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L INTRODUCTION

Maximum efficiency has always been the rimary goal of synthetic chemists, making it the driving
r the development of new methods and conceptual advances in synthesis. The focus of methods

force
devclopment has constantly progressed as economic and environmental forces, combined with increased
sophistication and sheer intellectual aesthetics, have united to present ever higher goals in the search for
“ideal” syntheses.1

The overriding concern in any chemical process has always been the yield of a particular
transformation, or simply the effectiveness in converting substrates to a single desired product. Inherent in
this notion is the concept of selectivity, including the chemoselectivity, regiosclectivity, diastereoselectivity,
and cnantioselectivity of any given chemical reaction.2 Conceptually more advanced levels of efficiency
require a global view of chemical processes. Thus not only the yield of the desired chemical transformauon
must be considered, but atieniion must be paid to the overall ease, proficiency, and economy 0 the re:
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To this end, diverse concepts have been introduced that must be factored into the overall equation for
[¥]

efficiency. One such notion is the “atom economic” approach to synthesis.3 This construct dictates that all
of the atoms of the substrates and any reagents utilized for any particular reaction should appear in the final
products. No byproducts are formed in such reactions, and the overall efficiency is therefore increased
because no tedious separations are required and waste disposal is minimized. Examples of atom economic
processes include the Dicls-Alder reaction, ene reactions, aldol reactions, palladium catalyzed
cycloisomerization reactions,4 and several other metal catalyzed reactions.3b.5
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Another level of efficiency is encountered when multiple bonds are formed in a “one-pot process”.
These scquential reactions (also called domino reactions,® cascade reactions,? or tandem reactions8) hold
enormous potential because considerably less time, effort, and material are required in converting simple
substrates to more complex target structures than in more traditional multi-pot procedures wherein each
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individual components in a single reaction have been reported with truly spectacular selectivity.

Chemists to date have focused on sequenced processes or multicomponent coupling reactions that
proceed under the same fundamental reaction conditions, thereby avoiding the complexities of dealing with
various incompatibilities in substrates, reagents, solvents, or reaction conditions. As examples, many
multicomponent coupling reactions are thermodynamically controlled condensation reactions occurring
under general acid or base catalysis.? Similarly, organometallic-catalyzed sequential transformations (e.g.,
cycloisomerization reactions? or cyclization/silylation processes¢:€) employ metal complexes with defined
reactivities quite specific to particular functional groups and reagents. Within the realm of sequential
reactions that occur under a single set of reaction parameters, there is a demand for nucleophiles,
electrophiles, d1verse catalysts oxidants, and reductants that are capable of supporting a cascade of reactions
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utilization in sequentlal processes. In fact the selectivities required for each mdmdual tep in ascade of
reactions, along with the exquisite timing of events necessary to complete the sequence, combme to create
intimidating odds against ultimate success. Among the myriad of reductants available to synthetic chemists,
samarium(II) iodide (Smlz) presents itself as the premier reagent for sustaining sequential reactions
performed under reducing conditions. First introduced as a synthetic reagent by Kagan and coworkers,10 it
has rapidly become the standard for a variety of individual reductions!! and reductive coupling reactions.1?
The versatility of the reagent makes it an ideal candidate for sequential processes. Thus, both radical and
anionic reacuons constituting the core of the most highly utilized synthetic organic reactions {reductive
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processes is the fact that the reactivity dndlor selecuvxt f SmIo can be modlﬁed bv the addltlon of
catalysts,13 by solvent effects,14 by photochemical enhancement,15 or through other modifications of the
reaction conditions.16 Finally, for appropriately designed substrates, sequential reactions involving diverse
intermediates can be carried out in any order.!7 For example, sequential radical reactions have been
developed, anionic cascades are feasible, and both radical/anion and anion/radical domino processes have
been realised.

This review outlines the considerable progress made to date in adopting individual reactions

promoted by SmlI to sequential synthetic organic reactions. Given the outstanding characteristics of SmiIp as

a reductant and reductive coupling a
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Sequential processes initiated by elimination or fragmentation reactions do not necessarily lead to
dramatic increases in molecular complexity because often as many bonds are broken as are created in the
process. However, for substrates that can be assembled rapidly, some advantages can derive from a
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fragmentation or elimination in the preliminary step of a cascade. Among these are rapid access to unique
structures and stereochemical control in subsequent steps of the sequence.

Several Smlz-promoted sequential processes commencing with a fragmentation or elimination
process exhibit useful characteristics for small molecule synthesis. Examples detailed below include
fragmentation/radical reactions fragmentation/anionic reactions, fragmentation/ketyl-oiefin coupiing

reactions, and elimination/ketyl-olefin coupling reactions.

Cyclopropanes are readily generated using a variety of reliable methods, and provide substrates in
which two stereocenters are set simultaneously. Subsequent fragmentation of the cyclopropy! rings can be
induced in a regiocontrolled manner through the intermediacy of cyclopropylcarbinyl radicals. The ring-

