc. 2011, 133, 2418.

[39] a) B. Sautier, S. E. Lyons, M. R. Webb, D. J. Procter, Org. Lett.
2012, 14, 146; For reductive monocyclizations of Meldrum�s
acids using SmI2/H2O, see: b) K. D. Collins, J. M. Oliveira, G.
Guazzelli, B. Sautier, S. De Grazia, H. Matsubara, M. Helliwell,
D. J. Procter, Chem. Eur. J. 2010, 16, 10240.

[40] a) A. Dahl�n, G. Hilmersson, Tetrahedron Lett. 2002, 43, 7197;
b) A. Dahl�n, G. Hilmersson, Chem. Eur. J. 2003, 9, 1123; c) A.
Dahl�n, A. Petersson, G. Hilmersson, Org. Biomol. Chem.
2003, 1, 2423; d) M. Kim, B. W. Knettle, A. Dahl�n, G.
Hilmersson, R. A. Flowers II, Tetrahedron 2003, 59, 10397;
e) A. Dahl�n, G. Hilmersson, Tetrahedron Lett. 2003, 44, 2661;
f) A. Dahl�n, G. Hilmersson, J. Org. Chem. 2003, 68, 4870;
g) A. Dahl�n, G. Hilmersson, J. Am. Chem. Soc. 2005, 127,
8340; h) T. Ankner, G. Hilmersson, Tetrahedron Lett. 2007, 48,
5707; i) T. Ankner, G. Hilmersson, Tetrahedron 2009, 65, 10856;
j) T. Ankner, G. Hilmersson, Org. Lett. 2009, 11, 503.

[41] A. Dahl�n, �. Nilsson, G. Hilmersson, J. Org. Chem. 2006, 71,
1576.

[42] J. Wettergren, T. Ankner, G. Hilmersson, Chem. Commun.
2010, 46, 7596.

[43] a) A. Dahl�n, A. Sundgren, M. Lahmann, S. Oscarson, G.
Hilmersson, Org. Lett. 2003, 5, 4085; For cleavage of propargyl
ethers, see: b) S. Manabe, A. Ueki, Y. Ito, Tetrahedron Lett.
2008, 49, 5159.

[44] For the reduction of carboxylic acid derivatives using a SmI2/
H2O/amine complex, see: a) M. Szostak, M. Spain, D. J.
Procter, Chem. Commun. 2011, 47, 10254; b) M. Szostak, M.
Spain, D. J. Procter, Org. Lett. 2012, 14, 840; c) M. Szostak,
K. D. Collins, N. J. Fazakerley, M. Spain, D. J. Procter, Org.
Biomol. Chem. 2012, 10, 5820.

[45] a) J. M. Concell�n, P. L. Bernad, H. Rodr�guez-Solla, Angew.
Chem. 2001, 113, 4015; Angew. Chem. Int. Ed. 2001, 40, 3897;
b) J. M. Concell�n, H. Rodr�guez-Solla, Chem. Eur. J. 2001, 7,
4266; c) J. M. Concell�n, H. Rodr�guez-Solla, Chem. Eur. J.
2002, 8, 4493; d) J. M. Concell�n, E. Bardales, R. Llavona, J.
Org. Chem. 2003, 68, 1585; e) J. M. Concell�n, M. Huerta, E.
Bardales, Tetrahedron 2004, 60, 10059.

