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PREAMBLE AND INTRODUCTION

Samarium diiodide (SmL,) has been successfully employed in a number of synthetically
useful transformations since its introduction as a viable reagent by Kagan.! While most of the
work involving Sml, has been of a bond-forming nature, many useful fragmentation and
cleavage reactions have been forthcoming.

Part 1 of this review? focused on cleavage and fragmentation reactions of heteroatom-
heteroatom and of carbon-carbon bonds, and provided a brief mechanistic introduction to some
of the reactions facilitated by Sml,. One type of SmL,-promoted fragmentation reaction that has
enjoyed much attention is the elimination of various functional groups situated in a position
alpha or beta to the carbonyl moiety. These include a multitude of examples of the a-elimination
of oxygen, sulfur and other functions, each of which shall be dealt with in turn, as well as the
various B-elimination (and indeed more remote sequential elimination) type reactions. In Part 2,
we shall focus on these types of reactions involving carbon-heteroatom type substrates.

For ease of reference, the work in this part of the review has been categorized primarily
according to the carbon atom from which the leaving moiety is eliminated (i.e. from the o- or -
carbon relative to the main functional group).

I. DIRECT ELIMINATION REACTIONS

Direct a-elimination reactions may be defined as the simple removal of a group on the
alpha carbon with respect to the susceptible moiety, as opposed to the indirect counterparts which
will be defined as those involving a tandem elimination-condensation/intramolecular
cyclisation/etc. reaction sequence. This division serves a more organizational rather than a chem-
ical descriptional purpose, since the reactions cited possess analogous intermediates in all cases.
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1. 0-C-O Elimination Reactions
a. o-Elimination in Aldehydes and Ketones

More classical methods with which to effect a-elimination in ketones normally require
relatively harsh reaction conditions and multiple component systems to achieve this type of
reduction. For example, Na,S,0, together with a metal halide have been employed to hydrode-
halogenate ci-haloketones.® The introduction of Sml, as a potent yet selective one-electron reduc-
tant has drastically changed the nature of this type of transformation.* A distinct advantage of
Sml, over various other reductants is the fact that it is soluble in organic solvents, and that it
exerts its activity under essentially neutral conditions. These two considerations, together with its
remarkable chemoselectivity, have ensured its successful application to a wide array of complex
substrates under various conditions.

In most cases, the a-elimination reaction is achieved using the Sml, / THF system with
methanol as a proton source at low temperatures (-78°C). Reduction of a-hydroxy ketones was
noted to give disappointingly low yields. This problem was alleviated to some extent by the
simple addition of acetic anhydride to the o-hydroxy ketones in THF.* This form of reduction
can be divided in two main categories, i.e. a-oxygenated ketones and o-heterosubstituted
(heteroatoms other than oxygen) ketones.

o-Oxygenated ketones undergo reduction under the above mentioned conditions and
the reduction appears to occur almost instahtaneously (Scheme 1).

2 Sml, o

CsHyyCCHCsH THE CaHyCCeH

51 i 51111 MeOH 5111 6713
x - 78°C

X = OAc (75%); OSiMe; (98%); OCOCH;Ph (100%); OTs (94%); OH (29%)
Scheme 1

Sml, generates a ketyl radical that is rapidly protonated by methanol and undergoes
further reduction by a second equivalent of Sml, to produce a carbanion. Elimination and
tautomerization of the ensuing enol provides the ketone product (Scheme 2).*"

Q smi, OSml, MeOH OH
R—C-CH-R' ——~ R-C—CH-R - R—C—CH-R
X X 2 “ x)
OH f
_ R—C=CH—R' — +~  R—-C-CH-R
Scheme 2

A similar type of reaction has been used in the conversion of saturated or unsaturated
carbonyl compounds to the corresponding nitrile via the cyanophosphate species (Scheme 3).
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o (Et0),P(O)CN (3 eq.) Sml, 3 eq.) c
1 LiCN (3 eq)) o +-BuOH (1 eq.) )\"
, NC.__OP(OEt), _
R™ R THF R>(R‘ THF R™ R
r.t. r.t. 82-100%
10 - 30 min. Scheme 3

This reduction takes place in the presence of fer-butanol,®® and is believed to proceed via an
initial one-electron reduction of the nitrile, although nitriles are generally relatively unreactive
towards Sml,.

Examples exist where the overall reaction involves a rearrangement as well as the elim-
ination of the a group. Treatment of suitably functionalised o-hydroxy ketones with Sml,
combines a Lewis acid (Sm*) mediated ring-expansion with the reductive loss of an hydroxyl
substituent and trans annular ketyl cyclisation (Scheme 4).'°

o

(o]

OH

MEMO 92%
Scheme 4 0

o-Heterosubstituted ketones have been noted to undergo reduction under the same
conditions as required for a-oxygenated ketones (Scheme 5). The experiments demonstrate that
the substrate undergoes reductive elimination of the heteroatom group under the action of two

0 2 Sml, o
X THF
MeOH
-78°C
76-100%
X = CI; SPh; SOPh; SO,Ph; HgCl
Scheme 5

equivalents of samarium diiodide to give the corresponding samarium enolate and finally the
reduced ketone product upon protonation and tautomerization.!! More complex systems have
also seen the successful use of samarium diiodide as a reducing agent for ketones in sensitive
systems, affording the cleaved products under mild conditions.!?

It has been discovered that the absence or presence of a proton source can influence the
selectivity of Sml -mediated deoxygenation. As shown below (Scheme 6), double deoxygenation
was observed when an o-acetoxy-o'-methoxy ketone substrate was treated with Sml, in the pres-
ence of a proton source (MeOH).
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H
Sml; 3 eq.), -78°C
sl
OAc .0 MeOH o

H Sml; (3 eq.), -78°C
14 eq. HOCH,CH,;0H

Scheme 6

Conversely, selective elimination of the acetoxy group was effected in the presence of
ethylene glycol.'* The over-reduction observed in the absence of ethylene glycol is possibly
related to the Lewis acidity and oxophilic nature of the Sm(III) produced in the reaction. In some
cases, this double reductive elimination has been employed to generate specifically functional-
ized bicyclic ketones (Scheme 7; see Table 1).">

OAc ,0

8 H 9
Clié\ Sml; (3 eq.), -78°C
H o 0 74% o]
H OH

Scheme 7

As a reducing agent, Sml, has proved superior to and more selective than numerous
other reductants on manifold substrates and in the transformations of a variety of functional
groups. As an example of the greater selectivity and efficiency of samarium diiodide over tri-n-
butyltin hydride in the fragmentation reaction of a C-O bond, the xanthate (Scheme 8) underwent

MeS YS

o Sml, MeS._. _SSml s.© ssmi
THE Y 2 . Me ﬁ/ mi,

n — y
0 —_— o —_—-
20°C
5 min. \N’j q/

88% v
0

o o]
2eniNos
oS S0L
o
Scheme 8 1

selective C-O bond and ring-fragmentation to afford the aromatic derivative in a yield of 88%.
By comparison, treatment of the same substrate with tri-n-butyltin hydride produced the aromatic
product along with a product (1) of simple deoxygenation (1:1 ratio) in a combined yield of only
50%.'* This example demonstrates not only the efficient use of Sml, to effect fragmentation of a
C-O bond but also shows one of the first ever observed and reported C-C bond fragmentations.
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This particular C-C fragmentation was also mentioned in Part 1 of this review.? An explanation,
suggested by those workers, for the fragmentation obtained when using samarium diiodide as
opposed to tri-n-butyltin hydride (as shown in the proposed mechanism above), may be found in
the ability of Sm!' to support anion chemistry, as opposed to the exclusive radical domain of the
hydride reagent.!*

A possibility not mentioned by those authors is that the SmL,-mediated reactions might
start with electron transfer to the o.,B-unsaturated ketone due to the oxophilic nature of Sm salts
(shown as an alternative mechanism below, Scheme 9).

Scheme 9

This step would be followed by C-C bond fragmentation and aromatization while the
hydride reductant would certainly exert its influence at the xanthate moiety. In the alternative
mechanism, it is also possible that an anionic process precipitates the fragmentation.

Another interesting example makes use of Sml, in THF/H,O to effect a straightforward
o-deoxygenation of unprotected tetrono- and pentonolactones, providing a facile access to their
2-deoxy analogs."’

It has been noted that the reaction conditions determine not only the manner of elimina-
tion but also the stereoselectivity observed. Treatment of a THF solution of baccatin III with
Sml, in the presence of fert-butyl alcohol for 15 hours (Scheme 10), produced the desired 10-
deacetoxybaccatin III in 45% yield together with a mixture of by-products (40%) and of starting

AcO 0
Smi,
HOI- AcOH HOw-:
A 5 min.
ﬁ X 45%
0Bz OAc Scheme 10
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material (10%). However, changing the reaction conditions to Sml, and acetic acid delivered the
desired product in a yield of 87% in 5 minutes, again demonstrating the influence of the proton
source on the outcome of some reactions.'® This example, together with others of a-deoxygena-
tion in multi-functional compounds, once again demonstrates the selective nature of Sml,-medi-
ated cleavage.'™'®

An example of the elimination of an o-acyloxy group involves the ring-opening of a
lactone (Scheme 11). In this case, the electron transfer would have been initiated at the ketone
carbonyl rather than that of the lactone. FeCl, was added as a catalyst to facilitate the reduction
of the substrate to a 8-keto acid, and is usually employed to speed up the reaction in question and
allow mild reaction conditions.®

OQ Sml, (2 eq.) oQ
FeClj (cat.)