7 ¢ =
opened radical thus generated can participate in cyclization reactions with pendant radical acceptors, forming
ring-expanded products with control of stereochemistry. This strategy has been utilized quite successfully
when cyclopropyl ketones are utilized as substrates for the reaction, the initial radical being derived by
electron transfer from Smlj to the ketone, generating a ketyl (Scheme 1).18
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The sequence is best carried out utilizing activated radical acceptors (eqs 1-3). Under the conditions
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radical cychzatxon rates, and can therefore effectively trap the radical prior to reduction to the
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Recognizing that an enolate was generated in this process (Scheme 1), attempts were made to trap
this species with external alkyl electrophiles subsequent to the ring-opening event.18 These efforts proved to



be only modestly successful (eq 4) as samarium enolates appear not to possess sufficient nucleophilicity to
react effectively with many carbon electrophiles.20
O
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Demonstrating that both the radical and the enolate could be trapped efficiently in select instances,
treatment of appropriate substrates with Sml; followed by a quench with reactive electrophiles led to
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Generally more successful were sequential reactions wherein the initial radical generated by
cyclopropyl ring cleavage was reduced further to an organosamarium species. The latter was then trapped by
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pendant carbonyl electrophiles (Scheme 2).
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Both ketones and esters were utilized as electrophiles for the reaction (egs 6-9).21 Aldehyde
electrophiles afforded lower yields of the carbonyl addition product, perhaps because of competitive
reduction under the reaction conditions. Epoxide electrophiles were also relatively ineffective electrophiles
in analogous reactions. This could be due to Lewis acid promoted rearrangement reactions?2 or to the fact

that epoxmes are Smely inefficient excuropnucs in reactions with Orgaﬁosamaﬁum S[_)eCiEQ
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In one substrate, special stereoelectronic features allowed both the enolate and the organosamarium to
undergo reaction, generating a tricyclic system in a cascade of anionic cyclizations (eq 10).21 Thus the
enolate generated upon cyclopropyl cleavage underwent an intramolecular aldol reaction with the available
ketone. The organosamarium species generated subsequently reacted with the newly-revealed ketone,
generating a dialkoxide that was quenched with aqueous acid to provide the observed product.
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s with the case of cyclopropyl ketones, epoxy ketones also undergo Smlz-promoted reductive
cleavage.23 In substrates suitably functionalized for reaction via ketyl-olefin cvchzatlon. the alkoxy group
resulting from epoxide ring cleavage enforced a rigid template for the subsequent reaction (Scheme 3). 24
Reduction of the ketone to a ketyl initiated cyclization in which stereochemistry at the third stereogenic

center was controlled by stereoelectronic effects inherent in ketyl olefin cyclizations.25
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Both five- and six-membered rings were accessible through this process, in generally good yields and
high diastereoselectivities (eqs 11-12).24



3326 G. A, Molander, C. R. Harris / Tetrahedron 54 (1998) 33213354

‘“)O \I 5 Sml, HO, OH
R NSNNF Tw TuRg (i
THF, MeOH, HMPA
n

R % isoltd yield diastereoselectivity
iMe 88 i2:1
Et 86 1011
i-Pr 72 10:1
Ho, R
o] 6 Sm >,
N ~(12)
RN THF,MeOH, HMPA  HO——/
0 °C, 10-30 min H
R % isoltd vield  diastereoselactivity
ivie 61 >100:1
Et 65 100:1
FPr 66 50:1
t-Bu 81 2:1

Enhanced efficiencies have been achieved when the initially formed alkyl radical undergoes further
cyclization with appropriately positioned alkenes and alkynes.26 As in the case of the cyclopropyl ketones,
activated alkenes and alkynes work most efficiently, providing good yields through the course of the
transformations (egs 13-15). The mechanism by which the product in eq 15 was derived is not known. The
final bond formation could derive either from a radical cyclization onto the enoate or an intramolecular
Michael addition from an intermediate enolate.
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Elimination reactions from carbohydrate-derived substrates followed by intramolecular ketyl-olefin
coupling reactions provide a rapid entry to highly functionalized, stereodefined carbocycles (Scheme 4).27
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Generally higher yields were obtained in the sequence when the anomeric substituent was a good leaving
group. Diastereoselectivities varied widely depending on the substitution pattern (egqs 16-17).
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A novel method for the generation of 2,3-naphthoquinomethanes has been reported as part of a
sequential synthesis comprised of reductive elimination/electrocyclization/cycloaddition reactions (Scheme
5).28 TInitially a propargyl/allenyl palladium species was presumably generated, which underwent reductive
transmetalation to the corresponding organosamarium complex. Protonation led to the allenes, which were
poised for the electrocyclization reaction that generated the 2,3-naphthoquinomethanes.

Scheme 5
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The naphthoquinomethanes thus generated underwent in situ Diels-Alder reactions with active dienophiles,
generating tricyclic systems in good overall yields (eq 18)
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R 5 Sm12 \/\COZMB = ) S 2 reon
k/l\ V k)\/l\) o
U — THF o x F ey Aa
o LR o 0 DC tO n uuzwle
Ao‘ -78°Cto0°C 12h
¢ 60%
In a related Pd(0) catalyzed, Smlz-promoted process, 1-(1,2-epoxyalkyl)-2-alkynyl esters were
converted directly into substituted furans.29 The reactions were again initiated by Pd(0) insertion, this time
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at a propargyl benzoate, with reductive transmetalation to the organosamarium inducing ring opening of the
epoxide, thereby generating intermediate 2-alken-4-yn-1-alkoxides. These underwent palladium catalyzed
cyclization and isomerization to afford the desired furans (eq 19).

o # cat. Pd(PPhy),

|
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n-Bu THF | nBu
rt then heat =

H1. SEQUENCES INITIATED BY RADICAL PROCESSES
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A variety of SmIp-promoted sequential reactions initiated by radical cyclizations have been described.
The radicals created to commence these cascades have been derived both from halides (to generate alkyl,
alkenyl, and aryl radicals) and carbonyl substrates (producing ketyl radical anions). The versatility of Smlp
is thus again nicely demonstrated in this arena.
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Radical addition reactions that terminate in an ClHIauon process Comprise pernaps the sxmpicsr
example of a sequenced radical process. For these reactions the cyclized radical initially formed
subsequer '.ly under g-aec re dm‘ue.. to an orgme«..marix.m species, inducing the B-e!iminatﬁen process. As

retain functionality in the final product and to convey stereochemical information in the process.