Electron-Transfer Reagents
Angewandte

Chemie

9253Angew. Chem. Int. Ed. 2012, 51, 9238 – 9256 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.201000566
http://dx.doi.org/10.1002/anie.201000566
http://dx.doi.org/10.1002/anie.201000566
http://dx.doi.org/10.1021/ja001260j
http://dx.doi.org/10.1016/S0040-4039(00)77601-5
http://dx.doi.org/10.1016/S0040-4039(00)77601-5
http://dx.doi.org/10.1016/S0040-4039(97)10222-2
http://dx.doi.org/10.1021/ja1088925
http://dx.doi.org/10.1021/ja1088925
http://dx.doi.org/10.1021/ja802448x
http://dx.doi.org/10.1021/ja026074n
http://dx.doi.org/10.1039/c39940001205
http://dx.doi.org/10.1246/bcsj.70.149
http://dx.doi.org/10.1246/bcsj.70.149
http://dx.doi.org/10.1021/jo990484l
http://dx.doi.org/10.1021/jo990484l
http://dx.doi.org/10.1021/ja067177z
http://dx.doi.org/10.1021/ol203396s
http://dx.doi.org/10.1021/ol203396s
http://dx.doi.org/10.1002/ange.200905490
http://dx.doi.org/10.1002/anie.200905490
http://dx.doi.org/10.1002/anie.200905490
http://dx.doi.org/10.1016/j.tetlet.2009.02.025
http://dx.doi.org/10.1016/j.tet.2009.09.035
http://dx.doi.org/10.1021/ol0160957
http://dx.doi.org/10.1016/S0040-4039(97)00008-7
http://dx.doi.org/10.1016/S0040-4039(97)00008-7
http://dx.doi.org/10.1002/ejoc.201000279
http://dx.doi.org/10.1021/jo982428a
http://dx.doi.org/10.1021/jo982428a
http://dx.doi.org/10.1021/ol049129u
http://dx.doi.org/10.1021/ol047835p
http://dx.doi.org/10.1021/ol047835p
http://dx.doi.org/10.1021/ol0341344
http://dx.doi.org/10.1080/00397910903079615
http://dx.doi.org/10.1080/00397910903079615
http://dx.doi.org/10.1021/ja961757m
http://dx.doi.org/10.1039/b606111g
http://dx.doi.org/10.1021/ja057640s
http://dx.doi.org/10.1021/ja057640s
http://dx.doi.org/10.1021/ja076663z
http://dx.doi.org/10.1055/s-1998-1838
http://dx.doi.org/10.1039/a901154d
http://dx.doi.org/10.1039/a901154d
http://dx.doi.org/10.1021/ol052730n
http://dx.doi.org/10.1021/jo060940n
http://dx.doi.org/10.1021/jo060940n
http://dx.doi.org/10.1039/b200365c
http://dx.doi.org/10.1039/b307586a
http://dx.doi.org/10.1002/ange.200461930
http://dx.doi.org/10.1002/ange.200461930
http://dx.doi.org/10.1002/anie.200461930
http://dx.doi.org/10.1002/chem.200601429
http://dx.doi.org/10.1021/ol800070y
http://dx.doi.org/10.1021/ja900688y
http://dx.doi.org/10.1021/ja900688y
http://dx.doi.org/10.1016/j.tet.2010.04.093
http://dx.doi.org/10.1039/c1cc14252f
http://dx.doi.org/10.1039/c1cc14252f
http://dx.doi.org/10.1021/ja056352t
http://dx.doi.org/10.1021/ja9013997
http://dx.doi.org/10.1021/ol101722c
http://dx.doi.org/10.1021/ja078137d
http://dx.doi.org/10.1021/ja078137d
http://dx.doi.org/10.1021/ja00393a018
http://dx.doi.org/10.1002/anie.198909693
http://dx.doi.org/10.1002/anie.198909693
http://dx.doi.org/10.1021/ar00160a006
http://dx.doi.org/10.1021/ar00160a006
http://dx.doi.org/10.1021/ja002068k
http://dx.doi.org/10.1021/ja901715d
http://dx.doi.org/10.1038/nprot.2012.034
http://dx.doi.org/10.1021/ja906396u
http://dx.doi.org/10.1021/ja906396u
http://dx.doi.org/10.1021/ja1114908
http://dx.doi.org/10.1021/ol2029367
http://dx.doi.org/10.1021/ol2029367
http://dx.doi.org/10.1002/chem.201000632
http://dx.doi.org/10.1016/j.tet.2003.06.004
http://dx.doi.org/10.1016/j.tetlet.2007.05.105
http://dx.doi.org/10.1016/j.tetlet.2007.05.105
http://dx.doi.org/10.1016/j.tet.2009.10.086
http://dx.doi.org/10.1021/ol802243d
http://dx.doi.org/10.1039/c0cc02009e
http://dx.doi.org/10.1039/c0cc02009e
http://dx.doi.org/10.1016/j.tetlet.2008.06.081
http://dx.doi.org/10.1016/j.tetlet.2008.06.081
http://dx.doi.org/10.1039/c1cc14014k
http://dx.doi.org/10.1021/ol203361k
http://dx.doi.org/10.1039/c2ob00017b
http://dx.doi.org/10.1039/c2ob00017b
http://www.angewandte.org


[46] a) S. G. Davies, H. Rodr�guez-Solla, J. A. Tamayo, A. C.
Garner, A. D. Smith, Chem. Commun. 2004, 2502; b) S. G.
Davies, H. Rodr�guez-Solla, J. A. Tamayo, A. R. Cowley, C.
Concell�n, A. C. Garner, A. L. Parkes, A. D. Smith, Org.
Biomol. Chem. 2005, 3, 1435.

[47] a) T. D. Tilley, R. A. Andersen, A. Zalkin, J. Am. Chem. Soc.
1982, 104, 3725; b) W. J. Evans, G. W. Rabe, J. W. Ziller,
Organometallics 1994, 13, 1641; c) Z. Hou, A. Fujita, Y.
Zhang, T. Miyano, H. Yamazaki, Y. Wakatsuki, J. Am. Chem.
Soc. 1998, 120, 754; d) W. J. Evans, J. C. Brady, J. W. Ziller,
Inorg. Chem. 2002, 41, 3340; e) R. K. Minhas, Y. Ma, J. I. Song,
S. Gambarotta, Inorg. Chem. 1996, 35, 1866; f) W. J. Evans,
M. A. Johnston, R. D. Clark, R. Anwander, J. W. Ziller,
Polyhedron 2001, 20, 2483.

[48] W. J. Evans, D. K. Drummond, H. Zhang, J. L. Atwood, Inorg.
Chem. 1988, 27, 575.

[49] a) E. Prasad, B. W. Knettle, R. A. Flowers II, J. Am. Chem. Soc.
2002, 124, 14663; For studies on [Sm(hmds)2](hmpa)n] complex,
see: b) E. Prasad, B. W. Knettle, R. A. Flowers II, J. Am. Chem.
Soc. 2004, 126, 6891.

[50] T. Ankner, M. Fried�n-Saxin, N. Pemberton, T. Seifert, M.
Grøtli, K. Luthman, G. Hilmersson, Org. Lett. 2010, 12, 2210.

[51] a) T. Hanamoto, Y. Sugimoto, A. Sugino, J. Inanaga, Synlett
1994, 377; b) S. Fukuzawa, T. Tsuchimoto, T. Kanai, Chem. Lett.
1994, 1981; c) S. Fukuzawa, K. Mutoh, T. Tsuchimoto, T.
Hiyama, J. Org. Chem. 1996, 61, 5400; d) K. Mashima, T.
Oshiki, K. Tani, J. Org. Chem. 1998, 63, 7114; e) J. Collin, N.
Giuseppone, F. Machrouhi, J. L. Namy, F. Nief, Tetrahedron
Lett. 1999, 40, 3161; For another example of a SmII alkoxide,
see: f) Z. Hou, T. Miyano, H. Yamazaki, Y. Wakatsuki, J. Am.
Chem. Soc. 1995, 117, 4421.

