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Abstract

New carbon-carbon bond forming reactions via organosamarium(IIl) intermediates, developed in our laboratory, are reviewed.
(a-Iminoalkyl)samarium(III) intermediates are generated by treatment of organic halides and 2,6-xylyl isocyanide with samarium(II)
iodide. Subsequent reactions with carbonyl compounds produce a-hydroxy imines, which are hydrolyzed to the corresponding
a-hydroxy ketones. Unsymmetrical a-diketones are synthesized by autoxidation of a-hydroxy imines. The use of 4-(tert-butyldi-
methylsiloxy)-2,6-xylyl isocyanide in the Sml,-mediated three-component coupling reaction has led to the stereoselective syntheses
of 2-amino alcohols via reduction and subsequent oxidative N-de-arylation. Double insertion of 2,6-xylyl isocyanide into an organic
halide mediated by Sml, provides an efficient synthetic method for hydroxy diketones and vicinal triketones. (@-Amino-
alkyl)samarium(III), generated through formation of a radical from N-(o-iodobenzyl)amine, its translocation and a subsequent
one-electron transfer, is used as a new a-amino carbanion equivalent.
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1. Introduction

Samarium(II) iodide is a strong one-electron trans-
fer reducing agent. Since the appearance of the semi-
nal paper by Kagan et al in 1980 [1], reactions of
samarium(II) iodide have been extensively studied in
the field of synthetic organic chemistry and have led to
many interesting and useful results. Several reviews are
available on this rapid progress [2]. This review covers
our recent studies on new carbon-carbon bond form-
ing reactions involving (a-iminoalkyl)samarium(III) in-
termediates [3]. A new method of generating an a-
amino carbanion equivalent is also presented [4] (Fig.

D.

2. Synthesis of a-hydroxy ketones by Smlz-medlated
three-component coupling

Metallation of the isbcyano carbons by a-addition of
organometallic compounds to isocyanides results in the
formation of (a-iminoalkyl)metal compounds, which
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can be subsequently utilized as synthetic equivalents of
acyl anions [5]. Our research in the field of
organosamarium chemistry was initiated by an interest
in the introduction of a samarium metal onto an iso-
cyano carbon atom. When 2,6-xylyl isocyanide (1) was
treated with samarium(II) iodide, no reaction took
place even in the presence of HMPA as co-solvent [6]
and the isocyanide 1 was recovered. Next, an organic
halide was treated with two equivalents of samarium(II)
iodide in the presence of the inert isocyanide 1 in THF
containing HMPA at — 15°C. The deep purple color of
samarium(II) iodide disappeared in 3 h and the follow-
ing aqueous work-up afforded an aldimine. This result
suggested the formation of the (a-iminoalkyl)
samarium(III) intermediate 2 by coupling of an organic
halide with isocyanide (1) (Scheme 1).
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Scheme 1.

When a carbonyl compound was added to the reac-
tion mixture after disappearance of the deep purple
color, a-hydroxy imine (3) was formed, supporting the
involvement of the intermediate 2 [3b] (Table 1).

Primary and secondary alkyl bromides and iodides
successfully coupled with isocyanide (1) and the result-
ing (a-iminoalkyl)samarium(III) species underwent the
second coupling both with aldehydes and with ketones.
Notably, not enolization but addition to the carbonyl
group took place even with cyclopentanone which is
exceptionally prone to enolization. The success of the
reaction with cyclopentanone implies that (a-imin-
oalkyl)samarium(III) (2) is highly nucleophilic and still
less basic. Selective 1,2-addition proceeded with «,B-
unsaturated ketones. Various functional groups were
tolerated under the reductive conditions for the initial

TABLE 1. Three-component coupling of organic halides, 1 and
carbonyl compounds
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coupling of organic halides with 1. Neither carbon-
carbon double nor triple bonds, including terminal
bonds, were affected. Trimethylsilyl and pivaloyl
groups, which are often cleaved by organolithium and
Grignard reagents, could be employed for protection of
hydroxyl groups. Furthermore, benzyl and tetrahy-
dropyranyl ethers were also suitable for the protective
group.

Of note was the use of benzyl chloromethyl ether as
the starting halide [3a]. It has been reported that the
samarium(Il) iodide-mediated reaction of an a-alkoxy
acetyl chloride results in the extrusion of carbon
monoxide, giving (alkoxymethyl)samarium(III) [7]. In
contrast, the present reaction proceeds in the reverse
direction, i.e isocyanide (1) is inserted into (al-
koxymethyl)samarium(III) in spite of its isoelectronic
structure with carbon monoxide. The resulting (a-imin-
oalky)samarium(III) also added to carbonyl com-
pounds to yield a,a’-dioxy N-substituted imines
(Scheme 2). a-Hydroxy imines 3 were transformed to
the corresponding a-hydroxy ketones 4 in good yield
by acid-catalyzed hydrolysis of the imino group. Thus,
the samarium(II) iodide-mediated three-component
coupling of organic halides, 2,6-xylyl isocyanide, and
carbonyl compounds provides a facile preparative
method for a-hydroxy ketones (Scheme 3).