Numerous leaving groups have been utilized in the elimination component of the sequence. In
studies of alkyl radicals derived from carbohydrate precursors, both acetates and hydroxyl groups have been
utilized (eqs 20-21).30 Interesting to note is that no B-elimination occurs at the initial reaction center - the
cyclization is clearly a radical process. In the case of allylic alcohol acceptors, the generation of a Lewis
acidic Sm+*3 species undoubtedly facilitates departure of the normally reluctant hydroxyl leaving group. The

overall process resuits in an efficient, enantiocontrolied synthesis of highly functionalized cyclopentane
derivatives.
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A good leaving group has been employed for a two-fold purpose in an unusual cyclooctenol synthesis
employing a Smlp-promoted cyclization/elimination sequence.3! Initial studies in cyclooctanol syntheses
demonstrated the feasibility of an 8-endo ketyl-olefin cyclization with unactivated alkenes. Yields in these
initial studies were modest. That the process occurred at all could be ascribed to the persistence of the ketyl



radical anions generated under the reaction conditions. Thus, ketyl radical anions are postulated to form
reversibly in the presence of Smlz.32 Additionally, these radical anions do not undergo further reduction.
Furthermore, ketyls are not particularly prone to quenching by hydrogen atom abstraction from the solvent,
disproportionation, or other means.33 Consequently, the lifetime of these species is significantly enhanced as
compared with less highiy stabilized radicais. The combination of these features, apparentiy unique to the
Smiy-promoted process, 34 provides a pseudo-dilution effect for the generation of the ketyls and an adequate
hfenme for the slow cyclization to take place To 1mpro e the yields, it was ranonahzed that electron-
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formed ring (eq 22).
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Epoxides have also served as effective “leaving groups” in radical cyclization/fragmentation
processes. In this case, ketyl radical anions were again utilized as the radical precursors (egs 23-25).35 The
use of allylic epoxides as radical acceptors retained not only the double bond, but also an alcohol for further
functionalization. Enantioselective syntheses were achieved by utilizing readily available, enantiomerically
pure epoxide substrates for the reactions. Interestingly, the reactions were completely diastereoselective with
regard to stereocenters created at the olefin (compare egs 24 and 25). Unfortunately, the method appears to
be limited to 5-exo cyclizations.
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72%
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An extraordinary example of 1,5-asymmetric induction has been demonstrated in the ketyl-olefin
cyclization/fragmentatlon of chiral, nonracemic unsaturated acetals (eq 26).36 The enol ethers resulting from
the ketyl-olefin cyclization/elimination sequence were hydrolyzed to the corresponding aldchydes, with

concomitant recovery of the chiral auxiliary.
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CONMe; R .OH CONMe,

Sml2 %, A : o
YN OH (26)

O O'j> SN
THF, 1 O/\/
R)K/\/\/L o7 “CONMe, & ONMe,

R % isoltd yield diastereoselectivity
Me 81 97:3
Et 83 97:3
t-Bu 74 93.7
H 50 96:4

The observed results have been explained by the ability of acetals derived from N,N-dimethyl tartramides to
chelate the Sm3+ generated after electron transfer, enforcing a rigid transition structure for cyclization
(Figure 1). This chelate was able to overcome the stereoelectronic bias of ketyl-olefin coupling reactions to
generate products wherein the hydroxyl group and the newly created substituent on the cyclopentanol ring
normally appear trans to one another.25

The reaction of ketyls with 2-bromoalkenes in an exo coupling mode leads to an addition/elimination
sequence resulting in the creation of exomethylene groups on the newly formed ring (eq 27).37 The overall
process is equivalent

to the addition of ketyls to terminal alkynes.

K/I\A THF, HMPA, t-BuOH

| 74%
COQME

@)
T A
N Br Sml, - HOSL
4
This chemistry has been expanded to enol ether ketyl acceptors, where the overall transformation has
resulted in a unique way to carry out an alkenyl addition to ketones (egs 28-29).38 In these examples, the
ketyl-olefin cyclization led to an enolate or organosamarium species with a leaving group positioned B to the
negative charge. Spontaneous p-elimination subsequently led to the observed products. In effect, the
protecting group of an aldol or homoaldol substrate became the “nucleophile” in a net carbonyl addition
process.

O 23m|2 COQEt

L . o - - O~ . (28)

/\/\/V\y’\cozEt THF’ 14 /\/\/Uﬁ \ 7
69%
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Sulfur-based leaving groups have also been employed in ketyl-olefin coupling/elimination sequences.
Sulfides and sulfones perform equally well in these reactions (eqs 30-31)3? although it is feasible that they
react via different mechanisms. Thus the ease with which sulfones are reduced by Sml;11 makes it possible
that these transformations proceed by an allyimetallic rouie. C’ertainiy the products in both cases are

. P Vonn 2t nl aldable,AA

identical to those that would be obtained Dy the intramol r addition of an 4uyuucuuuu {0 an aigenyde.
The current method employing sulfides and sulfones may have advantages over more traditional allylmetallic
routes (employing allylic halide substrates under reductive coupling conditions) in terms of stereochemical
control. Additionally, the sulfur-based substratecs may be more readily available, and exhibit enhanced
stability over allylic halide precursors

R~ X Sml S
- _____ R
. THE, AMPA~  Sengyy 0
/ “CHO -78 °C -\ T

an_QNo/
Qo Jv 70

X = SPh, SO,Ph
R = Bn, Ac, TBDMS

(77 sme oS

(@1
TBDMSO’\A THF, HMPA TBDM30’>< “OH

CHO X =8Ph; -10°C, 87%
X =80,Ph; -78°C,81%

<
reported.40 This reaction was performed within the context of a total symhems of (i) hypnophllm and
involved a ketyl-olefin cyclization followed by cyclization of the resulting radical onto a pendant alkyne (eq
32). The tertiary radu.al formed after the initial cyclization exhibited reasonable persistence under the
reaction conditions, allowing further cyclization onto the alkyne. The exomethylenyl radical generated in the
final step presumably abstracted a hydrogen atom prior to reduction by SmI (only 1.3 equivalents of Sml

were necessary), thus completing the sequence.

cHo —/ it 1. Smlp c:oy oo
/{’ THF, DMPU, <0 °C WO J @2
J 2. p-TSA, acetone
60%

Much more common are sequential radical cyclization/nucleophilic addition or -substitution
eactions. In these processes the radical generated upon cyclization is reduced under the reaction conditions

to generate an organosamarium species. The latter have been trapped intramolecularly by a pendant
electrophile. Alternatively, electrophiles can be added to the reaction mixture to quench the resulting anion.
Both alkyl and ketyl radicals have been employed as intermediates in the first step of these reactions.