[52] a) J. A. Teprovich, Jr., P. K. S. Antharjanam, E. Prasad, E. N.
Pesciotta, R. A. Flowers II, Eur. J. Inorg. Chem. 2008, 5015;
b) T. Maisano, K. E. Tempest, D. V. Sadasivam, R. A. Flower-
s II, Org. Biomol. Chem. 2011, 9, 1714.

[53] S. Fukuzawa, Y. Yahara, A. Kamiyama, M. Hara, S. Kikuchi,
Org. Lett. 2005, 7, 5809.

[54] J. L. Namy, P. Girard, H. B. Kagan, P. E. Caro, Nouv. J. Chim.
1981, 5, 479.

[55] A. M. Bond, G. B. Deacon, R. H. Newnham, Organometallics
1986, 5, 2312.

[56] a) J. L. Namy, J. Collin, J. Zhang, H. B. Kagan, J. Organomet.
Chem. 1987, 328, 81; b) H. B. Kagan, Inorg. Chim. Acta 1987,
140, 3; c) J. Collin, C. Bied, H. B. Kagan, Tetrahedron Lett.
1991, 32, 629; d) C. Bied, J. Collin, H. B. Kagan, Tetrahedron
1992, 48, 3877.

[57] W. J. Evans, J. W. Grate, H. W. Choi, I. Bloom, W. E. Hunter,
J. L. Atwood, J. Am. Chem. Soc. 1985, 107, 941.

[58] W. J. Evans, S. L. Gonzales, J. W. Ziller, J. Am. Chem. Soc. 1994,
116, 2600.

[59] W. J. Evans, L. A. Hughes, T. P. Hanusa, Organometallics 1986,
5, 1285.

[60] W. J. Evans, J. Organomet. Chem. 2002, 652, 61.
[61] W. J. Evans, T. A. Ulibarri, J. W. Ziller, J. Am. Chem. Soc. 1988,

110, 6877.
[62] a) W. J. Evans, G. Zucchi, J. W. Ziller, J. Am. Chem. Soc. 2003,

125, 10; For reviews, see: b) W. J. Evans, D. S. Lee, Can. J.
Chem. 2005, 83, 375; c) S. Gambarotta, J. Scott, Angew. Chem.
2004, 116, 5412; Angew. Chem. Int. Ed. 2004, 43, 5298.

[63] W. J. Evans, J. Alloys Compd. 1993, 192, 205.
[64] W. J. Evans, S. L. Gonzales, J. W. Ziller, J. Am. Chem. Soc. 1991,

113, 7423.
[65] W. J. Evans, B. L. Davis, Chem. Rev. 2002, 102, 2119.
[66] C. Ruspic, J. R. Moss, M. Sch�rmann, S. Harder, Angew. Chem.

2008, 120, 2151; Angew. Chem. Int. Ed. 2008, 47, 2121.

[67] D. Bojer, A. Venugopal, B. Neumann, H. G. Stammler, N. W.
Mitzel, Angew. Chem. 2010, 122, 2665; Angew. Chem. Int. Ed.
2010, 49, 2611.

[68] a) K. Stçwe, S. Tratzky, H. P. Beck, A. Jungmann, R. Claessen,
R. Zimmermann, G. Meng, P. Steiner, S. H�fner, J. Alloys
Compd. 1997, 246, 101; b) S. Mishra, Coord. Chem. Rev. 2008,
252, 1996; c) G. Meyer, Z. Anorg. Allg. Chem. 2007, 633, 2537;
d) F. Nief, Handbook on the Physics and Chemistry of Rare
Earths, Vol. 40 (Eds.: K. A. Gschneidner, Jr., J. C. B�nzli, V. K.
Pecharsky), Elsevier, 2010, p. 241; e) see also: ref. [5c,d].

[69] a) W. J. Evans, Coord. Chem. Rev. 2000, 206 – 207, 263; b) W. J.
Evans, J. Alloys Compd. 2009, 488, 493.

[70] a) M. N. Bochkarev, A. A. Fagin, Chem. Eur. J. 1999, 5, 2990;
b) M. N. Bochkarev, A. A. Fagin, Russ. Chem. Bull. 1999, 48,
1200; c) W. J. Evans, N. T. Allen, P. S. Workman, J. C. Meyer,
Inorg. Chem. 2003, 42, 3097.

[71] Bochkarev showed that the solubility of [NdI2(thf)5]/[NdI2-
(dme)3] and [DyI2(thf)5]/[DyI2(dme)3] (prepared by dissolution
of solid NdI2/DyI2 in respective solvents and evaporation of the
solvent) ranges between 0.02 and 0.04 molL�1 in THF/DME at
room temperature. Solvated complexes of NdI2 and DyI2 show
reasonable stability in THF/DMF at room temperature, how-
ever, they slowly decompose over about 2–3 h due to the
cleavage of C�O bonds in ethereal solvents. As expected,
solutions of TmI2 in THF/DME are stable over several days.
See, Ref. [70a]. Reactions of nonclassical lanthanides(II) with
other solvents have been reported: a) M. N. Bochkarev, G. V.
Khoroshenkov, H. Schumann, S. Dechert, J. Am. Chem. Soc.
2003, 125, 2894; b) M. N. Bochkarev, G. V. Khoroshenkov,
D. M. Kuzyaev, A. A. Fagin, M. E. Burin, G. K. Fukin, E. V.
Baranov, A. A. Maleev, Inorg. Chim. Acta 2006, 359, 3315;
c) M. N. Bochkarev, A. A. Fagin, G. V. Khoroshenkov, Russ.
Chem. Bull. 2002, 51, 1909.