(o]

THF
25°C ° .
25 min. HO,C
OTBDS 849, OTBDS
Scheme 11

o-Epoxy ketones are also susceptible to Sml -mediated elimination reactions (Scheme 12).
The reaction of Sml, with the ketone generates a ketyl radical, which is rapidly protonated by
methanol. A second equivalent of Sml, causes further reduction to the carbanion, inducing ring-
opening of the epoxide. Tautomerisation of the resulting enol provides the ketone, as shown in
the scheme below. 22

0 R R

u Sml, 0 R\ R"  McOH OH R\ R*  §ml,
R R
R o o o
OH R, R~ OH R o w
n)-\<Y J\/{\ R — R/U\/)\R"
o R o- HO
Scheme 12 74-91%

A study of the reaction conditions for epoxide ring-opening using Sml, indicated that
the addition of HMPA accelerated the electron transfer process, such that the reaction was almost
instantaneous. Furthermore, the presence of a proton source increased the chemical yield, and the
addition of a chelating agent was crucial to the attainment of a high degree of regioselectivity:
the absence of such agents resulted in Lewis acid ring-opening of the epoxide to afford the corre-
sponding o—~hydroxy ketone as by product. Chelating agents such as tetramethylethylenediamine
(TMEDA) and N,N-dimethylethanolamine (DMEA) were used, and the study revealed that the
best results were obtained when HMPA (5 equivalents) and DMEA (2 equivalents) were used in

combination as additives.25-26
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This reaction has been developed to allow the quenching of the reaction by making use
of aldehydes as electrophiles, instead of a proton source. While the product of ring-opening of
the epoxide is an aldol-type product, that of the trapping of the enol/enolate with an aldehyde is
one of the bis-aldol type (Scheme 13).7

0 — Smlg
o Sml, o
R! J\l>\ R? *l)\
‘ Sml
(o] OH
(o] OH H30+ 1LSm -0 0~ Sml, RBCHO
R' R?
R! )k/‘\ R? At )\‘_,JJ\ R?
mono-aldol R OH
Scheme 13 bis-aldol (70-90%)

Sequenced reactions of o-keto epoxides are not limited to those in which aldoi-type
products are prepared. In the following example (Scheme 14), an intramolecular 6-exo-trig cycli-
sation reaction follows the epoxide ring-opening, because of a suitably positioned double bond.
The reaction is carried out using 6 equivalents of Sml, in THF with HMPA as an additive and

MeOH as a proton source at 0°C.2

H smm

0 0" o
W omle S,

= /U\X/\/ ’
R R
o MeOH
Sm(lll) oL R
& aMe
—_— HO
Me
74%
Scheme 14

It was later shown that it is possible to trap the methylene radical with alkenes or
alkynes strategically located in the starting o,B-epoxy ketones (Scheme 15).

| o OH
Smlz SmI2
MeOH S

”°‘Sm(m)\

radical

cyclisation

Ho‘sm(""\ HO—sm(ur) HO
o radical ) 1. Sml, OH
cyclisation 2. MeOH
= .
- - Scheme 15
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Molander et al. neatly demonstrated this cascade epoxide ring-opening and two sequen-
tial radical (6- and 5-exo-trig, respectively) cyclisations (Scheme 15).2 Once again, 6 equivalents
of Sml, in THF with HMPA and MeOH were used. The reactions were carried out within a
range of temperatures and it was shown that chelation of Sm(IIl) by the two oxygen atoms
allowed substantial diastereocontrol (5.25:1 cis/trans at 0°C, 72% yield).

Small ring-fragmentation is not limited to epoxides (Scheme 16). It has also been
applied to a variety of aziridine derivatives (Table 1: yields given are representative for the
specific group) and has been observed in a-keto tetrahydropyrans (one such example has already
been discussed: Scheme 7); the reactions presumably follow the same mechanism as that
discussed for the analogous epoxide reactions.'4?!2%3 Slightly more complex systems have also
been successfully ring-opened under similar conditions.*!

0 sml, o OH
RM),, proton source R)J\/H\n XH and/or RM)n
Scheme 16
Table 1. Representative Examples of Ring-fragmentation
X R n Yield
0 Alkyl, Aryl, O-Alkyl 1or4 65-86%
TsN Alkyl, O-Alkyl, N-Alkyl 1 60-95%
NBoc, NFmoc, NAc, Alkyl, O-Alkyl, Aryl 1 72-98%

NCO,Et, NTr, NPh

A nice application of this type of ring-opening technology can be found in the following
example (Scheme 17), in which a somewhat ring-strained tetrahydrofuran underwent ring-
opening to the corresponding keto alcohol in the presence of Sml, and DBU. The latter reagent
effected the elimination of HBr from the intermediate product to generate an allylic alcohol.*

excess neat DBU

1.5 eq. Sml,
50%

Scheme 17

In another case, a bridged tetrahydrofuran was selectively ring-opened to afford a stere-
odefined hydroxycyclohexanone (Scheme 18). The reductive opening of the oxygen bridge was
realized in good yield with Sml, in THF/MeOH at -78°C, followed by a careful low temperature
quenching with acetic acid in THF at -90°C to avoid double bond migration.?
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OMPM OMPM

1. Sml,, THF, - 78°C, 10 min.

~COMe 2. CH;COOH, THE, - 90 °C 2COMe
56%
0 0 OH
Scheme 18

The o-elimination protocol has also been applied to the synthesis of stereodefined o.,p-
unsaturated esters (Scheme 19). In this case, chelation of Sm(IIT) by the substrate determines the
stereochemistry of the double bond.**

OH 0 WSl
2 Sml, 0 o) H CO,R?
R OR? P - 1>—< )
Hal” g2 R OR3 R R
R? T70-90%
Scheme 19

An aldehydic glucose derivative has been used in a Sml,-mediated ring-contraction
reaction (Scheme 20).%

H o . c’\S\mlz
Bno 0 Sml;  BnO o
BnO BnO
OBn OBn
OMe OMe
h s\m'2 O~ s\m';
BnO b—Smlz BnO \o ___.» BnO,,
BnO BnO \ '
oano:,, 0Bn BnO
Scheme 20

The reaction starts at the aldehyde, where an initial electron transfer from Sml, leads to
the corresponding ketyl radical. The authors propose that a second equivalent of samarium
causes reduction to a dianion, which then undergoes ring-opening and methoxide elimination to a
system that is ideal for aldol cyclisation. A final reduction with samarium diiodide afforded the
cyclic protected polyol product. Although the mechanism of direct reduction (ketyl radical —
dianion) is plausible, the second reduction step is slow, while protonation and further reduction is
rapid.* The latter scenario would necessarily imply that some intermediates differ from the ones
shown.

b. o-Elimination in Esters and Lactones

For many years, esters and lactones were considered inert to the reductive effects of
Sml,. Kagan's early report on Sml, indicated that simple esters are unreactive in the presence of
that reagent.! Inanaga has since shown that the reducing power of the simple SmL/THF system
can be enhanced by the addition of HMPA and other additives.’” This enhanced reducing power
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has had many beneficial effects, most commonly seen in the form of rate enhancements. It has
also been shown that ester functional groups will react with the SmL/HMPA system under certain
circumstances, and reactions such as coupling and reduction reactions of o,B-unsaturated esters
have been observed.* In the absence of HMPA, those reactions proceed only slowly, if at all.*

A variety of a-oxygenated esters, such as a-acetoxy, o-methoxy, a-OTHP, and -
hydroxy esters, were easily reduced at room temperature to give the corresponding saturated
esters in good to excellent yields with the aid of samarium diiodide in THF, HMPA as an addi-
tive, and in the presence of a proton source such as MeOH or EtOH (Scheme 21).%°

1 2'?}2}212 1
R'.__OR R
R2>< CO,R? HMPA A2

proton source
r.t., 71-89%

R =H, alkyl, acyl
Scheme 21

><H

COzR?

As shown in the scheme, both deacetoxylation of o-acetoxy esters and reduction of a-
methoxy derivatives proceeded smoothly. However, samarium diiodide showed a differentiating
ability when a diastereomeric mixture of an o-OTHP ester was subjected to reduction. This inter-
esting observation points towards the importance of good coordination of the substrates to the
samarium ion in order to activate the ester to allow a smooth electron transfer to take place. As a
result, it was found that simple esters did not undergo reduction with Sml, under similar condi-
tions.*

When direct dehydroxylation of simple o-hydroxy esters was attempted, under the
same conditions as those used for the reduction of a-acetoxy and o-methoxy esters, the reduction
was found to be unsuccessful. It was found that the addition of a more acidic proton source, such
as a carboxylic acid, was necessary for a successful reaction. Thus, pivalic acid was used with
the devised addition procedure, which involved the dropwise addition of a solution of acid into a
mixture of hydroxy esters, HMPA and SmI,-THF solution over a period of 1-2 hours.* A similar
method of ester reduction was successfully applied to directly convert (R,R)-tartrates to (R)-
malates; the acidic proton source and addition of HMPA were unnecessary in this case and

ethylene glycol was used instead to limit reactivity (Scheme 22).2 In these reactions, it is

Sml
7 THE OH
RO,C coR CoR
2 ethylene glycol RO,C
OH r.t R =1i-Pr (99%)
R=Et (72%)
Scheme 22

believed that the reduction sequence is initiated at the ester carbonyl. However, the elimination
reaction of ¢-benzoyloxy esters and, for example, a-acetoxy analogues might well proceed via
different pathways, as discussed below.
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In o-benzoyloxy esters, deoxygenation presumably takes place via a benzylic radical.
The benzylic pathway involves a sequence of two one-electron transfer steps from Sml,, the first
being through a chelated structure (Scheme 23).

j\ o-Smil o-Smil
0 . 0
Ph 0 Sml, Ph*</ | ~le Ph ‘.<‘W(‘,
. OR? ° OR? o OR?
R R! R!
o}
0 OSm{Itl) 9 R? OH
4
- PhCO,Sml, o Sml, RIJLR‘ R
T OR? —'1 N ~ “OR? —— ; OR?
A1 (1e) At A
o
Scheme 23 52-87%

This is supported by the fact that simple esters are not reduced by Sml, and HMPA; the
presence of oxygenated functions adjacent to the ester, which provide chelation sites for
oxophilic samarium species, appears to be essential for the reduction of these substrates. The
formation of a benzylic radical anion results in the formation of a chelated radical intermediate.
The stability of the benzylic radicals over localized alkyl radicals seems to favor the generation
of the former in preference to the latter. C-O bond fragmentation, and concomitant elimination of
the Sm(IIT) benzoate species affords the delocalized radical intermediate. A second one-electron
reduction then provides the samarium enolate, which can be followed by a condensation reaction
with a ketone to afford the B-hydroxy ester.*0

A similar mechanism appears to be operative for a-deoxygenation reactions of o-
benzoyloxy lactones (Scheme 24). Elimination of the benzoate produces a resonance stabilized

OBz 0Bz
0Bz OBz
Sml X 0. - -
0. O oM IlllSmo OBz
Le o M
Vo
BzO
Ph o
0Bz Iij 0Bz
Sml, o OBz HO OBz
o 0 - o
l [+ |zsm/ \ o B
72%
Scheme 24

radical species. In this work, most of the elimination reactions were followed by a condensation
of the Sm-enolate with a simple ketone, resulting in the formation of B-hydroxy lactones as
branched chain carbohydrates. The enolate appeared to be of relatively low reactivity, as it did
not react with any of the other benzoate functions in either intra- or intermolecular reactions.?!
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Studies on the effect of the timing of the addition of the ketone in the above-mentioned
deoxygenation/carbonyl addition reaction showed that it was necessary for the ketone to be
present from the start of the reaction. When it was added after the start of the reaction at several
delayed time intervals, only elimination of the a-benzoate was observed and no ketone was
incorporated into the product. This was rationalized as being the result of rapid decomposition of
the Sm(III) enolate (the means of which was not expanded upon) if an electrophile such as a
ketone is not present directly after ejection of the benzoate.*

An important point to note is that there is currently no other method available that will
both induce a similar deoxygenation and carbonyl addition in a single serial reaction. Moreover,
the stereocontrol aspect to this reaction provides an additional attractive element, and is the result
of both steric and stereoelectronic control.*?

When eliminating other oxygen-based leaving groups such as OAc from lactones, we
see that their elimination takes place via a different mechanism compared to that of the elimina-
tion of the benzoate. Here, it is believed that the initial electron transfer is to the lactone carbonyl
generating a ketyl radical that is protonated by pivalic acid (or other proton source) and further
reduced to the corresponding carbanion, which induces elimination. In this way, 2-O-acetyl-3-
deoxysugar lactones were cleanly reduced with Sml, to give the corresponding 2,3-dideoxysugar
lactones in quantitative yields (Scheme 25).4

R Sml; 3eq.)

