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1. Introduction

Few areas of synthetic chemistry have witnessed
growth as explosive as that brought about by the ap-
plication of lanthanide reagents to organic synthesis.
Long ignored in the arena of selective organic synthesis,
this class of reagents now boasts many protocols that
have become the standards to which all analogous
procedures are compared. As testimony to the dramatic
surge in research activity, several excellent reviews on
various aspects of lanthanide chemistry applied to or-
ganic synthesis have appeared.! The current review is
intended to focus on those transformations of greatest
utility to synthetic organic chemists and covers pub-
lished material through mid-1991.

The organization of this review is along traditional
lines in synthetic organic chemistry. Utilization of
lanthanide reagents for simple functional group trans-
formations (for example oxidation and reduction pro-
cesses) is first outlined, followed by a more compre-
hensive delineation of the application of lanthanides in
selective carbon—carbon bond forming reactions. Syn-
thetic transformations are emphasized to the near ex-
clusion of kinetic and mechanistic studies. Even with
this limitation a truly comprehensive exposition is im-
possible. Consequently, the concentration is on those
processes transpiring in a highly selective manner or
that cannot be carried out efficiently utilizing other
currently available technologies.
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I1. Functional Group Transformations

A. Oxidation Reactions
1. Cerium(IV)-Promoted Oxidations

Cerium(IV) compounds represent the most notable
oxidants among lanthanide reagents. In particular, ceric
ammonium nitrate [(NH,),Ce(NO3)s, CAN] has been
utilized extensively for a variety of oxidative transfor-
mations.? As might be expected for very powerful
one-electron oxidants, the chemistry of Ce(IV) oxida-
tions of organic molecules is dominated by radical and
radical cation chemistry. The fate of these reactive
intermediates determines the nature of the organic
oxidation products isolated. These intermediates may
undergo fragmentation, rearrangement, C-H bond
cleavage, hydrogen atom transfer, or C-C bond cleav-
age, depending on the structure of the starting material.

Although much of the early work on Ce(IV)-promoted
oxidations was carried out in strongly acidic media using
stoichiometric CAN, recent studies have focused on
development of much milder and more convenient
procedures. The synthesis of new cerium salts has
permitted oxidation under less vigorous conditions, and
procedures employing catalytic amounts of various
Ce(IV) salts have emerged as well. Further develop-
ments making Ce(IV)-promoted oxidative transforma-
tions even more convenient, selective, and efficient are
expected. A complete description of the chemistry of
the various Ce(IV) oxidants is beyond the scope of this
review; however, some important and useful highlights
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of their reactivity are outlined below.

a. Aromatic Systems. Although polynuclear aro-
matic systems are oxidized by Ce(IV) oxidants, in
general the reaction is limited to simple symmetrical
molecules such as naphthalene or anthracene. Oxida-
tion of these substrates provides high yields of quinones
(eq 1).28 Substituted, unsymmetrical substrates rarely
provide a single oxidation product, but rather produce
complicated mixtures.?*

e b

Electrolytic oxidation of aromatics in the presence of
cerium(IIT) methanesulfonate [Ce(OMs);] provides the
advantage of a recyclable oxidation system, and further
development along these lines could lead to useful
catalytic procedures.’

b. Hydroquinones, Catechols, and Derivatives.
Hydroquinones are very readily oxidized to quinones
by Ce(IV) reagents. Use of silica-supported reagents
aids in the efficiency of the process.® Systems em-
ploying catalytic Ce(IV) oxidants with sodium bromate
as the stoichiometric oxidant have also been developed,
alleviating the need to use large quantities of cerium
salts for the reactions (eq 2).” Reagents other than

OH

[o}
Br. gr  cat. CAN, NaBrOy Br Br @)
et ettt G
Br Br- MeCN, H0 Br Br
OH n, ah )
93%

CAN have been developed for oxidation of hydroxylated
aromatics,® and in at least one case these reagents
demonstrate the ability to be regenerated under specific
oxidation conditions.®

Ozxidative demethylations of hydroquinone mono-
methyl or dimethyl ethers are also achieved readily with
Ce(IV) oxidants.2® As expected, in polynuclear aro-
matic systems the most electron-rich ring system is
preferentially oxidized (eq 3).1° Related procedures

Moo OMe MO O O OMe
R cat, CAN N R R

¢© MeCN, Hz0 L~ * (3
MeO  OMe MO O O OMe

R % isolated ylekd

H 70 0

CHOH 75 1

COMe 7 7

cHO 0 ]

have been utilized in key steps leading to total syntheses
of the ubiquinones (eq 4),!! the antibiotic (+)-sarubicin
A (eq 5),! and the quinonoid alcohol dehydrogenase
coenzyme methoxatin (eq 6).!* These examples dem-
onstrate the chemoselectivity achievable by Ce(IV)
oxidations in diverse systems.

[o]
MeO, MeO, Me
TMeON. 10, 0°C . Meo X 4
85% 6 a

Molander

0 0
7 s
OH 1. CAN, MeCN, nt o
T —— (5)
CONH, 2. NH3 CONH,
o
wo OH 74% wo O
OMe [}
MeQ,C MeO,C
CO,Me NH  CO,Me
B CAN 7 "
—_— (6)
MeCN, H,0, 0°C P
NTcome 60% [} N7 coMe
OMe o

A variant of the oxidative demethylation has proven
useful in another context. When appropriately func-
tionalized N-aryl 2-azetidinones were treated with CAN,
N-dearylated 8-lactams were isolated in quite good
yields (eq 7).1* Again in these instances, diverse func-
tionality (esters, azides, olefins and acetals) was toler-
ated.

er N CAN 0. E
B
1wl e N @
o MeCN, 0°C, 0.5h 0 N,
7% o] H
'OMe

A further example of the chemoselective nature of
CAN is demonstrated in oxidative removal of the 4-
methoxybenzyl protecting group from functionalized
2,5-piperazinediones (eq 8).1° This deprotection can be
effected in the presence of functional groups possessing
very similar oxidation profiles to that of the protecting
group.

OMe

VI I/k MeCN, Hz0, 0°C, 12h
85%

c. Arenes. Cerium(IV) salts are generally excellent
reagents for selective side-chain oxidation of arenes.
Methyl-substituted aromatic systems can usually be
oxidized cleanly to a single aldehyde with CAN (eqs 9
and 10), but homologous alkyl-substituted derivatives
result in generation of corresponding ketones (eq 11).1¢
As might be expected, electron-withdrawing groups on
the aromatic ring tend to diminish the yield of desired
oxidation products.

M cHo
* CAN
- .
Q 50% ACOH, 80°C, 2h Q (9)
Me Me 100% Me Me

CaHrr

CeHyr
)C(Sj:S ACOH, HzO 20°C, 13h )C(Sj:s (1)

OCH?CH’ @’Kcu, (11)

Cerium(IV) triflate [Ce(OTf),] has been touted as a
useful alternative to CAN for oxidation of arenes.!’
Oxidations with Ce(OTf), proceed under exceedingly
mild conditions (eq 12). Reactions with Ce(OTf), are

Me CelOTS CHO
O, e — (X z
Me  MeCN, HaO, . 2h Me
70%

claimed to be less prone to side reactions than those
with CAN, but it should be pointed out that a very

VIIX @)

3.5M HNQ3, 70°C, 1.5h

7%
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limited sampling of substrates has been evaluated to
date.

Electrolytic oxidation of arenes in the presence of
Ce(OMs); provides another protocol for selective side-
chain oxidation to aromatic aldehydes or ketones.? This
and related methods utilizing CAN!8 take advantage of
the ability to reoxidize Ce(III) byproduct salts. Al-
though the cycle can be repeated more than 10 times,
truly efficient catalytic processes for these conversions
have yet to be developed.

With certain substitution patterns, enhanced che-
moselectivity is achieved in side-chain oxidation reac-
tions (eqs 13 and 14).5181° Frontier molecular orbital
theory has been invoked to explain the observed re-

sults.1®
(13)
MGOH
Mo e CAN M . 14
LY I
oo e

78%

Depending upon the solvent system employed, de-
rivatives other than aldehydes or ketones may be gen-
erated by the Ce(IV) oxidation of arenes. For example,
acetates are generated in synthetically useful yields if
reactions are performed in glacial acetic acid,? ethers
result if reactions are run in alcohol,?! and nitrates can
be prepared in very good yields when CAN and the
substrates are photolyzed in acetonitrile solvent (eq

15).22
OhAc
CAN
(15)
MeCN, hv, 40°C, 2h
Me 80%

ONO,

d. Alcohols. The Ce(IV) oxidation chemistry of al-
cohols is exceedingly dependent on substrate structure.
Although in some cases straightforward oxidation to the
corresponding carbonyl compound is achieved, it is also
possible to observe C—C bond cleavage and tetra-
hydrofuran generation.

Benzylic and related alcohols are very readily oxidized
to aldehydes and ketones utilizing a variety of Ce(IV)
reagents (eq 16).82® Of particular interest is develop-

[o}

Moy J\J(\OH CAN
-~ Hz0, 26°C
0%

o] r,l Me
H
ment of procedures in which catalytic cerium salts are
utilized. Sodium bromate? and even oxygen?® have
been utilized as stoichiometric oxidants to achieve de-
sired transformations (eqs 17 and 18).

cat. CAN
o,N—O-CH,ou —_— ow—@-cuo (17
NaBrOs, MeCN, Hz0
80°C. 3h
mo—@—cu,ou mo—@—cuo (18)

75%
cat. CAN - charcoal

Typical primary alcohols are virtually unreactive in

the presence of Ce(IV) oxidants. Consequently, cerium

reagents exhibit exceptional selectivity in oxidation of

Oy, tolusne, 100°C. 2h
92%

o]
H'N)EECHO (16)
l i
OJ\P,I Me
H
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secondary alcohols in the presence of primary alco-
hols.?2? Both sodium bromate?* and tert-butyl hy-
droperoxide®® have been utilized as stoichiometric ox-
idants for reactions in which Ce(IV) salts serve as
catalysts, and a polymer-supported catalyst prepared
by treatment of Nafion 511 with CAN provides another
useful extension of the method (eqs 19 and 20).26>

oH cat. AN o

——————— (1 9)
C.Hn)\/\OH NaBrOs, MeCN, H,0 c,H,,)k/\ou
80°C, 0.5h
6%
OH o
cat. Ce(IV) - Nation 511
20
NaBrO;, AcOH (20)
55°C. 3h
OH 73% OH

Although not normally a significant problem, in
particularly favorable cases tetrahydrofuran formation
(via alkoxy radical 6-hydrogen abstraction and subse-
quent ring closure) can be the predominant pathway
in Ce(IV)-promoted oxidation of alcohols (eqs 21 and

22).7
CAN
H —_— H\& (21)
aq. MQCN 60°C o
aq. MQCN 80°C

Oxidative cleavage of tertiary alcohols can provide
exceptional yields of fragmented products (eq 23).7° As
expected, cleavage occurs in the direction providing the
most stable free radical fragment. The presence of a
B-trimethylsilyl group makes this type of fragmentation
more facile and provides a synthetically useful route to
unsaturated aldehydes and ketones (eq 24).2 Homo-

£ 23
,Ctgj aq. MQCN 80°C, 3 min ¢9§jj (23)

Q o: H —— (24)
aq. MQCN n 0

™S

allylic alcohols, cyclobutanols, and strained bicyclo-
alkanols in which the hydroxyl group is « to the
bridgehead also undergo ready fragmentation in Ce-
(IV)-promoted oxidation reactions.?

e. Ethers. Simple ethers are converted directly to
aldehydes or ketones utilizing catalytic CAN in the
presence of NaBrO; (eq 25).2° Additionally, the oxi-
dation of tetrahydrofuran in the presence of valuable
alcohol intermediates has been promoted as a conven-
ient means to provide protection of the alcohol func-
tional group as the THF acetal (eq 26).3° Unfortu-
nately, neither of these procedures has been extensively
explored with more complicated systems. Consequently
the full scope of these particular processes remains
unknown.

OF: (o]

cat. CAN
(25)
NaBrOy. aq. MeCN
80°C, 12h

92%
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CG(E!aNH)z(Nos)e
E ] (26)
?"OH THF, 50°C, 8h [)
90%

f. Olefins. Products obtained in the oxidation of
olefins are generally quite solvent dependent, and
mixtures are often obtained.? However, selective
synthesis of vicinal dinitrates can be accomplished when
a Ce(IV) photolytic oxidation is carried out in aceto-
nitrile (eq 27).31

CAN ONO,

_ 27)
MeCN, hv °2N°\)\/\/\/

91%

Pave Ve Ve

Vicinal Diols and a-Hydroxy Ketones. Cerium-

(IV) oxidants are extremely effective reagents for oxi-

dative cleavage of vicinal diols.?> Both cis- and trans-

cycloalkane-1,2-diols are transformed to corresponding

acyclic dialdehydes, and vicinal tertiary alcohols react
efficiently as well (eq 28).

2 (o (28)

:OH :
HO

Interestingly, a variety of reagents and protocols have
been developed in which a-hydroxy ketones are oxi-
dized to vicinal dicarbonyl products without cleav-
age.22<2 This provides one route to biacetyls and re-

cat CAN . charcoal

lated compounds (eq 29).
HO
29
o Og, toluene. 100°C Sh @9
82%

h. Ketones and Aldehydes. Limited studies have
been performed on selective oxidation of aldehydes and
ketones with Ce(IV) oxidants.?> Although the oxidation
of a small sampling of aldehydes indicates that con-
version to carboxylic acids is possible, it does not appear
that there are significant advantages to utilizing this
technique over the many others that are available.

Similarly, oxidation of ketones has not been thor-
oughly explored.> Although in limited cases (strained
polycyclic ketones) a Baeyer—Villiger oxidation product
can be isolated in good yields (eq 30), usually a rather
unselective conversion of cyclic ketones to ring-cleaved
acyclic nitrato carboxylic acids is observed. The exam-
ple in eq 30 is of particular interest because oxidation
of the same substrate with m-chloroperbenzoic acid
provides a mixture of lactones in which the opposite
regioisomer predominates to the extent of 5:1.

CAS
_—— (30)
aq. MeCN, 60°C, 1h
78% °

(o] o)

75% ag. AcOH
25°C, 2h
94%

i. Carboxylic Acids. Isolated carboxylic acids are
generally inert toward oxidation by Ce(IV) reagents.
However, decarboxylation can be accomplished when
stable radical fra%ments are generated by the action of
cerium oxidants.?? For example, dlphenylacetlc acid is
converted to benzophenone in 90% yield in the pres-
ence of [Ce(NO3)]Cr0,-2H,0,%* and a-hydroxy carbox-
ylic acids are readily decarboxylated to provide car-
bozxylic acids possessing two fewer carbon atoms (eq
31).32 For the substrate chosen as an example in eq

Molander

OH CAN o o)
/ co ——————
O~ tor o ~Hon
68%

31, the analogous process utilizing NalO, as the oxidant
provided the desired compound in less than 5% yield.

Oxidative bisdecarboxylations provide a unique entry
to lactones (eq 82).3 Substrates for this conversion can
be conveniently generated in several ways by one- or
two-step processes from readily available starting ma-
terials.

m\ —_— (32)
O£ aq. MeCN 1h 0”0

COQEI

J. Oxidative Halogenation. Oxidation of para-sub-
stituted toluenes with CAN in aqueous solutions of
trifluoroacetic acid/NaBr provides a route to corre-
sponding benzyl bromides.?* Electron-withdrawing
substituents on the aromatic ring facilitate the desired
conversion. Oxidative halogenation of the aromatic ring
and production of aromatic aldehydes are competing
processes.

Oxidative halogenation of ketones can be accom-
plished by utilizing CAN in the presence of iodine (eq
33).3% The procedure is regioselective, providing the
more highly substituted a-halo ketones in very good
yields.

CAN, Iz
)H/\ +
)’\/\ AcOH or MeOH
n, 15h
80% 97 .

\)k/\ 3

Asakura and Robins have reported a mild procedure
for selective preparation of 5-halouracil nucleosides
utilizing CAN in the presence of I, or metal halogenides
(eq 34).% The method provides significant advantages
over other reported procedures in terms of generality,
selectivity, and ease of performance. Uracil and 1,3-
dimethyl uracil can also be selectively halogenated un-
der similar reaction conditions.

H, 9
N
o=(N://§—|

o
=< j CAN, |z
AcOH 80°C. 0.5h

HO.
o (34)
B0%

HO OH HO OH

k. Nitroalkanes. Ceric ammonium nitrate oxidation
of nitroalkanes in the presence of triethylamine pro-
vides an extremely useful alternative to the Nef reaction
and related procedures for generation of ketones and
aldehydes (eq 35).3” The procedure has been applied
to macrolactone syntheses, where alternative procedures
failed because of competitive ring-opening and other
non-productive reaction pathways (eq 36).38

CAN, I
PhCH=CHCH,NO,

PhCH=CHCH,CHO (35)
EIgN. MeCN, 50°C, 1h
8%

3 equw CAN

(36)
3 equiv EI;.N
MeCN A. 2d

l. Organosulfur Compounds. Thiols are selectively
oxidized to disulfides utilizing modified Ce(IV) oxidants
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(eq 37).8%¢ The reaction appears to be general for a
variety of substitutionally differentiated thiols.
Cris

N, PhH

Cret D
75%

Cerium(IV) reagents are also exceptional for chemo-
selective oxidation of sulfides to sulfoxides. Sulfones
are typically not observed in these reactions, even when
excess oxidant is present. Although early versions of
the oxidation were restricted to diaryl sulfides (pre-
sumably because aliphatic sulfoxide products were
prone to Pummerer rearrangements), more recent
protocols have been applied to selective oxidation of
dialkyl sulfides as well. Procedures employing catalytic
CAN have been developed, with NaBrO;’ or 0,% serv-

[C&(NO3}sICrO, * 2H,0

ing as the stoichiometric oxidant (eq 38). Phase-
cat. CAN
BuSBu BuS(O)Bu (38)
NaBrOg
aq. MeCN
83%

transfer conditions utilizing stoichiometric CAN have
also been reported, providing nearly quantitative yields
of sulfoxides in virtually all cases.*

Cerium(IV) salts can be utilized to effect deprotection
of ketones which have been protected as 1,3-dithiolanes
or 1,3-dithianes.?! The method has demonstrable utility
in chemoselective deprotection of ketones in the pres-
enciaof keto olefins (eq 39)*? and sensitive acetals (eq
40).

M\ CAN W
WW —_— = (39)
X aq. MQCN n. 5 min T
oHC
<: 0 OMe o§Me
(40)
aq. MBegN n oxo

2. Oxidative Processes Promoted by Other
Lanthanides

Other lanthanide reagents have been utilized as
catalysts for a variety of different oxidative processes
in organic synthesis. For example, Yb(NO;); has been
utilized in oxidation of benzoins to benzils (eq 41).%

HO cat. Vb(Nog)a )
Ay — o I 1)
A )\r A X

aq. glyme, HCI
85-95%

Nitrate is believed to be the primary oxidant in this
process. The nitrite produced in the reaction was
postulated to be reoxidized to nitrate by O, in the
presence of the Yb(NO,); catalyst.

Lanthanum(III) acetate has been utilized as an ef-
fective catalyst for side-chain halogenative oxidation of
arenes (eq 42).#* Other lanthanide complexes can also

Bry
PhCH,CH3y
cat. Ln{OAc);
CClg, 60°C, hv
90%
Bra
PhCH(BrCHg PhC(Br),CH3 (42)
cal. Ln{QAc);
CClg, 80°C, hv
90%

be utilized as catalysts for the reaction, however several
main-group and transition-metal salts fail to promote
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the reaction. No reaction occurs in the dark or without
the lanthanide catalyst. A limitation of the reaction is
that one cannot utilize electron-rich aromatic systems
owing to competitive ring halogenation.

Samarium(III) alkoxides serve as highly effective
catalysts for the Oppenauer-type oxidation of alcohols
to aldehydes and ketones (eq 43).1%4¢ Procedures con-
ducive to oxidation of primary, secondary, allylic, ali-
phatic, and aromatic carbonyl substrates have been
developed. A curious limitation of the process is that
unhindered terminal double bonds completely inhibit
the oxidation reaction.P

xs acetone
(43)
cat. rBuOSmIz
65°C, 24h
95%

Samarium alkoxides derived from samarium(II) iod-
ide were also found to induce Tischenko-type oxidore-
ductions of aldehydes to corresponding esters.#® The
latter process has been more fully developed by Fuji-
wara and co-workers, who utilized “ethylsamarium
iodide” complexes as catalyst precursors for the desired
redox reaction (eq 44).4

cat. Etl, Sm [o}

Ph)LOA Ph “4)

2 PhCHO
THF, rt, 16h
58%

B. Reduction Reactions
1. Reduction of Unsaturated Systems

a. Alkenes, Alkynes, and Aromatic Systems. Lan-
thanide metals and various organometallic complexes
have been utilized for selective reduction of alkenes,
alkynes, and aromatic systems. Although in its infancy,
development of catalytic procedures employing lan-
thanide reagents has a very promising future.

One of the first practical uses of lanthanide reduc-
tants was in dissolving metal reductions.*® Thus yt-
terbium metal in liquid ammonia provides a useful
alternative to the more traditional use of alkali metals
in Birch-type reductions (eqs 45-47). Ease of handling
and avoidance of strongly basic hydroxides in the
workup of reaction mixtures were viewed as distinct
advantages in these processes.