[72] Price from Strem: a) (40 mesh metal powders) Nd $ 235.00/
25 g, Dy $ 196.00/25 g, Tm $ 395.00/5 g, Sm $ 306.00/50 g, Yb $
264.00/10 g; b) (ingot) Nd $ 240.00/100 g, Dy $ 327.00/100 g, Sm
$ 228.00/100 g, Yb $ 239.00/25 g, Eu $ 476.00/5 g; c) (oxides)
Nd2O3 $ 165.00/250 g, Dy2O3 $147.00/100 g, Tm2O3 $ 155.00/5 g,
Sm2O3 $ 294.00/500 g, Yb2O3 $ 118.00/100 g, Eu2O3 $360.00/
25 g; d) see also: S. B. Castor, J. B. Hedrick in Industrial
Minerals and Rocks (Eds.: J. E. Kogel, N. C. Trivedi, J. M.
Baker, S. T. Krukowski), Society for Mining, Metallurgy and
Exploration, 2006, p. 769.

[73] Concentration of selected lanthanides in the Continental Crust
[ppm]: La 30; Nd 27; Pr 6.7; Sm 5.3; Dy 3.8; Yb 2.0; Eu 1.3; Tm
0.3. For comparison: Cu 25; Co 24; B 11; Cs 3.4; Sn 2.3; Bi 0.09;
Ag 0.07; In 0.05. See Ref. [3g].

[74] I. L. Fedushkin, M. N. Bochkarev, S. Dechert, H. Schumann,
Chem. Eur. J. 2001, 7, 3558.

[75] M. N. Bochkarev, I. L. Fedushkin, A. A. Fagin, T. V. Petrov-
skaya, J. W. Ziller, R. N. R. Broomhall-Dillard, W. J. Evans,
Angew. Chem. 1997, 109, 123; Angew. Chem. Int. Ed. Engl.
1997, 36, 133.

[76] W. J. Evans, N. T. Allen, J. Am. Chem. Soc. 2000, 122, 2118.
[77] W. J. Evans, N. T. Allen, J. W. Ziller, J. Am. Chem. Soc. 2001,

123, 7927.
[78] J. J. Shie, P. S. Workman, W. J. Evans, J. M. Fang, Tetrahedron

Lett. 2004, 45, 2703.
[79] W. J. Evans, N. T. Allen, J. W. Ziller, J. Am. Chem. Soc. 2000,

122, 11749.
[80] L. N. Mander in Comprehensive Organic Synthesis Vol. 8 (Eds.:

B. M. Trost, I. Fleming), Pergamon, Oxford, 1991, p. 490.
[81] W. J. Evans, N. T. Allen, J. W. Ziller, Angew. Chem. 2002, 114,

369; Angew. Chem. Int. Ed. 2002, 41, 359.
[82] X. Xiang, Q. Shen, J. Wang, Z. Zhu, W. Huang, X. Zhou,

Organometallics 2008, 27, 1959.

.Angewandte
Reviews

D. J. Procter and M. Szostak

9254 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 9238 – 9256

http://dx.doi.org/10.1039/b408257e
http://dx.doi.org/10.1039/b500566c
http://dx.doi.org/10.1039/b500566c
http://dx.doi.org/10.1021/ja00377a033
http://dx.doi.org/10.1021/ja00377a033
http://dx.doi.org/10.1021/om00017a022
http://dx.doi.org/10.1021/ja973184z
http://dx.doi.org/10.1021/ja973184z
http://dx.doi.org/10.1021/ic020137l
http://dx.doi.org/10.1021/ic951253+
http://dx.doi.org/10.1016/S0277-5387(01)00848-8
http://dx.doi.org/10.1021/ic00276a027
http://dx.doi.org/10.1021/ic00276a027
http://dx.doi.org/10.1021/ja028111g
http://dx.doi.org/10.1021/ja028111g
http://dx.doi.org/10.1021/ja049161j
http://dx.doi.org/10.1021/ja049161j
http://dx.doi.org/10.1021/ol100424y
http://dx.doi.org/10.1055/s-1994-22861
http://dx.doi.org/10.1055/s-1994-22861
http://dx.doi.org/10.1246/cl.1994.1981
http://dx.doi.org/10.1246/cl.1994.1981
http://dx.doi.org/10.1021/jo960260s
http://dx.doi.org/10.1021/jo981436o
http://dx.doi.org/10.1016/S0040-4039(99)00417-7
http://dx.doi.org/10.1016/S0040-4039(99)00417-7
http://dx.doi.org/10.1021/ja00120a034
http://dx.doi.org/10.1021/ja00120a034
http://dx.doi.org/10.1002/ejic.200800876
http://dx.doi.org/10.1039/c0ob01229g
http://dx.doi.org/10.1021/ol0523291
http://dx.doi.org/10.1021/om00142a023
http://dx.doi.org/10.1021/om00142a023
http://dx.doi.org/10.1016/S0022-328X(00)99769-9
http://dx.doi.org/10.1016/S0022-328X(00)99769-9
http://dx.doi.org/10.1016/S0020-1693(00)81036-1
http://dx.doi.org/10.1016/S0020-1693(00)81036-1
http://dx.doi.org/10.1016/S0040-4039(00)74845-3
http://dx.doi.org/10.1016/S0040-4039(00)74845-3
http://dx.doi.org/10.1016/S0040-4020(01)88468-4
http://dx.doi.org/10.1016/S0040-4020(01)88468-4
http://dx.doi.org/10.1021/ja00290a032
http://dx.doi.org/10.1021/ja00085a046
http://dx.doi.org/10.1021/ja00085a046
http://dx.doi.org/10.1021/om00138a001
http://dx.doi.org/10.1021/om00138a001
http://dx.doi.org/10.1016/S0022-328X(02)01308-6
http://dx.doi.org/10.1021/ja00228a043
http://dx.doi.org/10.1021/ja00228a043
http://dx.doi.org/10.1021/ja0211712
http://dx.doi.org/10.1021/ja0211712
http://dx.doi.org/10.1139/v05-014
http://dx.doi.org/10.1139/v05-014
http://dx.doi.org/10.1002/ange.200301669
http://dx.doi.org/10.1002/ange.200301669
http://dx.doi.org/10.1002/anie.200301669
http://dx.doi.org/10.1016/0925-8388(93)90231-B
http://dx.doi.org/10.1021/ja00019a050
http://dx.doi.org/10.1021/ja00019a050
http://dx.doi.org/10.1021/cr010298r
http://dx.doi.org/10.1002/ange.200705001
http://dx.doi.org/10.1002/ange.200705001
http://dx.doi.org/10.1002/anie.200705001
http://dx.doi.org/10.1002/ange.200906952
http://dx.doi.org/10.1002/anie.200906952
http://dx.doi.org/10.1002/anie.200906952
http://dx.doi.org/10.1016/S0925-8388(96)02469-3
http://dx.doi.org/10.1016/S0925-8388(96)02469-3
http://dx.doi.org/10.1016/j.ccr.2007.10.029
http://dx.doi.org/10.1016/j.ccr.2007.10.029
http://dx.doi.org/10.1002/zaac.200700386
http://dx.doi.org/10.1016/S0010-8545(00)00267-8
http://dx.doi.org/10.1016/j.jallcom.2009.02.018
http://dx.doi.org/10.1002/(SICI)1521-3765(19991001)5:10%3C2990::AID-CHEM2990%3E3.0.CO;2-U
http://dx.doi.org/10.1021/ic0300316
http://dx.doi.org/10.1021/ja028311s
http://dx.doi.org/10.1021/ja028311s
http://dx.doi.org/10.1016/j.ica.2006.03.014
http://dx.doi.org/10.1023/A:1021364804963
http://dx.doi.org/10.1023/A:1021364804963
http://dx.doi.org/10.1002/1521-3765(20010817)7:16%3C3558::AID-CHEM3558%3E3.0.CO;2-H
http://dx.doi.org/10.1002/ange.19971090138
http://dx.doi.org/10.1002/anie.199701331
http://dx.doi.org/10.1002/anie.199701331
http://dx.doi.org/10.1021/ja992951m
http://dx.doi.org/10.1021/ja011282l
http://dx.doi.org/10.1021/ja011282l
http://dx.doi.org/10.1016/j.tetlet.2004.01.130
http://dx.doi.org/10.1016/j.tetlet.2004.01.130
http://dx.doi.org/10.1021/ja0034949
http://dx.doi.org/10.1021/ja0034949
http://dx.doi.org/10.1002/1521-3757(20020118)114:2%3C369::AID-ANGE369%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3757(20020118)114:2%3C369::AID-ANGE369%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3773(20020118)41:2%3C359::AID-ANIE359%3E3.0.CO;2-A
http://dx.doi.org/10.1021/om8000313
http://www.angewandte.org