In particular, hydrolysis of «,a’-dioxy N-substituted
imines could be performed under extremely mild con-
ditions, presenting a useful and practical approach to
the synthesis of a,a’-dihydroxy ketones. The (a-imin-
oalkyl)samarium(III) acted as a synthetic equivalent to
(a-hydroxy acetyl) anion. This method of construction
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Scheme 3.
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D-ribulose

of a,a’-dihydroxy ketones was successfully applied to
the stereoselective synthesis of D-erythro-2-pentulose
(p-ribulose) [3a] (Scheme 4).

3. Synthesis of unsymmetrical a-diketones via autoxi-
dation of a-hydroxy imines

a-Keto imines are attractive precursors of a-diketo-
nes. Attempted direct acylation of (a-iminoalkyl)sama-
rium(III) intermediate 2 with various acylating agents
was unsuccessful, because the a-keto imine once
formed is so electrophilic and is attacked by 2 again to
afford a tertiary alcohol as the major product. How-
ever, autoxidation of a-hydroxy imines provided an
alternative synthetic pathway to a-keto imines [3c].
a-Hydroxy imines were readily oxidized by a simple
procedure of bubbling oxygen into a refluxing solution
of a-hydroxy imines in AcOEt in the presence of a
catalytic amount of benzoyl peroxide. The imino group
of the a-keto imine thus obtained was hydrolyzed by
treatment with aqueous acid affording the correspond-
ing unsymmetrical a-diketone § (Scheme 5).

According to the present method, the same unsym-
metrical a-diketone can be synthesized via two syn-
thetic routes, i.e. one incorporating R! from an organic
halide and R? from an aldehyde, and the other vice
versa (Scheme 6).

4, Stereoselective synthesis of 2-amino alcohols

a-Hydroxy ketones and unsymmetrical a-diketones
have been synthesized via (a-iminoalkyl)samarium(III)

Xy

R'-X + r!]
c
Xy Xy
; \
2 Smip l THF/HMPA 2 _cho N o o] Hy0* 00
— R‘—;:—k 2 R‘-g—E—R’ = R-C-C-R
3 AcOEt 5
Xy, . BPO
N. -
1" >Smx, X)
RuC’ 2 2 Y o
oL i 2 N ¥
2 R'-C—C-R" —= | gi_¢ 2c—-R3
L: -OMe, -OE!, -OCOR?, -CI
Scheme 5.

Xy Xy
U U
N N
c an c
i >‘CH° — Ph’\/c'c\l/ = >—1 + pp~-CHO
Smiy smil,
Scheme 6.
! carbonyl hydrolysis ﬁ
' gquivalent frommcmcmme e -
L Squvalent . H : R'-C—E
’ Ar
1)R-M '!‘
Ar=NC , i _ imine
2) Electrophile R —C—E x
al
| reduction NH A NH
aminomethylene R'-CH-E ———a R'F-CH-TE
equivalent
secondary amine primary amine
Scheme 7.

intermediates. In these transformations, the nitrogen
atom derived from the isocyanide is ultimately lost by
hydrolysis and, consequently, the isocyanide is used as
a masked carbony! synthon. It could reveal the intrinsic
synthetic value of the isocyanide, one inaccessible from
carbon monoxide, if the imino group of the product
could be unmasked without the loss of the nitrogen
atom. Reduction of the produced imine to a secondary
amine and subsequent removal of the N-substituent
constitute a feasible approach along these lines,
wherein the isocyanide is used as an aminomethylene
equivalent (Scheme 7).

Taking into account that a p-oxyphenyl group can
be oxidatively removed from a nitrogen atom [8], 4-
(tert-butyldimethylsiloxy)-2,6-xylyl isocyanide (6) was
prepared from commercially available 3,5-xylenol [3d].
It was found that isocyanide 6 successfully coupled
with an organic halide and a carbonyl compound. The
resulting reaction mixture was treated in situ with
NaBH,, one of the simplest hydride reducing agenis,
affording anti-2-(arylamino) alcohol (7) selectively. No-
tably, the addition of 2-propanol to the mixture as a
co-solvent improved the selectivity significantly
(Scheme 8).
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2sm;  Re-cio | CUN-ST%e
R‘—X + —— g (o]
THF-HMPA /" \(

NC ¢ R2

Slx
NaBH, NH OSiMesBt
— AR
ProH N S . Sx =

OH anti:syn=91:9~98:2 Me Me

Scheme 8.
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The 2-(arylamino) alcohols 7 were de-arylated via
desilylation with TBAF followed by oxidation with
DDQ to afford the corresponding 2-(primary amino)
alcohols in high yield (Scheme 9).