0.0 pivalic acid Bo o
OAc 30 min. quantitative
Scheme 25

When 2,3-di-O-acetylpentose lactones were subjected to the same reduction conditions,
the corresponding o,B-unsaturated lactones were obtained as sole or major products with the
concomitant formation of 2-deoxy derivatives as by-products in some cases (Scheme 26).

R R R
ggifo 2Sml; 10_7%0 .\ ?(i\fo via @»@sml,
r.t. — (
Ao OAc 20 min. OAc  major (30-68%) OAc
Scheme 26
This reaction seems to proceed via the formation of a lactone enolate or enol interme-
diate followed by elimination of its 3-acetoxy group: it was found that the addition of acetic acid
resulted in suppression of the elimination process, presumably via a rapid competitive protona-
tion step.*’ Earlier work has shown that the reduction potentials of various samarium-HMPA
complexes are such that the formation of the vicinal dianions is not probable.’ This, therefore,
contradicts the elimination mechanism proceeding through a dianion intermediate, as suggested
in that article. Similar a-deoxygenation reactions were observed using Sml, in THF/HMPA,* in
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the presence of other proton sources, e.g. MeOH,** +-BuOH,* etc. The reactions were seen to
proceed at temperatures ranging from -78°C to 40°C.

o-Deoxygenation of 2-hydroxylactones or their acetates has been achieved using the
Sml, in THF/HMPA system, with ethylene glycol as an additive (Scheme 27). Two methods

A _0__O 0__0 B \,Lo
(;/'/ l.or2. 0.,
O\\‘ s “OR 3
o

. 1.or2.
3 o o
)VO' )r o'
{. R=H Ethylene glycol (12 eq.) ‘¥° OR
dropwise Sml; (3 eq.), 30 min,, r.t. Yields: Al 90%
2. R =Ac Ethylene glycol (12 eq.) gf %Z’
dropwise Sml; (3 eq.), HMPA, B2 94%
(5% viv of Sml, solution)
30 min., r.t Scheme 27

were attempted with which to effect this reaction, namely adding the Sml, dropwise to the reac-
tion mixture, or adding the ethylene glycol in the same manner. It was established that the most
favorable reaction conditions were achieved by adding a solution of Sml, to the ethylene glycol
mixture. The presence of HMPA as cosolvent further improved the yields.

It was further found that the deoxygenative removal of a 2,3-isopropylidene protecting
group could be effected by adding Sml, dropwise to the reaction mixture in the absence of
HMPA (Scheme 28, 29).48

AcO 0. 0 Ethylene glycol (12 eq.)

N o (o]
H _/ dropwise Sml; (3 eq.) Aco/w
o__0 30 min., r.t. g
< 98% HO
Scheme 28

Ethylene glycol (12 eq.) 740
dropwise Sml; (3 eq.) 0

30 min.,, r.t. H\‘"
98%

Scheme 29

An efficient synthetic route to multisubstituted cyclohexanols and aromatic compounds
has been developed by carrying out a samarium (II)-mediated ring-opening reaction of 7-oxabi-
cyclo[2.2.1]heptane derivatives (Scheme 30).

EtO.C

o Sml,/Sm CO,Me
X TfOH EtO,C
COzMe THF 002M8
COM 60%
2Me OH
Scheme 30
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This efficient regiospecific cleavage of C-O bonds of 7-oxabicyclo[2.2.1]heptane deriv-
atives bearing a carbonyl function is the first of its kind.*® Yoshida et al. initially carried out the
cleavage reactions on simple substrates to develop a set of partially optimized reaction condi-
tions. A variety of proton sources, additives and Lewis acids were tested with the ultimate choice
resting on a Sml/Sm system. The Sml, / Sm system was believed to be effective because it had
a stronger reducing ability than Sml, and because of the regeneration of low valent samarium by
disproportionation of Sm(IIl) and Sm(0). Trifluoromethanesulfonic acid (TfOH), a strong acid,
was used as an additive to increase yields.

Various o-amino carbonyl compounds, apart from the ring-strained three- and four-
membered rings*’-?” already described in this review, have been the subjects of reductive deami-
nation reactions. Yet another case exists where Sml, can be used to effect C-N cleavage. These
examples are of great interest as the cleaved products can be used in the synthesis of biologically
active natural products (Scheme 31).5°

Sml; (Seq.)
R\‘ CO.Me HMPA (Seq.) Ph
N N
A2 Ph proton source (2.5eq.) Me0,C
THF, 0°C to r.t.
71-99%

R;or Ry =H; Me; Bn; Ac
Proton source = MeOH or Pivalic acid

Scheme 31

Reductive deamination of a wide variety of a-amino carbonyl compounds, many of
which are derived from a-amino acids, was successfully carried out employing Sml, in THF-
HMPA in relatively high yields under mild reaction conditions. The range of o-amino carbonyt
compounds included phenylalanine derivatives, amino functions including primary, secondary,
and tertiary amines, as well as amides. The reaction was normally complete within 30 minutes in
the presence of a proton source, such as MeOH or pivalic acid, to give the corresponding methyl
dihydrocinnamate in high yields.’! The reactions of proline derivatives and ethyl pipecolinate
derivatives, where the leaving groups were present in cyclic systems, gave corresponding ring-
opened products in good yields under the same conditions as those described above.>' The deam-
ination could be applied not only to o-amino esters but also to a-amino ketones. Thus, deamina-
tion of o-acetylpiperidine derivatives was attempted and the desired products were obtained in
good yields.

Honda et al. further investigated the effects of the proton source and the use of HMPA
on these deamination reactions. They found that DMEA was also an effective proton source, as
were MeOH and pivalic acid. It was confirmed that the reactions proceeded with or without
HMPA but the presence of HMPA made for milder reaction conditions,’!

The reductive C-N bond cleavage of acyclic N-acyl moieties has allowed the in situ
generation of valuable precursors to coupling reactions with a ketone or aldehyde, respectively.
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This reaction sequence has been used to prepare amido ¢-ketols, amidoketones and diamidodike-
tones, and is achieved by the formation of an acyl radical that is reduced into a transient
acylsamarium species, which is then trapped by an electrophile (ketone, aldehyde or ethanol,
Scheme 32).

Products: 0 o]
"~ “2 M
hig Wkﬁ g X
1. 2 eq. Sml,, THF 1. 4 eq. Sml,, THF, 20°C, 10 min.
2. H;0* 2. 3 eq. EtOH, 3 hrs, 20°C
3. H;0*
(o} JOL o
R'._ _NH R NH\/\(\/)JL
\n/ W\)(/\NH A \n/ “SH
(o] o] o .
3
1. 1 eq. Sml,, THF, L. 2eq. Smly, THF, 20°C
20°C, 10 min. 5 min,, 2 eq. EtOH
2. H,0* 2. H,0*
Mechanism: ?
) ' smi o
((): n Sml, R 'I‘ 2
i \9 \n/ n Sml,
1/k\ \\\émlg NSmlz o
. XK

o]

R! ethanol
(protonation) R2. R?
Homo-coupling l h'g
o
3

4
1 L HO" Sml, o
T~ AN A
- \n/ n R
2 “25ml, (o] 0Smi,
ethanol
Scheme 32

Homo-coupling of the acyl radical accounts for the formation of diamidodiketones in
the absence of an electrophile.>? Formation of amidoketones over amido o-ketols is achieved by
using an excess of SmL,, in the presence of ethanol.

Sml, mediates intermolecular coupling of organic halides with cyclic imides in a
similar fashion. These intermolecular Barbier-type and Reformatsky-type reactions were carried
out with N-methylsuccinimide, N-methylphthalimide and N-methylglutarimide. It was found that
the three substrates were reactive in Sml,-mediated coupling reactions with organic halides in the
presence of a catalytic amount of Nil,. In contrast to acid anhydrides, ring-opening does not
occur before hydrolysis. With N-methylglutarimide (Scheme 33) it readily takes place during
hydrolysis furnishing 3-ketoamides. No ring-opening was observed for N-methylsuccinimide
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(Scheme 34) or N-methylphthalimide (Scheme 35), affording the corresponding products in
yields of 68-92%.5

1. 2.5 equiv. Sml,, 1 mol% Nil, H
THF, 20°C, 10 min. |
+ RX CH N R
0 N 0 3

| 1.25 equiv. 2. HC1 0.1 M
Scheme 33

1. 2.5 eq. Smly, 1 mol% Nil,

THF, 20°C. 10 min. 4(-)\#"
vo + RCH)X (o] N =

N

I 1.25 equiv. 2. HCI 05 M \

CHy quiv Lo,
Scheme 34

? 1. 2.5 eq. Smlj, 1 mol% Nil, o

THF, 20°C, 10 min.
N—CH;  +RI N—CHs
1.25 equiv. 2. HC1 1M )

0 OH

Scheme 35

The following example demonstrates the reductive cleavage of a sulfoxide moiety from
a lactone. Treatment of the sulfoxide with Sml, in THF in the presence of +-BuOH at room
temperature gave the reduction product in a yield of 98% (Scheme 36).3

°
Sml,
; SR THE ’
+ RSH + RSSR
0 t-BuOH
r.t
o 10 min. o
Scheme 36

A last form of direct a-elimination to be reported herein involves deacetoxylation using
ethylene glycol as an additive (Scheme 37). Again we see the almost instantaneous removal of
the acetoxy group at room temperature.® A large degree of stereocontrol was observed in this
reaction, with the exclusive isolation of the a-methoxy-carbonyl product (93%).

OAc -~ OAc OAc —OAc

Sml; (2.5eq.)

OAc Ethylene glycol OAc

AcO 0 AcO 0
CO,Me TlfF H
r.t

OAc CO.Me

Scheme 37

2. Miscellaneous o-Elimination Reactions

Benzotriazole derivatives have also found use in Sml,-mediated cleavage reactions
(Scheme 38). In this case, removal of the benzotriazole group was effectively achieved by the
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[0} Me
Me Sml, HO i)
Bt._ _N + \

Scheme 38

selective transformation of the C-benzotriazole moiety into the corresponding a-aminocar-
banion. It was found that the sequence of addition of the reagents in this reaction was of great
importance: addition of the benzotriazole compound and cyclohexanone as a THF solution to
Sml, produced 71% of the desired coupled product together with 29% of N-methylaniline. The
reverse addition gave only 25% of the adduct along with a pinacol product.5

When making use of 3-pentanone instead of cyclohexanone, the reaction afforded a
complex mixture of products. Additionally, the authors established that Sml, failed to convert
N,N-(diphenylmethyl)benzotriazole into the corresponding carbanion.’” They therefore carried
out various reactions with a variety of substrates, altering the reaction conditions and conclu-
sively found that, given the correct reaction conditions, Sml, could be used to selectively trans-
form the C-benzotriazole bond to the corresponding ¢t-aminocarbanions, with good yield of the
desired product.