[83] a) T. H. Yan, C. C. Tsai, C. T. Chien, C. C. Cho, P. C. Huang,
Org. Lett. 2004, 6, 4961; b) K. W. Lin, C. Y. Chen, W. F. Chen,
T. H. Yan, J. Org. Chem. 2008, 73, 4759; c) K. W. Lin, C. H.
Tsai, I. L. Hsieh, T. H. Yan, Org. Lett. 2008, 10, 1927.

[84] Z. Zhu, C. Wang, X. Xiang, C. Pi, X. Zhou, Chem. Commun.
2006, 2066.

[85] M. N. Bochkarev, I. L. Fedushkin, S. Dechert, A. A. Fagin, H.
Schumann, Angew. Chem. 2001, 113, 3268; Angew. Chem. Int.
Ed. 2001, 40, 3176.

[86] a) W. J. Evans, P. S. Workman, N. T. Allen, Org. Lett. 2003, 5,
2041; b) W. J. Evans, P. S. Workman, Organometallics 2005, 24,
1989.

[87] A. A. Fagin, T. V. Balashova, D. M. Kusyaev, T. I. Kulikova,
T. A. Glukhova, N. P. Makarenko, Y. A. Kurskii, W. J. Evans,
M. N. Bochkarev, Polyhedron 2006, 25, 1105.

[88] For a review of direct arylations, see D. Alberico, M. E. Scott,
M. Lautens, Chem. Rev. 2007, 107, 174.

[89] S. C. Coote, S. Quenum, D. J. Procter, Org. Biomol. Chem.
2011, 9, 5104.

[90] For other examples of the use of nonclassical lanthanides(II),
see: a) W. J. Evans, R. N. R. Broomhall-Dillard, J. W. Ziller,
Polyhedron 1998, 17, 3361; b) M. A. Katkova, G. K. Fukin,
A. A. Fagin, M. N. Bochkarev, J. Organomet. Chem. 2003, 682,
218; c) D. Turcitu, F. Nief, L. Ricard, Chem. Eur. J. 2003, 9,
4916; d) A. A. Fagin, M. N. Bochkarev, S. A. Kozimor, J. W.
Ziller, W. J. Evans, Z. Anorg. Allg. Chem. 2005, 631, 2848;
e) T. V. Balashova, D. M. Kusyaev, T. I. Kulikova, O. N. Kuz-
netsova, F. T. Edelmann, S. Gießmann, S. Blaurock, M. N.
Bochkarev, Z. Anorg. Allg. Chem. 2007, 633, 256; f) A. A.
Fagin, S. V. Salmova, M. N. Bochkarev, Russ. Chem. Bull. 2009,
58, 230.

[91] P. L. Watson, T. H. Tulip, I. Williams, Organometallics 1990, 9,
1999.

[92] A. Dahl�n, E. Prasad, R. A. Flowers II, G. Hilmersson, Chem.
Eur. J. 2005, 11, 3279.