One of the features that limits the use of alkyl radicals in sequential processes is that these radical
intermediates poised for cyclization can undergo competitive reduction to the corresponding
organosamarium species. The rate constant for reduction of a primary radical by Smly in THF has been
estimated to be between 5 x 103 M-1s-1 and 7 x 106 M-1 s-1, depending on HMPA concentration.19 For
radicals derived from substrates like 6-bromohex-1-ene (kcyc = 105 s-1), mixtures of cyclic and acyclic

A A1

products were observed under normal conditions for Smis-promoted reactions (eq 33).*! Even under
optimized, extremely dilute conditions ([Smlz] = 0.021 M) unwanted reduction to the acyclic
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Alkyl radical intermediates with higher rates of cyclization undergo the desired sequence of events
more successfully. Among primary alkyl radicals, those with heteroatoms along the chain cyclize at
enhanced rates (kcyc = 109 s1), and provide more successful cyclization/addition sequences (eq 35).4

POy e AN
U THF, HMPA
n, 74%
O

Unsaturated ketone radical acceptors also enhance cyclization rates, and the resulting enolates have
been trapped with aldehyde electrophiles.32 The process is unfortunately not particularly general, and in
reported cases mixturcs of products were generated. For example, aldol products, enones, and protonated
material were observed (eq 36), as well as products resulting from intramolecular Tischenko redox processes

(eq 37).
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More selective were radical conjugate addition/enolate trapping reactions involving unsaturated
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the corresponding organometallic under the reaction conditions. Tertiary halides constitute one such class of

z

v

<

T

thus sequential processes are only modestly successful (eq 41).43

’

”

substrates. Unfortunately, the rate of cyclization of the corresponding tertiary radicals is also depressed, and

OH

¢ p-CeHsOMe

1. Sm|2

\/

(41)

2. p-MeOCgH,CHO

=

41%

One of the more successful classes of substrates for sequential radical cyclization/nucleophilic

sequences with Smi are aryl halides (Scheme 6).42,44
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Aryl radicals are reasonably resistent to reduction by SmIp,45 providing them with an adequate lifetime for
cyclization. Furthermore, aryl radicals cyclize in a 5-exo mode with measured rate constants of up to 4 x 10°
s-144b The combination of these two factors provides for a reasonably general cyclization process. There
are, however, some limitations in the overall process. For example, only primary and secondary radicals
generated in the cyclization process can be reduced to organosamariums. Furthermore, the lack of
nucleophilicity of the resulting organosamarium species limits the cascade process to some degree. Thus
allylic halides, benzylic halides, epoxides, ethyl bromoacetate, acctonitrile, and other alkylating agents fail to
undergo reaction in acceptable yields.42 Carboxylic acid chiorides, TMSCI, and TsCI aiso fail to react,

1o

'R K VT LU | . . LTI L SR L S UL i N SUNINCOU
presumably bEcause ey 1aciiiale the ring opening oI inr under e reacion €ondiuons. ™ in spic of these

versatile process for the elaboration of dihydrobenzofurans
Six-membered ring cyclizations work reasonably effectively for the formation of oxygen heterocycles
(eq 42), as does the cyclization of unsaturated amines to afford the corresponding nitrogen heterocyclic
system (eq 43).42
- HO /™\
PN ‘ﬂ' 2.2 Smiy '/\_/ o
U\ o~ T O THF, HMPA 42)
@) S 57% |
~ 0
HQ /—\
| ! o 2.2 Sml, N
A~z + AN T LD (43)
L. J e W
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Three component coupling reactions have been realized utilizing an aryl radical cyclization as the
first step of a radical/anion/anion process (eq 44).442 The cyclized radical was subsequently reduced to the
corresponding anion, which reacted with xylyl isocyanide to generate an iminoylsamarium species. This acyl
anion equivalent was treated with acetophenone, generating the observed carbonyl addition product in
excellent overall ylela In the overall transformation, the xylyl isocyanide has rcactea as an acyi cation/acyi

Nt amrrivrnlas otitalhin s tnaatlhae n manlamindaila nred me Yl LT B uL iine
dluuu cqulv‘ucut, SUiC ALY UECUICI a uu.xcupuuc allll dit uu,u Upllllb Surroundai; lg mc ﬂﬂ
../xv
N 7
Sml, PhCOCHs A
[ ]' + CSN-X, [~ N<OH  (4a)
. e A~ —
NN N l X [/ Ph
= O
62%

Atom transfer reactions have been utilized to generate organosamariums at the o position of
amines.#6 In o-iodobenzyl substituted amines, reduction of the aryl halide to the corresponding aryl radical
induces transfer of a hydrogen from the o position of the amine to the aromatic ring. Reduction of the
resulting a amino radical to the anion and subsequent coupling with carbonyl electrophiles generates the
desired products (eqs 45-46).