The same authors have found that consecutive generation of various nonstabilized «-
amino carbanions is possible by a double C-N bond cleavage reaction (Scheme 39). These

R 3-pentanone R
X PI‘ SmIZ E 'I‘
TSNS X ~ N TNE

i THF )
R HMPA R

X = Bt, SO,Tol, SPh 0°C 24-69%

E = E,CHOH-

R = PhorMe Scheme 39

carbanions could then be trapped with a variety of electrophiles including 3-pentanone, which
previously failed to selectively afford a coupled product. They extended this methodology
further, from Bt-cleavage, to include SO, Tol and SPh cleavage reactions.*®

The reductive cleavage of the benzotriazole group offers a convenient route to tertiary
vicinal diamines, viag the reductive coupling of the iminium ions generated from N-((N',N'-
dialkyl)aminoalkyl)benzotriazoles (Scheme 40).3-5!

N 2 N R? R!
©: N + H—-N/R + R'CHO —— @: N Smb N R
N\ \Ra N’N: Ra/ w/
H ] R? R! R2
Scheme 40 61-87%

An extension on the work demonstrated above has allowed the reductive removal of the
benzotriazole group followed by an intramolecular cyclisation (Scheme 41).
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Sml, Sml
l Bt —_— l . _ NR, 2 NR;
NR; NR, *

Scheme 41

In this particular case, the authors propose that treatment of the starting material with
Sml, generates an a-amino radical. Due to the presence of a suitably positioned double bond,
intramolecular cyclisation takes place to deliver the cyclic product.5%-62 Activation of the C=C
bond can be achieved by an electron withdrawing substituent, thereby further enhancing the
cyclisation process.5"6!

Suitable starting materials may be used to prepare of functionalised pyrrolidines from
amines, benzotriazole and aldehydes, using this reductive protocol (Scheme 42).

" B8t Phﬁ
PR N RyCHO/BH L Smh . N R

— = Ph N 3 —_—
X - COMe
R1)\/\/ 2 R)Wcona \(_(
1

where BtH = benzotriazole

Scheme 42

3

002M0

Isonitrile-nitrile rearrangements have also been mediated by Sml, (Scheme 43). This
form of rearrangement requires an c-alkoxycarbonyl group at the carbon atom bearing the isoni-
trile group, implying that the reaction is initiated at the carbonyl function.

(o] Sml, 0

HMPA o
R‘\'/Lk 2 R‘\Hk
2 + /g
OR THF OR* T R \)Lonz
NC -78°C CN 3
2
R! = H, (CH4),CHCH,, CN(CH,),, PMBO,CCH,  R?=PMB
R! =Bn, Ph R?=Me

PMB = p-methoxybenzyl
Scheme 43

Table 2. Yields for Isonitrile-Nitrile Rearrangement

T Yield (%)
H H 70
H "Pr 67
H Pr 62
H Ph 51
Ph H 67
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Reductive isonitrile-nitrile rearrangements generally occur under very mild conditions,
in contrast with the thermal rearrangement counterpart, which usually requires high temperatures
(up to 300°C). The Sml,-promoted rearrangement was also found to tolerate various types of
functionality as shown below. This tolerance and temperature advantage makes the Sml,
promoted rearrangement preferable.%® The reduced, elimination product was observed as a by-
product in certain instances. However, by carrying out the reaction out at —78°C the reaction
predominantly yielded the rearranged product (2, 50-57%). The mechanism of this rearrange-
ment is presently unknown, but is unlikely to be simple.

Another example involves the a-desulfonation of a SO,Ph group using the simple
SmL/THF system at room temperature (Scheme 44). This o-elimination was achieved within
approximately 30 minutes, and stopped at the monosulfonyl product (61%). This result stands in
distinct contrast to the outcomes of reactions involving similar monosulfonyl groups at the
anomeric position of sugar derivatives (see below).*

SO,Ph H
SOPh — SO.Ph

Scheme 44

The reductive cleavage of anomeric sulfur moieties in glycosides has allowed remark-
able synthetic transformations towards C-glycosides (Scheme 45). The cleavage is accompanied
by a coupling reaction, the alkoxy intermediate of which is finally quenched with (Imid),CS in
acetonitrile at reflux. This quenching procedure is interesting as it endows the final product with
a different type of sulfur group.53%

BnO~ o ° 1. Sml, (10eq.),
BnO z
R0, el _mRwT
o 2. (Imid),CS,
S02(2-pyr) OMe CH;CN, reflux
4.7 eq. 67%

OMe

Scheme 45

In a similar instance, the main product of the reaction was a glycal (Scheme 46),5 prod-
ucts which have been shown to be key intermediates in the synthesis of many natural and unnat-
ural products.®® A series of substituted glycosyl phenyl sulfones was readily converted into the

Bno Smlz (8 eq.) BnO BnO
Bnom Bnc/&o\ + Bno/&)l
X BnO
BnO OB SO,Ph HMP?0£%3 eq.) BnO n OBh
Scheme 46
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corresponding glycals after initial reduction with Sml, in the presence of HMPA, followed by
elimination of the substituent at the C-2 position. Quantitative yields were obtained when the
leaving group was acetate. However, the outcome of a Sml,-mediated reaction of the perbenzy-
lated sulfone was somewhat different. In this case, both the anticipated glycal (56%) and the
product of simple reduction (33%) were observed. The competition is presumably a function of
the leaving group alone (i.e. acetate vs. benzyloxy).

When the C-2 position was O-allylated no glycal formation was observed (Scheme 47).
Instead, a reductive 5-exo-trig radical cyclisation took place via the anomeric radical initially
formed by one-electron reduction of the sulfone. The resulting exocyclic primary radical is then
reduced to an organosamarium species, which is subsequently protonated.

BnO BnO
Sm12
BnO o THF BnO o}
BnO SO,Ph BnO —_—
" o 2 HMPA o
\/\ \/\
Bno Sml, THF BnO
BnO o HMPA BnO o
Bno Fo) then workup Bn0 o
Scheme 47 8%

In contrast to the case mentioned above, some elimination of a silyloxy group at C-2 of
a pyran derivative was observed in a reaction in which the alkyne was anticipated to act as an
efficient trap for the anomeric radical (Scheme 48).%°

_—

Scheme 48

This observation may be the result of the reversibility of the 5-exo-dig cyclisation step,
which allowed the anomeric radical to be further reduced by a second equivalent of Sml,. In a
separate case, the reaction was carried out in the absence of HMPA and yielded the cyclised
products and glycal in yields of 76% and 5%, respectively.

Mazéas prepared 1,2-trans-C-glycosides by the Sml,-mediated reduction of mannosyl
and glucosyl 2-pyridyl sulfones and the coupling of the correspondingly formed glycosyl
samarium(III) reagent under Barbier conditions with carbonyl compounds (Scheme 49).
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BnO.

BnO o OH
0-SiMe, 1. p~ 2, Sml, BnO -0
BnO -0 BnO + 5
BnO soa@ 2. Bu,NF "
N= .
. 4 O, 86%:1%

Scheme 49

However, the attempted Sml-induced free radical cyclisation of an alkyne derivative
yielded (Scheme 50), instead of the anticipated glucal (5) and B-C-mannoside (6) as major prod-
ucts, the 1,5-anhydro derivative (7).”° This result implied that the organosamarium(III) species is
exceptionally stable towards B-elifnination in this particular substrate (compare the observed
elimination in an analogous pyran derivative), and suggested the possibility of condensation of
the organosamarium(III) intermediate with a carbonyl compound. The authors showed this to be
true of a 2-pyridyl sulfone derivative 4 protected at O-2 of the ring (Scheme 50).7

BnO |

0o- SI R
BnO ol BnO o BnO R BnO
BnO SOz / BnO BnO BnO

Scheme 50

The stability of the anomeric organosamarium intermediate discussed above, which
deviates from results obtained with corresponding lithium derivatives, can be explained in part
by the requirement of a syn-orientation of the C1-Sm and C2-OSiMe, bonds for effective elimi-
nation. Further studies were carried out to determine what affected the yield of B-elimination
product relative to the amount of condensation product being formed. Jarreton ez al. carried out
these reactions under the same conditions as discussed above, independently varying the
carbonyl electrophile and the protecting groups.” In cases where MEM and THP protecting
groups were used, an approximately 50:50 ratio was obtained between the condensation product
and elimination product. Conversely, carbonate and carbamate derivatives afforded virtually no
condensation product (presumably due to rapid elimination of the good leaving groups) and the
bulkier SiMe,-z-Bu protecting group decreased the formation of the elimination product to
almost zero. Changes in the carbonyl compound varied only the amount of condensation product
formed and had no real affect on the ratio between the two products under discussion.

The few examples cited above serve to highlight the sensitivity of the outcomes of the
reactions to the group at C-2. Good leaving groups (esters) afford products of elimination only
(no simple reduction is observed), intermediate leaving groups allow both elimination and
intramolecular C-C bond formation to take place, while poorer leaving groups slant the selec-
tivity towards 5-exo-trig/dig C-C bond formation only.

Overall, we see that Sml, reduction of glycosyl pyridyl sulfones in the presence of
ketones or aldehydes under Barbier conditions leads to the rapid and stereospecific formation of
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1,2-trans-C-glycosides in moderate to good yields. Mannosyl pyridyl sulfones produce a-C-
glycosides, with minimal B-elimination. In contrast, glucosyl pyridyl sulfones lead to the corre-
sponding B-C-glycosides and show an increase in B-elimination, thereby demonstrating the influ-
ence of the C-2 stereochemistry on the outcome of the reaction. Similarly, galactosyl pyridyl
sulfones afforded their corresponding B-C-galactosides.”> A point to note is that, unlike the corre-
sponding glycosyl phenyl sulfones, the pyridyl derivatives react almost instantaneously with
Sml, and do not require a cosolvent such as HMPA. Under these conditions radical cyclisation
precedes the second reduction step.”

It has also been shown that direct coupling of the pyridylsulfone derivative of N-acetyl-
galactosamine with aldehydes or ketones is promoted by Sml, giving the corresponding C-glyco-
side (75%) as a single epimer (Scheme 51).747

0B Smli,
" _oBn THF BnO
BnO Q 20°C BnO
0
AcHN Brd
S0Py "
Scheme 51

The results discussed above suggest the possibility of synthesizing C-disaccharides by
this protocol. The use of samarium diiodide in HMPA-benzene affords a mild convenient route
to the synthesis of C-disaccharides from readily available sulfones (Scheme 52). In the example
below, a glucosyl phenyl sulfone was coupled to an exomethylene sugar (41%).

HO 0. OMe
0._ OMe 0
HO 2 0 SO;Ph Smi, o /..\gj
+ k ‘OBn
. o W wu, (o]
“oBn Ph O "OH HMPA k 0Bn
PhH - N -,,
OBn 0Bn PRY O “OH

Scheme 52 0Bn

This methodology can be applied to the retrosynthetic analysis of another C-disaccha-
ride Man(a1—2)Man and C-trisaccharide Man(a1—2)Man(at1—2)Man, the former of which

HO
OH
HO -0
HO
HO
CH,
HO -0
HO
HO
CH,
HO -0
HO

OMe
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was prepared using this strategy.”’ Another type of substrate that may be used to effect the
synthesis of C-glycosides is represented by anomeric phosphated glycosides (Scheme 53).