[93] G. A. Molander, J. B. Etter, J. Org. Chem. 1986, 51, 1778.
[94] a) J. D. Parrish, R. D. Little, Tetrahedron Lett. 2001, 42, 7767;

b) R. Andreu, D. Pletcher, Electrochim. Acta 2003, 48, 1065;
c) B. A. Frontana-Uribe, R. D. Little, Electrochim. Acta 2005,
50, 1383; d) R. Yee, J. Mallory, J. D. Parrish, G. L. Carroll, R. D.
Little, J. Electroanal. Chem. 2006, 593, 69.

[95] YbI2: a) P. Saikia, D. D. Laskar, D. Prajapati, J. S. Sandhu,
Tetrahedron Lett. 2002, 43, 7525; b) W. K. Su, B. B. Yang, J.
Indian Chem. Soc. 2003, 80, 163; see also: ref. [6], ref. [92];
YbI2/hn : c) T. Kondo, M. Akazome, Y. Watanabe, J. Chem. Soc.
Chem. Commun. 1991, 757; d) A. Ogawa, S. Ohya, Y. Sumino,
N. Sonoda, T. Hirao, Tetrahedron Lett. 1997, 38, 9017; YbI2/Yb:
e) A. Ogawa, T. Nanke, N. Takami, M. Sekiguchi, N. Kambe, N.
Sonoda, Appl. Organomet. Chem. 1995, 9, 461; Yb(SPh)2: f) Y.
Taniguchi, K. Nagata, T. Kitamura, Y. Fujiwara, D. Deguchi, M.
Maruo, Y. Makioka, K. Takaki, Tetrahedron Lett. 1996, 37,
3465.

[96] a) Y. Taniguchi, T. Kuno, M. Kakahashi, K. Takaki, Y. Fujiwara,
J. Alloys Compd. 1994, 216, L9; b) Y. Taniguchi, M. Nakahashi,
T. Kuno, M. Tsuno, Y. Makioka, K. Takaki, Y. Fujiwara,
Tetrahedron Lett. 1994, 35, 4111; c) Y. Taniguchi, T. Kuno, M.
Nakahashi, K. Takaki, Y. Fujiwara, Appl. Organomet. Chem.
1995, 9, 491.

[97] a) E. Vrachnou-Astra, D. Katakis, J. Am. Chem. Soc. 1973, 95,
3814; b) E. Vrachnou-Astra, D. Katakis, J. Am. Chem. Soc.
1975, 97, 5357; c) J. Konstantatos, E. Vrachnou-Astra, N.
Katsaros, D. Katakis, Inorg. Chem. 1982, 21, 122.

[98] CeI2 is known in the solid state: K. W. Kr�mer, H. U. G�del, P.
Fischer, L. Keller, Appl. Phys. A 2002, 74, s595.

[99] T. Imamoto, T. Kusumoto, Y. Hatanaka, M. Yokoyama,
Tetrahedron Lett. 1982, 23, 1353.

[100] B. E. Kahn, R. D. Rieke, Chem. Rev. 1988, 88, 733.

[101] a) U. Groth, M. Jeske, Angew. Chem. 2000, 112, 586; Angew.
Chem. Int. Ed. 2000, 39, 574; b) see also: U. Groth, M. Jeske,
Synlett 2001, 129.

[102] For other transformations mediated by low-valent cerium, see:
a) S. Takahashi, N. Mori, Chem. Lett. 1989, 13; b) S. Fukuzawa,
T. Fujinami, S. Sakai, J. Organomet. Chem. 1986, 299, 179; c) T.
Imamoto, Pure Appl. Chem. 1990, 62, 747; d) T. Imamoto, T.
Kusumoto, Y. Tawarayama, Y. Sugiura, T. Mita, Y. Hatanaka,
M. Yokoyama, J. Org. Chem. 1984, 49, 3904; e) see also:
Ref. [2b].

[103] a) F. T. Edelmann in Comprehensive Organometallic Chemistry
III, Vol. 4 (Eds.: D. M. P. Mingos, R. H. Crabtree), Elsevier,
Oxford, 2007, p. 1; b) F. A. Cotton, G. Wilkinson, Advanced
Inorganic Chemistry, 5th ed., Wiley, New-York, 1988 ; c) Syn-
thesis of Organometallic Compounds: A Practical Guide (Ed.:
S. Komiya), Wiley, Chichester, 1997; d) N. Kaltsoyannis, The f
Elements, Oxford University Press, Oxford, 1999.

[104] F. Jaroschik, F. Nief, X. F. Le Goff, L. Ricard, Organometallics
2007, 26, 1123.

[105] F. Jaroschik, A. Momin, F. Nief, X. F. Le Goff, G. B. Deacon,
P. C. Junk, Angew. Chem. 2009, 121, 1137; Angew. Chem. Int.
Ed. 2009, 48, 1117.

[106] P. B. Hitchcock, M. F. Lappert, L. Maron, A. V. Protchenko,
Angew. Chem. 2008, 120, 1510; Angew. Chem. Int. Ed. 2008, 47,
1488.

[107] a) M. R. MacDonald, J. W. Ziller, W. J. Evans, J. Am. Chem.
Soc. 2011, 133, 15914; b) see also: M. Fang, D. S. Lee, J. W.
Ziller, R. J. Doedens, J. E. Bates, F. Furche, W. J. Evans, J. Am.
Chem. Soc. 2011, 133, 3784.

[108] Divalent complexes of two other rare-earth elements, Sc and Y
have been isolated: a) G. K. B. Clentsmith, F. G. N. Cloke, J. C.
Green, J. Hanks, P. B. Hitchcock, J. F. Nixon, Angew. Chem.
2003, 115, 1068; Angew. Chem. Int. Ed. 2003, 42, 1038; b) see
also: ref. [107a].

[109] W. J. Evans, D. S. Lee, D. B. Rego, J. M. Perotti, S. A. Kozimor,
E. K. Moore, J. W. Ziller, J. Am. Chem. Soc. 2004, 126, 14574.