OMe OMe

Yb
NH3 (), 2.5h
80%

H

\/\Ié\/\ (46)

H

Yo
e S
a NHg (1), THF. +-BuOH 2

65%

= NHg (1), 0.5h
85%

Lanthanide intermetallics such as LaNi; are able to
react with up to 3 equiv of hydrogen very rapidly,
generating pyrophoric materials capable of delivering
hydrogen to a variety of organic substrates.*® Alkenes
and alkynes are efficiently reduced with these stoi-
chiometric reductants, but carboxylic acids, acid chlo-
rides, esters, amides, anhydrides, sulfoxides, sulfones
and 1,3-dithianes are unreactive (eqs 48 and 49).
Neither amines nor alkyl halides poison the reducing
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reagents, and the alloys can be repeatedly utilized

without decreasing their activity.
0
) (48)

0
A LaNigHg
(o} T ————————
THF, MeOH, r, 18h
o 83%
LaNigHg
(49)
THF. MeOH, 11, 4h
8%

Samarium(II) iodide (Sml,) has been developed as
a mild, ether-soluble one electron reducing agent with
applications in diverse synthetic organic transforma-
tions (vide infra).! The reagent itself is most conven-
iently prepared by reaction of samarium metal with
CH,l, in THF at ambient temperatures, and under
these conditions deep blue solutions of Sml, in THF
are produced. The limiting solubility of SmI, in THF
is about 0.1 M. Samarium(II) iodide serves as an ef-
fective reductant of alkynes when utilized in the pres-
ence of catalytic cobalt complexes (eq 50).5° Although
relatively few examples have been reported, the pro-
cedure exhibits promise for selective syntheses of
functionalized (Z)-alkenes owing to the chemoselective
nature of Sml,.

Smiy

AN =N
- cat. CoClp « 4 PPhg
MeOH, nt, 5h

83%
WW

7= (50)

Application of organometallic lanthanide hydrides to
organic synthesis has yet to be fully exploited, but
promising procedures for catalytic hydrogenation of
alkenes and alkynes have already been reported (eq
51).8! The ability to “tune” both the metal and the
ligands of various lanthanide complexes makes these
especially attractive catalysts for hydrogenation of al-

kenes and alkynes.

b. Carbonyl Substrates. Perhaps no procedure in-
volving lanthanide reagents has been so thoroughly
embraced by the synthetic organic chemistry commu-
nity as the Luche protocol for selective reduction of
conjugated aldehydes and ketones to allylic alcohols.>?
Literally hundreds of citations to the original work,
where the combination of NaBH, and CeCl; were first
described, attest to the broad generality of this proce-
dure and its value in selective organic chemistry. It
would be impossible to describe in detail all of the in-
dividual examples employing this reduction system.
The following examples serve to demonstrate the gen-
eral attributes of this protocol, and the superiority of
the Luche procedure for 1,2-reduction of enones where
other reagents [e.g., DIBAL, LAH, Zn(BH,),, or NaBH,
alone] failed to provide the desired products or provided
vastly inferior results (eqs 52-55).53

_cat MesSIpaNGHl,
1atm, Hz. 25°C

[o] OH
NaBH. CaCla + THz0 {
o o (52)
g MeOH, -10°C ‘s
Ph 92% y. 80% de Ph

Molander

) NaBHq. CeCly

o oM e
o ) MeOH, -30°C
6 o 96% Y, 60% de

",
H
NaBH,. CeClg « 6H,0
THF, MeOH, 5°C
88%
T8s0* 'OTBS
OH
~ N
H
(54)
850" '0TBS

NaBH,, CeCl3 « TH,0
————————————————————

o
wm),sb\,fc:]/ MeOH

94%

™
) (55)
#BU(Ph),SIO o

In addition to providing excellent selectivity for 1,2-
carbonyl addition, the Luche procedure exhibits high
chemoselectivity for substrates possessing a variety of
sensitive functional groups (eqs 56-59).54

NaBH,, CeCly

EtOH, -78°C
OCH,CgH,OMe >80%

OCH CgH,OMe

—_—— (57)

(58)

CO,Me
NaBH4. CeCly
0 (59)
38% y. 82% de
CN
C!>TBS OTBS

Diastereoselectivity in reduction of chiral ketones is
not a particular strength of the Luche protocol. Nev-
ertheless, in rigid bicyclic systems high stereochemical
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induction can be anticipated, with hydride attack oc-
curring from the less hindered carbonyl face (egs
60-64).5 In more flexible six-membered ring systems
axial hydride attack, generating the equatorial alcohol,
is generally observed (eqs 65-70).5 Chiral acyclic ke-
tones generally provide little in the way of relative
asymmetric induction,” although some exceptions have

been reported (eq 71).58
[o] OH
?:S( NaBH,, CeCly ?:S( (60)
91%

MeO,C” “CO,Me MeO,L7 COMe
o 4
= NaBH,, CaClg « 7H20 A N\jaOH ®1)
(e)
o MeOH °°
E 94% )

CO,Er co.
GO NaBH,, CeCly + TH0 Fook:
62
Ohe MeOH, r, 10 min Ohc ©2)
[} 5% l
MeO,C o NaBH,, CeCly .
2Me COMe 3
4 MoOH n, 5 min (63)
OH
3 NaBH,. CeCly - 7H,0 °°’“5¢>
MQOH 0°C, 1h o

OH
1

MOMO, MOMO,
NaBH,, CeCly « TH,0 )
—————
- MeOH, 0°C -
76%

0C({0)BU

HO,,HH
AQ H
H

NaBH,. CeCly

MOOHﬂsmh

(68)

ZA~¢° 1. NaBH,, CeCls, MeOH wOH

(69)
oo 2. Hp, PAC o
77% Y. 87% de

r
o
NaBH,. CaClg <
78°C ! 7o)
95% y, 94% de @
o N HO™ NN

COMe COMe
MR NaBH,, CeCly WM
ON)\ —— - oq/\ (71)
)(N, CisHyy  88% Y. 82% de )(N. C3Har
BOC BOC

Even with saturated ketones the Luche procedure
often provides advantages over other reduction proto-
cols in terms of overall yields and/or diastereoselec-
tivities (egs 72-75).% Use of NaBH,/CeCl; has found
particularly extensive utility in reduction of «,3-epoxy
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cyclohexanones, in all reported cases of which >96%
diastereoselectivities have been achieved (eq 76).%

§O:Me COoMe
N N
oC|
H NaBH,, CeCly H (7 2)
H 93% y, 93% de H
Me0,C7 0 Me0C7 Ny OH
OMe OMe

o] o]

NaBH,, CeCly
—_— (73)
Et,0, MeOH, -78°C H
[} 85% OH
NaBH,, CeCly
—_— 'OH (74)
o ) 78% de o H

> Ok

M“.
NaBH, CeCla + 7H;0

o . . 0
AcO N et Aco—<__)-CN (75)
MeOH 2

o 75% y, 62% de HO
(o]
e NaBH,, CoCly e
Ol e
\’r‘ 0 MeOH, «20°C \”«* “OH
0%

Lanthanide salts are known to serve as effective
Lewis acids for acetalization and related reactions of
aldehydes and ketones (vide infra). Consequently,
isolated alkanals undergo in situ transformation to
acetals under Luche conditions, preventing their re-
duction to alcohols. On the other hand, ketones and
conjugated aldehydes are less readily acetalized and are
therefore reduced under Luche conditions.®! This leads
to considerable chemoselectivity in reduction of bi-
functional molecules. For example, reduction of ketones
can be accomplished in the presence of aldehydes, and
conjugated or aromatic aldehydes can be reduced in
preference to isolated alkanals (eqs 77 and 78).

[o]
CcOMe NaBH,, CeCly « 6H0
——————————
EtOH, H,0, -15°C
CHO
OH

WWM (77)

CHO

ﬂ—cuo / O CHO  NaBH,, ErCly « nH0
S
o . O’c”o (78)
S
85%

Under appropriate reaction conditions, the combi-
nation of lanthanide salts and hydride reducing agents
is useful for selective reduction of other carbonyl
functional groups, including anhydrides (eq 79)% and
carboxylic acid chlorides (eq 80).%3

OJLOE
o NlBHg. Smig BnQ
BnO (79)
THF 5.15°C
71%
o 1 (o)
O8n

NaBH,, CeCl;
ArCH=CHCOCI ArCH=CHCH,0H (80)

MeCN, 10 °C, <0.5h
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Sodium borohydride reduction of carboxylic acid
esters is normally an extremely slow process. However,
addition of CeCl; or other lanthanide salts has proven
effective for dramatically facilitating this transforma-
tion (eqs 81 and 82).%* In eq 82, the substrate is un-

o
NaBH,, LaCl; « 7H,0
O£ b
MeOH,
OFBu >85%

OH

s\ OH
(81)
OFBu
+BuO

B0
o OH come
2
NaBH,, CeCl3 « 7H,0
O™ oo
CHCly, MeOH, 1, 3h
o oOH >80%
0 OH
OH
COF
o OH

doubtedly exhaustively reduced, with reoxidation to the
anthraquinone subunit occurring by simple air oxida-
tion upon workup.

Lithium aluminum hydride has also been utilized in
conjunction with various lanthanide salts for selective
1,2-reduction of a variety of conjugated carbonyl sub-
strates.® Although in general its properties mimic those
of NaBH,/CeCl;, it appears to be somewhat less se-
lective for 1,2-addition to unsaturated ketones than the
original Luche procedure. For example, 2-cyclo-
penten-1-one provides a 64:36 mixture of allylic alcohol
to saturated alcohol with LiAIH,/CeCls, but the Luche
protocol provides >98% of the allylic alcohol. Unsat-
urated carboxylic acids and esters are reduced to allylic
alcohols by LiAlH,/CeCls, although again chemoselec-
tivity is low. In most instances saturated alcohols ap-
pear as significant byproducts of the reactions. Perhaps
the best substrates for the LiAlH,/CeCl; protocol are
unsaturated aldehydes. In a limited study (cinnam-
aldehyde and citral), exclusive formation of the allylic
alcohol was observed.

Still other lanthanide reagents have been employed
in selective reduction reactions. For example, the lan-
thanide intermetallic hydrides mentioned above effec-
tively reduce isolated aldehydes and ketones to alcohols
(eq 83).#° Isolated olefins can be reduced by these

LaNisHe
CHO . C)
O_ THF, MeOH, 1, 8h O_ HaOH (83)

91%

reagents, however as illustrated selective reduction of
aldehydes in the presence of such functional groups is
quite feasible. Although some efforts have been made
to develop enantioselective processes based on related
chemistry, to date these efforts have not been enor-
mously successful.%

Samarium(II) iodide also provides considerable che-
moselectivity in reactions with various carbonyl sub-
strates. Carboxylic acids and esters are not reduced by
Sml,, but aldehydes react very rapidly and efficiently
to provide primary alcohols. Because ketones react
much more slowly, selective reduction of aldehydes in
the presence of ketones is readily achieved.®’

Stereochemical control in the reaction of SmI, with
chiral aldehydes and ketones has been studied to some
degree, although diastereoselectivities achieved to date
in simple systems are not particularly high.506% A ste-
reoselective carbonyl reduction by Sml, was utilized in
Corey’s synthesis of (%)-atractyligenin (eq 84).%°

Molander

o, ty 2Sml, HO Mo
([ —— / (84)
v otes _THF.H0 oTes

&o Mo 97% y, 86% de éo Mo
Asymmetric versions of the Sml, reduction reaction
have been reported, but at this point these are some-
what limited in scope.” Asymmetric induction is de-
rived from optically active proton sources (e.g., quini-
dine) utilized in the reaction.

Various lanthanide alkoxides possess demonstrable
catalytic activities in Meerwein—Ponndorf-Verley-type
reduction reactions.*¢”! These methods are tolerant of
a variety of functional groups, including esters and nitro
groups. Although requisite alkoxides can be generated
in a variety of ways, one of the more convenient is to
add a catalytic amount of SmlI, to the reaction mixture.
The requisite samarium alkoxide is thus generated in
situ. The latter procedure has been utilized in one step
of the synthesis of the macrolide antibiotic cytovaricin
(eq 85). The samarium-catalyzed version of the

FPI(EN,SIO

PHEN,SIO

Sml;

(85)
THF, :PrOH, n,3h  FMBO

98% v, 97% de

Meerwein—-Ponndorf-Verley reduction succeeded where
many other reductants failed, thus solving a significant
problem in the synthesis of this complex molecule.
As mentioned previously, lanthanides are also effec-
tive catalysts for Tischenko-type redox reactions of
aldehydes.**#” An ingenious, very elegant application
of this process in selective organic synthesis has been
reported by Evans and Hoveyda.” Thus, an intramo-
lecular version of the reaction allows stereoselective
generation of anti 1,3-diol monoesters from S-hydroxy
ketones (eq 86). The intramolecularity of the reaction

Pr o]
Wo o© R'CHO 0, J
—— |R).-H - R —— RO OH (86)
WPr R s ;
cat. Smlz Ow, sm(m,o Pr

THE 82-96%
facilitates the derivation of asymmetric induction from
the distal hydroxy stereocenter, and thus both syn and
anti a-methyl 8-hydroxy ketones provide the same sense
of relative asymmetric induction from this remote
center (eqs 87 and 88).

[}
HO © R'CHO, cat. Smi
2, R‘)Lo OH (87)
Pr R i
THF “Pr R
85-95%
. [}
HO O R'CHO, cat. Sml.
2 R‘)Lo OH (88)
+Pr R I

i THF PN R
86-95% £

¢. Conjugate Reduction. Lanthanide intermetallic
hydrides are highly selective reagents for conjugate
reduction of a,8-unsaturated aldehydes and ketones.*
Both isolated olefins and isolated aldehydes and ke-
tones can also be effectively reduced by these reagents
(vide supra); however, simple conjugate reduction is
clearly the most rapid process among these (eqs 89 and
90).
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LlNIgHg (89)
THF, MO0H 0°C, 3n

=" _

Although known more for its ability to reduce enones
to allylic alcohols, in selected instances the combination
of NaBH, with cerium(III) salts provides the conjugate
addition product as well.”* This protocol has been
utilized for substrates where complex metal hydrides
alone fail to provide the desired product (eq 91), but
appears limited to highly electron deficient enones.

o o
o NaBHa. C(NOs)s coMe 1)
L 85% !
Me” 07 "Me Me” ~O” "Me

a,8-Unsaturated carboxylic acids, esters, and amides
undergo efficient reduction to saturated derivatives
upon treatment with Sml, in the presence of a proton
source (usually methanol, ethanol, or tert-butyl alco-
hol).5” An optimized protocol for this conversion in-
volves use of N,N-dimethylacetamide (DMA) or N,N-
dimethylformamide (DMF) as a cosolvent with THF.50
Under these conditions reduction is extremely rapid,
and products are isolated in virtually quantitative yields
(eqs 92 and 93). Conjugated ketones provide mixtures
of 1,2- and 1,4-reduction under these conditions, and
conjugated aldehydes are polymerized by SmI,.®

smi
/W : )\/\/k/\ (92)
COE!  THF, EIOH, DMA COE
. 5 min
7%

\)\ o \)\
P — - (93)
CONBn,  THF, +BuOH, DMA CONBn,

n, 3 min
9%

2. Organic Halides and Related Substrates

Several different lanthanide-based systems have been
developed for reduction of organic halides and related
substrates. For example, activated cerium (prepared
by treatment of cerium metal with HgCl, or I,) is a very
powerful reducing agent, capable of reducing even alkyl
fluorides.®* Yields in these processes are somewhat low,
however, because of competitive reductive dimerization.
Utilization of LiAlH, in the presence of CeCl; appears
to solve this problem.**¢"> Alkyl and aryl halides, in-
cluding fluorides, are readily reduced by LiAlH,/CeCls,
providing corresponding hydrocarbons in high yields

(eqs 94-96). The reaction appears to proceed via
LiAIH,, CeCly
CH3(CHy)( F CizHzs (94)
THF, A,, 3h
90%

LIAIH,, Cem;.

“ DME, L5 H 95)
c LiAIH,, CeCl
C'Oo” THF, Ax, 20h D oH (%6)

81%
radical intermediates, because use of LiAlD, does not
result in the incorporation of deuterium in the final
product.
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Alkyl halides are readily reduced to hydrocarbons by
Sml, in the presence of a proton source such as water,
methanol, tert-butyl alcohol, or 2-propanol.’%¢" In
terms of the halide, ease of reduction follows the ex-
pected order (I > Br > Cl). The effectiveness of re-
duction is highly solvent dependent. When performed
in THF-HMPA solvent, the method can be utilized to
reduce primary, secondary, and tertiary alkyl halides
(eqs 97 and 98), as well as aryl and alkenyl halides (eq
99).507 In THF alone, only primary alkyl iodides and
bromides are effectively reduced.®” Primary organic

H 2.5 equiv Smi,

—_—
THF, HMPA, +PrOH
n, 3h
=] 99%

(97)

Br
2.5 equiv Sml,

@ e B9
THF, MeCN, HMPA, +PrOH
r, 10 min
98%
[o]
t ~ JL ©/\°JLM. (99)

tosylates are reduced to hydrocarbons under the same
reaction conditions. Presumably, tosylates are con-
verted to corresponding iodides by Sml, under the re-
action conditions, and the iodides are subsequently
reduced to the observed products.t””” Reduction of
allylic and benzylic halides results in high yields of
Wurtz coupled dimeric products.

Magnus and co-workers have utilized a SmI,-pro-
moted halide reduction to initiate deprotection of a
2-chloroethyl carbamate to the corresponding amine (eq
100).”® Several other attempted reduction procedures
(Zn/AcOH, CrCly/HCIl, Bu;SnH/AIBN) failed to pro-
vide more than a few percent of the desired product.

2.5 equiv Smly

THF, HMPA n, 2h

(o]
H

Sl N
07 N Smiy
o LT
THF, 70°C, 7h N
N 70%

1
$0,C¢H.OMe S0,CHOMe

Other deprotection schemes initiated by SmI,-pro-
moted reduction of halides have been reported as well.
For example, reductive cleavage of a (2,2,2-trichloro-
ethoxy)methoxy ether by SmlI, has been used by Evans
and co-workers to release a protected alcohol in the total
synthesis of cytovaricin (eq 101).7

(101)

Some of the difficulties incurred when sodium is
utilized as reductant for the ring scission of 3-halo-
tetrahydrofurans have been solved by use of SmlI,.”
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Sodium often provides mixtures of stereoisomeric ole-
fins in this transformation, and overreduction is also
a problem in many cases. Reactions employing SmI,
have proven to be much cleaner (eq 102). Isomer
purities are typically >97%, and there is <3% overre-
duction. Curiously, 3-halotetrahydropyrans are best
reduced by sodium, as SmlI, provides mixtures of ste-
reoisomers.

8. Smlg 2
FS\ . -
THF Ay Ph

Ph 75%

3. a-Heterosubstituted Carbonyl and Related
Substrates

a-Haloketones are readily reduced to unsubstituted
ketones by treatment with cerium(III) sulfate in the
presence of Nal. The reaction is performed in aqueous
media and is noted as a convenient method for selective
dehalogenation.®® Presumably, a cerium enolate is
generated and rapidly protonated under these reaction
conditions (eq 103).
4 Cex(SO4)s. Nal o
B (103)
é’ THF, :022 0.5h é
Cerium metal in acetic acid /methanol has also been
utilized for reduction of a-heterosubstituted ketones (eq
104).%% Curiously, in one case an aziridinyl ketone leads
not to the expected S-amino ketone, but rather to an
a,B-unsaturated carbonyl product (eq 105). Clearly
further synthetic and mechanistic work is required to
outline the full scope and ramifications of this chem-
istry.

[} Ce [}
104
Ph)k’v ACOH-MeOH Ph)LM- (104)
Y % yield
Br 98
S(O)XCH, 85
80,CH3 70
Ph
\ /] Ce
WeoPh - Ph P~ coph (105)

© ACOH.MeOH
81%
A wide range of a-heterosubstituted ketones is rapidly

reduced under extremely mild conditions by Sml,,
providing unsubstituted ketones (eqs 106 and 107).%!

Br 2 Smty
—_— (106)
THF, MeOH, -78°C
85%

o] o]
,  2Smb o
—_— (107)
THF. MeOH
-78°C

Y % Isolated yiekd
cl 100
SPh 76
S(O)Ph 64
§0,Ph 88

Molander

The reaction is highly selective and can be performed
in the presence of isolated iodides as well as isolated
ketones.®! Even hydroxyl groups are reductively cleaved
with Sml, under these conditions, providing a useful
entry to unsubstituted ketones (eqs 108 and 109).82

Smlz
(108)
o O THF, +BuOH, n, 12h
M 87%

Hopkins and Pratt have utilized the protocol for
a-alkoxy cleavage in synthetic studies en route to be-

taenone B (eq 110).3
=

150q.|lv8mlg

! ///

a-Halo esters are reduced under the same reaction
conditions utilized for a-heterosubstituted ketones.8!2
However, a-oxygenated esters are virtually inert to the
reaction conditions outlined for the ketone counterparts
mentioned above. Fortunately, when HMPA is added
as a cosolvent to the reaction mixture clean reduction
of these systems is accomplished (eq 111).5%%¢ The
OMe x8. Smly
Py PhCH,COMe (111)
Ph™ “COMe  THF, HMPA, pivalic acid

n, 3h
8%

reaction has been utilized for the preparation of deoxy
sugars and chiral butenolides derived from carbohy-
drate precursors (eqs 112 and 113).%°

mjf_r °

THF, -78°C

2 Smly, pivalic acid

THF, HMPA. 3h, rt

Lo}
M:F_T (112)
AcO

Lo}
2 Smly, pivatic ackl 0
m a0 N= (113)
THF, HMPA. 3h, nt AcO

Even a-hydroxy esters are reduced to unsubstituted
esters via a modified procedure (eq 114).53¢ A minor
adjustment in the protocol (utilizing ethylene glycol
instead of HMPA) permits selective mono dehydrox-
ylation of (R,R)-diisopropyl tartrate, with generation
of (R)-isopropyl malate (eq 115).50:84

2 Smly, pivalic acid

THF, HMPA, 3h, rt
7%

HPIOC, 4 Smia
FERO, % Q) ————————
C0,#Pr THF, ethylene glycol
HO . 1h

99%

E10;CCH,CH(OH)CO,Et EtO,CCH,CH,CO,E (114)

FP:O,CY\ 0Pt (115)
HO

A useful reaction sequence for transformation of
carbonyl compounds to one carbon homologated nitriles
has evolved from the ability of Sml, to deoxygenate
cyanohydrin 0,0"-diethyl phosphates.?® A variety of
cyanophosphate substrates (generated by reaction of
diethyl phosphorocyanidate with ketones or aldehydes)
are readily reduced by Sml, in THF, providing deoxy-
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genated nitriles (eqs 116 and 117). The procedure is

9 (Et0)P(O)CN. LICN
——
CQ,Et THF, 1, <0.5h

NC_ OP(OKOEN), 3 equiv Sml, cN 16
COEl | THF, +BuOH /k/\co,a (116)

. 2h

80%

(Et0)P(O)CN, LICN 3 equiv Smlz X
CHO (117)
THF, it THF, +BuOH CN
n
91%

tolerant of a number of functional groups, including
alcohols, esters, amides, sulfonamides, acetals, alkenes,
alkynes, and amines. Furthermore, it provides distinct
advantages over other previously developed procedures
for similar one-carbon homologations.