ﬁ/\\ﬁ/‘> \ 2 Smi, R\ t-Bu
\///\N\ || THF, HMP ﬁ ,T %g}:ll (45)

o)
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v’ | 3 Smi an
N 2 ( )\{rNHn-Pr

_— . 46
ot nPrNCO THF. HMPA (46)
| ~—a E

n 0
| 67% ~
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Three component coupling chemistry has been carried out using the same protocol. An atom transfer
process generated the initial a-amino radical.462 Reduction to the anion and entrapment with xylyl
isocyanide generated an intermediate acyl anion equivalent, which underwent carbonyl addition to afford the
observed product (eq 47).

( 5 HO
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N ~ WIICAQ I
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v TRy
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It has been pointed out that the organosamarium species generated in sequential processes react with
PP PRPEOR U P | :
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Smlp-promoted sequential reactions has been achieved by transmetalation reactions to the corresponding

o



organocopper intermediates (eq 48).47 Utilizing this strategy, a,B-unsaturated ketones have been employed
as the terminating electrophiles, trapping the organocopper species in a conjugate addition reaction.

' 7
NN

1. 2.1 Smly, THF, HMPA ﬁ
2. CuBrsDMS N N
[ (48)

3. methyl vinyl ket =
metyinytietone (N

Acyl radicals have been generated by the reaction of Sml with carboxylic acid chlorides,14b.d.48
When 2-allyloxybenzoyl chlorides were the subject of this reaction, the intermediate acyl radical was trapped
by the alkene, providing a cyclized radical. Subsequent reduction by a second equivalent of Smly generated
the corresponding organosamarium species, which underwent intramolecular carbonyl addition, generating a
cyclopropanol (eq 49).49

0
{/\’)k 2Smli, HO
N o ~ -
l THF, rt, 1 min 1 \ (49)

Ao 54% PN

Radical/anionic cascades initiated by ketyl cyclization have proven to be among the more successiul
Smlz-promoted sequential reactions (Scheme 7).13® As pointed out previously, there are several inherent
advantages in the use of ketyl radicals to initiate radical sequences, all of which lead to more persistent

LIV WOV UL “iLy1 1auiva

radicals that are provided adequate time to cyclize without significant byproduct formation. Stereoelectronic
effects in the cyclization reaction itself lead to high diastereoselectivities of the observed products.25 Finally,

the organosamariums generated after subsequent reduction of the cyclized radical react with a variety of
external electrophiles or intramolecularly with pendant electrophiles.

o} [Me
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Five-membered ring cyclizations are the most efficacious (eq 50), but six-membered rings can aiso be

28
generatea provmea the 6-exo cycuzauon rates are sumc1enuy rapla (GC]S IL-04).~



G. A. Molander, C. R. Harris / Tetrahedron 54 (1998) 3321-3354 3337

SePh
o A
T 1. 2.2 8mlp, THF, HMPA | _ =% -
x “ (50)
2. PhSeSePh
81% ./
_ o m e e s HQ 2
o) 1. 2.2 Sml,, THF, HMPA
M SePh (51)
2. PhSeSePh
24% e
(32:1ds)
0] HO,
N 9‘”\ NN Q~1 TLIC LILEDA N >
( 7 ~ 1. £.2 SMig, 10, ANVIFA ‘/ T T SePh 52)
\/W 2. PhSeSePh \/:\/
H 68% H
Cyclization rates also play a role in the synthesis of oxygen heterﬁcnyes Heterosubstituents a to the
carbonyl are subject to rapid reductive "lﬂﬂ"age via the same ketyl radical anion intermediate that is involved
in the cyclization reactions.23 Although 5-exo cyclization reactions are rapid enough to compete very

effectively with the reductive coupling process (ea 53), 6-exo cyclizations provide mixtures of cyclization
products and reductive cleavage products. Substrates for 6-exo cyclization with the heteroatom § to the
carbonyl cannot participate in the reductive cleavage process, and thus in these instances high yields of

cyclized products have been realized (eq 54).

0 1. 225mip THE,HMPA o\ [ )
~ AP 2 Prsesern .
71% °
HO +
o\ 1. 2.2 Smlp, THF, HMPA )v\SeP.. 54)
0™ 2 PhSesePh 7L J o
76% o

Utilizing the Lewis acidic character of the Sm+3 species generated upon electron transfer, chelation
controlled radical cyclization/nucleophilic addition reactions have been achieved in which up to three
contiguous stereocenters are generated (eqs 55-58).50 The hydroxyl center and the carboxylate center are
controlled by chelation, while the third stereocenter is directed by stereoelectronic effects inherent in ketyl-
olefin coupling reactions.25 As iliustrated, both B-keto esters and B-keto amides have been utilized in the
reactions. A variety of substitution patterns about these systems led to diverse structural motifs in the final

PR TP

products.
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ingle example has been reported, wholly intramolecular versions of this sequential
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condensation reactions in the second step of the sequential reactions (eqs 60-61) 52
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A unique sequential ra(_iiga]_/ani(m process results in the rapid construction of stereodefined
cyclopentanone carboxamides.33 Thus, treatment of o B -unsaturated amides with Smlp results in a B,p-

homocoupling, presumably via conjugate radical addition of a reduced enamide with an unreduced partner.
Further reduction with a second equivalent of Smly generates an enolate, which undergoes a Dieckmann
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condensation to afford the observed products (eq 62). Through further transformations these products were
converted to potentially useful Cp-symmetric chiral ligands

2 Smi, m
| N N (62)

%2 THF HMPA  R“'

39-46% CONMe,

R = Me, Ph, 0-BnOCgH,

S INITIATED BY ANIONIC PROCESSES

f initiating radical cascades, Smly has demonsirated a
that begin with anionic reactions as well. This versatlhty
! 1 i leled reagent for conducti
reactions under re d ictive coupling conditions.