[110] For related, catalytic single-electron reductants, see: a) T.
Hirao, Synlett 1999, 175; b) A. Gans�uer, H. Bluhm, M.
Pierobon, J. Am. Chem. Soc. 1998, 120, 12849; c) A. F�rstner,
A. Hupperts, J. Am. Chem. Soc. 1995, 117, 4468; d) A. F�rstner,
N. Shi, J. Am. Chem. Soc. 1996, 118, 2533.

[111] R. Nomura, T. Matsuno, T. Endo, J. Am. Chem. Soc. 1996, 118,
11666.

[112] H. C. Aspinall, N. Greeves, C. Valla, Org. Lett. 2005, 7, 1919.
[113] E. J. Corey, G. Z. Zheng, Tetrahedron Lett. 1997, 38, 2045.
[114] a) F. H�lion, J. L. Namy, J. Org. Chem. 1999, 64, 2944; For

a review, see: b) M. I. Lannou, F. H�lion, J. L. Namy, Tetrahe-
dron 2003, 59, 10551.

[115] a) F. Orsini, E. M. Luci, Tetrahedron Lett. 2005, 46, 1909;
b) J. M. Concell�n, H. Rodr�guez-Solla, C. Concell�n, A. D�az-
Pardo, R. Llavona, Synlett 2011, 262.

[116] X. Lu, S. Ma, J. Zhu, Tetrahedron Lett. 1988, 29, 5129.
[117] It is worth noting that SmI2 has been used in catalytic quantities

as a precatalyst to SmIII or as a Lewis acid: a) D. A. Evans,
A. H. Hoveyda, J. Am. Chem. Soc. 1990, 112, 6447; b) J. L. Hsu,
C. T. Chen, J. M. Fang, Org. Lett. 1999, 1, 1989; c) C. A. Fan,
X. D. Hu, Y. Q. Tu, B. M. Wang, Z. L. Song, Chem. Eur. J. 2003,
9, 4301; d) N. Giuseppone, Y. Courtaux, J. Collin, Tetrahedron
Lett. 1998, 39, 7845L; e) N. Jaber, J. C. Fiaud, J. Collin,
Tetrahedron Lett. 2001, 42, 9157; f) J. Collin, N. Jaber, M. I.
Lannou, Tetrahedron Lett. 2001, 42, 7405; g) R. Gçttlich, M.
Noack, Tetrahedron Lett. 2001, 42, 7771; h) S. C. George, S. S.
Kim, S. T. Kadam, Appl. Organomet. Chem. 2007, 21, 994; i) J.
Collin, S. Bezzenine-Lafoll�e, R. Gil, N. Jaber, M. Martin, I.
Reboule, Synlett 2009, 2051.

[118] I. L. Fedushkin, O. V. Maslova, M. Hummert, H. Schumann,
Inorg. Chem. 2010, 49, 2901.