Reduction of «,8-epoxy ketones and «,3-epoxy esters
has been utilized as a convenient route to 8-hydroxy
carbonyl compounds.?*8 Reduction of epoxy ketone
substrates proceeds in a straightforward fashion in
THF/MeOH at -90 °C (eq 118).8%2 Many such sub-

(o]

[}
28ml, (118)
——————————
oi ié j THF, -80°C, <5 min oa[i j

76% OH

strates can be derived from enantiomerically enriched
epoxy alcohols synthesized by Sharpless asymmetric
epoxidation reactions. The procedure thus provides
direct access to a variety of chiral, nonracemic a-un-
substituted 8-hydroxy ketones difficult to acquire by
more traditional procedures (e.g., aldol condensations).
In particular, tertiary alcohol aldol products should be
accessible in high enantiomeric excess by the reductive
epoxide ring opening process.

a,8-Epoxy esters require more vigorous conditions for
efficient reduction. Reactions on a variety of these
substrates have been carried out at room temperature
in THF /HMPA utilizing (N,N- dlmethyla.mmo)ethanol
(DMAE) as a proton source (eq 119).50:8b

0 coMe 2 squiv Smi
OA, —_— O)\/wz'h (119)
THF. HMPA, DMAE
n, <1 min
88%y. >98% o

Functionalized vinyloxiranes undergo facile reductive
epoxide ring opening with Sml, in THF in the presence
of a proton source, providing (E)-allylic alcohols.50:86b87
These reactions are extremely fast, taking place within
minutes at —90 °C. Ketones, esters, nitriles, and other
functional groups survive the reaction conditions intact,
and the Sharpless asymmetric epoxidation reaction can
again be utilized to gain entry to chiral, nonracemic
substrates for the reactions (eqs 120 and 121). Higher

v, Y.
&: 2 equiv Smiy (120)
0  THF. MeOH, .90°C
OH

Y % isolated yield

COzEt e

-CH=CHCO,Et ]

-CN 7

-COMe 8
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2 equiv Smiy

M)‘&\
==\,  THF. MgOH, -80°C

Y % isolated yleid
COSEt 80
SO2Ph 82
P(OXOEt)z 84
H 69
Me 42
SPh 54

temperatures (room temperature) are required for
electron-rich vinyloxiranes (Y = H, Me, SPh in eq 121),
and byproducts resulting from simple deoxygenation
(i.e., conjugated dienes) are detected in substantial
quantities (3-32%) in these cases. Significantly, a single
regioisomeric and diastereomeric allylic alcohol is gen-
erated in nearly every example studied to date. Nearly
neutral conditions are maintained during the reaction,
inhibiting equilibration to more stable (conjugated)
olefinic isomers. The method thus provides a useful
entry to highly functionalized, enantiomerically pure
allylic alcohols.

4. Deoxygenation Reactions

The combination of LiAlH, and CeCl; has been
mentioned previously as a powerful reducing system for
organic halides (vide supra). This tandem set of reag-
ents has also been utilized for deoxygenation of phos-
phine oxides (the process is unfortunately not stereo-
specific at phosphorus), and for reductive deoxygena-
tion of oximes to provide the corresponding amines (egs
122 and 123).4%88

2 LIAH,, Cect,
P=Me (122)
2 TTHF. 40°C, 05n 40°c 0.5h
LIAH,. CeCly NH
N —_— 2 (123)
P AP THR. R 3 P A Pn

92%

Samarium(II) iodide possesses a broad reduction
spectrum, and it too has been utilized for deoxygenation
of diverse functional groups. For example, epoxides are
readily converted to olefins by this reductive process
(eq 124).6%8% Unfortunately, the reaction is not ste-
reospecific, and a mixture of diastereomeric olefins is
therefore isolated.

2 equiv Smly

o]
- e A NPT, (124)
H\)u{:l THF, HMPA, DMAE

n,2.5h
88%

Sulfoxides are also readily reduced to sulfides by SmlI,
(eq 125).506790 Thig process is rapid enough to be
carried out efficiently in the presence of isolated ke-
tones, with no reduction of the latter. Sulfones can also
be reduced to the corresponding sulfides by Sml,, al-
though only aryl sulfones provide synthetically useful
yields (eq 126).5090

2 equiv Smiz

BuS(O)Bu BuSBu (125)

THF, HMPA, ft, 1 min
99%



40 Chemical Reviews, 1992, Voi. 92, No. 1

2 equiv Smly
PhSQ,Ph

PhSPh (126)
THF. HMPA, r, 10 min
%

Samarium(II) iodide has also proven to be an effec-
tive reagent for conversion of aliphatic and aromatic
amine N-oxides to corresponding amines (eq 127).50909!
Along the same lines, hydroxylamines are also deoxy-
genated by SmlI,, although little is known of the scope

of this latter process.®?
0 2 equiv Smi, o
—_— 127
[ﬁj THF, HMPA, n, 1 min ['jj (127}
Me” 0 ™ 98% Me

Although phosphine oxides are essentially inert to
Sml, in THF alone,’” addition of HMPA facilitates
their reduction to phosphines (eq 128).5%% Interest-
ingly, triaryl arsine oxides are reduced to triaryl arsines
without addition of HMPA.%!

PhsPO --—-—---———-—2 S Smte PhgP (128)

THF, HMPA, 85°C, 16h
75%

5. Reduction of Nitrogen-Based Functional Groups

Deoxygenation of amine oxides and reductive deox-
ygenation of oximes by various lanthanide reagents have
been described previously (vide supra). Lanthanide
reagents have also been utilized extensively in other
reductions of nitrogen-based functional groups. For
example, nitro compounds are selectively reduced by
Sml, to either hydroxylamines or amines, depending
upon the reaction conditions employed.®®® Thus,
treatment of nitroalkanes with 4 equiv of Sml, for short
periods of time leads to isolation of hydroxylamines,
whereas use of 6 equiv of Sml, for longer reaction times
results in the generation of corresponding amines (eqs
129 and 130). Because nitriles are not readily reduced

4 equiv Sml, 0o Ph

3 )\/5(~o= —_— won  (129)
THF, MeOH . 3 min o

6 equiv Smiy 0 Ph

o Ph
’ o, — 2 [ NH, (130)
o THF, MeOH, 11, 8 h o

>81%
by Sml,, the reaction is quite selective for reduction of
nitro groups in the presence of cyano groups.*®
Nitro groups are readily reduced to amines by cerium
metal in AcOH/MeOH.#* The scope of this particular
reaction has yet to be delineated, but the initial report
appears promising (eq 131).

ct Ct Ci Ct

Ce
NO, NH, (131)
AcOH, MeOH

ct [« 9% Ct ct

Use of lanthanide intermetallic reagents represents
yet another means to reduce nitro groups to the cor-
responding amines.® Although little is known of the
chemoselectivity of this process, esters are tolerated in
such transformations (eq 132).

NO, NH,

LaNig.5Alo.sHs (132)
————
THF, MeOH, 60°C
o 95% COE!

Lanthanide intermetallics have also been utilized for
the reduction of imines to amines.4®*? Reaction con-

Molander

ditions are very mild, and yields of isolated products
are virtually quantitative in all cases examined to date

(eq 133).
PhCHzNH—O (133)

LiNigHg
PhCH—N_O THF, i, 13h
97%

The Luche protocol (NaBH,/CeCl;) has been de-
veloped as a mild and general method for one-pot
conversion of a-nitro imines to nitroalkenes.** Yields
typically exceed 75% for this process, which can be
utilized to generate chiral, nonracemic products from
enantiomerically enriched substrates with no loss of
stereochemistry (eq 134).

+ NO,
\N’ ~H NaBHg, CQC|3
53 (134)
%

6. Miscellaneous Reductions

The relatively weak nitrogen—oxygen bond in isoxa-
zoles renders them susceptible to reduction by Sml,.
Products resulting from this reduction are the corre-
sponding enamino ketones (eq 135).%° In competitive

O-N

[o] NH,
\ 2 equiv Smliz 2 '
AR\ —_— )H/k (135)
THF. ft, 1h
CO,E! 96%, COEr

reactions, reduction of aldehydes is accomplished in the
presence of isoxazoles, whereas halides are probably
reduced somewhat more slowly than these heterocycles.

Samarium(II) iodide has been utilized for the selec-
tive reduction of cyclic peroxy compounds to corre-
sponding diols.* Substrates are generally prepared by
singlet oxygen addition to conjugated dienes, and the
overall process represents an efficient, stereoselective
route to diols (eqs 136 and 137).

oT8S [e))-1]

0Oy, hv 2 equiv Sml
2 q 2 (136)
MeOH, CH,Cl, THF HO OH
0-0 2 equiv Smi, HO OH
= P /\/k)\/ (137)
MeO,C THF, -78°C MeO,C = &

61%

Samarium diiodide has also been employed in one
case to effect a reductive cleavage reaction (eq 138).
0,

2 equiv Smly Og

TR smn i (138)

THF, nt, § min
68%
[o)
HO

This particular reaction could not be achieved in sat-
isfactory yields with Buz;SnH/AIBN nor with Li/NHj.
The reaction was originally proposed to be initiated by
reduction of the xanthate ester functional group. Iso-
lated xanthate esters were later shown to be virtually
inert to SmI,.¥” Consequently, initial electron transfer
must occur to the conjugated dienone system, with
subsequent reductive cleavage from the radical anion
generated therein.

Reductive elimination of 8-hydroxy imidazolyl sul-
fones has been developed by Kende and Mendoza,

MeS S (o)
Y

O,


LaNi4.5AI0.5H5
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providing an improved variation of the Julia olefin
synthesis (eq 139).% Although in most cases mixtures

Me
O‘,S,'O N

Yﬁ _/7 3 equiv Smli, N
| OH THF, nt, 16 min O (139)

78%

of diastereomeric olefins are generated in this process,
in a head-to-head comparison with Na(Hg) as a re-
ducing reagent Sml, proved to be the superior reagent
in terms of overall conversion to product.

In a rather special type of reduction process, allylic
acetates are reduced to alkenes by SmlI,.5 Procedures
with and without Pd(0) catalysis have been reported.®
Reactions catalyzed by Pd(0) presumably occur via a
m-allylpalladium intermediate, which is reductively
transmetalated to an allylsamarium species. The latter
is protonated to provide the alkene. Generally, mix-
tures of olefinic regio- and stereoisomers are generated
in this process. Curiously, in the total synthesis of
ferrulactone I utilizing the Sml, promoted reduction of
an allylic acetate as the key step, no olefinic regio- or
stereoisomers were observed (eq 140). This particular
conversion was carried out in the absence of Pd(0).

Ohc
P Smly, pivalic acid > (140)
S O THF. HMPA . o
0 78% o

Propargyl acetates undergo the same type of con-
version, providing a mild and convenient entry to all-
enes.!® Tertiary propargylic acetates lead exclusively
to allenes (eq 141).

OAc
""’\>\N

2.5 equiv Smly, diisopropy! carbinol

cat. Pd(PPhg)g
THF, 40°C, 2h
96%

A=A (181)

The ratio of allene to alkyne product derived from
secondary propargylic acetates is very dependent on
steric bulk of the protonating agent, with highly hin-
dered alcohols required for selective generation of all-
enes (eq 142). Primary propargylic acetates provide
mixtures of allene and alkyne in which the alkyne
predominates, even when sterically encumbered alco-
hols are employed as proton sources.

1. 2.5 equiv Smi, dilsopropyl carbinol
CHy(CH,)y %&o

o cat. Pd(PPhg),
2. CH,N,

88%

CHa(CHa)y
a 2\=\/\002M- (142)

C. Lewis Acld Catalyzed Functional Group
Transtormations

Lanthanide ions are considered “hard” Lewis acids
and form complexes with substantial ionic character
because of poor overlap of the contracted 4f orbitals.
Consequently, lanthanides preferentially complex to
hard bases such as fluoride ion and oxygen donor lig-
ands. The Lewis acidity of lanthanide complexes has
been exploited extensively in their use as shift reagents
for nuclear magnetic resonance studies and in promo-
tion of Lewis acid catalyzed functional group trans-
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formations outlined below.
1. Rearrangemenis

Acid-catalyzed rearrangements of terminal epoxides
can provide either aldehyde or ketone products, with
the former typically predominating. Mildly Lewis
acidic lanthanide catalysts have been utilized to provide
the complementary ketone products of such rear-
rangements.!? Thus, treatment of a variety of terminal
epoxides with t-BuOSmlI, results in a highly selective
net rearrangement process from which the desired ke-
tones are isolated in excellent yields (eq 143). The
process is somewhat limited in scope, as 2,2-disubsti-
tuted epoxides do not react, and branched monosub-
stituted olefins react slowly under the reaction condi-
tions developed. Although they react very slowly,
symmetrical 1,2-disubstituted epoxides also rearrange
to the desired ketones.

o  cat +BuOSMI,

—
mCeH THF. 1, 20h "'cl"‘n)LM'
0%

(143)

2. Acetallzations and Deacetalizations

Acetalization remains one of the most effective means
for protecting aldehydes against undesired reactions
with nucleophiles. Because acetalization is usually
utilized only as a means to protect a carbonyl, the de-
mand for high yields and high chemoselectivity is at a
premium. Lanthanide salts have proven to be ex-
traordinarily effective Lewis acids in acetalization re-
actions, providing essentially quantitative yields of
desired acetals. Processes are generally carried out with
minimal side reactions.'® As one example, conversion
of bicyclo[3.1.0}hex-2-ene-6-carbaldehyde to its di-
methyl acetal was accomplished in virtually quantitative
yield when YbCl; was utilized as the Lewis acid,
whereas rearrangement products were obtained when
H,SO, or TsOH were utilized (eq 144).

YbCl, HC(OMe); OMe
oo < (144)
MeOH, rt. 1 min OMe

Use of lanthanide Lewis acids is also beneficial in the
case of chiral aldehyde substrates which are easily en-
olized and therefore epimerized. In such instances, no
racemization is seen (eq 145).19

Moo M

- o0 (145)
MeOH, ft to 50°C, 21 h )._Na
RO

Numerous examples attest to the ability of lanthanide
Lewis acids to chemoselectively acetalize aldehydes in
the presence of ketones (eqs 146 and 147).1% Again,

CHO MeO__ OMe

CeClg+ 7H
/ok>< _ OG0 )& (146)
[e]
MeOH, HC(OMe);
85%

CHO CeClg + 7H. e
-1 .
;&( 8. TH0 ;Aa/kom (147)
MeOH, HC(OMe)s, rt, 3d
72% o]

gHo CeCl3, HC(OMe)

O

o

no Lewis acid promoted rearrangements are seen in
these systems, and even very highly hindered aldehydes
are protected reasonably efficiently. These reactions
are also applicable to substrates possessing tert-bu-
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tyldimethylsilyl protecting groups and esters (eq 148).1%

GHO MeO__ OMs

YbCls « 64,0

N lg * 6Hy o (148)
HC(OMe);

o 95% o

Carboxylic acids may also be present in substrates
without undergoing esterification under the reaction
conditions (eq 149).1%

M smoige6H0 i
3° 2 -
A T . E’j (149)
N MeOH, HC(OMe)s s \.(°M°
$” “CHO 96%

OMe

In some instances, selective protection of one ketone
can be accomplished in the presence of another. For
example, the well-known trend of rapid ketal protection
of 3-ketosteroids in the presence of a 17-keto functional
group is observed (eq 150),!% and an acyclic enone
carbonyl can also be protected to some degree in the
presence of a hindered cyclohexanone carbonyl (eq

151),108
; O 1. Ecl-3H0 . OH
HC(OMe)s
[ 1O (1D s
0 T O
o 3. Hz0" o H
58%
[¢)
o 1, CeCly » 7 H0
MeOH, HC(OMe),, A
2. NaBH,
AcO' 3, Hi0*

HO 0,
/(3:?8/ + dol (151)
A0 60% 36%

Thioacetals are also readily generated through the
agency of lanthanide salt catalysis.!® Although the
procedure works well for simple alkyl aldehydes and
ketones, more highly hindered systems (e.g., camphor)
and aryl ketones are resistant to attack by dithiols (eq
152).

LaClg

AR
— M % (152)
A T s e ath . A~
91%

Lanthanide salts have been utilized in conjunction
with chlorotrimethylsilane (TMSCI), for selective
cleavage of ketone acetals.!’ This protocol provides an
alternative to other nonaqueous procedures (e.g., TMSI,
Me,BBr, Pl etc.) for mild deprotection of acetals, with
certain advantages inherent to the procedure. For ex-
ample dimethyl acetals, diethyl acetals, 1,3-dioxanes,
and 1,3-dioxolanes are all readily cleaved by the lan-
thanide-promoted procedure, but cyclic acetals are often
only difficultly removed by other protocols. Because
ketone acetals are more efficiently deprotected under
the reaction conditions than aldehyde acetals, chemo-
selective reactions in the presence of aldehyde acetals
is possible (eq 153). Other acid labile protecting groups
(e.g., tert-butyldimethylsilyl ethers and methoxymethyl
ethers) are not affected by reaction conditions required
for removal of acetals (eq 154), and benzyl ethers and

Molander

esters (which are known to be cleaved by TMSI and
Me,BBr) are also stable (eq 155).

.
X/W\/\g‘b

SmCls, TMSCI

THF, nt, 5h
92%

[o}

)W/\/\(CD (153)
MeO, OMe pn  SMCly, TMSCI 8
M S . \/\)J\/\/\rph (154)
THF, rt, 35 min

OMOM 5o OMOM
MeO. OMe SmCh, TMSCI [o]
A AA = A~ (155)
COMe  THF. n,55h COMe
94%

3. Miscellaneous Lewis Acid Promoted Functional
Group Transformations

Anhydrous lanthanide salts catalyze the regio- and
stereoselective ring opening of cyclohexene oxide (eq
156) and terminal alkyl epoxides (eq 157) by thiol nu-
cleophiles.!!! The procedure has advantages over those
employing other Lewis acids [e.g., AICl;, AlEt;, ZnCl,,
Ti(O-i-Pr),] in that the latter generally require longer
reaction times. Aryl-substituted terminal epoxides
provide high yields of thiol-substituted products; how-
ever, regioselectivity is much lower than that observed
with the alkyl-substituted counterparts.

SH oH

O - @ = Ol 59
CHzCly, t, 2d s OMe
OMe 5

81%

cat. SmCly
O 4+ PHCH,SH /\/\s’\© (157)
A CHoCla, 1, 3d OH
™%

D. Miscellaneous Functional Group
Transformations

A net conjugate addition of HX to alkynyl ketones
and alkynylamides has been reported which relies on
the combination of CeCl; and TMSCI to promote the
process.!12 Alkynyl ketones provide (E) isomers exclu-
sively (eq 158), whereas alkynyl amides provide mix-
tures of diastereomers in which the (Z) isomer pre-
dominates to the extent of 11:1 (eq 159). No rationale
has been offered to explain these interesting results.

[o] CeClz, Nal, TMSCI [o]
A \ (158
& CHu MeCN, rt, 5h ! CeHyy
89%
o CeClpNal,TMSCI | O 0 159)
——————————.
///LNEI, MeCN. 1, 16h NEt, |/\)LNEIQ
67% 6%

Allylic acetates are converted to allylstannanes or allyl
phenyl selenides through a reductive coupling process
promoted by Sml; and catalyzed by Pd(0).1!3 Reaction
of allylic acetates with SmI,/Pd(0) in the presence of
trialkyltin chlorides produces allylstannanes under quite
mild conditions (eq 160). Similarly, with diphenyl di-
selenide as the electrophile in an analogous process, allyl
phenyl selenides are generated (eq 161). These elec-
trophiles react at the least substituted terminus of the
presumed allylsamarium species, and stereospecific
substitution results when trisubstituted allylic acetates
are utilized as substrates for the reaction. Unfortu-
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)\/\J\i )VVAL (160)
OAc

SnBuy
\)\Ok

2 oquiv Smig
PR —
cat. Pd(0), BuaSnCl
THF. 1, 6h
65%

2.5 equiv Sml.
: N gopn (161)

cat. PdCl, PPhg, PhSeSePh
THF. 1, 10-15h .

(2:1,E:2)
75%

nately, these reactions are apparently not stereospecific
with regard to facial addition to the allylic system.
Stereodefined cis- and trans-5-methylcyclohexenyl
acetates thus react via a common anionic intermediate,
providing the same stereoisomeric mixture of products
within experimental error (eq 162).11% Isolated esters

2 equw Smi;
cat. Pd(o). BugSNCl
THF. n, 8h
(88% Irans) 92% CIs) 83-72%

Ot Q™
"'SnBu, SnBu,

and organic halides are tolerated in allylic acetate
substrates, permitting construction of functionalized
allylic derivatives.