Among the 51mples quences initiated by an anionic process are those in which a coupling reaction
is succeeded by an elimination or fragmentation reaction. One example demonstrating this concept involves
the addition of acyl anions to carbonyl substrates. The acyloin intermediates were reductively cleaved in situ
to provide a one-pot synthesis of the corresponding carbonyl compounds (eqs 63-64).54
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A two-step, one-pot sequence that has proven extraordinarily general is one that involves an initial

1

intramolecular nucleophilic acyl substitution followed by a ketyl-olefin cyclization process. In initial studics,

wismantiisentad tAadAnIl ]l Antana PRSP PR PRI [EURPY i el U SRR, [y NS (-, I EI PO Lk LIRS T
liddiuraicd lUUUdJl\yl €S8iCIrs WEIe€ 1ouna o u IUCLEL CLLIVICIIL HULICUpiliie dLyl supstituuon, proviaing uc
cerres"cndmg unsa{urated esters (eq 65).95 These intermediates are themselves substrates for Smlp-

° 2 Smiy, cat. Fe(ll) O
= OEt THF, 0°C G/\/\\\ (65)
o~ 90%
2 4 Smi, HO *

The reaction has been generalized, providing a highly comprehensive approach to stereodefined
polycyclic systems.3 Both five- and six-membered ring systems have been accessed by the method (egs 67-
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68). Butyrolactones are able to serve as the initial electrophile for the reaction, and activated alkynes have
been employed as effective acceptors in the radical cyclization reaction (eq 69). Different structural motifs
have been accessed by simply changing the substitution pattern of the readily available precursors. For
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Somewhat surprisingly, oxygen heterocycles have been prepared by the same general method 57
Thus, in spite of the tendency for a-heterosubstituted esters and -ketones to undergo rapid reductive cleavage

s Tg0 eductive cleav
under the same reaction conditions,’3 these a-heterosubstituents survive both the nucleophilic acyl
substitution reaction and the subsequent ketyl-olefin coupling reaction to afford good yields of the desired
products. As with some of the previously described processes, this sequential process is quite versatile,
providing entry to a variety of structurally diverse oxygen heterocycles. Four-, five- and six-membered
carbocyclic as well as heterocyclic rings can be formed in the initial nucleophilic acyl substitution reaction,
while the second phase is limited to five- and six-membered ring construction (egs 72-73).
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Activated alkynes have been utilized as radical acceptors for the ultimate ketyl cyclization (eq 74). 2-

Bromoalkenes can be employed as terminal alkyne equivalents in the

additior/elimination sequence described previously (eq 75).

SiMe
(o] Sm12 OH / 3
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Acetals derived from allyl alcohol or propargyl alcohols are excellent substrates
process, providing stereodefined bicyclic products (eqs 76-77)
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Elaborate tricyclic systems have been synthesized from readily available starting materials, providing

some indication of the diversity of structural arrangements possible with this protocol (eqs 78-79).
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In addition to the anion/radical/elimination reaction described above for the synthesis of heterocycles
(eq 75), enol ethers derived from ester aldols have been found to participate in an analogous three-step, one-
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A limited number of anion/radical/anion cascades have been described.56 In these processes, the
initial nucleophilic acyl substitution/ketyl-olefin cyclization reactions led to a radical that was ultimately
reduced to an organosamarium species. This nucleophile was trapped by external electrophiles such as
ketones, providing products wherein three carbon-carbon bonds were created in a one-pot process. Although
further development may permit other electrophiles to participate in the reaction, to date only ketones have
been employed (eq 81).
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A number of highly successful processes in which an initial anionic reaction is f

anionic transformation have been described. One interesting example of this involved Grignard reagents or
s in fr Th

other organometallic combination with Sml» for the svnthesis of cvcloalkanols

other organometall T
proposed mechanism of the reaction involves an initial addition of the chosen oreanometalh he ester,

providing the corresponding ketone in a nucleophilic substitution reaction (Scheme 8). A Barbxe cyclization
reaction of the resultant halo ketone affords the observed products.
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Scheme 8
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Simple three-, five-, and six-membered rings were generated in the process, although the procedure
was most efficient for the synthesis of cyclopropanols (eqs 82-84). Attempts to synthesize cyclobutanols
resulted in mixtures consisting primarily of tetrahydrofurans. The latter were created as a result of
intermediate alkoxide cyclization onto the halide.
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Procedures in which Sml, has been employed to carry out two intramolecular Barbier reactions have
been utilized for the synthesis of polycyclic precursors to polyquinenes (eqs 85-86).59 This provided a
demonstration of a reaction wherein two pronucleophiles (the halides) were able to react separately with two
different electrophiles embedded within the same substrate.

Br\/\ ~.-Br . —~

) AL T
o:<vl\4>=o 68% HMH

multifunctional substrates in which
two carbon-carbon bond-forming events have been realized. In these bstrates a Barbier reaction occurred
selectively, affording an intermediate alkoxy ester. Chelation of the two carbonyls with the Sm*2 in this
initial process insured the formation of a single diastereomeric alkoxide. Subsequent nucleophilic acyl

substitution onto the ester provided the observed spirocyclic hydroxy ketone (eq 87).60

Bis(haloalkyl)-substituted B-keto esters represent another class of m

. O
4Smly, cat. Fe(ly  HO & 5

I ;
OBt 14k .78°Ctlon m 87)
- 50% 2

In another type of reaction in which a dinucleophilic species interacts with dielectrophiles, keto esters
were reacted with dihaloalkanes in the presence of Sml; to generate seven-, eight-, and nine-membered
rings.%1 Under the nickel-catalyzed reaction conditions employed,132 there was high selectivity for reaction
of the Smly with the alkyl iodide in preference to the alkyl chloride. Also of interest in this first stage of the
reaction is the fact that little if any cyclopropane is formed from the dihalide, a reaction commonly observed
in the reaction of many reductants with 1,3-dihalides.62 Selective Barbier reaction with the ketone provided
the alkoxide, which spontaneously cyclized to form a lactone. Using slightly more than two equivalents of
SmlIp, these lactones were isolated in excellent yields (eq 88).
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In the one-pot sequential process (eqs 89-91), an excess of Smly was employed along with the nickel
catalyst, and in addition the reaction was photolyzed 5 to induce the nucleonhlhc acvl substitution reaction of