(PO—~g ¢

OPO(OR), l R-

(PO)n

—N) ~ ("0)-—%
! JE* |

(PO)n _N (PO), _'[\

DU

Scheme 53 R

With regard to the mechanism of the C-glycosylation, the reduction of glycosyl phos-
phates with Sml, is believed to proceed through two consecutive one-electron processes, similar
to the mechanism proposed for the reaction of glycosyl sulfones.®”7? After the generation of the
glycosyl anion, addition to a carbonyl compound and syn elimination compete, as was found
with sulfonyl derivatives. As suggested by Beau’? et al., unproductive syn elimination might
occur when the C1-Sm and C2-O bonds are syn-coplanar.”

In the reaction of glycosyl diphenylphosphate 8 (Scheme 54), high diastereoselectivity
was observed and no elimination was detected, perhaps due to the lack of coordination between

OBn OBn
BnO BnO
4
Bno o 4% eno 0
BnO BnO OH
OPO(OPh),
Scheme 54

samarium(III) and the oxygen atom at C2,”® or to a stereochemical bias leading exclusively to an
o~ or B-organosamarium(IIl) intermediate (possibly opposite to that obtained in the reaction
depicted in Scheme 46).

Focusing again on C-S cleavage, we now take a look at reductive dimerisation of thio-
cyanates mediated by Sml, This dimerisation of thiocyanates is a new approach that has been
developed to synthesize disulfides (70-85%) and thiolesters (67-83%) (Scheme 55, 56).

Sm12
R—S—CN —_— R—-S—S—R
Scheme 55
2Sml, R'COC1
R—S—CN “RSSmI," RSCOR'
Scheme 56

It was speculated that single electron transfer from the Sml, to the thiocyanate forms
the corresponding radical anion, which cleaves into RS and CN-.”> Homo-coupling of two RSe
radicals gives the disulfide. In the presence of excess Sml, the radical RS* may be converted
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into the thiolate anion RS-, which smoothly reacts with acyl chloride to give thiolesters. Still et
al. investigated thiocyanate utility as a versatile synthetic unit. Amongst others, they reported on
the successful conversion of ArSCN to aryl alkyl sulfides and aryl thioesters.%

A further application of the cleavage of thiocyanates is seen in their reaction with epox-
ides. Reduction of aryl thiocyanate with SmL,, followed by a reaction with epoxides provides an
interesting route to B-hydroxy sulfides (Scheme 57), affording products in yield of 60-92%.8!-82

(0 ArS OH
e /\ H,0 H

smh + R:Q\ R1 - R2 nl
Scheme 57
Successful C-S cleavage of the thiocyanates by Sml,, led Yoo et al. to continue to
experiment with C-S cleavage reactions. They found that thiolesters could be cleaved into acyl
anions (PhCO") and thiyl radicals (RS<) promoted by Sml, in the THF-HMPA system.®3 Reduc-
tive cleavage of aromatic thiobenzoates proceeded smoothly to give the corresponding disulfides
in good yields (Scheme 58), along with a small amount of benzil (PhCO), as a by-product. The

Sml; (2.3 eq.)
o THF
P'q RSSR
RS~ “Ph HMPA
r.t.
1-4hrs

R = aromatic = Ph, 4-CH3Ph, 4-C1Ph, 2-BrPh, 2-Naphthy!
R = aliphatic = PhCH,CH,, 4-CIPhCH,, CH3(CHy)7, CH3(CHy)yy,
CH3(CH,);s, Cyclohexyl

Scheme 58

reaction was complete within an hour at room temperature in the presence of a slight excess (2.3
equivalents) of Sml,. However, the aliphatic thiobenzoates were relatively low yielding and
required longer reaction times (1-4 hrs). This result may be attributed to the difference in stability
of the radical intermediates. A thiophenyl radical intermediate (ArSe) from an aromatic thioben-
zoate is stabilized by the neighboring aromatic ring and therefore has enough time to react with
another radical to form the disulfide product. To improve the yields obtained with the aliphatic
thiobenzoates an additional equivalent of Sml, was added. An interesting point to note was that
the halogen atom (Cl or Br) on the aromatic ring remained intact under the present conditions (C1
is normally relatively inert to Sml,, while Br will react, but substantially slower than iodides). It
was also observed that the addition of HMPA not only accelerated the reaction but also increased
the product yield (70-86%).%*

The 2,3-Wittig rearrangement is a useful tool for transforming allyl ethers into
homoallyl alcohols. Deprotonation by an alkyllithium or a lithium amide is the most general
method for generating the o-allyloxy carbanion undergoing rearrangement. This method,
however, sometimes suffers from the formation of an undesired regioisomeric carbanion because
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deprotonation also occurs at the relatively acidic proton o to the ether oxygen. In the present
example, the generation of o-allyloxy carbanions by 1,5-hydrogen transfer of vinyl radicals is
mediated by Sml, (Scheme 59).

R1\|/°\/\/ R Sm12 R! o"‘\/\/ R2 SmI2 R1\I - | R? R
N —
O~ P  CHCN oJ
N 3 [s) \/\/ R2 OH
IszOW R2
Scheme 59

In this case, Sml, provided a direct route for regioselective generation of o-allyloxy
carbanions by reduction of diallyl acetals with Sml, in acetonitrile (66-81% yield).?

The above mentioned reaction is not only a new method for effecting the [2,3]-Wittig
rearrangement but also indicates that the reduction of acetals can be achieved by Sml,. Scheme 60
shows the partial reduction of 0,S-acetal to its corresponding ether by reductive elimination of a
sulfenyl group using SmL,* Note the selectivity in terms of which group (RS) is eliminated
(80%).

5 Sml,
Solvent
SPh HMPA
N
Ph”” 0Bu 2 +-BuOH Ph™ "OBu

r.t.
Solvent: THF or Benzene
Scheme 60

Dispiroketals have proved to be useful intermediates in synthesis, especially in the
selective protonation of vicinal diols.? Deprotection was achieved by removing the TIPS group
of the dispiroketal using tetrabutylammonium fluoride in THF to give an intermediate alcohol,
which was oxidized to the corresponding dialdehyde (Scheme 61). Subsequent reductive
cleavage was then achieved by treatment with Sml,. The resulting diol was isolated as its diac-

etate in 87% yield.¥’
TIPSO
) oTIPS 0
m \\m \\“.0 Ac
° L = (x
‘1 OAc

0
‘1 Scheme 61

I1. INDIRECT AND SEQUENTIAL A-ELIMINATION REACTIONS

Apart from the direct elimination reactions discussed above, manifold examples exist in
which elimination steps are observed as part of a two or more step sequence. For this part of the
discussion, and to distinguish these from other multistep sequences, the characteristic feature is
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that the elimination step occurs after an initial step or resonance, as will become clear from the
examples described below.

Functionalized vinyloxiranes undergo facile reductive epoxide ring-opening with
samarium diiodide in THF in the presence of a proton source to provide (E)-allylic alcohols.
Ketones, esters, nitriles and other similar functional groups not only survive these mild condi-
tions intact, but are essential for the success of these reactions. Furthermore, reactions take place
under essentially neutral conditions and lead to the exclusive generation of a single regio- and
stereoisomeric (E)-allylic alcohol in nearly all cases (73-90%). Unsaturated esters are known to
be suitable substrates for Sml, reduction and this therefore allowed for effective reduction of
unsaturated epoxides by the mechanism shown below (Scheme 62).288 Of practical interest is

via

HO N S 0
R R OR*
Scheme 62
the selectivity for the B,y-unsaturated product, as opposed to the thermodynamically favored o, [3-
unsaturated analogue. The exact timing of the protonation or reductive steps in this sequence
have not been established, and it is possible that co-ordinated Sm(III) directs the proton donor
ROH to the a-position to afford the observed product. Such a process would involve a favorable
six-membered transition state, as shown.

DMEA has also been used as an additive for epoxide ring-opening with Sml,. This
cosolvent was an essential component in the reaction in that it prevented formation of the elimi-
nation product (alkene, by dehydration). It was postulated that this reagent not only acts as a
proton source but also sequesters the Lewis acid, i.e. samarium(III), formed thus favoring reten-
tion of the hydroxymethyl group (Scheme 63).% This reaction is presumably initiated at the ester
moiety and proceeds via the conjugated aromatic ring.

OBn =~0 Sml, (2eq.)
g OMOM DMEA (10eq.)

THF

-78°C
92% MeO,C

DMEA = N,N-dimethylethanolamine
Scheme 63
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This type of reaction is not limited to the strained epoxide-type substrates, but has also
been applied to less strained substrates. For example, the reductive elimination of acetonides,
cyclic carbonates or cyclic sulfites of v,6-dihydroxy (E)-o.,B-unsaturated esters yield similar
products to those of the above case (Scheme 64).%

o Sml,
z X THF OH
- CO,Me H
R/\Q\/ MeOH R AN -COMe
(o] - 718°C 49-90%
Scheme 64

In a similar vein, Sml, has been used to effect the ring opening of a five-membered ring
(Scheme 65), ultimately providing chiral allylic alcohols, which are versatile chiral building
blocks for the synthesis of natural products.®!

Sm12
THF OH
X Reflux R/\/

R = BnOCH,, X = Br (62%)
R =n-CsH,, X = Br (59%)

Scheme 65

A sequential reductive elimination has been observed to take place in a manner similar
to that discussed for direct elimination of suitable a-functionalized carbonyl groups from
carbonyl compounds. In the sequential case, substrates bearing allylic leaving groups are typi-
cally used, allowing the elimination step to follow on a cyclization step in which a C-C bond is
formed. Kan's report neatly shows the relative stereochemistry expected of such radical cycliza-
tions.”? In contradistinction to oxygen leaving groups, which almost certainly leave as anions, it
is possible that these sulfur-based moieties can eliminate as radicals or as anions, depending on
the relative rates of further reduction versus elimination (Scheme 66).%

X
/ SmIz . ‘\\\=
° THF
HMPA OH

H

X=SPh  (-10°C, 55%)
X =SO,Ph (-78°C, 85%)

Scheme 66
The previous example showed that the formation of a ketyl radical at the aldehyde,
followed by intramolecular cyclization, ultimately led to the elimination of the sulfur group.
Similar cyclization-elimination sequences have been observed from cyclic ketones in which the
intramolecular cyclization is followed by the elimination of a sulfur®? or of an hydroxy! group
(Scheme 67).** Examples exist where the leaving group is attached to the ring system and the
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0 2 Sml, =
\ THF HO
OH
e (10
It
Scheme 67

carbonyl is on the side chain. The reaction takes place in a similar fashion in both instances, i.e.
initiation at the carbonyl functionality.®

In a rare example of an ester-derived ketyl radical reaction, a formyl ester was
employed in the synthesis of a somewhat strained, multicyclic system (Scheme 68). Here, treat-
ment of the ester-functionalized bicyclononane derivative with Sml, allowed the generation of a
lactol after a radical cyclization onto a suitably disposed alkene, and final elimination of the
leaving group.*

76%

OCHO

—\
Scheme 68 OH

Homoallylic alcohols have also been generated from the samarium diiodide-mediated
intermolecular coupling of allylic sulfones with carbonyl compounds (Scheme 69). Successful
conversion (87%) was obtained within 5 hours using Sml, in THF with HMPA as an additive.”