Direct coupling of various aryllanthanides with
chlorotriphenylstannane has also been reported as a
convenient route to arylstannanes (eq 163).114

THF PhaSNCI
At + Ln [ArLnl] ArSnPhg (163)
-t0°C THF, 20°C

66-85%
Ln = Yo, Sm, Eu, Ce
Ar = 2-thienyl, CeFs

Organocerium reagents have proven effective in
substitution reactions on disulfides. Corey and Meh-
rotra utilized an alkynylcerium reagent to cleave a
chiral, nonracemic disulfide substrate en route to
(+)-biotin (eq 164).115

[o}

H_N)LN.BH JOL
3 CeClg Hoy N'B"
) + LIC2C(CH3)3Cl e % (164)
-78°C, 1h
§-5 84% o

S—==

(CHa)CI
O,N

III. Carbon-Carbon Bond Forming Reactlons

A. Substitution Reactions

1. Wurtz Coupling, Organic Halide Substitution, and
Related Processes

Cross-coupling of organolanthanides with organic
halides has not been developed into a particularly useful
process. Although several reports of such transforma-
tions catalyzed by cobalt, nickel, palladium, and copper
reagents have been reported,!!¢ by and large these do
not compete effectively with other currently available
methods. Use of benzyldicyclopentadienylsamarium in
cross-coupling reactions with benzylic halides has also
been reported, but at present the scope of this trans-
formation is rather narrow.!17

Samarium(II) iodide promoted Wurtz-type coupling
reactions of allylic and benzylic halides can be carried
out effectively, but again these processes appear to have
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limited synthetic utility.!4n6%77 Although yields are
generally high in these cases, regioselectivity in the
allylic coupling reaction is low. Alkyl halides, alkenyl
halides, and aryl halides undergo simple reduction un-
der conditions where allylic and benzylic halides Wurtz
couple (vide supra).

2. Oxlranes

Lanthanide “ate” complexes react very efficiently
with a wide range of epoxides, providing excellent yields
of resultant alcohols.!’® Essentially quantitative yields
of trans-2-methylcyclohexanol are obtained upon ad-
dition of cyclohexene oxide to a reagent derived from
methyllithium and Sm[N(SiMe;),1; or Y[N(SiMe;),]s
(eq 165). 1,2-Epoxybutane reacts with nucleophilic ring

" (o]
[>° MeLI, SmN(SMes)als O H (165)
€120, 1. 2h Mo

opening at the least hindered position, providing 3-
pentanol in 74% yield. Styrene oxide and butadiene
monoepoxide are also alkylated in Sy2 processes. In
the latter case the lanthanide “ate” complexes com-
plement the SN2’ reactivity patterns generally observed
in reactions of unsaturated epoxides with organocopper
reagents (eqs 166 and 167).

nBu

O n-BuMgBr, Y|N(SIMes)als on (166)
©/<1 . ©)\/
80%

MeLi, Sm{N(SiMe
M i, Sm{N(SiMes)2ls NOH .\ M (167)
£1,0. 1, 2h Me OH
81% %

Organoytterbium diaryl ketone dianions react with
epoxides, providing 1,3-diols.!’® The reactive organo-
metallics are prepared by treatment of diaryl ketones
with activated ytterbium. Addition of epoxides to the
reaction mixture leads directly to the observed diols (eq
168). Diaryl carbinols and regioisomeric 1,3-diols are

[o] THF, HMPA
)L + Yb
Ph Ph n,0.5h
OH
o—Yb cyciohexene oxide
o on | T o™ (169
n.2h Py Ph
67%

significant side products of the reaction, detracting from
the value of the method. In addition, the process is
limited in scope because only diaryl ketones can be
utilized as ultimate precursors to the nucleophilic in-
termediates in these transformations.

3. Miscellaneous Electrophlles

Fuchs and Hutchinson have utilized organocerium
reagents for the Sy2’ methylation of an allylic ammo-
nium ion.!® The reaction is competitive with analogous
organocuprate reactions in terms of both yield and
diastereoselectivity, and superior to methyllithium in
the only substrate examined (eq 169). The syn stere-
ochemistry resulting from the nucleophilic substitution
is notable in these reactions. Organocuprates provide

Me
SOz THF S0.Ph
ot + *MeCeCly* (169)
T " NMey +78°C, 0.5h
TEDPSO 95% y. 95% de Taopso
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the anti diastereomer in conjugate addition reactions
to unsaturated amino sulfones, but also lead to the syn
diastereomer in substitution reactions of allylic am-
monium salts.

B. Carbonyl Addition Reactions
1. Discrete Organometallic Reagents

One of the more important applications of lanthanide
reagents to synthetic organic chemistry is the use of
organocerium reagents in carbonyl addition reactions.
Imamoto and co-workers were the first to recognize that
the attenuated basicity and high oxophilicity of orga-
nocerium reagents could be utilized to advantage within
the context of selective synthetic organic transforma-
tions. Organocerium reagents are generated in situ by
transmetalation reactions from organolithiums or or-
ganomagnesiums.‘%12! Alkyl (primary, secondary, and
tertiary), alkenyl, alkynyl, allyl, and aryl organocerium
compounds can all be prepared by this simple proce-
dure. Little is known of the structure of these orga-
noceriums, or the exact nature of the reactive species.
Although they have been denoted as o-alkyl species
(“RCeXj"), other compositions (e.g., RM-CeCl;, “ate”
complexes or species resulting from Schlenk-type
equilibria)'? cannot be ruled out. Regardless of the true
nature of the reactive nucleophiles, these reagents react
efficiently with aldehydes and ketones, providing al-
cohols in yields that are often superior to those reported
utilizing Grignard or organolithium reagents. Organo-
ceriums are not unique among the lanthanide organo-
metallics in serving as suitable alternatives to Grignard
reagents and organolithiums for certain carbonyl ad-
dition reactions. However, the low cost of cerium com-
pounds and proven success of organocerium reagents
makes thorough investigations into analogous organo-
lanthanides less compelling.

There are several reactivity profiles of organoceriums
which make them attractive reagents for selective or-
ganic synthesis, Particularly impressive is the ability
of organocerium reagents to effect carbonyl addition to
highly enolizable substrates. This has been amply
demonstrated by Imamoto,!?'®¢ and many others have
reported similarly successful examples (eqs 170-173).1%

(o] THF HO nBu
BUMgEr, CeCl —_ 170
9 @ e A T P Ph (170)
98%
CO,E! CO,E!
THF OH
0  + LiC2CH,CeCly i a7
.78°C
HO 73%  HO
0
N THF
E'°’°H\/O¢ + 2LiCeCTMS, CeCly  —————em
E10,C .78°C, 2h
89%

™S

4
4 (172)
E0,C OH
E10,C
Ph
! d l THF
Li/CeCly + ———————
* 7o O T igC104°C, 2d

PH MeO  OMe 61%

Ph Ph
(173)
Ry E

MeO OMe

Molander

More often than not, organolithium or organo-
magnesium reagents have been utilized with these
substrates without success.

Highly hindered systems (where either the nucleo-
philic component, the carbonyl component, or perhaps
both components are sterically encumbered) are notable
for their inability to undergo carbonyl addition. En-
olization and/or reduction processes often compete with
the desired transformation. Conversion of organo-
lithiums or qrganomagnesiums to organocerium coun-
terparts often eliminates these problems, providing
enhanced yields of desired alcohols in all but the most
difficult cases (eqs 174-176).121e124

9 THF

\HH/ + HPMCI, CeCly oo (+PNsCOH (174)
52%
46( Lo, T s
_— ™~ (175)
o] OH
MeO

MeO
THF
+ tBuli, CeCly —m (176)
42%

MeO O MeO HO '+Bu

The ability of organocerium reagents to undergo
carbonyl addition without enolizing the aldehyde or
ketone substrate has been utilized by Johnson and Tait
to develop a useful alternative to the Wittig reaction
for carbonyl methylenation.!?® Treatment of a variety
of aldehydes and ketones with Me;SiCH,Li/CeCls
provides 2-hydroxy silanes, which can be regioselectively
converted under standard reaction conditions to the
desired alkenes (eq 177).

THF OH
[} + MegSICHaLI CeCly ——————
«78°C, 2.5 h SiMey

83%

HF
LI (177)
MeCN
87%

In an important series of papers, Paquette and co-
workers have utilized organocerium reagents to assess
intermolecular recognition of chiral cycloalkenyl cerium
reagents with a variety of conformationally rigid ke-
tones.'? Double stereodifferentiation is very impressive
in many of these cases even though directing stereo-
centers are remote from the reaction center (eqs 178 and

MeO,__OMe Li/CeCly

THF
+ ——i
-78°C

° 86%
MeO._OMe MeO.__OMe
OH + OH (178)
ot
12:1
o
LisceClh  THF
+ - -
78°C
86%
D )....Q
HO. + Ww (179)
)
N
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179). Products from such reactions have been utilized
as key components in several natural product syntheses.

The chemoselectivity of organocerium reagents has
been illustrated in instances in which organomagnesium
and/or organolithium reagents initially failed to provide
the desired carbonyl addition reactions (eqs 180-182).1%
Halides, esters, epoxides, amines, acetals, amides, and
nitriles are all compatible functional groups in such
processes. In fact, it is rare to find functionalized ke-
tones or aldehydes for which organoceriums do not
provide higher yields of carbonyl addition, regardless
of the nature of the substrate.

o

otes 1. nBull
CHO + \\ A —_—
i 2. CeClg
THF, -78°C, 0.5h
OMPM 7%
i
2

Hoa " GOres (180)

[o}

><° OMPM

) H
MoCeClz
. (181)
THF 0°C. 3h o
OH  57%y., 66% de OH
MeO.__OMe MeO,
a H THF cl H
0 H + MeMgCl,CeCly ~—— 7 H (182)
a”cl W% o c

o}

The sense and magnitude of diastereoselectivity
achievable in the addition of organocerium reagents to
chiral carbonyl substrates has not been investigated in
a systematic fashion. In cyclohexanone substrates axial
attack appears to predominate with unencumbered
nucleophilic species (eqs 183 and 184).128 In cyclo-
pentanone substrates, nucleophilic attack occurs trans
to substituents « to the carbonyl (eq 185).1%

0. OH
H MeLi, CeCly H
/. /_ (183)
¢ d  THF..78°C, t5h
94% y, >30% de o o
o ™S
o ClZCeC=CTMS 0
0 —_— - (184)
THF, -78°C &o OH
95%

1.8 equiv MoCeCIg

(185)
THF .78°C, 2h
7%

T8SO

In terms of acyclic diastereoselection, the lack of a
rigorous systematic investigation makes assessment of
organocerium carbonyl addition reactions particularly
difficult. Both chelation control and Felkin—Anh re-
activity patterns have been observed, and thus both the
sense and magnitude of acyclic stereocontrol appear to
be highly substrate dependent (eqs 186-189).1% In
many of these cases, the sense of asymmetric induction
provided by organocerium reagents is complementary
to that observed for the corresponding organolithiums
or organomagnesiums.
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MOMO  OMOM BnO
TBSO\/H/H( THF
+ Li/ CaCly =
moTN.mo .78°C
o 0Bn 95% y. 87% de
MOMO  OMOM
TBSO A
o,
OH (186)
moTN.M.
o
TBSO S

TBSO L]
2 3 THF %
/W(Ls + HPCECH O~ (187)
o -78°Ctont, 15h OH
65% y, 94% de

83%y, > 92% de

[} OH
THF
)k’? + Ph(CH2)¢MgCl / CeCly —————Ph(cu,)}(/? (188)
MeO!

H

L}
SESN o SESN ,cucn,
Horres CIzCHU CeCly /L
0 (189)
o ; OH Ele 1oo=c

H

Reagents derived by addition of YbCla to alkynyl-
lithiums provide surprising results in carbonyl addition
reactions to chiral 2-acyl-1,3-oxathianes (eq 190).122b
Not only are diastereoselectivities exceedingly high (>-
94:6), but there is also a reversal in the sense of asym-
metric induction from that of the corresponding alky-
nyllithiums and alkynylmagnesium halides. Although
postulates based on chelated models have been pro-
posed, a definitive rationale awaits further studies on
the nature of the reactive nucleophilic species involved.

H
THF
S%(\ + n-PrC=CLi, YoCly
% o -78°C, 3h

99% y. 96% de

H
S%X\ (190)

g\ ° N

H 'n-Pr

Organoytterbium triflates also display enhanced
diastereoselectivities in carbonyl addition to chiral al-
dehydes and ketones.!3! In fact, diastereoselectivities
are among the highest reported for addition of any
organometallic reagent to the standard substrates
chosen as examples (eqs 191 and 192). Alkyl (primary,
secondary, and tertiary), alkenyl, and aryl organo-
metallics can all be employed, providing a distinct ad-
vantage over nucleophilic reagents such as organo-
titaniums which afford lower yields in many of these
cases owing to decomposition of the nucleophilic spec-
ies. The precise nature of the organoytterbium reag-

HF HO, By

2 T ¢

+  mBuLi, YB(OTH) (191)
.78°C
91%y. 98% de

THE Yo

1
MeLi, YB(OT Me 192
Ph/LCHO + Meli, YD(OTh)s oo ph/\gu (192)

88%y, 82% de

ents involved is not known, although there are indica-
tions that it may in fact be a complex mixture of re-
active intermediates.122

Organoceriums generally provide higher yields of
1,2-carbonyl addition products in reactions with con-
jugated aldehydes and ketones than their organolithium
or organomagnesium counterparts.!3> This has been
demonstrated in highly enolizable substrates, as well
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as in examples where the alternative conjugate addition
competes effectively using more traditional reagents
(eqs 193-195).

o [o]
THF
CHBu + ‘MeCely’ —————— CHBu (193)
-78°C, 10 min
<} 85% Ho Me
H
0 Li/ CeCly Hs0*
4 + — ——
0™
MeS” “SMe
o) H
N on %
H (194)
Mes” "SMe
71%
"!I THF -‘!I
MgBr / CeCl H OH
o+ A & R — (195)
95%
OMe OMe

Allylcerium reagents prepared by transmetalation
from corresponding allyllithium reagents also undergo
selective 1,2-addition to unsaturated aldehydes and
ketones.!®® Furthermore, allylceriums exhibit reactivity
patterns unique from those of many other allylmetallic
reagents. Most allylmetallic nucleophiles add to al-
dehydes and ketones predominantly at the most sub-
stituted terminus of the allyl unit. By contrast, allyl-
cerium reagents react with a variety of carbonyl sub-
strates to provide products resulting from predominant
reaction at the least substituted end of the allylmetallic
system, regardless of the substitution pattern about the
allylcerium starting material. Allyl anions (prepared
by reaction of allylic ethers or thiophenoxides with
lithium p,p*-di-tert-butylbiphenylide, LDBB) are ki-
netically generated in the cis configuration. By main-
taining this geometry in the transmetalation reaction,
one can take advantage of the unique regiochemical
outcome of the allylcerium carbonyl addition reactions
to construct cis homoallylic alcohols (eq 196). Equil-

1. LDBB )\

THF. -80°C CHO
077 2 CeCh

THF. -80°C

CLCe0 e
HO/M (196)
OH

63%

ibration of the allylcerium w-complex to the thermo-
dynamically more stable trans isomer permits genera-
tion of the corresponding diastereomer (eq 197). Al-

. LDBB
SPh THF, -80°C

Et X =
. )\% —— /\/\oq\ (197)
THF, -80°C to -40°C
. acrolein, -78°C
60%

lyllanthanide “ate” complexes also provide a high degree
of 1,2-regioselectivity in carbonyl addition to a variety
of conjugated aldehydes and ketones.!3* The “ate”
complexes are readily prepared by reaction of allyl-
stannanes with n-butyllithium in the presence of lan-
thanide(III) chlorides, and subsequent addition of un-
saturated carbonyl compounds leads to high yields of
product in which the homoallylic alcohol predominates

w
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to an impressive extent (eq 198). Allyllithiums alone
provide no better than an 85:15 ratio of 1,2- to 1,4-ad-
dition product.

(4\.)45" + SMCly + 4BuLi T—HF— [(/\.}f"‘]u
1, 1h

[o}

Qe

- . (198)

0°C. 1h
98%

2. Barbler-Type Reactions

Samarium(IT) complexes have proven highly effective
for promoting Barbier-type reactions between aldehydes
or ketones and a variety of organic halides.! The ef-
ficiency of the SmI, promoted Barbier-type coupling
process is highly dependent upon the substrates uti-
lized, as well as the precise reaction conditions em-
ployed. For example, primary organic iodides and even
organic tosylates undergo Barbier-type coupling with
ketone substrates, but require heating for 8-12 h in
boiling THF. A Finkelstein-type reaction presumably
converts tosylates to the corresponding iodides, which
subsequently are involved in the coupling process.
Alkyl bromides are less reactive, and alkyl chlorides are
virtually inert. Much milder reaction conditions can
be utilized by adding catalytic quantities of Fe(III) salts
to the reactions. Thus, when 2 mol % FeCl; is added
to Sml,, the Barbier reaction between a primary organic
iodide and a ketone is complete within hours at room
temperature (eq 199).

nBul + nCeHaCOICHs %’:Zh— ”::’ “f:cuuu (199)
THF. . 3h
73%

A further facilitation of the reaction can be realized
by utilizing HMPA as a cosolvent with THF for the
reaction.’® Even in the absence of a catalyst, both
n-BuBr and sec-BuBr are cleanly coupled to 2-octanone
within 1 min at room temperature in this solvent sys-
tem, providing greater than 90% yields of the desired
tertiary alcohols.

Some restrictions apply in the nature of carbonyl
substrates that may be utilized in reactions with Sml,.
Aldehydes cannot be coupled to marginally reactive
organic halides. A mixture of products results in these
cases as a consequence of a Meerwein—Ponndorf pro-
cess, initiated by reaction of secondary samarium alk-
oxide intermediates with the aldehyde.93#1% These
problems are solved by utilizing dicyclopentadienyl-
samarium (Cp,Sm) as the reducing agent. This reagent
is prepared from Sml, by reaction with dicyclo-
pentadienyl sodium. Dicyclopentadienylsamarium
shows enhanced reactivity in many reductive coupling
reactions promoted by Sm(II) species.!®” For example,
experimental conditions in intermolecular Barbier re-
actions are much milder with Cp,Sm (room tempera-
ture) than with Sml, (THF heated at reflux). Sec-
ondary alkyl iodides, reluctant to react with Sml, in
THF, are efficiently coupled with Cp,Sm under mild
conditions. Dicyclopentadienylsamarium also permits
efficient Barbier coupling of organic halides (even sec-
ondary bromides) with aldehydes, providing the desired
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alcohols in reasonable yields.

Highly selective synthetic transformations are ac-
complished by taking advantage of the unique reactivity
patterns of Sml,. As mentioned, there is a tremendous
reactivity difference in Barbier-type reactions of pri-
mary organic iodides or tosylates versus that of organic
chlorides. As expected, selective alkylation of ketones
can be accomplished by utilizing appropriately func-
tionalized dihalides or chloro-substituted sulfonate es-
ters (eq 200).5” Alkenyl halides and, presumably, aryl
halides are also tolerated under these reaction condi-
tions.

28mly
T.O\MCI + mCgH;C(O)CH; ——m—
cat. Nal
THF, 85°C, 1d
62%

HO_ Me

»c.u,,>w\cl (200)

Nitriles and esters are less reactive under normal
Sml,-promoted reaction conditions than ketones.
Consequently, it is possible to perform a Barbier-type
coupling reaction in the presence of these functional
groups and isolate the desired product in reasonable
overall yield (eq 201).8

TSO(CHeCOMe + 1-CgH(3C(O)CHs

THF, 85°C 10h
83%

HO_ Me

201
o N(CHpco e 20N

Although numerous reductants have been employed
in attempts to promote intramolecular Barbier-type
reactions, Sml, is by far the most general reductive
coupling agent in terms of its utility and its scope of
application. It has therefore become the reagent of
choice for such processes. Isolated cyclopentanols can
be synthesized with considerable diastereoselectivity
when appropriately substituted w-iodoalkyl ketones are
treated with SmI, in THF at —78 °C and allowed to
warm to room temperature (eq 202).13 Reactions are

o 2Smi, HO tBu

+Bu gL H (202)

THF
b .78°Cton, 16h
77%y. 86% de

not sterically inhibited, and the procedure thus provides
a useful alternative to intermolecular carbonyl addition
reactions for synthesis of hindered cyclic tertiary alco-
hols.

Perhaps most valuable are applications of the SmlI,
reductive coupling technology to syntheses of bicyclic
alcohols. The SmI,-mediated Barbier reaction can be
utilized to generate three-membered rings starting from
a-(tosyloxy)methyl cycloalkanones (eq 203).13% An

o OTs

2 8ml,
203
)éé THF, 1 16h )(j“"' (203)

advantage of SmI, over reductants like magnesium is
that one is not restricted to organic halides in these
reactions. As in this example, tosylates appear perfectly
well-suited to the Barbier process as well.

Syntheses of cyclobutanols by this protocol has yet
to be thoroughly explored, but in one reported attempt
the desired cyclization could not be realized. Rather,
a reductive elimination took place, generating a sa-
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marium enolate (eq 204).!3® Because of the special

nature of this highly hindered substrate, it would not

seem appropriate to extrapolate this reactivity pattern
|

to all related cyclizations.
[o] 2Smi, osm(llly o
At

Samarium diiodide can be utilized in annulation of
five- and six-membered rings via an intramolecular
Barbier process.'¥ Development of this approach to
six-membered rings in fused bicyclic systems is par-
ticularly important, because prior to this discovery there
existed no reliable and convenient method to achieve
this simple annulation process. Reactions proceed with
considerable diastereoselectivity when cyclopentanone
substrates are utilized, or when substituents are placed
at the « position of the cycloalkanone (egs 205 and 206).

[o]
28mi 0,
2 " (205)
| cat, FeCly
THF, -78°C to 1

65%

o
COE! 28ml, HO, (206)
| ——————
d\/\/ THF. -20°C, 1h COE!
5%

Unfortunately, the sense and magnitude of stereose-
lectivity achievable by employing SmI, as a reductant
with other substrates is fairly unpredictable, and must
be determined for each individual class of substrates
under specific reaction conditions.