Electron-Transfer Reagents
Angewandte

Chemie

9255Angew. Chem. Int. Ed. 2012, 51, 9238 – 9256 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ol0478887
http://dx.doi.org/10.1021/jo800732s
http://dx.doi.org/10.1021/ol8004326
http://dx.doi.org/10.1039/b602883g
http://dx.doi.org/10.1039/b602883g
http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3268::AID-ANGE3268%3E3.0.CO;2-K
http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3176::AID-ANIE3176%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3176::AID-ANIE3176%3E3.0.CO;2-Y
http://dx.doi.org/10.1021/ol030033u
http://dx.doi.org/10.1021/ol030033u
http://dx.doi.org/10.1021/om050033t
http://dx.doi.org/10.1021/om050033t
http://dx.doi.org/10.1016/j.poly.2005.08.050
http://dx.doi.org/10.1021/cr0509760
http://dx.doi.org/10.1039/c1ob05710c
http://dx.doi.org/10.1039/c1ob05710c
http://dx.doi.org/10.1016/S0277-5387(98)00117-X
http://dx.doi.org/10.1016/S0022-328X(03)00785-X
http://dx.doi.org/10.1016/S0022-328X(03)00785-X
http://dx.doi.org/10.1002/chem.200305107
http://dx.doi.org/10.1002/chem.200305107
http://dx.doi.org/10.1002/zaac.200500173
http://dx.doi.org/10.1002/zaac.200600255
http://dx.doi.org/10.1007/s11172-009-0034-2
http://dx.doi.org/10.1007/s11172-009-0034-2
http://dx.doi.org/10.1021/om00157a006
http://dx.doi.org/10.1021/om00157a006
http://dx.doi.org/10.1021/jo00360a025
http://dx.doi.org/10.1016/S0040-4039(01)01692-6
http://dx.doi.org/10.1016/S0013-4686(02)00844-7
http://dx.doi.org/10.1016/j.electacta.2004.08.027
http://dx.doi.org/10.1016/j.electacta.2004.08.027
http://dx.doi.org/10.1016/S0040-4039(02)01808-7
http://dx.doi.org/10.1039/c39910000757
http://dx.doi.org/10.1039/c39910000757
http://dx.doi.org/10.1016/S0040-4039(97)10409-9
http://dx.doi.org/10.1002/aoc.590090514
http://dx.doi.org/10.1016/0040-4039(96)00591-6
http://dx.doi.org/10.1016/0040-4039(96)00591-6
http://dx.doi.org/10.1016/0925-8388(94)91028-6
http://dx.doi.org/10.1016/S0040-4039(00)73126-1
http://dx.doi.org/10.1002/aoc.590090519
http://dx.doi.org/10.1002/aoc.590090519
http://dx.doi.org/10.1021/ja00792a069
http://dx.doi.org/10.1021/ja00792a069
http://dx.doi.org/10.1021/ja00852a007
http://dx.doi.org/10.1021/ja00852a007
http://dx.doi.org/10.1021/ic00131a024
http://dx.doi.org/10.1016/S0040-4039(00)87103-8
http://dx.doi.org/10.1021/cr00087a002
http://dx.doi.org/10.1002/(SICI)1521-3757(20000204)112:3%3C586::AID-ANGE586%3E3.0.CO;2-%23
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C574::AID-ANIE574%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(20000204)39:3%3C574::AID-ANIE574%3E3.0.CO;2-O
http://dx.doi.org/10.1246/cl.1989.13
http://dx.doi.org/10.1016/0022-328X(86)82013-7
http://dx.doi.org/10.1351/pac199062040747
http://dx.doi.org/10.1021/jo00195a006
http://dx.doi.org/10.1021/om0700213
http://dx.doi.org/10.1021/om0700213
http://dx.doi.org/10.1002/ange.200804934
http://dx.doi.org/10.1002/anie.200804934
http://dx.doi.org/10.1002/anie.200804934
http://dx.doi.org/10.1002/ange.200704887
http://dx.doi.org/10.1002/anie.200704887
http://dx.doi.org/10.1002/anie.200704887
http://dx.doi.org/10.1021/ja207151y
http://dx.doi.org/10.1021/ja207151y
http://dx.doi.org/10.1021/ja1116827
http://dx.doi.org/10.1021/ja1116827
http://dx.doi.org/10.1002/ange.200390242
http://dx.doi.org/10.1002/ange.200390242
http://dx.doi.org/10.1002/anie.200390267
http://dx.doi.org/10.1021/ja046047s
http://dx.doi.org/10.1055/s-1999-2567
http://dx.doi.org/10.1021/ja981635p
http://dx.doi.org/10.1021/ja9537538
http://dx.doi.org/10.1021/ja962331a
http://dx.doi.org/10.1021/ja962331a
http://dx.doi.org/10.1021/ol050256f
http://dx.doi.org/10.1016/S0040-4039(97)00263-3
http://dx.doi.org/10.1016/j.tet.2003.07.017
http://dx.doi.org/10.1016/j.tet.2003.07.017
http://dx.doi.org/10.1016/j.tetlet.2005.01.079
http://dx.doi.org/10.1016/S0040-4039(00)80698-X
http://dx.doi.org/10.1021/ja00173a071
http://dx.doi.org/10.1021/ol9911526
http://dx.doi.org/10.1002/chem.200304782
http://dx.doi.org/10.1002/chem.200304782
http://dx.doi.org/10.1016/S0040-4039(98)01724-9
http://dx.doi.org/10.1016/S0040-4039(98)01724-9
http://dx.doi.org/10.1016/S0040-4039(01)01995-5
http://dx.doi.org/10.1016/S0040-4039(01)01581-7
http://dx.doi.org/10.1016/S0040-4039(01)01620-3
http://dx.doi.org/10.1002/aoc.1324
http://dx.doi.org/10.1055/s-0029-1217511
http://dx.doi.org/10.1021/ic902439x
http://www.angewandte.org


[119] a) A. Ogawa, Y. Sumino, T. Nanke, S. Ohya, N. Sonoda, T.
Hirao, J. Am. Chem. Soc. 1997, 119, 2745; b) Y. Sumino, N.
Harato, Y. Tomisaka, A. Ogawa, Tetrahedron 2003, 59, 10499;
c) E. Prasad, B. W. Knettle, R. A. Flowers II, Chem. Eur. J.
2005, 11, 3105; d) J. M. Concell�n, H. Rodr�guez-Solla, C.
Simal, M. Huerta, Org. Lett. 2005, 7, 5833; e) Y. Tomisaka, A.
Nomoto, A. Ogawa, Tetrahedron Lett. 2009, 50, 584; f) M.
Amiel-Levy, S. Hoz, Chem. Eur. J. 2010, 16, 805; g) A. Nomoto,
Y. Kojo, G. Shiino, Y. Tomisaka, I. Mitani, M. Tatsumi,
Tetrahedron Lett. 2010, 51, 6580.

[120] a) M. Bandini, P. G. Cozzi, P. Melchiorre, A. Umani-Ronchi,
Angew. Chem. 1999, 111, 3558; Angew. Chem. Int. Ed. 1999, 38,
3357; b) H. Guo, C. G. Dong, D. S. Kim, D. Urabe, J. Wang, J. T.
Kim, X. Liu, T. Sasaki, Y. Kishi, J. Am. Chem. Soc. 2009, 131,
15387; c) X. Liu, J. A. Henderson, T. Sasaki, Y. Kishi, J. Am.
Chem. Soc. 2009, 131, 16678; d) see also: ref. [2c].

[121] S. Labouille, F. Nief, L. Maron, J. Phys. Chem. A 2011, 115,
8295.

.Angewandte
Reviews

D. J. Procter and M. Szostak

9256 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 9238 – 9256

http://dx.doi.org/10.1021/ja963117p
http://dx.doi.org/10.1016/j.tet.2003.08.070
http://dx.doi.org/10.1002/chem.200401163
http://dx.doi.org/10.1002/chem.200401163
http://dx.doi.org/10.1016/j.tetlet.2008.11.077
http://dx.doi.org/10.1016/j.tetlet.2010.10.028
http://dx.doi.org/10.1002/(SICI)1521-3757(19991115)111:22%3C3558::AID-ANGE3558%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19991115)38:22%3C3357::AID-ANIE3357%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1521-3773(19991115)38:22%3C3357::AID-ANIE3357%3E3.0.CO;2-W
http://dx.doi.org/10.1021/ja905843e
http://dx.doi.org/10.1021/ja905843e
http://dx.doi.org/10.1021/ja9079308
http://dx.doi.org/10.1021/ja9079308
http://dx.doi.org/10.1021/jp205144h
http://dx.doi.org/10.1021/jp205144h
http://www.angewandte.org