0

A
_~_-50:Ph
Z Sml; (4 eq.) Z

THF

HMPA
S hrs
20°C

Scheme 69

o,B-Unsaturated epoxides have also been the subjects of keto-olefin coupling / elimina-
tion sequences (Scheme 70).

OH
/' Sml, R?
[0} R4
0 R THF
RZ R + )J\ R‘ — OH
x> R*® R® HMPA
3 R? RS
R r.t. RS
Scheme 70

This reaction begins with the generation of a ketyl-radical, which undergoes C-C bond
formation with the olefin present in the reaction mixture. The secondary radical is presumably
further reduced to the carbanion leading to the anionic B-elimination process. (The B-elimination
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step is also possible at the radical stage.) In contrast to the previously mentioned sulfur-based
leaving groups, the functionality remains appended to the product in the epoxide ring-opening
process. The coupling of ketones with vinyl epoxides (5-exo-trig), therefore, provides access to
functionalized carbocycles (17-83%) having an allyl alcohol side chain, when the reaction is
designed to proceed in an intramolecular fashion (Scheme 71).%*

¢ %‘III% R._ ,OH
RJ\I—{\AO éMOH
HMPA
r.t.
Scheme 71

Several analogues of the ABC enol ether moiety of aflatoxin B, (9) have been synthe-
sized, in yields ranging from 60-78%, making use of a Sml,-mediated cascade.’® Treatment of 10
with freshly prepared Sml, afforded the desired tricyclic enol ethers 11 resulting from a 5-exo-
trig radical cyclisation (Scheme 72). The product presumably arises via a reduction-elimination
sequence subsequent to the cyclisation step, as shown below.

This methodology was used to prepare a variety of analogues (R = CH,, CH(CH,),, Cl,
OBn), and in one instance a product that contained a pyridine ring as part of the ABC system

1
O o > @ QLI
oAc — — oA
7 N0 o ¢ XN o~ Ohe 0" Yo °
R 10 R

/
R
1Sm12
Smlg
I: :m| - Sml,0Ac )/\'
/ 0 (¢} / [0} 0 OAc
R 1 R

Scheme 72

could be readily prepared. In addition to 11, small amounts of o-iodophenol were detected,
possibly arising by Lewis-acid (Sm?*) catalysed decomposition of 10. The proportion of o-
iodophenol increased when Sml, that was not freshly prepared (i.e. a commercial solution) was
used.

In an interesting deoxygenative coupling of amides to form enediamine systems, use
was made of an unprecedented Sm/Sml, system (Scheme 73).% A variety of substrates were
successfully employed in this reaction (Table 3).
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j\ Ar NR?
Ar NRz NR2 Ar

Reaction conditions:
Amide (1 mmol)
Sm (0.65-0.70 mmol), Sml, (0.1 M in THF, 0.55 mmol)

67°C, 2-4 hrs
Scheme 73
Table 3. Amide Homocoupling?
Amide Product Yield (%)
Ar RN Ar RN
Ph EtLN Ph EtN 72
- O e O w
o o Ph>_<Ph 6
Ph)l\u’mm‘n)]\vh o

Me—N N-Me
~—" \_/

a) See reference 97 for a variety of other substrates.

The use of Sml, alone was unsuccessful in effecting the desired coupling reaction.
Varying molar ratios of Sm/Sml, showed that the yield of the coupling product was dependent
on the amount of samarium metal used. The coupling reaction was found to proceed in the pres-
ence of only catalytic amounts of Sml,. From these results, and the fact that both Sm and Sml,
are essential for this coupling reaction, it was proposed that the Sml, activates the surface of Sm
metal. The reason why this should be so is unclear. A more probable scenario is that Sm®* is the
agent that activates the metal surface in a disproportionation reaction which regenerates Sm”*,
Two mechanistic pathways leading to the product have been proposed. The first postulates a
dimerisation of ketyl radical 12 in a pinacol-type reaction, followed by reductive deoxygenation
to provide the desired vic-diaminoalkene (Scheme 74). The second hypothesis suggests that the

0 .
P Ph N
13
12
a HO OH +
/loj\ SITII2 )o\ /:\.‘ J A.\. Ar NR,
Ar” "NR, Ar” " NRg RN A2 R,§> ZAr
+ +
Sml, Ar NR, Sml, Ar_ ~ NR, Ar, _ NRg
- Ne & —_— =4 —_— >_<
RoN Ar R2N Ar RzN Ar
Scheme 74
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initially formed anion radical 12 undergoes further reduction to give an ¢-aminocarbene interme-
diate 13, which dimerises to afford the product. Two issues count against the latter scenario.
Firstly, it is possible that Sml, is not a sufficiently strong reductant to effect this transformation,
and, secondly, dimerisation of carbenes is usually uncompetitive with other reactions such as C-
H insertion.

The following interesting example demonstrates the importance of temperature on the
outcome of some Sml,-mediated reactions (Scheme 75). This particular reaction shows the
ability of Sml, to reduce aromatic aldehydes and ketones in the presence of water. When the
reaction was carried out at ambient temperature a simple reduction of ketone to the anticipated
alcohol was observed. However, when raising the temperature to 68°C, cleavage of the C-O bond
resulted. Such a deoxygenation could result from the subsequent reduction of the intermediate
ferrocenyl alcohol with an excess of Sml,, and these processes might be facilitated by the in situ
generated Lewis acidic Sm(TII) ion.'®

H
Q—#on
Sml,, THF, H,0 | R=HorMe
Fe R 92-93%
o 25°C @
|

Fe R —]
' H
@ Sml,, THF, H,0 @(,H R=HorMeorPh
L L\ 44-85%
R=Hor Me or Ph 68°C g

Scheme 75

The samarium-Barbier reaction has been the subject of much research, and has been
used to in the preparation of a number of functionalized ketones with stereogenic centres distal to
the carbonyl functionality, providing a sequential process and a convenient entry into chiral,
nonracemic d-hydroxyketones.!®' Sml, has proven superior to other reducing agents typically
used in Barbier-type processes. The mechanism of the intramolecular Sml, promoted Barbier
reaction, not unlike its more traditional lithium and magnesium counterparts,'® is somewhat of
an enigma. It is likely that a carbanionic mechanism is operative in many instances, although
evidence exists that more than one mechanism may be applicable depending on the particular

substrate under consideration, '0%104
Substrate Product
O Me
\/ILO)\/\| M.6 o o

w/u\o)\/\l \,)of/\/?km

While initial experiments focussed on the use of esters, subsequent work looked to
include other acyl type functional groups. It was successfully shown that this was possible not
only with esters but also with amides, sulfonamides, etc. (Scheme 76). The reaction was carried
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out by adding the substrate to a 0.15 M solution of Sml, in THF at 0°C containing a catalytic
amount (1 mol%) of an iron(Ill) complex (iron(IIl) acetylacetonate, [Fe(acac),], and iron(III)

o 0
1. Sml, (2 eq.), THF, cat., 0°C

| z Ph
2. H;0*

- OMe SO0,Me
Z = -OEt, "\D ¢ =N \N)LO > —§-I-Pr> —N
/

Bu
Scheme 76

tris(dibenzoylmethane), [Fe(DBM),] yield the same results). The reaction was complete within
30 minutes and afforded the products in yields of 68-81%. In some instances, it was found that
the iron(IlT) complex was not effective and therefore the reaction was run in the presence of 4
equivalents of tripiperidinophosphine oxide (a strong donor ligand).!% In addition to the
carboxylic acid derivatives (iodoalkyl acyl derivatives), the reaction was successfully carried out
with nitriles and halo esters. Nitriles delivered similar products to the carboxylic acid derivatives,
shown above, while the cyclisation of the halo esters delivered a number of products ranging
from those of simple ring closure to the formation of dimers and ring expanded products.'®

Treatment of sulfonium and selenonium salts, in which a suitably disposed nitrile or
carbonyl group was present, with 2 equivalents of a THF solution of samarium diiodide caused
the reductive cleavage of the C-S or C-Se bonds in high yields.!® The bond cleavage took place
regioselectively between the positive sulfur or selenium atom and the carbon atom with an elec-
tron withdrawing group or vinyl group. Some medium sized cyclic sulfides or selenides were
synthesised by this method, which was found to be applicable on acyclic, bicyclic and tricyclic
systems (yields typically 80-90%).

REDUCTION OF ACYCLIC ONIUM SALT REDUCTION OF CYCLIC ONIUM SALTS
Onium Salt Product Onium Salt

Product
Me PhXMe o
|
Ph—X—CH,CN (\/f Me)J\/\/ SMe

Cl04

ClO4 CN
X =8, Se I/\s;le
SYNTHESIS OF MEDIUM-SIZED CYCLIC :(j/ SMe
SULFIDES AND SELENIDES se¥ cloy @;\/
N

Onium Salt Product c

L. o @ c10¢ @\/mvs’""

C IO4
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In another example, the cleavage of one of the C-S bonds in benzothiopyrylium salts
was readily effected (Scheme 77). The reaction was carried out in THF in the presence of
methanol at room temperature.

2
Sml, :
MeOH Me
THF
r.t. Z Me
Me
Scheme 77

Two different cleavages were noted, depending on whether or not an interfering
substituent (benzoyl; Bz) was present.!® In the instances (which are the majority of the examples
cited here, directly above and below) where a CN or carbonyl moiety is present, the mechanism
of the reaction is easy to rationalise as one that is initiated at that group. However, the two
instances mentioned in which such a functional group is not present are not so readily explained.
Suffice it to say that the probability of an entirely different mechanism is high, as is witnessed by
the different outcome of these last two reactions (Scheme 77, 78).

Bz
N Sml,
st BFs MeOH
Z Me
Me Bz= benzoy]

Scheme 78
An interesting sequential elimination has been reported by Kato et al. where the elimi-

nation is initiated by electron transfer to a pyridine ring (Scheme 79).'%"

2Sml; (25eq.)
OR n1
X HMPA X
| s | 5—
Nk THF R
R Pivalic Acid (1.3 eq.)
R =Ac,H r.t

Scheme 79

The mechanism is believed to proceed via electron transfer to the pyridine ring to
generate a radical anion, followed by protonation and further reduction to produce an anion
which eliminates a remote oxygen function (Scheme 80). This protocol allows for the efficient
synthesis of alkylpyridine derivatives (49-82%) from Sml,-mediated deoxygenation of
pyridinemethanol derivatives.

oH OH OH (_oH
Sml, H* Sml, N)
| | | | N P
= . N N
H
H H
Scheme 80
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II1. B-ELIMINATION REACTIONS
1. Direct B-Elimination Reactions

Alkenes are important structural moieties in a wide variety of compounds, ranging from
petrochemical commodities to the lowest volume higher value fine chemicals and pharmaceuti-
cals. Thus, alkenes represent an important group of desirable compounds both as starting mate-
rials, as intermediates and as end products.