The stereoselection observed in the hydride reduc-
tion is reasonably attributed to the attack of hydride
from the less-hindered side of the five-membered ring
involving chelation of the samarium atom with the
oxygen and nitrogen atoms of the a-oxy-N-arylimine
(Fig. 2).

The present stereoselective synthctic method of 2-
amino alcohols was applied to the synthesis of a ce-
ramide, the hydrophobic skeleton of glycosphin-
golipids. The a-oxy imine was prepared by coupling of
benzyl chloromethyl ether, the isocyanide 6 and 2-
hexadecenal. Reduction with NaBH, gave the corre-
sponding anti-2-amino alcohol stereoselectively. Tem-
porary introduction of a palmitoyl group, removal of
the aryl group, and migration of the palmitoyl group
led to the synthesis of the (+)-ceramide 8. Thus, a
convenient and general synthetic route to ceramides
was established (Scheme 10).

S. Synthesis of a-hydroxy aldehydes by SmI,-mediated
coupling of ketones and isocyanide (1)

Reduction of ketones by samarium(II) iodide in the
presence of isocyanide (1) afforded a-hydroxy aldimines
after aqueous work-up [3b]. It has been reported that
ytterbium metal reacts with benzophenone to produce
n%-benzophenone dianion-Yb complex [9]. Therefore,
the present reaction may involve 7n2-ketone—samarium

L".....-i---Sm \ /

Fig. 2. Proposed model for hydridé attack to the five-membered
chelation intermediate.
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Scheme 10.

(II1) complex, which adds to isocyanide. However, all
attempts to trap the resulting (@-iminoalkyl)samarium
(ITD) intermediate with carbonyl compounds failed. a-
Hydroxy aldimines thus obtained were converted to the
corresponding a-hydroxy aldehydes by alkylation of the
imino nitrogen with methyl triflate followed by hydroly-
sis (Scheme 11).

6. Sml,-mediated double insertion of isocyanide (1)
into organic halides

Selective doubie insertion of isocyanide (1) into an
organic halide is efficiently mediated by samarium(II)
iodide providing a useful synthetic method for vicinal
di- and tricarbonyl compounds [3e]. When an organic
halide was treated with two equivalents of 2,6-xylyl
isocyanide (1) and samarium(II) iodide in THF / HMPA
at —15°C for 10 h, (a-iminoalkyl)samarium(III) (2), the
initial intermediate, underwent the second coupling
with 1 to afford organosamarium species 9. The keten-
imine structure may be presumed on the basis of the
structures of the related actinide metal complexes [10].
The intermediate 9 reacted with ketones and aldehydes
to produce a-hydroxy diimines. In marked contrast to
the (a-iminoalkyl)samarium(III) (2), the intermediate 9
was successfully acylated with esters to produce the
corresponding a-keto diimine selectively. This differ-
ence in the reactivity patterns of 2 and 9 may be

Xy
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——— — —
R' “R2 C  THF-HMPA PRGNS kC—H
1 R' R?
MeOSO,CF, Hpo  HO ﬁ
—_— — C—H
CH.Cl, R’ R2
Scheme 11.
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ascribed to their n2-type and ketenimine structures. It
should be noted that three C-C bonds were formed
between four molecules in one stage to construct an
a-hydroxy diimine or an a-keto diimine (Scheme 12).

Stepwise coupling with different isocyanides 1 and
10 led to the formation of a cross double insertion
product 11 (Scheme 13).

The diimines thus obtained were hydrolyzed in acidic
media to the corresponding polycarbonyl compounds.
Of particular interest is the fact that this procedure
provides a novel method for the construction of 1,2,3-
tricarbonyl functionality, which has recently attracted
much attention since it is a peculiar structural feature
of the powerful immunosuppressants [11] (Scheme 14).
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Scheme 14.