The Sml)-mediated intramolecular Barbier procedure
has been applied to diverse systems, and in virtually
every case has been determined to be superior to other
protocols. Suginome and Yamada have applied the
technique to syntheses of exaltone and (+)-muscone (eq
207).14!  Yields employing the Sm12 protocol in the

[}
2 Smlz
(207)
THF, HMPA
94%

cyclization were appreciably better than those utilizing
Mg/HgCl, or n-butyllithium as the reductants.

In an elegant approach to polyquinenes, Cook and
Lannoye developed a bis-annulation process based upon
the Sml,-mediated cyclization process (eq 208).!42

HH
2 Smlz
THF HMPA

Remarkably, each of the carbon—carbon bond forming
reactions in this process proceeds in over 80% yield, and
in other analogous substrates they exceed 90%, pro-
viding an efficient entry to complex molecules.

Very little work has been reported on the Barbier-
type cyclization reactions utilizing conjugated enone
substrates. Preliminary studies indicate that these, too

cyclize with extraordinary efficiency, providing desired
allylic alcohols in high yields (eq 209).14% High diast-

OTMS OTMS
2 Sm|z
(209)
t THF, ﬂ. 3h

ereoselectivity is achieved in this reaction as well, and
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under the mild conditions required for cyclization the
trimethylsilyl ether protecting group remains intact.
Somewhat surprisingly, even a neopentyl halide is quite
effective in the cyclization.

The Sml,-mediated intramolecular Barbier synthesis
can be applied to the synthesis of bridged bicyclic al-
cohols as well as the fused bicyclic systems described
above.** The generality of this procedure is particularly
impressive: even highly strained bicyclo[2.1.1}hexan-
1-ols are generated in acceptable yield (eq 210). Ke-
tones possessing primary, secondary, tertiary, and
neopentyl iodides can all be utilized as precursors for
the reaction (eq 211), and again steric encumbrance
about the ketone provides little impedence to the cy-
clization process (eq 212). None of these cyclizations
can be carried out with magnesium metal or organo-
lithiums as reductants. Consequently, application of
Sml, as a reductive coupling agent to this process rep-
resents a significant synthetic advance because it rep-
resents perhaps the only general route to this class of
bridgehead bicyclic alcohols. Although this approach

[e]
Ac’" (210)

28ml,
cat. Fe(lll)
t THF,-78°C to 0°C, 2h

66%

[o] OH
2Smly

cat. Fe(lll)

THF, -78°C to 0°C, 2h
%o
0 25ml, OH
4 (212)

| cat. Fe(lll)

THF, -78°C to 0°C, 2h

74%

to bicyclo[m.n.1}alkan-1-ols is quite general, it has not
been possible to extend the method to construction of
bicyclo[m.n.2]alkan-1-ols. Furthermore, allylic halides
exhibit capricious reactivity in related reactions.
The Sm(III) ion generated after electron transfer in
Barbier-type processes can be utilized as an effective
Lewis acid template to control stereochemistry via
chelation in suitably functionalized substrates. In fact,
a number of systems have been designed with this idea
in mind. In pertinent 8-ketoamide substrates, Sm(III)
ions participate in a rigid, chelated intermediate which
serves to control stereochemistry in the cyclization
process (eq 213).145 These particular cyclization reac-

o O

HO CONMe.
2smi . 2

iPr NMo, e FPred LuH (213)

| THF, .78°C to

87%

tions are apparently under kinetic control; there is no
evidence to suggest that any equilibration takes place
under the reaction conditions, and a single diastereomer
is generated in each example. Six-membered rings can
also be constructed by this process, although yields are
somewhat lower. Approximately 30% of reaction
mixture byproducts derived from simple reduction of
the ketone to an alcohol are isolated in these cases.

Allylic halide precursors also provide exceptional
yields of cyclic products. In these instances, both five-
and six-membered rings comprising several different
substitution patterns can be accessed by the same
technology (eq 214).1% Some erosion of yield and
diastereoselectivity is noted on applying the chemistry
to synthesis of six-membered rings. However, the me-
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o o HO CONEY,

+Pr Me
P M.NElz _23.."“_2_. (214)
| THF, -78°C
91% y. 70% de

thod still provides unique access to highly functional-
ized, stereodefined carbocycles.

A number of analogous substituted 8-keto esters have
also been explored as substrates for intramolecular
Barbier cyclization.!** In the alkyl halide series, a
convenient route to hydroxycyclopentanecarboxylates
results. However, six-membered rings are inaccessible
when this procedure is utilized (eq 215). In contrast

o o 2smi, Mo, PHO
I\tééf THF, -78°C lo 1t d?% @19
100%y. 92% de —

to B-keto amide substrates, 8-keto esters provide
products which are under thermodynamic control. The
observed diastereoselectivity is apparently a result of
a retro-aldol-aldol process which serves to equilibrate
initially formed samarium aldolates. In most cases,
diastereoselectivity is actually quite good. However, it
is highly dependent on substituent and solvent effects.
In particular, use of coordinating solvents or additives
(such as tetraglyme, 18-crown-6, or N,N-dimethyl-
acetoacetamide) which serve to strip the Sm(III) ion
away from the chelating center radically diminish

diastereoselectivity observed in these reactions.
Allylic halide substrates in the 8-keto ester series
cyclize quite nicely, and convenient routes to five-, six-,
and even seven-membered rings have been described
(eq 216).1# Unfortunately, diastereoselectivities in

o o0 HO COE!

2 Sml, Me lwMe (21 6)
Me OE(
Me THF, -78°C o
[ 92%y.86%de |l

these examples again are highly dependent upon the
substitution patterns about the dicarbonyl substrate.

Because of the difficulties in synthesizing discrete
allylic and benzylic organolithiums and -magnesiums,
Barbier coupling processes employing allylic halides and
benzylic halides are often employed in lieu of the two
step (organometallic synthesis, carbonyl addition)
process. Samarium(II) iodide is particularly effective
in promoting intermolecular coupling between these
reactive halides and aldehydes, because these partners
react quickly enough to suppress the undesired side
reactions normally seen in Barbier-type processes be-
tween organic halides and aldehydes (eqs 217 and
218).57136a Unfortunately, unsymmetrical allylic halides
provide mixtures of regio- and stereoisomers in these
instances, and progargyl halides lead to both allenic and
alkynyl substituted alcohols.

HO.
CHO 25mi, @17
b
© YA nzmn
85%

)\ PhCH,B 2Sme )\(‘ (218)
+ 81 Ph
CHO o

THF, t, 3 min
8™

Even allylic phosphates can be utilized as precursors
for Barbier-type coupling processes, although the pro-
cedure is impractical for aldehydes and more easily
reducible ketones (e.g., acetophenone and benzo-
phenone) because of competitive pinocol formation (eq
219).14¢ Generation of regio- and stereoisomeric hom-
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oallylic alcohols from unsymmetrical precursors again
detracts somewhat from the value of the method.

: 28mi,
PCeH1sCOICHs + \f\,OP(O)(OrPr)z

THF. 1, 1h
93%
(219)

HO_ Me HO Me
»C‘H,,X/Y + »C.H;,)$(\

64 . 36

Allylsamarium species generated by the Pd(0)-cata-
lyzed reductive transmetalation of allylic acetates pro-
vide another facile route to homoallylic alcohols via
coupling with aldehydes and ketones (eq 220).14" In
most cases, carbon—carbon bond formation occurs at the
least substituted terminus of the allylic unit, in accord
with the allylcerium chemistry described above. A wide
range of aldehydes and ketones can be utilized in the
reaction, and one cyclization process has been reported
(eq 221). Aromatic and «,8-unsaturated substrates

Ph/\/\OAc .

THF, 0°C, 2.5h
75%

M 2 Smlz
x _— (221)
° OAc T:Fa.t 'GZ?Q )3h OH

62%
cannot be used owing to competitive pinacolic coupling
reactions.

Progargylic acetates undergo an analogous reaction
with ketones.!®® Aldehydes can only be utilized with
highly reactive propargylic acetates because of compe-
titive pinacolic coupling. Primary propargylic acetates
produce mixtures of allenic and homopropargylic alco-
hols, whereas most secondary and all tertisry propar-
gylic carboxylates provide exclusively the allenic alco-
hols (eq 222).

28mly OH
O 4+ HCaCCH(OAC)CHg
cat. Pd(0)
THF, i, 6h

7% (222)

A number of modified Barbier-type reactions have
been developed which further expand the scope of these
Sml, promoted processes. For example, a convenient
hydroxymethylation process has been developed based
on the Sml,-mediated Barbier-type reaction.!4®
Treatment of aldehydes or ketones with benzyl chlo-
romethyl ether in the presence of Sml, provides alk-
oxymethylated products. Subsequent reductive cleav-
age of the benzyl ether affords hydroxymethylated
products (eq 223). Even ketones with a high propensity
for enolization are alkylated by this process in reason-
able yields. The method has been utilized by White and
Somers as a key step in the synthesis of (+)-desoxys-
temodinone (eq 224).8%8 This particular substrate re-
sisted carbonyl addition by many other nucleophilic
reagents (such as methyllithium), with enolate forma-
tion constituting the primary mode of reaction.

2Smip )
/lok/\)ol\ t O )k/&/o Ph
THF, 0°C, 5h ~~
56%

(223)

Halomethylation of aldehydes and ketones is difficult
to achieve by utilizing a-halo organolithium species

25ml, HO. 2 Ph ‘
—_— . (220)
cat. Pd(0)
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N
,l 2 Smly
o0 + CICHOCHPh ———————
THF, rt, 20h
92%

because of the extreme thermal instability of these
organometallics. Either Sml, or samarium metal can
be utilized as the reductant in conjunction with di-
iodomethane to accomplish an alternative iodo-
methylation process.®®15%0 A wide range of aldehydes
and ketones are efficiently alkylated at room temper-
ature under these conditions (eq 225). Even enolizable
substrates (such as S-tetralone) react reasonably well,
providing moderate yields of iodohydrin. Conjugated
aldehydes and ketones react to provide only 1,2-addi-
tion products, although yields are somewhat modest (eq
226). Excellent diastereoselectivity is achieved in re-
actions with both cyclic and acylic ketones (eqs 227 and
228), and the method is tolerant of other functional
groups such as esters.

OH
“—OQCH,Ph

(224)

THF HO.

)
+ 3CHl + 25M — I (225)
D 0°C
62%

o] THF HO, |

+ 6CHzlz + 45m —mm0m — (226)
0°C
55%

[o] OH -
2Sml; !
\ Chjp —oom2 [ ) e
THF, rt, 4 min O‘
oo 87% oo

/L Smlz, CHalp J\/\
————
Ph” “CHO n, 3 min P : (228)

91%y, 85% de OH

A one-pot carbonyl methylenation reaction has been
developed based upon this iodomethylenation reac-
tion.® Treatment of an (iodomethyl)samarium alkoxide
(generated in situ by reaction of aldehydes or ketones
methylamino)ethanol (DMAE) induces a reductive
elimination process, resulting in generation of the cor-
responding methylenated material (eq 229).

1. CHalz, Smly

CriHz3CHO C(H23CH=CH, (229)

2. Smiy, DMAE, HMPA
. <10 min
73%

Lanthanide mediated coupling reactions performed
under Barbier-type conditions are tolerant of ester
functional groups. Useful procedures for lactone syn-
thesis have been developed making use of this fact. For
example, treatment of y-bromobutyrates or §-bromo-
valerates with Sml, in THF/HMPA in the presence of
aldehydes or ketones results in generation of lactones
(eq 230).1%> This procedure provides a convenient

2 Smilp 0.2°
O_cuo + BCHa(CH)hCOR M (230)
THF, HMPA, rt, 1 min In

53-88%
n=123

means to generate y-carbanionic ester equivalents and
s-carbanionic ester equivalents.

A comparable route to butyrolactones derives from

reaction of lanthanide metals with 8-bromopropionates

in the presence of ketones (eq 231).1! Lanthanum,
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samarium, neodymium, and cerium metals all promote
this coupling, although the latter is generally utilized.
This protocol is limited to ketone substrates because
aldehydes undergo preferential pinacol formation under
the reaction conditions.

Z Ce 0
PN+ ercHcHcoE (231)
o THF. nt, 2h
0%

o}

Samarium acyl anions react with aldehydes or ke-
tones, providing a rapid synthesis of a-hydroxy ketones.
The procedure may either be carried out under Bar-
bier-type conditions (eq 232),52 or via generation of
discrete acylsamariums. The latter are generated either
by reaction of SmI, or Cp,Sm with acyl halides,!5? or
by carbonylation of Cp,SmR species.!®® Intramolecular

2 Smi, HO, 2
- dk"‘%“n (232)
THF. nt
82%

versions of this Barbier-type reaction have been per-
formed, although the scope of the process is somewhat
limited because of the difficulty of obtaining suitable
substrates for the reaction (eq 233).15¢

o, 28mi; wo 9
LA e
¢l THF,-78°C
82%

Acyl anion coupling/reduction sequences can be ac-
complished when an excess of Sml, is utilized for the
initial Barbier process.}® Under the conditions of the
reaction, an a-alkoxy ketone is presumably generated
first, and this is then reduced by Sml, to an a-keto
radical. The latter abstracts a hydrogen from THF to
complete the process (eq 234). No deuterium is in-
corporated when these reactions are quenched with
D,0, indicating that enolates are apparently not in-
volved.

5 Sml, [o]
nCeH7COXC!  + O=o _— (234)
THF, 1, 5h n-CyHyy

62%

CsH:CIOXCI +

Certain acyl radicals generated by Sml, reduction of
carboxylic acid halides rapidly decarbonylate before
transfer of a second electron, thereby providing a sta-
bilized radical instead of an acylsamarium species.
a-Alkoxyacetyl chlorides are among these classes of
substrates. Kagan and co-workers have developed this
observation into procedures for alkoxyalkylation of
ketones.!®® Thus, treatment of ketones with a-(ben-
zyloxy)acetyl chloride in the presence of SmlI, provides
corresponding (benzyloxy)methyl-substituted alcohols
in modest to good yields (eq 235). The procedure
provides an alternative to the alkoxy methylation re-
actions described above, in which a-chloromethyl ethers
were required as (benzyloxy)methyl anion equivalents.

[}

Smi
: + PhCHOCH:C(OCI 2
THF. 1, 10 min
880" " 80%
OH
}\f:\:"\o’\m
880" (235)

Another efficient sequential process promoted by an
initial Sml,-mediated Barbier reaction is a reductive
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coupling/Oppenauer oxidation.* Although only a sin-
gle example of this one-pot synthesis of ketones has
been reported (eq 236), the concept appears useful
enough to merit further consideration.

25ml, osml, t+-BuCHO
nCHsCHO + PRCHBr i Py -— -
#CH(s” “CHPh
[e]
+ t+BUCH,0H (236)

~CH ls)LCHzPh
74%

A new method for masked formylation of aldehydes
and ketones has been developed which relies upon a
rather complex series of reactions. Aryl halides do not
undergo Barbier-type coupling reactions with ketones
in the presence of Sml,. Instead, aryl radicals generated
abstract a hydrogen from THF, and THF adducts of
the carbonyl compounds are observed.”® An adaptation
of this process (replacing THF with 1,3-dioxolane) has
been utilized to perform the aforementioned formyla-
tion. Thus, when aldehydes or ketones are treated with
iodobenzene in 1,3-dioxolane as solvent, the initially
formed phenyl radical abstracts a hydrogen from di-
oxolane. The resulting dioxolanyl radical can couple
with the carbonyl, generating the desired carbonyl ad-
dition product (eq 237).15” Yields in these processes
range from 73-77% for five different substrates. The
reaction is limited because the dioxolane must be uti-
lized as solvent for the reaction. Consequently, more
highly functionalized (i.e., less readily accessible) di-
oxolane substrates would not be suitable partners in
analogous reactions.

OH

cHO 6 equiv Smlz
O’ v 4y — o (237)
~7 Phl 5 min J
73% o

3. Aldol and Reformatsky Reactions

Lanthanides play a key role in several different aldol
and Reformatsky-type protocols. In one of the earliest
reported methods, cerium enolates derived from lithium
enolates and CeCl; were found to undergo aldol con-
densations with sterically encumbered aldehydes and
even ketones (eqs 238 and 239).1%8 Presumably, re-

Cn,Ceo HO ©
CHO
e OO0
9Wy86%d9

(238)
Q OCeCl, THF
+ —
ij ~Ae, -78°C
7%

HO, Ph
5\( (239)
o]

tro-aldol and cross-enolization processes are inhibited
in these reactions owing to formation of a tightly che-
lated cerium aldolate intermediate. Stereoselectivity
in the cerium enolate aldol reactions was nearly iden-
tical to that of the corresponding lithium enolates, im-
plying that transmetalation occurred with retention of
enolate geometry, and that the aldol reaction itself
proceeded through the familiar six-membered ring
transition state.

Ester enolates also appear to benefit by incorporation
of a cerium counterion in aldol-type reactions. Ketone
electrophiles incapable of undergoing aldol reactions
with lithium ester enolates produce the desired products
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in nearly quantitative yields when a cerium enolate is
employed (eq 240).15°

MOMO O MOMO OH O

THF
Cﬁ‘\ _— orBu  (240)
-78°C
‘OMOM 93% OMOM

Lanthanide complexes can serve as Lewis acids to
promote the reaction of silyl enol ethers with alde-
hydes.!®® Various lanthanide chlorides provide inex-
pensive and convenient catalysts for the reaction, but
long reaction times are required and diastereoselectivity
has not been examined in these cases. Mixtures of aldol
and silylated aldol are generally isolated from the re-
action mixtures (eq 241).

OMe 10% SmClg

PRCHO + ———
\f‘\m‘s CH,Clp. 1, 12h

™SO © H o
Ph)><l0m * Pn")(lom (241)

66% 28%

LICHCO,t-Bu, CeCly  +

Methods involving reductive coupling dominate aldol
and Reformatsky-type reactions promoted by lanthan-
ide reagents. For example, cerium enolates derived
from a-halo ketones can be trapped by a variety of
aldehyde electrophiles.!®! Resulting products are either
a,B-unsaturated ketones or S-hydroxy ketones, de-
pending on the nature of the salts utilized. Cerium
triiodide provides unsaturated enones directly in high
yields (eq 242). Similar procedures leading to unsatu-
rated carbonyl products can be carried out with SmlI,
as the reductant.!> Treatment of an isolated 8-hy-

o) Cely o

Mo + ProHo A, (242)

THF. 1, 1h
80%
droxy ketone with Cel; also provides a,8-unsaturated
ketones in quantitative yield. This suggests that elim-
ination of the cerium aldolate occurs in the presence of
a Ce(ITI) Lewis acid. Ketones are unreactive as enolate

electrophiles in these processes.

The combination of CeCl;—Nal in conjunction with
a-halo carbonyl substrates and carbonyl electrophiles
provides aldol products upon aqueous workup, with
little or no elimination to unsaturated ketones (eq
243).1681  Reactions are regioselective; i.e., no aldol

o Cels, Nal 0O OH

+ PhCHO ————————— (243)
Ao THF. 1. 1-2h MPI‘\
85%

products resulting from retro-aldol or cross-enolization
processes are detected. Only low levels of stereochem-
ical control is achieved in those instances where dia-
stereomers are possible. Ketone electrophiles provide
low yields of desired aldol products (30-50%), and
treatment of ethyl bromoacetate and benzaldehyde with
CeCl;-Nal provides no Reformatsky-type coupled
product.

Crossed aldol condensations utilizing lanthanide salts
(LnCly) in conjunction with SnCl, as a reductive cou-
pling agent provide yet another level of selective re-
activity.!8! Improved diastereoselectivity is observed
over previously mentioned methods (eq 244), and a
chemoselective aldol condensation to 6-oxoheptanal is
readily achieved by utilizing a-bromo ketone precursors
(eq 245). Again, Reformatsky-type reactions cannot be
carried out utilizing this combination of reagents, and
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a-chloro ketones are also unreactive as cerium enolate
precursors under these conditions. A cerium enolate

[e] O OH

LaCly. SnCl;
B 4 PhCHO ————— Ph (244)
THF. t, 2h

98% y, 66% de

] CeCl, SnCl,

————

o
B +
L cHO  THR.n

O OH

phJ\)WY (245)

o

is implicated by these results because SnCl, alone af-
fords none of the coupled products, and reaction of
2-bromocyclohexanone with benzaldehyde in the pres-
ence of low-valent tin (SnCl, ! LiAlH,) affords erythro
aldol product in low yields.163

Reaction of a-halo esters with ketones or aldehydes
in the presence of cerium metal or cerium amalgam
generally proceeds at low temperatures, providing good
to excellent yields of 8-hydroxy esters (eq 246).121b
Halides, nitriles, esters, and nitro groups are tolerated
within the ketone or aldehyde electrophiles. Diaster-
eoselectivities in intermolecular Reformatsky-type re-
actions promoted by cerium are poor. In pertinent
examples examined, the ratio of erythro:threo diaste-

reomers is no greater than 57:43.
Ho COLE!
5

[o]

) :

+ ICH,CO.Et
THF, 0°C, 1h

75%
Reformatsky-type coupling reactions can be carried
out between a-halo esters and ketone electrophiles when
mediated by SmlI, (eq 247).""7 Although a systematic

o]
28mi
é N G ?ﬁ‘w@ (247)
Br THF
90%

survey has not been conducted, this reaction appears
to provide another useful alternative to normal Zn-
promoted Reformatsky reactions. The latter often
perform well only when an activated form of Zn is
utilized, and thus the homogeneous conditions afforded
by Sml, may provide some advantages.

The procedure has been adapted to construction of
medium- and large-ring molecules through an intra-
molecular process.!®¢ Both a-halo esters and a-halo
ketones can be utilized as substrates for the reaction,
and eight- through fourteen-membered ring compounds
can be synthesized in this fashion in reasonable yields
(egs 248 and 249). Diastereoselectivities in these
Sml,-mediated cyclizations is quite variable.