The coupling of two units to form an olefin is a common procedure in organic synthesis
using, for example, the McMurry,'® the Wittig!'® and metathesis'' type coupling reactions. Olefi-
nation may also be achieved via elimination-type reactions, of which the Julia-Lythgoe reaction is
a good example.!!! This method allows for regiospecificity and in some cases provides excellent
stereoselectivity. The Julia-Lythgoe procedure utilises the readily available o-sulfonyl carbanions
to produce predominantly E olefins, depending on conditions and the substitution pattern of the
starting material. In the first Sml,-mediated reactions of this nature, the procedure involved the
use of Sml, in THF in the presence of HMPA at room temperature,'' and allowed the preparation
of olefins from both sulfonyl alcohols and sulfonyl acetates (Scheme 81).

OR
. OTBDPS &» <O:©/\/\/OTBDPS
HMPA
<° SO,Ph THF °
R= H or Ac
(713%)  (68%) Scheme 81

This form of B-elimination is not only successful in preparing olefins but can also be
used to prepare acetylenes. These acetylenes are prepared from their corresponding enol acetates
or enol phosphates by reductive elimination, which themselves are prepared from the corre-
sponding B-keto sulfones, as shown in Scheme 82. The B-keto sulfones are easily obtained from
the substrates used to prepare the olefins mentioned above by a simple oxidation with PCC / 4 A
MS /CH,CL.'"?

o OR

) OTBDPS NaH o SO,Ph
< SO,Ph THF < h
(o} 2 AORB (o} oTBDPS

A: AcCl, leads to R = Ac (91%) Sml,
B: HMPA and (PhO),P(O)Cl, leads to R = P(O)(OPh), (95%) HMPA
THF
OTBDPS
=
o 74
< A: 68%
o B: 94%

Scheme 82

Kende showed that B-hydroxy imidazolyl sulfones could easily be reduced in one step
to the corresponding olefins using Sml, in THF at room temperature.''* Conversely, the reduc-
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tive elimination of B-hydroxy phenyl sulfones without adding HMPA gave poor results, with
only trace amounts of the desired product being detected (Scheme 83).

Keck et al.'' carried out a series of studies into the use of samarium diiodide in the
reductive elimination of 1,2-acetoxy sulfones and the reductive cleavage of vinyl sulfones. They
found that additives like -BuOH, H,0 and MeOH did not enhance the rate of the reaction
compared to 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) or HMPA. DMPU

me-N N SO,Ph

S0, R S

OH

R
X
OH \\imlz, THF Sij)(/

e 0 e
Scheme 83
proved to be a better additive than HMPA, but either additive used alone (i.e. no proton source)
gave low stereoselectivities in the products. When DMPU was used in conjunction with MeOH,
high yields (60-80%) and good stereoselectivities were observed.!'> One particular B-hydroxy
imidazolyl sulfone was subjected to the conditions described in Scheme 83 and a rearranged
homoallylic alcohol was obtained instead of the expected diene (Scheme 84).

R™ XX

OH

A
48%

Sml, and H* O

Scheme 84

The formation of the product was rationalised on the basis of a one-electron transfer
process. The reaction of Sml, with the sulfone generates a radical anion, which, upon loss of the
imidazolesulfinate anion, forms a carbon radical. This then adds to the double bond (3-exo-trig)
forming a cyclopropane ring, yielding a benzylic radical. This radical reopens the ring in a
different orientation to generate the alkyl radical which may be quenched by He transfer from the
solvent to afford the homoallylic alcohol, or further reduced by Sml, and protonated.
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Examples of the reductive elimination of B-sulfoxybenzoates display intriguing
features. For example, the benzoate derivative affords the required olefin at temperatures as low
as -84°C within a few minutes, while the hydroxy sulfone is recovered unchanged under similar
conditions. These observations strongly suggest that the Sml, mediated reductive elimination of
these two substrates takes place by different mechanisms (Scheme 85, 86).''¢ Marké et al.
discussed the two mechanisms in some detail.''” With B-hydroxy sulfones, a single electron
transfer from Sml, to the aromatic sulfone takes place, generating a radical anion. This step,
which appears to be unfavourable, is followed by the ejection of phenylsulfinate ion, producing
the new radical species. A second electron transfer from Sml, to this radical then affords the
intermediate organosamarium derivative, which undergoes B-elimination, leading to the
observed alkene product (Scheme 85).

R OH R OH

- PhSOg9

R
n2 Sml, A2 )<Ct| \ Sml,
n1 R1 R‘ - R
SO,Ph SO.Ph
R
Oan - SmI,OH R
et 2
R! Ksr | R )\H R
M Scheme 85

Conversely, it is plausible that, in the case of the benzoate (cf. section I.1.b. discussion
on o-benzoyloxy lactones), the initial electron transfer takes place at the benzoate rather than at
the sulfonyl group (Scheme 86).

R R R
OCOPh ©
o Sml, oconn - PhCOO . R
R1 — n‘l — R1
SO,Ph SO,Ph SO,Ph
Sry
‘-PhSO'Z
R PhSCS R_Smh R
- 2
R1)\JR2 R‘><r“’ RMKHR’
Scheme 86 SO;Ph

This electron transfer process appears to be an easier process, taking place rapidly even
at —84°C and leads to the radical anion. Subsequent collapse of this intermediate liberates the
benzoate ion and produces a radical. Further transformation of this radical into the
organosamarium intermediate and elimination of the phenylsulfinyl group eventually affords the
olefin.!'” This process has been used in a variety of reactions to afford a selection of di- and
trisubstituted alkenes (66-84%).!"”
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Elimination reactions of B-acetoxy sulfones in steroidal derivatives such as the one in
Scheme 87 are not observed, in accordance with Bredt’s Rule.!'® Instead, products of simple
reduction are isolated.'"’

However, Sml, readily reduced the Diels-Alder adduct disulfone shown in Scheme 88
to the corresponding alkene.'?

% OAc

HMPA ]
-20°C
90 min.
87% MeO
Scheme 87

Sml,
PhSO, THF

PhSO, HMPA g
= OO
30 min.
83%
Scheme 88
In carbohydrates, reactive intermediates generated at the anomeric position using Sml,

tend to follow certain trends. Electron transfer to appropriate anomeric substituents (halogens,

ary! sulfones, phosphates) leads to an anomeric radical 14 which is either trapped by a suitably
located radical trap (e.g. C-C unsaturation) or is further reduced to an anomeric Sm(III) species
15. With an oxygen at position 2, as found in neutral hexoses, the anomeric organosamarium can
either suffer monomolecular elimination (preferably in the presence of 2-OAc, 2-OCOR, -
OCNR,, i.e. glycal synthesis) or undergo C-C bond formation with carbonyl compounds (prefer-
ably in the presence of 2-O-alkyl or silyl ether, i.e. C-glycoside synthesis) under Barbier proce-
dures (Scheme 89). We have already dealt with many of these examples in the discussion
involving o-elimination, and the remaining examples will be discussed below.!?!

0 Sml, o Smi, o P = Ac, COX 0
z : sml, >
oP oP
14 15

op glycals
Z = Br, SOAr,
PO(OR); .
P = radical P = SiRj, Alkyl
trap RCHO
Radical cyclisation o
R
OP OH
1,2-trans C-glycosides
Scheme 89
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Another predominant form of B-elimination involves the reduction of B-halo ethers,
where elimination is believed to proceed via a carbanion upon treatment with SmL,. This anion then
precipitates the elimination of the B-group, affording the corresponding alkene (Scheme 90).'0%122

(o] 2 Sml, (o]
cat. Fe(DBM);
g é\/\
| THF
- 78°C to 0°C X
DBM = dibenzoylmethido 69%
Scheme 90

An example involving the reductive elimination of a halo group is seen in the stereose-
lective 1,2-elimination in O-acetylated 1,1-dihaloalkan-2-ols with samarium diiodide (Scheme 91).

OA
€ X1 2 Sml, /—\
R R X4
H X
X = CL, Br,1
Scheme 91

When 1,1-diiodononan-2-ol was added to a solution of Sml, in THF, the desired vinyl
iodide was obtained in high yield but with very poor stereoselectivity. A similar result was
obtained when the O-silyl ether of 1,1-diiodononan-2-ol was used. However, when attempted
with O-acetylated 1,1-diiodononana-2-ol, the desired vinyl iodide was obtained in good yield
with high stereoselectivity.!?* These reaction conditions were also found to be suitable for p-
elimination reactions of O-acetylated 1,1-dibromo- and 1,1-dichloroalkan-2-ol substrates. In the
latter case, heating to reflux and longer reaction times were necessary to effect a successful reac-
tion.'?

A similar example of this form of B-elimination involves the deoxygenation of epoxides
to olefins (Scheme 92).1%*

R! )

" R! 1
R R2 SmIX additive 2 Sml, 1 2
~T o>_<n2 > ( AR
o I YO R?

SmiX
additive = DMEA, glutaric anhydride
Y = H, Acyl
ZJ/E: 91/9-90/10
54-95%

Scheme 92

This transformation is normally effected by the efficient Sml,-THF-HMPA electron
transfer system in the presence of either N,N-dimethylethanolamine (DMEA) or glutaric anhy-
dride. The initial epoxide ring opening is believed to be Sm3*-catalysed, and generates an
iodohalide as an intermediate. This is then susceptible to the normal Sm?**-mediated reaction that
leads to the olefin. Sml -induced iodomethylation,'?® which is a rapid and mild one-pot carbonyl
methylenation method is also believed to proceed via a similar intermediate to that shown in the
scheme below.
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pB-Elimination reactions often involve the reductive removal of an halide followed by
ring opening. An interesting instance of this phenomenon is seen in the following example,
where Sml, promoted ring opening, to afford the corresponding alkenes, occurs in the absence of
HMPA. However, in the presence of HMPA, the reaction results in the formation of a cyclo-
propanol derivative (69-75%). The reactions are product-selective in the presence/absence of
HMPA (Scheme 93).1%

2.2 Sml,, THF, OH
X R! = Aryl, Alkyl R1IZ g
0
R1 /<l/l\ Rz ] Rz
2.2 Smly, 4 HMPA
X = Brorl — A
T R! OH
Scheme 93

The use of samarium diiodide in place of the sodium metal for the ring opening of cyclic
B-halogeno-ethers alters the stereochemistry of the resulting olefinic alcohols. Making use of this
samarium diiodide method results in the highly stereoselective syntheses of enols (>95% yield),
compared to sodium metal affording a mixture of (E)- and (Z)-alk-3-enols (Scheme 94).'27128

Cl |
o=, =
o” VR H OH o’ R

Scheme 94

B-Elimination can also be used as a form of deprotection. Magnus reported a C-N
cleavage that left the nitrogen deprotected (Scheme 95).!%

CICH,CH,0,C.
2 2%2 N SmI2
THF
“

H 70°C
N 7 hrs

R

Scheme 95

This reaction is believed to proceed via the sequence primary radical formation, reduc-
tion by Sml, to form the primary anion, elimination of ethylene, and decarboxylation to afford a
samarium amide (Scheme 96).