7. Mechanistic interpretation of Sml,-mediated cou-
pling of an organic halide with isocyanide 1

When the samarium(Il) iodide-mediated reaction of
an alkyl halide with isocyanide (1) was carried out in
the presence of D,0, no coupling reaction of the alkyl
halide with 1 took place and a deuterated alkane with
a high percent of deuterium incorporation (R-D:R-H
> 05:5) was obtained. Whereas reactions with alkyl
halides bearing oxy-substituents at the a-, y-, or &-
positions worked well, only B-oxy substituted alkyl
halides like 2-(trimethylsiloxy)ethyl bromide and 2-
(benzyloxy)ethyl bromide failed to react with the iso-
cyanide. Benzyl alcohol was obtained in the case of
2-(benzyloxy)ethyl bromide. The formation of benzyl
alcohol may be accounted for by assuming the interme-
diacy of a (B-oxyalkyl)samarium(III), which undergoes
B-elimination (Scheme 15).

These findings support the following route for the
generation of the (a-iminoalkyl)samarium(III) species
2; an alkylsamarium(III) is formed by means of rapid
successive one-electron transfers from 2 equivalents of
samarium(Il) iodide to an organic halide. The alkyl-
samarium(III) species undergoes a-addition to the iso-
cyanide. On the basis of the structures of n2-(a-imin-
oalkyerbium and -yttrium complexes [12], a n2com-
plex is the likely structure of the (a-iminoalkyl)samari-
um(I1I) species 2 (Scheme 16).

8. Generation of carbanions
It has been reported that phenyl and vinyl radicals

involved in samarium(II) iodide-mediated reactions ab-
stract a hydrogen atom from the THF solvent more

le 2 Smlp
BnO_~_DBr + (N: —_— [ BnO\/\/SmXZl —= BnO_~_D + 1
1
B le 2 Sml, B-elimination
RO~ ro+ g —_— I Ro/\,SlﬂXgl
1 RO-SMX, + HxC=CHp + 1
Scheme 15.
Xy
|
N Xy_
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Scheme 16.
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rapidly than they are reduced by samarium(Il) iodide
[6,13]). The hydrogen transfer generates a-tetrahydro-
furyl radical. Indeed, it was found that the use of
iodobenzene or vinyl bromide in the samarium-media-
ted three-component coupling reaction resulted in the
formation of THF-containing adduct 12 (Scheme 17).
Synthetic exploitation of this type of hydrogen trans-
fer was attempted and a new method for the genera-
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tion of a carbanion equivalent a to amino nitrogens
was developed [4]. Tertiary amines 13 having a pendant
at the o-iodobenzyl group on the nitrogen were easily
prepared in high yield by treatment of secondary amines
with o-iodobenzyl bromide in aqueous K,CO,/ THF.
The C-C bond formation took place at the a-position
of the nitrogen upon treatment of 13 with samarium(II)
iodide in the presence of electrophiles in tetrahydropy-
ran containing HMPA. Cyclic and acyclic tertiary
amines coupled with various electrophiles including
enolizable ketones, isocyanates and isocyanides. The
results of deuterium incorporation experiments sup-
port the following reaction pathway to a-amino
organosamarium(III) 14 as the transient intermediate:
(i) de-iodination of the o-iodobenzyl group by Sml,
giving the corresponding aryl radical; (ii) an in-
tramolecular 1,5-hydrogen atom transfer producing the
a-amino radical [14]; (iii)) one electron transfer from
Sml, to the a-amino radical giving 14 (Scheme 18).

Recently, Kagan et al reported that a-amino
organosamarium(III) is also generated via extrusion of
carbon monoxide from a-amino acid chloride [15]
(Scheme 19). It should be noted that isocyanide (1)
showed the opposite reactivity pattern towards a-amino
organosamarium(III) as well as a-alkoxy organosamar-
ium(IIT) (see Schemes 2 and 18).

It should be noted that the pendent benzyl group in
the product can be removed by hydrogenation to give
the secondary amine. Therefore, the reaction provides
a useful method for the synthesis of a variety of nitro-
gen containing compounds including 2-amino alcohols
and a-amino acid derivatives (Scheme 20).

Metallation by hydrogen-metal exchange has been
mostly carried out by abstraction of protons under
strongly basic conditions using alkyllithium or lithium
amide [16]. The present reaction, which is composed of
a delivery of radical center from the pendent benzyl
group to the a-position of nitrogen and a subsequent
one-electron transfer, offers a new method for metala-
tion.

9, Conclusions

Several new C-C bond forming reactions involving
organosamarium(III) intermediates have been devel-
oped. The reactions described here provide a new and
convenient synthetic method for a-hydroxy ketones
and aldehydes, hydroxy diketones, vicinal triketones,
and 2-amino alcohols, demonstrating the outstanding
efficiency of Sml,-mediated reactions. The compatibil-
ity of various functionalities with the reaction condi-
tions fulfills the requirements for the construction of a
multi-functional carbon framework.
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