(248)

1. Smly, THF, 0°C )
- o (249)
2. AcCl. DMAP

|
O\I(\ Br 60% \
o]

Reductive cyclizations of 3-bromoacetoxy aldehydes
and $-bromoacetoxy ketones promoted by SmlI, afford
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B-hydroxy valerolactones with unprecedented degrees
of 1,3-asymmetric induction (eq 250).1¢5 High 1,2-
asymmetric induction is achieved only in substrates
possessing a relatively large group on the ketone (eq
251). Reactions of Sml, with 8-bromoacetoxy carbonyl
substrates are proposed to generate a Sm(III) ester
enolate, with cyclization taking place through a rigid
cyclic transition structure enforced by chelation (eq
250).

Br\)ci\ 28mip

0 O _—

THF. -78°C
»-F'r)\)L Me

°
nPr. S Mo
Y — o L. @0
H Hsman s 3

70% y, >99% de

0 o
Br. 28ml;
o o 9" o (251)
THF, -78°C
66% y, >99% de i

In contrast to other reported methods of 1,3-asym-
metric induction, the Sml,-mediated intramolecular
Reformatsky procedure permits strict control of stere-
ochemistry even in diastereomeric pairs of substrates
bearing « substituents (eqs 252 and 253).16> Although

[o] [o]
25ml
B'\)Lo 0 me o: j'OH (252)
THF, .78°C
nPr Y Et 86% y. >99% de nPr H Et
K i
Br 28mly
0 0 o 253
THF, -78°C P > 253
nPr Et 65% y, 86% de nPr Et

diastereoselectivity is somewhat lower for syn diaste-
reomeric substrates, where one substituent must be
axially disposed in the proposed transition structure
leading to product, 1,3-asymmetric induction is still
predominant, overwhelming the effect of a stereocenter
« to the carbonyl to an impressive degree. Diastereo-
selectivity further erodes in syn diastereomeric sub-
strates as substituents become more and more highly
hindered, to the point where the sense of asymmetric
induction is opposite to that predicted by the simple
six-membered transition structure above (eq 254). For
such substrates, reactions presumably transpire through
alternative transition structures.
[o]

o
Br. 2 Smiy
\)LO ] o +BU (254)
Ph/kﬁkm THE. 0 o oH

Perhaps most impressive is the induction of 1,3-
asymmetry from a tertiary stereocenter (eq 255).166
Consideration of the chelated six-membered transition
structure implies that the phenyl group in this example
occupies the axial orientation. This orientation is ex-
pected on the basis of conformational analyses of 1-
methyl-1-phenylcyclohexane derivatives.

Q 0
25mi

B 2

Ao o —_— _ o0 (255)

AN THF, -78°C Ph O

PR e 75% y, >93% de Me Mo

High levels of 1,2-asymmetric induction are also
achieved in intramolecular Reformatsky-type reactions
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forming seven-membered lactones (eqs 256 and 257).167
However, 1,3-asymmetric induction for appropriate
substrates is low (about 3:1) and 1,4-asymmetric in-
duction is virtually nonexistent.

0
LN N 25mi 0" (256)
———
th THF, -78°C oH
5% "

[o] [e]
Br
\)Lo 2 8Sml; u o Me (257)
THF, .78°C
o 68%y, >93% de oH

Finally, lanthanide ion assisted electrochemical aldol
reactions between a-halo ketones and aldehyde elec-
trophiles have been outlined.!®® The LaBr; employed
in these reactions serves to activate the aldehyde by
forming a Lewis acid-Lewis base complex. This com-
plex suffers nucleophilic attack by a free lithio enolate,
forming the aldolate product. Unfortunately, although
the process is kinetically selective for the erythro dia-
stereomer, the reaction is reversible and thus an equi-
librium mixture of aldols is eventually isolated (eq 258).

2e’

2 CHO I ?H
,,h)kre. ¢ Y — (258)

LaBrg, LICIO4
THF
84%y, 30% de

C. Addition to Carbon-Nitrogen Multiply Bonded
Functional Groups

Organocerium reagents provide a useful alternative
to organolithiums and organomagnesiums in nucleo-
philic addition reactions to carbon—nitrogen multiply
bonded electrophiles. As one example, addition of or-
ganoceriums to phenylacetonitrile provides enhanced
yields of desired ketones by minimizing the amount of
metalation normally observed with analogous organo-
magnesium reagents.?'¢ Absolute yields are still mod-
est, however (eq 259).

s ] R 1 259
PhCHCN n-BuMgBr, CeCly " ph\)l\”-eu (259)
28%

Acyl amines react with organocerium reagents to
furnish a,a-disubstituted amino acid bisamides in good
yields.1® Although this procedure has not been gen-
eralized for organocerium reagents, it appears to be
highly competitive with those employing organo-
lithiums, organomagnesiums, or organocuprates (eq
260).

+ rBuli,CeCly  =mm——t= v (260)
uLi, Ce
/lL NHOMe t 3 75% )L. NHOMe

Organocerium reagents have found more extensive
use in diastereoselective addition to chiral imines and
related derivatives. For example, Denmark and co-
workers have reported a general synthesis of chiral,
nonracemic amines utilizing addition of organoceriums
to chiral hydrazones as a key step.'™ Good yields and
high diastereoselectivities are achieved in these addition
reactions (eq 261) which failed when other organo-
metallics (e.g., RLi, RMgX, or R,CuLi) were utilized.
Competitive enolization was a major problem with these
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other nucleophilic reagents. Subsequent conversions

Mo~ MO~o
1 THF CIcoMe 7
NO + “MeCeCly® MeO,C., .NO (261)
N° .78°C n N
Ph/\)LH ph/\/k; Me

78% y, 96% de

lead to the desired amines. A variety of organoceriums
(alkyl, alkenyl, and aryl) ultimately derived from both
organomagnesium and organolithium reagents are
suitable for the reaction. Of the nucleophiles examined,
only an alkynyllithium-derived reagent failed to add to
the hydrazone. Precomplexation of one of the hydra-
zones with CeCl; followed by addition of MeLi resulted
in poor yields (28%) of the desired product, suggesting
involvement of organoceriums.

Another potentially useful route to chiral amines
employs chiral a-aldoxime ether acetals as electrophilic
substrates for organocerium nucleophiles.!™ The or-
ganocerium reagents display higher reactivity and ste-
reoselectivity than that of corresponding Grignard and
organolithium reagents. Starting materials were re-
covered in the latter cases. The sense of asymmetric
induction observed when organoceriums were utilized
was explained on the basis of a chelation model (eq
262). The magnitude of asymmetric induction was
generally higher for organoceriums derived from Grig-
nard reagents than from organolithiums, although on
the basis of the data presented solvent effects could not
be excluded.

MeO M MeO —OMe
THF \
O, O + PN MgBr/CeCly ——e e O O (262)
Ph>ﬂ| -23°C phX/\/\
N 67%y. 90% de fmoBn
*OBn

Chelation controlled addition of an organocerium
reagent to an imine constituted the critical step in the
synthesis of cyclohexylnorstatine, the key component
of a promising renin inhibitor (eq 268).12 Curiously,
cyclohexylmagnesium bromide did not add at all to the
imine, and cyclohexylmethylcopper(I) in the presence
of BF;-Et,0 provided the opposite diastereomer as the
sole product of the reaction.

Et,0. THF

H OBn
H
Bs / CoCl
BnN JYEQ + O/\ Mo 5 e
°7L -30°Cton, 12h

75%

0Bn
H H (263)
BHN 0
°

A stereoselective synthesis of vicinal diamines derives
from chelation controlled addition of organoceriums to
a-dibenzylamino-N-benzyl aldimines.!” The latter are
readily derived from amino acids, and thus the process
provides a convenient entry to chiral, nonracemic ma-
terials. As in previous examples, organocerium reagents
provide demonstrable advantages over more traditional
organolithiums, organomagnesiums, and organo-
cuprates, all of which failed to provide desired products
in adequate yields and/or diastereoselectivities (eq 264).

BnsN  NBn THF BnsN  NHBn
P}—( + n-Buli, CeCly H (264)
P H -78°C to rt P nBu

80%y, 78% de
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Processes based upon the Sml, promoted coupling
reactions of isonitriles with organic halides provide
unique new synthons for selective organic synthesis.1’
For example, treatment of benzyl chloromethyl ether
with 2,6-dimethylphenyl isocyanide in the presence of
Sml, leads to generation of an intermediate imino-
samarium (III) species, which can be trapped by aldeh-
yde and ketone electrophiles to provide «,o’-dialkoxy
carbonyl derivatives (eq 265).174 Diastereoselectivity

Sml,
BnOCH Gl + NZIC ———
THF, HMPA
-15°C, 3h
&2

O,
QB o
N 9 o (265)
810 2. Ac,0, pyr, DMAP NN
Sml, 3. HyO* H
- e OAc

in the example shown was 10:1. Conjugated ketones
undergo strict 1,2-carbonyl addition, and even readily
enolizable ketones such as S-tetralone undergo reaction
without significant competition from enolization. The
organosamarium intermediate constitutes a novel a-
hydroxyacetyl anion equivalent.

The method has been extended to include double
isocyanide insertion, generating intermediate imino-
samariums which can be capped by electrophilic
quenching to provide a variety of useful diimines. The
latter can be subsequently hydrolyzed to vicinal di-
carbonyl compounds. Water, aldehydes, ketones, esters,
and carbonates are all suitable electrophiles for the
intermediate iminosamarium nucleophiles (eqs 266 and
267) 1140

Xy
3 Sml, cyclohexanone ),;:’)O
nBuBr + 2 NEC nBu
THF, HMPA 0°C. 12h

N

-15°C, 10h "Xy
7%
(266)
Xy
smiy CHsCO4El oo
EtBr + 2 NEC E()kn)]‘m (267)
THF, HMPA N
-15°C, 10h Xy

83%

D. Nucleophllic Acyl Substitutions

Most organolanthanide reagents mimic organo-
lithiums and organomagnesiums in their reactivity to-
ward carboxylic acid halides, esters, and amides. There
are a few exceptions, of course, and also some selectivity
patterns warranting utilization of lanthanide reagents
over their more common counterparts. One such ex-
ample is nucleophilic acyl substitution of enolizable
esters and amides. These substrates suffer competitive
Claisen condensations and other side reactions when
treated with Grignard reagents. Less basic organo-
ceriums allow reasonable yields of desired tertiary al-
cohols from esters (even in highly hindered systems),
and ketones from amides (eqs 268 and 269).1%!

PhCH,COMe + 2 iPrMgCl, CeCly —-Ti— PhCHC(OH)(i-Pr), (268)
o

PhCH,C(O)NMez2 + n-BuMgBr, CeCly —-Ti PhCH,C(O)Bu (269)
g;sﬂ
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Cerium trichloride has been utilized in one instance
to moderate the reactivity of organolithium reagents,
permitting chemoselective generation of ketones (eq
270).1% There is no clear indication as to whether this
might be a general reactivity pattern of organoceriums,

o, Li/CeCl N

° THF 0
Ko &‘2—/ 78°C, 2h 4 " 7o)
Ph Ct , -78°C,
M CONGPr) 50% Me’ GO
o 1. *BuCeCly", -80°C, 1h HO_Bu °

— 271
é euJ\/\/\ou @7

(o]
2. H30*

70%

Selective reactions of organoceriums with lactones,
providing the corresponding hydroxy ketones, can be
achieved at low temperatures (eq 271).17 Cohen and
co-workers have utilized this fact to develop a simple
one-pot synthesis of spiroketals and oxaspirolactones
based upon addition of v- and é-cerioalkoxides to lac-
tones and cyclic anhydrides, respectively (eqs 272 and
273). Lithium reagents required for these transforma-
tions are prepared by reductive cleavage of oxetanes
with lithium p,p*-di-tert-butylbiphenylide (LDBB), or
by treatment of 4-(phenylthio)butanol with the same
reductant. Conversions to cerium reagents are accom-
plished by addition of CeCls.

1. LDBB, THF, 0°C, 1h

mo 2. CeClg

[ cn,t:o/><\oc.cn, ] )Ex'l (272)
2. Hz0* 0 07 g
72%
[o]
@i

1. BuLi, THF, -78°C 1 o
PRs T NNOH (273)

2. LOBB 2. HO* o

3. CeCly, -78°C

70%

Cerium reagents provide a convenient route to
functionalized allylsilanes via nucleophilic acyl sub-
stitution reactions. Thus the reagent derived from
[(trimethylsilyl)methyl}magnesium chloride and CeCl;
allows clean conversion of esters to tertiary alcohols,
with subsequent elimination providing the desired al-
lylsilanes (eq 274).!”7 Functionalized esters provide
entry to allylsilanes incorporating acetals, thioacetals,
and halides difficult to prepare by other methods, and
lactones lead to generation of hydroxy silanes (eq 275).

1. THF, Et,0, -70°C to rt

o
+ 2 MesSICHMQCI, CeCly
enr e, 2. silica gel, CHoClp. 2:3h

Ph/\)j\,sm, (274)

93%

o 1. THF, Et;0, -70°C to rt
oi + 2 Me3SICH,MgC!, CeClg
n

2. silica gel, CHaCly, 2-3h

HOW SiMe, (275)

nm 1, 74%
n=2, 62%

Curiously, reagents derived from [(trimethylsilyl)-
methyl]lithium and CeCl; show different properties in
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this process.!”’217® Thus, although organolithium-de-
rived reagents react poorly with esters (with unreacted
starting material remaining), they provide excellent
overall yields in reactions with carboxylic acid chloride
substrates (eq 276). This demonstrates the dramatic

O 1. 2 MesSiCHyLi, CeCls, THF, -78°C, 1h
™S (276)
Cﬁ"‘uk

GHe™ " 5 TMsCl, 0°C. 1h
87%

differences sometimes encountered in reactivity of or-
ganoceriums prepared from organomagnesium reagents
on the one hand, and organolithium reagents on the
other.

Alkyl- and aryllanthanum triflates [RLa(OTf),} react
with tertiary amides to provide corresponding alkyl or
aryl ketones in excellent yields (eq 277).12241® Tt was
not possible to add a single equivalent of these reagents
cleanly to esters or carboxylic acid halides. In many

Et,0
-78°C to n, 30 min
80%

MeLa(OTl); + PhC{OIN(-Pr);

2 @77
Ph JLM

instances the procedure involving amides was found
superior to those of more traditional methods utilizing
organolithium reagents alone. Yields are generally
higher with organolanthanum reagents, there is no
metal-halogen exchange evident in reactions involving
halogenated amides, and there is little if any enolization
in amides prone to this side reaction. Highly hindered
amides do not react, but otherwise the procedure is
quite general. Ketones react much more rapidly with
organolanthanum reagents than do corresponding am-
ides in direct competition experiments. The success of
the process is thus ascribed to the slow breakdown of
an initially formed tetrahedral intermediate to the
corresponding ketone.

Esters are normally unreactive under Barbier-type
reaction conditions promoted by Sml,. However, highly
selective intramolecular nucleophilic acyl substitutions
are accomplished under mild conditions when appro-
priately substituted halo esters are treated with SmI,
(eqs 278-280).1% Although it is perhaps not surprising
that double addition to the carbonyl does not take place
in such reactions, the complete absence of reduced (diol)
products is somewhat unexpected.

e 2sml, o
, 0 ————mm o (278)
cat. Fe(lll), THF H
91%

[o}

2 8Sml, OH 279)
0 ————
é\/\/l cat. Fe(lll), THF
79%
0,
CO,Me ot 28mi; (280)
THF. nt, 3h

68%

E. Reductive Coupling Reactions
1. Pinacollc Coupling and Related Reactlons

A number of protocols employing lanthanide reagents
have been utilized to effect pinacolic coupling reactions.
Synthesis of pinacols from ketone or aldehyde precur-
sors utilizing cerium reagents are best accomplished by
employing what are postulated as low-valent cerium
salts.!8! Treatment of cerium metal with iodine, di-
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iodoethane, or iodobenzene, followed by addition of
carbonyl substrate provides one entry to pinacol prod-
ucts. Alternatively, a reagent generated by reduction
of Cel; with potassium can be utilized as a reductant
for the pinacolic coupling. Neither cerium metal itself
nor Cel; provide more than a trace of coupled product.
A divalent cerium species has been implicated as the
active species in the aforementioned protocols, although
there is little direct evidence to establish this. Utilizing
the Ce-1, procedure, a variety of aldehydes and ketones
have been reductively coupled, providing the desired
1,2-diols (eq 281). Esters, nitriles, and alkenyl halides

o Celz HO OH
— (281)
THF

are all tolerated under the reaction conditions, and
ketones as well as aromatic aldehydes provide excellent
yields of coupled products. Only two exceptions to this
general reactivity pattern have been noted thus far.
Benzophenone is unreactive under the conditions uti-
lized, and cyclododecanone provides a 70% yield of

cyclododecanol rather than pinacolic coupling.
Pinacolic coupling reactions are also accomplished
with considerable efficiency by Sml,. Treatment of
aldehydes or ketones with Sml, in the presence of a
proton source such as methanol results in selective re-
duction to corresponding alcohols, and formation of
pinacols is negligible. However, in the absence of a
proton source, both aldehydes and ketones are cleanly
coupled in the presence of Sml, to generate pinacols (eq
282).182  Yields are excellent in nearly every case, and

28mly HO>§< o
—_— L (5] 282
THE. m 2an "o <o, (282)
80%

the method thus competes effectively with other es-
tablished procedures for this process. Unfortunately,
roughly equimolar ratios of threo and erythro isomers
are generated in these reactions. Aromatic aldehydes
and aromatic ketones couple within a few seconds at
room temperature in THF. Aliphatic aldehydes require
a few hours under these conditions, and a day is needed
for complete reaction of aliphatic ketones. Amines,
nitriles, and nitro groups are tolerated under these
conditions. Surprisingly, carboxylic acids can also be
incorporated into substrates with little attenuation in
yields of pinacolic products. It is not clear why com-
petitive reduction to alcohols is not observed in this
instance, because a proton source is obviously provided
by the acid under the reaction conditions.

Samarium(III)-catalyzed electrochemical dimeriza-
tions of aldehydes and ketones have been reported, and
these provide an economical entry to symmetrical pi-
nacols.!® Sacrificial aluminum or magnesium electrodes
are employed in the electrolyses, which are carried out
in N,N-dimethylformamide (DMF) or N-methyl-
pyrrolidone (NMP). The SmCl; utilized is essential for
conversion: in the absence of this catalyst monomeric
alcohols and aldol products are generated. In the cat-
alytic cycle SmCl; is postulated to be electrochemically
reduced to a Sm(II) species, which serves as the active
electron transfer agent. In general, aromatic aldehydes
and ketones perform better in these reactions than their
aliphatic counterparts, and both intermolecular and
intramolecular pinacolizations can be carried out em-
ploying this procedure (eq 283).

nCeH 3C(O)CH;
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[e] HO OHPh
Ph
A U (283)

0 cat. SmCly
NMP, it
90%

Considerable stereochemical control is achieved in
intramolecular pinacolization reactions promoted by
Sml, Hanessian and co-workers have studied cycliza-
tion of a variety of 1,5- and 1,6- dlaldehydes, providing
near exclusive formation of the cis diols.!® Hetero-
substituents « to the carbonyls do not interfere with the
coupling process, indicating that reductive dimerization
is much more rapid than reductive cleavage of these
substituents. Furthermore, polar substituents « to the
carbonyls end up anti to the diol stereocenters in the
final product, providing a stereocontrol element as well
(eqs 284 and 285).

COMe
2Smi,
fbm OH (284)
THF,-78°Ctof, 2h  TBSO Me
TBSO™ N cHo 81%y, 92% de OH
0
o]
‘ o 25ml, 0
(285)
oHC THF,.78°Cton, 2h  HO “OTBS
OHC™ "OTBS 82% . 64% de OH

In suitably functionalized systems, excellent yields
and diastereoselectivities over three contiguous stereo-
centers are achieved in intramolecular pinacolic cou-
pling reactions promoted by Sml, (eqs 286 and 287).18

_esma e,
o (286)
oHE THF, MeOH 78 Me "'1°f
2mi o M'c:o,m.
2 Prose, !
iPr Oy~ \ (287)
oHe. JMe THF. MgOH, .78°C  HO
73% y., 94% de H

Both five- and six-membered rings can be generated by
this process, but substantially lower yields and diast-
ereoselectivities are observed for the latter. Yields
obtained for 8-keto amide substrates are also somewhat
lower than those observed in the 8-keto ester series,
although a chiral, nonracemic oxazolidinone has been
employed with great success, permitting entry to highly
functionalized, enantiomerically pure dihydroxycyclo-
pentanecarboxylate derivatives (eq 288).

2Smil O HO
)L M 2 /u\é‘oﬂ (288)

\,cno T, rBuoH rBuOH
+Pr

Pinacolic cross-coupling reactions are exceedingly
difficult to achieve, and the only systems for which this
is known to be effectively promoted by lanthanide
reagents is in the case of diaryl ketone/carbonyl cou-
pling reactions. Thus, ytterbium diaryl ketone dianions,
generated by reaction of ytterbium metal with diaryl
ketones, are effectively coupled with aldehydes and
ketones to afford vicinal diols in very good yields (eq
289) 119a,b,186

MeCHO Phy O
PACOOPh + YD — e - Phxrm (289)
OH

THF, i, 15 min
82%

Procedures related to pinacolic coupling reactions are
also promoted by lanthanide-based reductive coupling
reagents. One such example is a ketone—nitrile reduc-
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tive coupling process. This process permits construction

of highly functionalized carbocycles with substantial

control of stereochemistry,!®® although yields are

somewhat diminished because of the reluctance of ni-

triles to undergo radical addition reactions (eq 290).
o o 2 Smi, HO COE

Me OEt ”‘iﬁ“* (290)
NC Me o

Vicinal diamines are synthesized by a procedure
analogous to the pinacolic coupling reaction in which
aldimines are reductively coupled with Sml, (eq 291).18"
The coupling is not highly diastereoselective and has
not been applied to imines derived from ketones.
Cross-coupling of diaryl imines with ketones is also
possible by utilizing this protocol, although the scope
of this process has not been extensively explored.!87?