the chloride on the lactone. The latter process would be only difficulty carried out in the absence of light.
Allylic halides are of course much more reactive than alkyl halides under these conditions, and thus no
photolysis was required for bisallyl halide systems (eq 92).
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Sequential reactions have also been developed wherein a substrate possesses two dinucleophilic
synthons and a single electrophilic center. In these systems, the initial electrophile (an ester) was converted
in the first step of a two step process to a second electrophile (a ketone), capable of reaction with the second
pronucleophile. Dihalides were again utilized as precursors in these reactions, and high selectivity was
achieved in systems where iodides and chlorides were competing for two equivalents of Sml2 (eq 93).55

it o
/\/\g\oe 2 Sml,, cat. Fe(lll)
I t

Ph THF,0°C &V\Cl (93)
CI/\/ 83% \__/ Ph

The sequential process took place smoothly under similar conditions with four equivalents of Smly, a
carbonyl addition reaction following the nucleophilic acyl substitution reaction to complete the process (eq
94).55
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Diverse ring systems have been generated utilizing this fundamental protocol. 50 For example, in
cvmmegqgal -diesters m Cleonh'lic acyl substitution occurred at one of the ccmers, generating a ketone.

have been uullzcd as substrdtc.s for the reacnon. Depending on the substitution reaction, small (eq 96) or
medium-ring products (eq 97) were generated. Allylic halides reacted effectively for the synthesis of
bicyclics containing exomethylene substituents (eq 98). Both angularly fused (eq 99) and linearly fused
tricyclic systems (eq 100) were also accessible from readily available starting materials.
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o-Hydroxy ketones comprising a variety of substitution patterns were generated through a Smly-
promoted three-component coupling reaction.63 Organic halides, xylyl isocyanides, and aldehydes or
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ketones constitute the three substrates for the reaction, which proceeds by initial reaction of the halide with
the isocyanide, generating an a-iminoalkyl samarium(IIT) species (Scheme 9). Reaction of this acyl anion
equivalent with the carbonyl substrate followed by hydrolysis of the resulting a-hydroxy imine completes the
sequence.

Scheme 9
2 X
Y,
Xy 2 Sml, [ XV\N -' Rz/U\R:s °N H,O* 9 o
1 - . LA — .
R.x + N THE, HMPA 1/!]\ | 0°C, 14h R _OH R’ K R3
-15°C,3h | R'" “Smi| R R2

The scope of this protocol has been examined, and the overall process appears to be extraordinarily
general. Primary alkyl halides (eq 101) as well as secondary halides (eq 102) participate in the reaction.
Benzylic halides can be utilized, but yields are modest. Tertiary alkyl halides readily add to the nitrile,
perhaps by a radical addition mechanism, but the subsequent carbonyl addition is inefficient and the
intermediate imine is isolated. Alkenyl halides and aryl halides are only difficultly reduced to the
corresponding organometallics,45 and the intermediate radical readily abstracts a hydrogen from solvents like
THF. In the present case, the anion resulting from this hydrogen abstraction and subsequent reduction
undergoes addition to the 1socyamde and further couplmg to the carbonyl e]ectrophlle (eq 103). Thus,

~ ey wo fan allrawe o nes et oiitd —y P f,.

oM avaambr o 1NA 1 L1 = #b o
SUILIC CAL«UPtlUub “y IU"l’}, au\cuyx 4“0 d.lyl Halldcd> 4aIC 1101 SU]IAI)IC I)ICLUI SOTS 101 the

O X,

2 Smly \/LK/ . -’\N

X
Y
UL ~ A~ + N TR AMPA g — #BUO,C o~ _~_AOH (101)
c -15°C,3h °
/ \

Xy 25ml;  cyclohexanone NN
iPrl ' 5o (102)
N THERMPAT “oociah ipr NN

o =19 v, oIt ’ U

x\l
Xy 2 8ml, cyclohexanone Y OH
U 103
ZBr + N qHE HMPA  o°c, 14h L (109)
¢ -15°C,3h \_/ L J
™~
90%
Xy\
Ny_-Br X 2 Sml cyclohexanone N
I( ~ + klly 2 y |Al w QH. (104)
/ W THE.HMPA  0°C,14h | =
-15°C, 3 h /

99%
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Chloromethyl benzyl ether is an cfficient halide precursor in analogous reactions, and it has been
utilized as an a-hydroxymethyl anion equivalent in the three-component coupling reactions.64 Both ketones
(eq 105) and aldehydes (eq 106) were suitable substrates for the final coupling. a,B-Unsaturated ketones

provided excxusxvely the prouuct of 1,2-addition (eq 1U/) Reasonably high diastereoselectivity has been

hearve s ~ S ARrace .
d action with a chiral, nonracemic aldeh y substrate, resumng in an efficient synthesis of

observed in a re
Lotnooe fan 1N
DLALUOIVO \Uli IUU}.
Y
X B \/I\\/ o
BnOCHCI + 2 S Bro L~ (105)
W THF, HMPA 2 HO' R
“ -15°C,3h 2. FigvY A
70%
X..
Xy
X, 2Smhp 1. ECHO.0°Czh I o
BnOCH.Cl + N \/lH/ (106)
2 w  THF,HMPA 2. Ac,0, DMAP, pyr
C -15°C,3h Et
86%
0 XY\N
AY4 ~ ] JL ~ -~ II
Ay 2 Ofmiin P VN BnO (107)
BnOCH,Cl + N o
2 w  THF, HMPA 7/ “OH
-15°C, 3 h
100%
1 95\—
Xy 28mi, oHe ™~ & o
BnOCH,Cl + N MW (108)

—
pgn
T

100%; 10:1 ds

In addition to the a-hydroxymethyl anion equivalent, a-amino carbanion equivalents have been
employed in the threc-component coupling cascades.46 The atom-transfer method for metalation of amines
was employed in this case, resulting in an efficient coupling route to the desired a-hydroxy imines (eq 109).