)

c'\/\on\N}L Product

ok
J AN

T o ~ - N
2o~ NS O _OoUN. Ce
-l \[(])/ y \/\n/ s T \/\2\']9‘"\9:

) )

Scheme 96
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Workup affords the free-base alkaloid. Various other reagents failed to effect the selec-
tive removal of the chlorocarbamate protecting group to give the free amine. These reagents had
no effect when using Zn-AcOH or CrCL,-HCI and resulted in an undesired product in the pres-
ence of tri-n-butyltin hydride azobisisobutyronitrile or resulted in decomposition of the starting
material due, amongst others, to extended reaction times when using Zn-H,O-THF-aquo-vitamin
B,,. (2,2,2-Trichloroethoxy)-methoxy ether groups are also susceptible to similar deprotection
reactions, affording thee free alcohol.!3

Samarium diiodide has also been used in an efficient and neutral deprotection strategy
of esters. In these cases, 2-bromoethyl and 2-iodoethyl esters could be readily deprotected to
afford the anticipated carboxylic acids (via B-elimination) in good yield.'!

2. Indirect/sequential B-Elimination Reactions

Many examples of elimination reactions that take place subsequent to an initial step are
found in the literature. In most instances, the first step is one of bond formation, although simple
“resonance isomerisation” is sometimes seen to precede a fragmentation / elimination step. As in
the case of the Sml,-mediated reduction of carbonyl compounds, the reduction of halides by that
reagent proceeds via a one-electron transfer. Decomposition of the halo radical-anion leads to a
Sml -halide species and the corresponding carbon radical. Reactivity in the system may already
be seen at the radical stage or after further reduction to a carbanion by a second equivalent of
Sml,. Some examples of the use of halides as well as carbonyl precursors in this context are
described below.

In the first example, an iodo-allyl ether (derived from D-ribose) was treated with Sml,
in the presence of HMPA to generate a primary radical which underwent 5-exo-trig cyclisation

(Scheme 97).
I
RO, RO,, . RO,
no’l . — .
= Sml, m m Sml, m
- i = RO ——™ iz Rpro L
i =z RO HMPA o__0 o__ 0O (o]
o_0 THF T, s .

/'l:,

Scheme 97 65%

The secondary radical underwent reduction to the analogous anion, which resulted in
elimination of the alkoxy group to generate the o-olefin product. In this reaction, the stereochem-
istry of the cyclisation is controlled such that the pendant vinyl moiety in the product is frans
with respect to the isopropylidene protecting group.'*

Sequential ketyl-olefin coupling / B-elimination reactions follow the same principal
mentioned above (Scheme 98). Again we see the formation of a ring (50%) after treatment with
samarium diiodide resulting from the addition of the ketyl radical to the alkene moiety, followed
by B-elimination at the carbanion stage. The overall course of events in this example resulted in

the net addition of an alkenyl species to a ketone carbonyl.!*
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° iy | s o =
\ WS
- —— ° OH
é/\o/\ 5-exo-trig Ct)o
Scheme 98

A nucleophilic acyl substitution / alkenyl transfer process has been developed as a
complementary method to the previous example. This novel three-step, one-pot protocol
provides a new method for the introduction of an alkenyl moiety to a carbonyl species in good
yield (60-77%), while maintaining an high degree of stereocontrol over three to five stereocen-
tres (Scheme 99). The proposed three-step reaction sequence proceeds via an

0 R4 \‘Rg o [s) R‘

R¢ \‘Ha A3
S 2 Sml, | X
R'O 0
R'0 oy —— /\§ _ o/\é
H2 (2 € ) R2
X R?
/SmlzLX

SmlzLX
Sml,
A e-)
Sml, O p¢ iy

1) é)\ 0y
R2

R? R?
ﬁ-elimination\\ \f ;
or protonation HO, OH + HO,, o\‘,_ R*
1., “‘_Rl
R? "

major minor

Scheme 99

anionic/radical/anionic process. Initial generation of an organosamarium species that is poised to
effect an intramolecular nucleophilic acyl substitution on the ester, results in the liberation of a
cycloalkanone. The ketone moiety subsequently enters a radical ketyl-olefin coupling reaction,
generating an exocyclic organosamarium species that undergoes a rapid B-elimination (or
competitive protonation).'3*

Acetals are also susceptible to opening by adjacent carbanions. Here, radical cyclisation,
reduction of the secondary radical to the anion, and elimination generate a vinyl ether, which is
subsequently unmasked to afford the analogous aldehyde in a yield of 61% (Scheme 100)."*5 As
expected of cyclisations of this type, the ketyl radical forms a new C-C bond onto the alkene
such that the alcohol and pendant chain possess a trans relative stereochemistry(E/Z: 7/3).

Alkoxycarbonyl ketene dithioacetals can be cleanly cleaved by Sml,, providing a new
and efficient route to the stereoselective generation of the corresponding highly functionalised
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Sml, HO, &

: . HOg§
v G"“\” T N
— \c> HMPA j CHO

o HO
Scheme 100

vinyl samarium species (Scheme 101). These can be allowed to react, respectively, with a proton
source, allyl bromide and aldehydes to give the corresponding reduction products, allylation
products and B-thiobutenolides (Table 4).!%

R CO,Et

I 1. Sml,, THF, HMPA, r.t., 15 min. R I°°2E‘
2. listed below

MeS SMe MeS X
Scheme 101

Table 4. Electrophile-product Relationship for Scheme 101

A. Sat. Aq. NH,CI X=H
B. D,O X=D
C. X=
Br\/\ ]JQ/\
D. R'CHO Product= ¢
MeS R

In some cases, the specific reaction in question does not end after the fragmentation step,
but may be followed by other sequential reactions. '*"-14! An example from our previous work
demonstrates a sequential transformation of carbohydrates into carbocycles (Scheme 102).'% In

| .
0 Sml, 0 Sml,
RO OAc RO OAc

Sml

RO RO RO
Smlz s 'z CH3
m worku
RO, .\\‘O/ P RO, WOH
RO
RO
Scheme 102

these examples, both anionic and radical reactions (both Sml,-mediated) were observed, once
again highlighting the utility and selectivity of Sml,, even in sequential, multistep processes. In
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order to effect the overall ring contraction, two complete reaction sequences are necessary. These
include a reductive dealkoxyhalogenation to give the ring-opened hex-5-enal followed by an
intramolecular ketyl-olefin reductive coupling, to afford the ring-contracted organosamarium
intermediate. Intermolecular trapping of this organosamarium with an appropriate electrophile
produces the branched cyclopentanol derivative.'®

The intermolecular electrophile trapping protocol may be complemented by the pres-
ence of intramolecular radical traps. This approach allows the rapid assembly of bicyclic ring
systems with stereodefined double bonds, via an appropriate intramolecular cyclisation, from
readily available carbohydrate derivatives (Scheme 103).140.14!

OH
Sm12 A
/\ OR
/\ SmI2 (o]

OR
Scheme 103

This result neatly demonstrates that alkyne-type radical traps may be efficiently
employed in situations where competitive elimination reactions are not taking place (vide supra,
Scheme 48).

It was demonstrated that either Zn or Sml, can be used to effect the dealkoxy-halogena-
tion. The mechanism of the Sml, mediated cyclisation is shown in Scheme 104. The cyclisation
process is probably initiated by a single electron reduction of the aldehyde to form a ketyl

P A — — K j;(

R' R'
“ OH ., K(Etosm2 K(j_ﬁ_/[osm2
hydrogen
o OR ° OR transfer
OR OR

SH = Solvent Scheme 104

radical, followed by an exo cyclisation onto the double bond. A primary radical results, which
undergoes cyclisation onto the tethered alkyne. The highly reactive vinyl radical that results is
quenched by abstraction of an hydrogen atom from the solvent.!#?

Using an approach that is conceptually similar to those described above, an o, -unsatu-
rated ester derivative of glucose has also been subjected to a Sml,-mediated ring contraction
(Scheme 105). Reaction of the substrate with excess Sml, in a THF/MeOH solution allowed the
isolation of a chiral cyclopentanol derivative.!*?
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CO,Me
Smi; (5eq.) WOH
THF/MeOH (15/1) . )
0°C,91% T “0Bn
Scheme 105 OBn

On examining the effect of temperature and the number of added equivalents of
samarium diiodide on the outcome of the reaction, more insight was obtained on the mechanism
and intermediates of this reaction. After adding 2.5 equivalents Sml, at -40°C in THF/MeOH
(15/1), the B,y-unsaturated methyl ester 16 was obtained as a major product (Scheme 106).'+}

Me0,C CO,Me
Sml; (2.5eq.) H
THF/MeOH (15/1) . ,
BnO’ -40°C BnO™ “/0Bn
Sml, (2.5eq.)
" THF/MeOH (15/1)
\O:C
MeO,C CO,Me
WOH
—x— Reactions
BnO" Bno™ “/0Bn
OBn
Scheme 106 17

Further addition of 2.5 equivalents Sml, at 0°C in THF/MeOH (15/1) afforded the cyclic product
17. These results indicate that the reaction is initiated at the o.,B-unsaturated ester moiety, and
that the ring oxygen is eliminated to generate the observed enal. While it is possible that the ring
oxygen is eliminated from the open-chain form (see Scheme 106), it is unlikely that the observed
selectivity would be preserved since aldehydes are more reactive towards Sml, than are esters.
The following example highlights the use of anomeric position unprotected carbohy-
drate derivatives as direct precursors in SmL-promoted reactions (Scheme 107). Here, the ketyl

SPh SPh
Z Z
OBn o 0Bn OH
BnO BnO 0
OBn OH OBn H
0Bn
BnO
oBn ©OH
T1%
Scheme 107
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radical cyclises (6-exo-trig) onto the alkene moiety, the radical intermediate of which would
readily eliminate PhSe, or PhS- if the radical is first reduced to the corresponding anion by a
second equivalent of Sml,. The cyclisation reaction proceeds with a large degree of stereocontrol
as a result of the Sm(III) chelate structure.'*?

IV. CONCLUSION

The discussion contained in this review describes the use of Sml, as an highly selective
reductant in a great variety of fragmentation reactions. As the many examples illustrate, this
reagent is tolerant of a large number of functional groups, which is the main reason for its -
observed selectivity in the many reactions it mediates. Not only is this compound selective in a
broad spectrum of reactions and tolerant of multifunctional substrates, it often greatly surpasses
many of the more traditional reducing agents. These attributes should see the continued employ-
ment of Sml, in the field of synthetic organic chemistry, and should continue to give rise to new
applications and to improvements on older chemistry, including fragmentation and cleavage

reactions.
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