.B

N Smi, BrHN
—_— (291)
s -

2. Ketone—Olefin Coupling

THF, BuOH
45%

Ketyls derived from reduction of aldehydes or ke-
tones with Sml, can be coupled to alkenes and alkynes
in what amounts to radical addition reactions. Both
intermolecular and intramolecular versions of this re-
action have been described. In terms of intermolecular
reactions, the ketone—olefin coupling process is appar-
ently restricted to activated alkenes. Thus conjugated
esters react with aldehydes and ketones in the presence
of Sml,, affording reasonable yields of butyrolactones
(eq 292).128 These reactions are best performed in the
presence of HMPA, which dramatically enhances re-
activity (and yields), permitting reactions to run to
completion in minutes as opposed to 3—6 h without this
additive. Mixtures of diastereomers are generated in

Oz

vL o, (292)
é CO Me THF HMPA. 0°C. 1 min

nearly all of the examples studied. Conjugated nitriles
do not fare as well as their ester counterparts in these
reactions. Yields of only 17-20% were reported for
these substrates.!®® In terms of the ketyl precursor,
both aliphatic and aromatic ketones and aldehydes can
be utilized,!®® and even formaldehyde is effective to
some degree.1%8b

Other conjugated olefins (e.g., styrene, 2,3-di-
methylbutadiene), vinylsilanes, vinyl acetates, and al-
lylic acetates serve as efficient ketyl acceptors in
SmI,-promoted coupling reactions (eq 293).18d The
allylic radical generated by addition of ketyl to 2,3-
butadiene leads to olefinic mixtures of coupled prod-
ucts, and allylic acetate coupling is also complicated by
substantial S-elimination of acetate ion, leading to
product mixtures.

28mly

o ~
P as
e~ THF. HMPA, 1, 5 min
93%

OH
o ~Homrys (299

Bicyclic butyrolactones are generated when intra-
molecular versions of ketyl-olefin coupling reactions are
carried out with unsaturated esters (eq 294).18818 The
method has been employed to form five-, six-, or sev-
en-membered rings, although yields for the larger rings
are modest (45-66%). Yields are marginally improved

Molander

smi 0,
/?k/\/\/ 0,E BT dﬁo (294)
0 THE A an )

92% y, 80% de

by addition of HMPA, which also permits reactions to
be carried out under milder conditions. Addition of a
catalytic amount of FeCl; has little effect on yields. In
most cases, diastereoselectivities are low, ranging from
2.5:1 to 4:1.

Diastereoselectivities in intramolecular ketyl-olefin
coupling reactions were demonstrated by Enholm and
co-workers to be much higher in syntheses of confor-
mationally restricted bicyclic systems, or when polar
substituents are present to serve as stereochemical
control elements for cyclization.!® Olefin geometry
plays a major role in terms of diastereoselection for the
cyclization process leading to fused bicyclic systems.
Whereas E olefinic isomers provide high diastereose-
lectivity in ring-forming processes (eq 295), Z isomer
coupling reactions are virtually stereorandom. These
dramatic differences were attributed to a combination
of steric and electronic effects. A critical dependence

e X P — (295)
THF, MeOH, 0°C m

87%

COyMe

>250 : 1

on olefin geometry is also observed in more highly
functionalized systems derived from carbohydrates (eqs
296 and 297). For these substrates, relative asymmetric
induction is often quite high.

CO,Me

HO CO,Me
cHo 7 25mi, 7 (296)
B —— e ! 9
850" "0 THF, MeOH, -785C 1250 0
o-7L 80% v, 60% de °‘/\
HO  —COM
CHO (™ COMe I i
- 2o SN (297)
850 o - -
ot~ THF. MeOH, -78°C 120 2
73% y, 98% de °

Carbocycles as well as oxygen and nitrogen hetero-
cycles are generated by reaction of appropriately
functionalized acetylenic ketones with SmI,.1°! Al-
though five- and six-membered rings could be accessed
by this process, activated alkynes were necessary for
construction of the cyclohexyl ring systems. Diaster-
eocontrol was high in many cases (eqs 298-300).

™S
o} 28ml, (298)
e K/M——: TMS  THF, HMPA, BUOH
0°C OH
56%
CO.Me
+-BOC 2 Sml; M
OHC__N " .BOCcN (299)
NS UN—==—COMe  THF, HMPA, 1-BuOH
0°C OH

53%

25ml
Y\/o\—:—-co,a 2
)

THF, HMPA, t-BuOH
0°C

CO,Me
o]
°§ H (300)
Me

Although isolated alkenes and alkynes do not couple
intermolecularly with ketyls in Sml,-promoted reac-
tions, these less reactive radical acceptors can be
partners for intramolecular coupling processes.!91192
This protocol has thus been utilized as a key step in the

84%
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synthesis of isocarbacyclin (eq 301). Samarium(II)
iodide was found to be superior to several other reagents
for conversion of the alkynyl aldehyde to the cyclic
allylic alcohol.

HO,
g fl e
@\/ - %\/ o
THF, +BUOH
880 { -70°C, 0.5h Tesd o

s CgHyy
OH 71%y, 80% de OH

Highly diastereoselective processes are realized when
olefinic 8-keto ester and $-keto amide substrates are
utilized in ketone—olefin reductive coupling processes.
Both electron deficient and unactivated olefins can be
utilized in these reactions (eqs 302 and 303).185%1% Ip

00 28mi, me 1O ©

Me — e M (302)
N O THF, +-BUOH, -78°C 1 0
87% ./
HO COZEI
o o 2.smi, Me

(303)
\;‘5(&.“‘ THF. 1BUOK, 78C -
E10,C. oo,En

such examples, one can take advantage of chelation to
control relative stereochemistry about developing hy-
droxyl and carboxylate stereocenters.

Because 2 equiv of Sml, are required for complete
reaction, the reductive coupling must be a two-electron
process overall. Cyclization appears to occur after
transfer of a single electron, with Sm(III) controlling
stereochemistry at this stage by chelation with the
Lewis basic ester carbonyl. Subsequent reduction of
the radical generated after cyclization to an organo-
samarium intermediate, followed by immediate pro-
tonation accounts for the observed products. The
transient organosamarium intermediate can be trapped
by added electrophiles such as aldehydes and ketones,
providing a sequential radical cyclization/intermole-

cular carbonyl addition sequence (eq 304).1%¢

HO+
2 CO,E 2 Sml, acetone <
——" o (304)
THF, -30°C to rt
5% O

Another type of tandem radical cyclization process
has been described in which SmlI, plays a critical role.
Thus, an appropriately functionalized enynal, upon
treatment with Sml,, undergoes tandem cyclization to
provide the key intermediate for the synthesis of
(£)-hypnophilin and formal total synthesis of (+)-co-
riolin (eq 305).195 Cyclization in this case again occurs

HO
CHO 3

Sme _> (305)
THF, HMPA, 0°C

91%
after transfer of a single electron, and in fact the entire
process requires less than 2 equiv of Sml,. When cy-
clizations were quenched with D;0O no deuterium was
incorporated at the newly formed vinyl carbon, imply-
ing that the alkenyl radical produced after tandem cy-
clization abstracts a hydrogen from the solvent faster
than it is reduced to the anion by Sml,. This and the
work by Molander and Kenny described above!85-193.184
confirm observations of Inanaga and co-workers in their
work on reduction of organic halides with SmI,.%."
Thus, alkyl halides are reduced by Sml, to hydro-
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carbons by means of a transient organosamarium
species (which can be trapped by D,0), whereas aryl
(and presumably alkenyl) halides show no deuterium
incorporation upon reduction. Rather, the intermediate
radicals simply abstract a hydrogen atom from THF
solvent prior to further reduction to the anion.

3. Radlcal Additlon to Carbon—Carbon Unsaturated
Systems

Samarium(II) iodide has proven effective for initia-
tion of various radical addition reactions to alkenes and
alkynes. In many cases, the Sml, protocol provides
significant advantages over more traditional radical
initiation procedures which are generally promoted by
tin reagents. In particular, workup procedures are
much easier in lanthanide promoted reactions; in tin
promoted protocols complete removal of tin byproducts
is often a considerable problem.

Cyclization reactions of aryl radicals are particularly
well suited to promotion by Sml, because aryl radicals
are not readily reduced to corresponding anions by the
lanthanide reducing agent. As confirmation of this,
general methods for synthesis of nitrogen and oxygen
heterocycles have been developed which are based on
Sml,-mediated cyclization of aryl radicals onto alkene
and alkyne acceptors (eqs 306 and 307).1% Benzofuran,
naphthofuran, and indole systems were all readily
constructed utilizing the procedure outlined.

Br Sml,
C[ e . (306)
0”7 N="0ac MeCN, HMPA o
o, éh
1%
Br
Smi; N\
Tl o wn

N\\\\\ THF&. :rl‘dPA \\\
55%

Unlike tin hydride promoted radical reactions, which
leave products less highly functionalized than starting
materials, the Sml,-promoted procedure provides one
with the opportunity to assemble more highly func-
tionalized frameworks through a sequential radical cy-
clization/intermolecular carbonyl addition reaction.!®’
Thus the intermediate radical formed after initial cy-
clization can be reduced by SmlI,, forming a transient
organosamarium(III) intermediate. This can subse-
quently be trapped by added ketone electrophiles, af-
fording products with functionality suitable for further
manipulation (eqs 308-310). Analogous nitrogen het-
erocycles can also be prepared by this procedure, but
yields in these processes are only modest.

Smi, OH
IO ¢+ —_— - (308)
THF, HMPA, rt
57%
| Ei,N
Sm, 2
0. 9 2 HO 0
+ D ———_
@’ ~ A~ T wean /\/5%
76% )
(309)
OH

! Smiy
@,ON . - 1l (310
THF, HMPA, nt
57%

Samarium(II) iodide has been used to initiate addi-
tion of polyhaloalkanes to olefins and alkynes via radical
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chain reactions.'®® For example, perfluoroalkylation
reactions of alkenes and alkynes are catalyzed by SmlI,
(eqs 311 and 312), affording high yields of addition
products and thereby providing a useful alternative to
photochemical, thermal, electrochemical, and other
metal-catalyzed routes to these molecules. Cyclization
reactions initiated by this process can also be carried
out (eq 313).

cat, Smi
AAF + OCRYy 2T N\Ar\"‘?cm‘

THF. nt
80% (311)
B o cat. Smip CCF)e  n8u @12)
HC=CnBu + Foll ——— \=({
THF, t |
0% E:Z
86 : 14
5mol%Sml,  CUCFa !
+ CICFp)yl —————— (313)
THF. t
78%

A unique double cyclization process has been re-
ported by Kagan and co-workers.!® When 2-(allyl-
oxy)benzoyl chlorides are treated with SmlI,, an acyl
radical is generated which undergoes intramolecular
addition to the double bond, forming a new radical.
This radical can then be reduced by a second equivalent
of Sml,, generating an anion. The organosamarium(II)
intermediate thus generated intramolecularly adds to
the ketone, forming a cyclopropanol (eq 314).

HO,

2Smlz
O, =G o
THF, rt, 1 min
ANF 51% 0

4. Miscellaneous Reductive Coupling Reactions

The reduction of w-unsaturated iminium salts by
single electron transfer from Sml, provides w-unsatu-
rated a-amino radicals which undergo radical cycliza-
tions to provide nitrogen heterocycles.?® Good diast-
ereoselectivity is achieved in these processes in certain
cases (eq 315), and the protocol thus may be useful for
the stereocontrolled synthesis of alkaloid natural
products.

Mt

Smi,, CSA
P Bihiliy (315)
, MeCN P}

cio " Mo

F. Oxidative Coupling Reactlons

As with functional group oxidation chemistry em-
ploying lanthanide reagents, oxidative coupling reac-
tions are dominated by Ce(IV) promoted processes.
Several studies indicating the advantages of Ce(IV)
oxidants have been published. These reports allude to
the enhanced reactivity and general superiority of Ce-
(IV) over the more frequently utilized Mn(III) salts for
such oxidative conversions.

A variety of oxidative carbon—carbon bond forming
reactions can be carried out utilizing Ce(IV) reagents.
One such class of transformations includes aromatic
substitutions. In general, free-radical aromatic sub-
stitution reactions on benzene derivatives suffer from
lack of regioselectivity on the aromatic ring.20! This is
not a problem in substitution reactions on electron-rich
heteroaromatics such as thiophene and furan.20?
Malonylation can thus be carried out regioselectively

Molander

in reasonable yields when the reaction is promoted by
cerium(IV) sulfate (eq 316).

Ce(SOuke
@ + x8. CHa(COMe)

@-cu(oo,m)z (316)

MeOH, Hz0, n, 4h
85%

1,4-Dicarbonyl compounds or dimethyl acetals of
1,4-ketoaldehydes are readily synthesized by CAN-
promoted reactions of ketones with vinyl or isopropenyl
acetate, respectively (eqs 317 and 318).22 The Ce(IV)

[o}

’J\Ok Moonwcm W @17)

o o CAN o

+ Aopn ———m JH/\(OM‘ 318
MOOUOM‘ MeOH, 40°C, 1h Me0 ( )
5% MeOC  OMe

mediated reaction has several advantages over reported
Mn(III) promoted oxidative coupling procedures, in-
cluding higher yields and the ability to control regio-
chemistry in 2-alkanone coupling reactions. There are
some limitations of the reaction. Perhaps the most
serious is that the oxidation of ketones (especially
acetone) is very slow, and thus the protocol requires
utilization of carbonyl compound as solvent for the
reaction. Therefore, solid or high molecular weight
ketones cannot be used in the reaction. Furthermore,
attempts to extend the reaction to 2-alkyl-substituted
vinyl acetates failed with ketone substrates, but could
be effected when 1,3-dicarbonyl compounds were used
as radical precursors.

Subsequent development of these reactions has led
to a convenient synthesis of 3-acyl and 3-carboalkoxy-
furans. By performing the CAN reaction of 1,3-di-
carbonyl substrates with alkenyl acetates in acetonitrile
solvent instead of methanol, 5-acetoxy-4,5-dihydro-
furans were generated in good yields (eq 319).2%¢
Heating these intermediates in toluene in the presence
of pyridinium tosylate afforded 2-alkyl-3-acylfurans
(from 1,3-diketones) or 2-alkyl-3-carboalkoxyfurans
(from B-keto esters).

o o CAN
+ J. —_—
M OAc  MeCN

o

Ao ©

pyrH* TsO ° 2
—— 319
e
toluene. A o
61%

Trimethylsilyl enol ethers are cross-coupled in a
CAN-promoted oxidative coupling process, providing
another selective synthesis of 1,4-diketones.?®® Because
silyl enol ethers are much more readily oxidized than
their ketone precursors, they react at reasonable rates
even in solution. This permits use of high molecular
weight or solid substrates, thus solving one of the major
problems mentioned above associated with oxidative
coupling of ketones to alkenyl acetates in the synthesis
of 1,4-diketones. The success of the cross-coupling re-
sides in the ability to selectively oxidize 1,2-disubsti-
tuted silyl enol ethers in the presence of less highly
substituted derivatives, and in the utilization of excess
1-substituted silyl enol ether to prevent homocoupling
(eq 320).

Oxidative cyclization of unsaturated silyl enol ethers
with CAN provides a stereoselective route to tricyclic
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omms  CAN.NaHCOq

+ XS, I

.
MeCN, i, <t5 min
TMSO

(320)

o]
o

ketones (eq 321).2% Although in some cases Cu(Il)-
mediated processes provide higher yields of products,
usually the CAN and Cu(II) protocols can be utilized
interchangeably. Questions concerning the scope and
intimate mechanistic details of the reactions are still
under study.

otes o
CAN, NaHCOg
—————- (321)
MeCN, rt ™
73% i

G. Cyclopropanation Reactions

Probably the best method for preparing Sml, is to
treat samarium metal with diiodomethane. Presuma-
bly, oxidative metalation occurs to provide a species
best denoted as “ISmCH,I”. «-Elimination ensues,
generating Sml, and methylene. This presumed se-
quence of events suggested the possibility of trapping
the carbenoid intermediate with olefins, providing an
alternative to the traditional Simmons—Smith proce-
dure for preparation of cyclopropanes. In fact, the
samarium-promoted route to cyclopropanes works very
well in specific cases, providing a useful alternative to
the more traditional zinc-mediated process.?? In
practice, a more efficient and economical cyclo-
propanation is achieved with Sm(Hg) in the presence
of ICH,Cl. Thus, reaction of geraniol with Sm(Hg)/
ICH,CI provides a single diastereomeric product in
excellent yield (eq 322). In contrast to the zinc-me-

H Sm{Hg), ICHCI H
— _— ¥ (322)
T = o e T A
98%

diated reaction, no byproducts resulting from cyclo-
propanation of the isolated olefin are detected. In fact,
subjection of monocyclopropanated geraniol to the re-
action conditions leads to complete recovery of starting
material. This result and failed attempts to cyclo-
propanate other isolated olefins and even homoallylic
alcohol substrates demonstrates the specificity of the
Sm(Hg) /ICH,Cl protocol for allylic alcohols.

In addition to enhanced chemoselectivity, higher
diastereoselectivity can often be achieved in samari-
um-promoted reactions than in classical Simmons-
Smith reactions (eqs 323-325).27:2%8 Perhaps a major
reason for this is the initiation of Sm(Hg)-promoted
reactions at —60 °C, whereas most zinc-mediated reac-
tions are carried out in boiling ether.

oM Sm(Hg). ICH,C! HAH
\/\)=S_OH et — Me (323)
THF, -78°C 1o n &
Mo 77% y. >36% de

OH
Sm(Hg). CHalz
————————
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85% y. >95% de

OH

S -

Chemicai Reviews, 1992, Vol. 92, No. 1 59

HO
N (325)

H CeHia

HO Sm{Hg), CHal,

l 2 —————
CFy CeHis  THF,.0°Cton
92%

Ethylidenation reactions can also be performed uti-
lizing Sm(Hg), allowing one to avoid use of pyrophoric
diethylzinc for such processes.?02% In addition, the
samarium-promoted reaction permits higher diaster-
eos&;lectivities to be achieved in this transformation (eq
326).

OH OH
Sm{Hg). CH3CHI.
m( 3CHI2 (326)
THF, -78°C to rt

OSi{Ph),+Bu OSKPh)t-Bu

Samarium-promoted cyclopropanation of allylic al-
cohols incorporating a chiral (2R,3R)-butanediol ketal
director provides high diastereoselectivity and yields
in the desired conversion (eq 327).21° Initial experi-
ments carried out under standard Simmons-Smith
conditions (CH,l;/Zn—Ag or Zn—Cu) proceed with poor
chemical yields and modest diastereoselectivity.

*
Sm(Hg), ICH,CI
o 00 (327)

%5 (
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HO
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Treatment of enolates with the Simmons—Smith
reagent system do not lead to cyclopropanes, but rather
to a-methylated ketones. By contrast, cyclopropanation
of enolates is achieved by utilizing SmI,/CH,I,.?!
Thus, generation of the kinetic enolate with LDA fol-
lowed by addition of SmI,/CH,I, provides a general
route to cyclopropanols (eq 328).

[o] HO
\é 1. LDA, THF, -78°C \é (328)
2. Smly, CHylp, -78°C to 1t
62%

Other routes to cyclopropanols are accomplished by
the agency of lanthanide reagents. For example, when
a-halo ketones are treated with diiodomethane and
samarium at 0 °C, cyclopropanols are obtained in rea-
sonable yields.!5%2 Esters also react with CH,I, in the
presence of samarium to afford cyclopropanols, pro-
viding a one-carbon homologation route to these ma-
terials (eq 329).%2%2 Reactions are envisioned to proceed

= Sm, CHylp
c.H”/—\/\/\/\/co!M‘ —_—
THF, 50°C
70%

C.H”MH (329)

via an initial nucleophilic acyl substitution reaction,
providing an a-iodo ketone. This is postulated to un-
dergo reduction by Sm or SmlI,, generating an enolate.
Cyclopropanation of the enolate then leads to the ob-
served cyclopropanol.

H. Lanthanides as Lewis Acld Catalysts
1. Friedel Crafts Reactions

Lanthanide trichlorides were initially reported to be
weak catalysts for Friedel-Crafts alkylation processes.2?
However, nearly all of the lanthanide trichlorides were
subsequently shown to be quite effective in promoting
this very important process.?* The late lanthanide salts
(DyCl;, TmCl;, and LuCl;) demonstrate particularly
high activity, whereas LaCl; possesses little catalytic
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reactivity (eq 330). In these processes, the arene is used

cat. TmC|
© . PhoHCl e TMCh ©/\P" (330)
76°C, 0.5h .

70%

as the solvent. Only small amounts of dibenzylbenzenes
are generated under these reaction conditions. A num-
ber of different alkyl halides can apparently be utilized,
and the lanthanide catalysts can be reused after the
usual aqueous workup of the reaction mixture. This is
a great advantage over more traditional catalysts, such
as AlCl;, which cannot be recovered in active form after
the desired reaction is complete.

2. Diels—Alder and Related Reactions

Numerous lanthanide complexes have served as
highly selective catalysts for Diels—Alder reactions and
related transformations. Lanthanide reagents thus
provide access to unique reaction manifolds that appear
difficult or impossible to achieve without catalysis or
even utilizing other, less effective, Lewis acids.

Relatively few lanthanide-catalyzed examples of the
traditional Diels—Alder reaction have been explored. In
what is perhaps the first mention of lanthanide-pro-
moted cycloaddition reactions, Eu(III) salts were re-
ported to catalyze dimerization of spiro[2.4}hepta-4,6-
diene by a Diels—Alder cycloaddition process (eq 331).2!%
The catalyst utilized in this particular study was a shift
reagent, tris[1,1,1,2,2,3,3,7,7,8,8,9,9,9-tetradecafluoro-
4,6-nonanedionato}europium(III) [Eu(tfn);]. That the

cat. Eutin)y
—_— L (331)
0°C. 7d

lanthanide complex was indeed catalyzing the reaction
was evident because no dimerization took place in the
absence of shift reagent.