™\ X
l\y
k ) X >N
N I Y 3 Sml, cyclohexanone OH
+ N ——— L~ (109)
Y ﬁ ¢ THF, HMPA SN
-156°C,3h )
Bn ~

The xylyl isocyanide chemistry has even been extended to four component coupling reactions.®5 In
this protocol, an alkyl halide, two equivalents of the xylyl isocyanide, and a carbonyl substrate participated in
the overall sequence. Aldehydes (eq 110), ketones (eq 111), and esters (eq 112) have all been utilized as the

R

final ClCCIl’OpﬂlllC (..OITlpOﬂCH[ of the reactions.
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xy\ ) .
N OH
2 Smi, EtCHO, 0°C, 12 h 1l |
+ 2 C=N-X /\ﬂ/\/ 110
EtBr 2 Y THF. HMPA Et (110)
-15°C, 3 h N
Xy
70%
Xy\'.\‘|l TN
ex 2 Sml, cyclohexanone /U\"/U 11
BB+ 25°N% THFAMPAT T oo 12n Et > on
-15°C,3h ' N &R
Xy
92%
Xy\
N Cenl Vel V] 1 1
2 Sitip etiCUme
EtBr + 2 C=N-X, i::t./u\n/u\ Et (112)
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-15°C, 3 h _
Xy
79%

A rather unusual anionic/anionic
nucleophilic acyl substitution reaction fo

sequence has been discovered that involves an intramolecular
llowed by an intramolecular Meerwein-Ponndorf-Verley redox

reaction (Scheme 10).86 The redox reaction has been demonstrated to be reversible and stereospecific. The

,,,, w1

equilibrium is driven by steric interactions between the oxidosamarium(IiI) species and the alkyl group on

A

the adjacent carbon (C versus D). In cases where KL is szencauy small, the product appears to result from a
simple nucleophilic acyl substitution reaction (eq 113). However, when Ry is the more stﬁr"‘"‘ly bulky
substituent, it becomes apparent that an equilibrium is involved, and in favorable a single product
resulting from the sequential process can be isolated (egs 114-115).
Scheme 10
1. 2 Sm|2
O Rs 30°Ctort, 1.5 h R*CO, o)
A gA~A : A~
R~ 0 2. R'COC, TEA, Ry Rs
DMAP
| esmiTHR,| | 3FSmia(THP) |
—
e =
o
AU N A |
A B8
[ | T
H 1 v@/ﬂs
\ RL__T/ i
— - r ] H OH
I r——/f.\/ﬂsl | r/l/ﬁs | Ha0* '
O— R O 3
R H o OSmlz(THF)X t
T Osmiy(THF)x H OH o)
c D R As
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1. 2 Sml,, cat. Fe(lll)
o b -78'tont, 1.5h o] OAc
| JK/\/K/Ph (113)
MeJ\ 0*/\/ 2. Ac,O.TEA, cat. DMAP  Me
81%

1. 2 Sml,, cat. Fe(lll) A~y N

O Me 78" 101, 1.5 h Y 1
- omn, 1.
\/H‘O/K/\/' MMe (114)

I 2. AcO,TEA, cat. DMAP !
70%

1. 2 Smly, cat. Fe(lll)
O Me -78°tort,1.5h Acq 9

Finally, a complicated series of reactions has been employed to directly convert carboxylic acid esters
o rvnlnnrnpanols S(_‘hPmP 11).67 Esters cagg with di_igdomg;h_ne and SmIz (generated in Qitl_.l_) to undergo a

nucleophilic ac
hcterosubstxtuted ketone with further equivalents of Smlz generates an enolate that undcrgocs

cyclopropanation with the carbenoid created by the reaction of samarium metal with diiodomethane.

Scheme 11

o CHie | © 1 sm. [ oOsmh, ] CHb
P\’U\OR‘ Sm | P\J\CHQI l | R™ “CH l Sm
L ] L 2]
r NGO ) -I faly]
| =
| RV RV

The yields achieved in the transformation of the substrates examined are impressive, particularly in
view of the complex nature of the overall conversions. Both simple esters (eqs 116 and 117) as well as
lactones (eq 118) afford good yields of the desired cyclopropanols.

PhCH,CO,Et P (116)
F,50°C PhCH; ™
51%
— 4 Sm, 3 CHalp <7 o
n-CgHi{y  (CHp)7CO.Me T soc n-CgHNOH (117)

59%
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— (XY O0H  (119)

V. CONCLUSION

Among the diverse reducing agents that might be capable of sustaining cascade reactions, Smlp
stands alone in terms of its selectivity, efficiency, and ease of use. In terms of the types of global efficiencies
outlined in the introduction of this review, in its various uses the reagent has satisfied all but one - atom
economy. Even here, some progress has been made in carrying out Sml; reactions in a catalytic manner,68
and it is not inconceivable that a means might be developed (e.g., electrochemical regeneration of the

-~ i PR Py T amaam PRpPng | b4 e  an me mdaal mam o mman mmlalo Ao
Nonetneiess, even i 112-promotea processes remain torever meiric, one can safely argue
that tho innranceae in mnalarnlar ~amnlavity neadncad hy thic Anmnaganannce radnotant malba it 2 raagoant
LLIACAL RiIW LILViA L AOWY LIl VIV ULIQL VUIAIPIUAL& PIU\JUDV\J v i uuluusvn\-uuo IUUULLALILL 1llany v a luasvut
without peer in the realm of reductive cascade reactions
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