The effectiveness of lanthanide catalysts in promoting
Diels—Alder reactions permits extension of the method
to reactions where acid-sensitive components are to be
combined. For example, Diels—Alder reactions em-
ploying acrolein or crotonaldehyde dienophiles are often
problematical.?’® However, many dienes (even furan)
react with acrolein at room temperature in 1-2 days in
the presence of catalytic Yb(fod);, providing the ex-
pected cycloaddition products with minimal side reac-
tions. Crotonaldehyde is condensed with cyclo-
pentadiene, providing adducts in which the endo isomer
predominates by a factor of 10:1.

In an effort to study the effect of gem-dimethyl-
cyclopropane rings on regio- and stereoselectivities of
Diels-Alder cycloadditions of carenone derivatives,
Yb(fod); was utilized as a catalyst to promote the de-
sired reactions.?!” Use of this mild lanthanide Lewis
acid prevented decomposition of these acid labile car-
enone derivatives (eq 332).

[e]
% cat. Ybitod)s LY
+ . (332)

7 toluene, 120°C &
H 90% H

Allenes comprise another set of dienophiles benefiting
by lanthanide catalysis in Diels—Alder reactions. All-
enes normally exhibit low dienophilicity in cyclo-
addition reactions, and yet under forcing conditions
they undergo substantial polymerization. Gandhi and

Molander

co-workers developed a protocol employing lanthanide
Lewis acid catalysis which permits the smooth con-
densation of electron-deficient allenes with cyclo-
pentadiene and furans.?!® Lanthanide catalysts sig-
nificantly improved the yields of cycloadducts and did
8o under much milder conditions than in uncatalyzed
reactions. Furthermore, stereoselectivity (endo addition
and =-facial addition to the dienophile) in the [4 + 2]
cycloaddition was also enhanced (eq 333).

H H o. cat Euffod)s
—
&t coEr L/ n, 20h
75%
H H
Q 0
E
AK%"‘ . A‘;ﬁ; (332)
CO,Et H

8s . 11

An approach to the synthesis of chlorothricolide takes
advantage of a lanthanide-catalyzed intramolecular
Diels—Alder reaction to assemble the octalin ring system
of the molecule.® Unfortunately, stereochemistry is
not efficiently controlled in this process (eq 334); how-
ever, to some extent the rapid assembly of the carbon
skeleton makes up for this deficiency.

. Yh(f
BrO(CHy)s WCHO oat. Ya(iodls
OMOM

toluene, Ay
87%

OHC_ Mo

OHC, Me
BnO(CH,)s BnO(CH,)s o,
+ (334)
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Another type of intramolecular Diels—Alder reactions
has greatly benefited by lanthanide catalysis. Thus,
intramolecular reactions involving oxazole dienes pro-
ceed in the presence of Eu(fod); to provide substituted
5H-[1]benzopyrano[4,3-blpyridines and benzo[h]-1,6-
naphthyridines in reasonable yields (eq 335).22 The
reaction is notable because 2-aryloxazole heterodienes
are extremely reluctant to undergo cycloaddition reac-
tions owing to both steric and electronic factors. For
example, starting materials were recovered when reac-
tions were run without a catalyst, and use of ZnBr,
caused decomposition of the starting materials with no
apparent product formation.

N O Q H
H cat. Euftodls E10,C N (335)
——— -
N b 00 0-DCB, Ay, 16h 7 N\
o 75% =N

Perhaps the most dramatic examples of lanthanide
Lewis acid catalysis have resulted from applications to
hetero-Diels-Alder reactions. The combined efforts of
several research groups have led to unprecedented en-
tries to highly substituted, stereodefined dihydropyran
derivatives. In the reaction scheme first outlined by
Danishefsky, oxophilic lanthanide salts complex with
aldehyde substrates, generating potent heterodieno-
philes for the desired cyclocondensation. Many exam-
ples of this reactivity pattern attest to the generality
of the method. For example, the reaction of 1-alkyl
1,3-dioxygenated dienes with aldehydes affords a sim-
ple, one-step route to 6-substituted 2,3-dihydropyrones
(eq 336).22

Appropriately functionalized 1-alkyl-3-oxygenated
dienes also react very efficiently.??2 The catalyst of
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choice for this hetero-Diels—Alder process is Yb(fod)s.
Less than 5% of this Yb(III) catalyst is required for the
process, whereas a full equivalent of ZnCl, is necessary
for complete reaction in analogous cases (eq 337). The
Yb(fod); catalyst is also more effective than the corre-
sponding Eu(fod); species, perhaps because of the for-
mer’s enhanced Lewis acidity.

TESO cal. Yb(fod)s

(oS
é (337)
s |
81% TESO Ph

N\ + PhCHO
(CH.),0TBS CHCl

Several groups have exploited the hetero-Diels—Alder
chemistry to provide efficient routes to dihydro-
pyrones.?0?2 Thus, 1,1,3-trialkoxy dienes treated with
appropriate aldehydes in the presence of lanthanide(IIT)
catalysts provide excellent yields of desired 2-alkoxy-
5,6-dihydro-y-pyrones. Remarkably, even unsaturated
aldehydes can be utilized as heterodienophiles in the
reaction, despite potential cycloaddition reactivity at
either the carbonyl unit or the dienophilic carbon—
carbon double bond in these substrates (eq 338). In the
absence of lanthanide catalysts, mixtures of the desired
product and the product resulting from cycloaddition
to the carbon—carbon bond are generated. Thus lan-
thanide catalysts serve not only to improve yields and
provide a single regioisomeric product in these pro-
cesses, but also direct cyclocondensation to the acti-
vated carbonyl subunit of conjugated enal systems. In
these instances the stronger Lewis acid catalyst, Yb(III),
again provides higher yields than either Eu(III) or
stoichiometric ZnCl,.

[o]

MeO’ Ph

Although many dienes undergo cycloaddition with
carbonyl substrates under very mild conditions with
Lewis acid catalysis, some less reactive educts require
a combination of lanthanide complex catalysis and high
pressure to effect complete conversion to products.??*
1-Methoxy-1,3-butadiene is one such example. This
diene polymerizes immediately in the presence of ZnCl,,
BF;-Et;0, and (RO),AIC], but can be utilized success-
fully in high-pressure hetero-Diels—Alder reactions when
suitable ketone substrates are activated by Eu(fod);
catalysts. The most suitable dienophiles are carbonyl
substrates possessing a- or S-heterosubstituents (eqs 339
and 340).
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Initially, only highly electrophilic aldehydes received
attention as dienophiles for the hetero-Diels—Alder re-
action. However, 1,3-dimethoxy-1-(silyloxy)butadiene
(Brassard’s diene) was shown to undergo hetero-Diels—
Alder reactions with reactive aldehydes as well as
unactivated ketones (eq 341).223¢ In fact, regiospecific

o
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condensation was achieved utilizing a variety of Lewis
acid promoters, including Eu(fod); and tris[3-((hepta-
fluoropropyl) hydroxymethylene)-d-camphorato]euro-
pium(III) [Eu(hfc)s].

o 1. cat Eufiod)s. CHCh o
MO OMe . A " e (341)
) A N otMs 2. Hg0" |

67%

The value of lanthanide catalysts in hetero-Diels—
Alder reactions does not end with their ability to pro-
mote reactions of sensitive substrates or to provide
higher yields under milder conditions. Lanthanide
complexes also serve in several capacities to control
stereochemistry.2® Somewhat surprisingly, the lan-
thanide promoted reaction of achiral aldehydes with
1,3-dialkoxybutadienes provides the product resulting
from endo addition of the aldehyde to the diene (eq
342). Because there are no obvious secondary orbital

= =Ln(ln 74 ““OMe
f *‘( ™) 5
Rf

(342)

interactions placing a simple alkyl group of the aldeh-
yde endo in the transition structure, steric effects as-
sociated with the Lewis acid complex were suggested
as control elements in the overall stereochemistry of the
process. Thus, the lanthanide cation is proposed to
bind anti to the alkyl group of the aldehyde. If the
effective size of the cation—solvent array is greater than
that of the alkyl group of the aldehyde, then one could
explain the observed endo selectivity as a consequence
of exo directivity of the catalyst-solvent ensemble.
Interestingly, this “endo selectivity” is a function of the
substitution pattern about the diene, and stereoselec-
tivity erodes to a large extent for some simpler dienes.?®

The endo selectivity provided by lanthanide-cata-
lyzed hetero-Diels—Alder reactions has been demon-
strated in a variety of diverse systems, some examples
of which are depicted below (eqs 343—346).221:2%6:227 Qne

OMe OMe

Me cat, Eu(fod)s Me o
+ MeCHO ——— ——— | (343)
TMSO COCl, rt TMSO Me
Me 66% Me
Me Me
cat. Euffod)s
< + PRCHO = F 9 (344)
TESO CDCly TESO Ph
100%
TESO. O OMe
\< Me cat, Eu(lod)g
OHC o CHCI;. 65°C
MO O 92%
O OMe
Me
TESO, o (345)
Umo o
)
OBz 72 |
TBSO. cat. Eu(fod)s o O OMe
+ ﬂ-cuo —_— (346)
o CDCL, 1t, 3d BzO'
OMe oTBs

advantage in utilizing a lanthanide catalyst for this
process is the ability to retain sensitive silyl enol ether
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functionalities in the final products under the mild
reaction conditions allowed by use of these Lewis acids.

Under optimized conditions, high diastereoselectivity
is achieved in hetero—Diels—Alder reactions between
chiral aldehydes and active dienes. Aldehydes with
a-stereocenters incapable of chelation provide only low
levels of asymmetric induction in the Cram or Felkin—
Anh sense.?* Aldehydes bearing chelating substituents
at the a-stereocenter engender high diastereoselectivity
in a chelation controlled process, so long as the proper
lanthanide Lewis acid is chosen, and provided sub-
stituents on the aldehyde are not so large as to prevent
complete complexation of the lanthanide ion (eqs 347-
349),223¢.225227h,228  Chelation-controlled processes in
which the sense of asymmetric induction is derived from
B-stereogenic centers have also been observed (eq

350).22°
[e]
™SO O 1. cat Eufhicls o
fom . n-Bu\)LH _'c.____. By | (347)
2. Ticl, OMe
MeO MEMO 50%

8 hf
cat. Eu(hic)s ) ] (348)

o
™SO
f oMe /‘\rcuo
NHBOG CH.Cl,
MeO 80% y, 90% de
OBz
TBSO, ><°..- cat. Eu(h‘lc);
CDCl, 1, 2. 5d
49.55%

BrO O SH
850, ~ o. OMe  cat. Ce(OAc)s, BF; « E1,0
a +

toluene, -78°C
) 45%

In substrates bearing a-heterosubstituents incapable
of chelation (for either steric or electronic reasons?2b<),
high diastereoselectivity is achieved in the Felkin-Anh
sense (eqs 351 and 352).228a229

o}

OMe OHC . OMa /
cat. Euffod)s
< .\ ﬁ 7 - % o™ (351)
™SO OKO 85%
oxo
o
oMo _cat. Eultchy o
Z 0TMS 4+ W i | (352)
NBn, CH C OMe
87%y, >98% de [

Variable success has been achieved in utilizing chiral,
nonracemic lanthanide catalysts for absolute asym-
metric induction in cyclocondensation processes. In
general, enantiomeric excesses range from 18-36% in
simple systems with chiral catalysts.?%2% A substantial
improvement in enantioselectivity comes by modifying
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reaction conditions. Although essentially no change in
enantiomeric excess was noted by increasing the pro-
portion of chiral catalyst, conducting the reaction in the
absence of solvent at reduced temperatures improved
chiral induction to 55% ee (eq 353).

OBy
1. cat. (+){Eu(hic)y), neat, -10°C

. . (+) R L - Me 0
(353)
2. TFA o Ph
™SO

+ PhCHO
Me

56% ee

The source of asymmetric induction in these systems
is unknown, and no model with predictive value has
been proposed. Other diene-heterodienophile systems
have been reported to exhibit modest?3! or negligible
asymmetric induction utilizing the same chiral lan-
thanide catalyst.223¢

A new concept in asymmetric induction was intro-
duced as a result of hetero-Diels—Alder reaction studies
employing chiral catalysts in conjunction with dienes
containing chiral auxiliaries.?2 Termed “specific
interactivity” of chiral catalysts and chiral auxiliaries,
the method resulted in diastereofacial excesses of 95%
in select cases. Equations 354-356 serve to illustrate
the concept. By utilizing a chiral lanthanide catalyst

o I 1. cat. (+){Eu(hfe), CDOI5 Ao
#  + PhCHO (354)
2. TFA o Ph
1880 Ohe
33% ee
) (\ 1. cat, [Euftod)sl. CDCly ﬁ’
PRCHO ~ 355
w * 2. TFA oy e (359)
OAc
10% se
) /\ 1. cat. (+}[Eu(hfc)s). CDCls [’ o
PhCHO 356
+ — o pn  (356)
\ﬁ; OAc

86% ee

(eq 354), modest enantioselectivity for the L-isomeric
product was achieved in the cyclocondensation reaction.
A chiral (menthyl) auxiliary attached to the diene
permits modest selectivity for the D-isomeric pyranose
derivative (eq 355). The “mismatched” pair [i.e., L-se-
lective (+)-Eu(hfc); and D-selective diene as illustrated
in eq 356], produces a strikingly high diastereomeric
ratio in desired products. The diastereomeric excesses
clearly do not reflect a simple numerical factoring of
individual biases of these reagents (simple double
stereodifferentiation), but are a consequence of “specific
interactivity” inherent in the process itself. This pro-
tocol shows promise in the hetero-Diels-Alder chemistry
described herein and could prove important in other
transformations as well.

As mentioned previously, lanthanide catalysts often
permit reactions of dienes and dienophiles containing
sensitive functional groups. A particularly good illus-
tration of this is the inverse electron demand Diels—
Alder reaction reported by Danishefsky and Bednar-
ski.?3 In this version of the hetero-Diels-Alder reaction,
heterodienes (acrolein, crotonaldehyde, and cinnam-
aldehyde) and enol ethers combine to generate di-
hydropyrans (eq 357). These reactions are again ste-
reospecific, providing only products resulting from endo
addition. The reaction is quite sensitive to steric and/or
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electronic effects, as more highly substituted enol ethers
provide somewhat lower yields of desired cyclo-
condensation products.

0.0

tod!

O v Ao S YBdh i (357)
50°C. 80h
55%

One example has been reported of a formal [2 + 2]
cycloaddition reaction which benefits by lanthanide
catalysis. Reaction of ketene imines with aldehydes
under thermal conditions fails because of rapid oli-
gomerization of the ketene imines. Attempts to catalyze
the reaction with several Lewis acids (e.g., AlCl;,
Et,AlCl, BF;, TiCl,) also failed, presumably for the
same reason. By contrast, use of catalytic lanthanide
complexes effectively promotes the reaction, permitting
isolation of desired 2-iminooxetanes in reasonable yields
(eq 358).23¢ Mixtures of stereoisomers generally arise
in these reactions, indicating the lack of concertedness
in the process.

Me, N~p-CgH,OMe

CHO  cat. Yhifod!
A ,PCHOMe ( j _l)a_> o
N N? cclu.maon ]
87% 2

N (358)

3. Lewis Acid Promoted Rearrangements

Two lanthanide promoted rearrangement reactions
have been reported which involve the formation of
carbon—carbon bonds. In the first, oxaspiropentanes
were found to rearrange cleanly to cyclobutanones
through the agency of Eu(fod); (eq 859).25 Aqueous
acids and other Lewis acids (e.g., LiClO,) also promote
the rearrangement, but with significant loss of stereo-
chemistry. This rearrangement forms the cornerstone
of carbonyl spiroannulation and general dialkylation
processes developed by Trost and co-workers in the

1970s.
0,
\NM cat. Euffod)s (359)
+8u CDCly, 37°C +Bu

A novel Sm(III)-mediated ring expansion was en-
countered during studies aimed toward the total syn-
thesis of taxusin.?® Thus, treatment of an a-hydroxy
ketone substrate with Sm(III) species induces rear-
rangement to a ring expanded product in high yields
(eq 360). The structural (stereoelectronic) features of
this substrate may be unique, as the a-hydroxy ketone
epimer does not undergo an analogous transformation.

sm(il) %,
——
~OTBS  THF MEMO’H\O-" mOTBS

'i'

C 5 o~ o
(360)

4. Lewis Acid Promoted Reactions of Oxiranes and
Aziridines

Epoxides undergo efficient ring opening when treated
with trimethylsilyl cyanide in the presence of lanthanide
Lewis acid catalysts (eq 361).1% Although some feeling
for regioselectivity to be expected can be gained from
this example, no data is available on stereoselectivity
of the process when unsymmetrical epoxides are sub-
jected to these reaction conditions.
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o cat. CeCly
4+ TMSCN ———
~ CH,Cla, 11, 8h
85%

M/LCN (361)

In more extensive studies, Yb(CN); proved to be a
mild, highly effective catalyst for regio- and stereose-
lective ring opening of oxiranes with trimethylsilyl
cyanide.??” A variety of epoxides react smoothly with
this reagent, providing desired $-trimethylsiloxy nitriles
in excellent yields (eqs 362 and 363). The same com-
bination of reagents also effects ring cleavage of aziri-
dines, providing a regio- and stereocontrolled entry to
B-amino nitriles (eq 364).2%8

O‘vu. (362)

Yb(CN)s
o + TMSCN
THE. 1. 240

OTMS

cat. YB(CN)s
cl>>\/ + TMSCN N (363)
THF, 1, 8h N
89%
cat, YB{CNx NHTe
e - mison 20 (P gy
THF, 65°C, 2.5h “CN

90%

I. Miscellaneous Carbon-Carbon Bond Forming
Reactions

Ketocarbenoids are generated from «,a-dibromo-
deoxybenzoin by reaction with Sml,. Reactive inter-
mediates produced in this fashion undergo a formal
1,3-dipolar cycloaddition with activated alkenes, re-
sulting in formation of dihydrofurans (eq 365).2° The
same procedure utilizing zinc as reductant requires 2
days in benzene heated at reflux to proceed to com-
pletion, and very low yields are realized. Most aryl-
substituted alkenes and isoprene provide good con-
versions to desired products. However, aliphatic al-
kenes such as cyclohexene and 1-hexene provide little,
if any, dihydrofurans.

Ph,

(365)
phl_)* Ph

28miy
Ph&Ph + PhCH=CH; —m—
THF, HMPA, 85°C, 2h o
88%

Br" Br

a,o’-Dibromo ketones react with 1,3-dienes in the
presence of CeCl;—-SnCl,, providing [3 + 4] cycloadducts
in modest yields.?? Although both CeCl; and SnCl, are
necessary for the reaction, mechanistic details of the
transformation are sketchy. Furans and cyclo-
pentadiene provide very good yields of the expected
cycloaddition products, but acyclic 1,3-dienes (isoprene
and 2,3-dimethyl-1,3-butadiene) afford 4-cyclohepten-
1-ones in only modest yields. The lack of diastereose-
lectivity further detracts from the method (eq 366).

[o]
e CeCls. Sncb Me
(366)
Mo

C_) THF, 0°C!on 3h
[o]

Although isolated alkenes do not produce [3 + 2]
cycloaddition products under similar reaction condi-
tions, nucleophilic enamines can be utilized to generate
2-cyclopenten-1-ones by a formal [3 + 2] process.?¥
Diastereoselectivity in the limited examples attempted
is quite good (eq 367).

Lithium tetraalkylcerium “ate” complexes react with
epoxides, providing alkylated olefins in a process pos-

Br Br
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0.
o CeCl, SnC 2
\HH/ . [Nj e e - (367)
THF. 1 5h
Br Br 6 54% y, 90% de

tulated to involve initial formation of oxiranyl organo-
metallics.?! a-Elimination of this anion to an alkoxy
carbene ensues, with subsequent alkylation by a second
equivalent of organometallic. Elimination of “cerium
oxide” completes the process, affording the observed
alkenes (eq 368). Although organolithiums undergo the

o DME. E1,0
/©/<1 ' ()\/\)“ Y oo S0
4
)
ED:E . /@/\/\/\r (368)
!

4%

same reaction, yields with these organometallics are
much lower than those employing the lanthanide
reagents. Mixtures of regio- and stereoisomers are
generally observed in both cases.

The reaction has been applied to trialkylsilyl-sub-
stituted epoxides, providing vastly different reaction
manifolds depending on the stereochemistry of initial
oxiranes. Thus the trialkylsilyl group of (Z)-1-(tri-
alkylsilyl)oxiranes acidifies the a-proton, facilitating
metalation. The resulting a-silyloxiranyl anion un-
dergoes a reaction pathway very similar to that de-
scribed for the simple oxiranes above. Good yields of

stereodefined alkenylsilanes result (eq 369). On the
o] ELO
A + nCgHLaCly
PRCH,CH SiMe, 78°Ciont
CgHyy nCeHyy
— + =~/ (369)
PhCH,CH, 'SiMe, PhCH,CH
B88% (96:4, E:2) 6%
O SiMe, DME
Y + nCqHgtaCly
PhCH,CHy -78°Ctont
nCHg n-C4Hg
/=( + /ﬁ (370)
PhCH,CH, SiMe, PhCH,CH
3% 73% (99:1, €E:2)

other hand, steric factors make (E)-1-(trialkylsilyl)ox-
iranes much more difficult to metalate. Desilylation
thus becomes the preferred reaction pathway, affording
a desilylated oxiranyl anion. «-Elimination, alkylation
of the resulting alkoxy carbene, and $-elimination of
“cerium oxide” this time leads to desilylated alkene (eq
370). Organolithiums and organolanthanide dihalides
have been utilized interchangeably in both of these
isomeric series of substrates.
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