Tetrahedron 66 (2010) 7065—7076

journal homepage: www.elsevier.com/locate/tet

Contents lists available at ScienceDirect

Tetrahedron

Tetrahedron report number 917

Recent advances in allylindium reagents in organic synthesis

Sung Hwan Kim, Hyun Seung Lee, Ko Hoon Kim, Se Hee Kim, Jae Nyoung Kim *

Department of Chemistry and Institute of Basic Science, Chonnam National University, Gwangju 500-757, Republic of Korea

ARTICLE INFO

Article history:
Received 20 May 2010
Available online 1 June 2010

Keywords:
Allylindium reagents
Indium
Alkynes
Alkenes
Allenes
Cyclopropenes
Nitriles
Contents
B OO 2 Y T L o (o) U P 7065
2. Unpolarized mUltiple DONAS ... ...ttt ettt ettt et e e e ettt e e e 7066
2.1, Carbon—carbon triple DONAS ... ..ottt ettt ettt et e e e 7066
B V(<) 1 T 7067
2.3, Carbon—carbon double DONAS ... ... e 7067
3. Strained three-membered CYCliC COMPOUNGS .. ... ...ttt ittt ettt et ettt ettt e e e et e et et ettt e e e ettt taeae e enanas 7068
1028 PR 23570 [ (<Pt
3.2.  Cyclopropenes
2 T V. 5 131
S ) L 3 1<
5. Carbon—nitrogen double bonds in heterocycles
6. Conjugate additions...........
7. Cyclic imides and anhydrides
8.  Coupling and SUDSHItULION TEACHIONS . ... ...ttt ettt ettt et et et e et et et e ettt e et et e e e et ettt et e e et et e et et e e e enenanans
9. Miscellaneous (enamines, N-acylpyrazoles, N-acylimidazoles, and 2-pyridyl carboxylates)
B (O 1 Us 00 10] (<Ta 11 ) o)
B T €0 ) T 1) T ) o
A0 L oA T o) 1 <)o P
References and MOTES .. ... ...ttt ettt ettt ettt e et e e e et e e e e e e e e e e
23004 =1 0] T | ) ]l o

* Corresponding author. Tel.: +82 62 530 3381; fax: +82 62 530 3389; e-mail
address: kimjn@chonnam.ac.kr (J.N. Kim).

0040-4020/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2010.05.103

1. Introduction

In the late 1980s, Araki and co-workers reported the first
Barbier-type allylation of carbonyl compounds using indium metal
in an anhydrous organic solvent.! Later, Li and Chan successfully
carried out the indium-mediated, Barbier-type allylation in
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aqueous media in 1990.% After the findings of Li and Chan, indium-
and/or indium salt-mediated allylation reactions in aqueous media
have attracted much attention in organic synthesis, because the
reactions proceed smoothly at room temperature without any
additive, while other metals usually require anhydrous organic
solvents.> Although allylindium reagents are sensitive to oxygen
and strong proton donors, such as, HCI, as Araki and co-workers
have reported,* most of the reactions could be carried out very
conveniently without special precautions under an air atmosphere
and in water as the solvent.

Allylindium sesquihalides have hitherto been developed as mild
nucleophilic reagents in organic synthesis. Addition to carbonyl
compounds and imines is a typical reaction of allylindium reagents,
giving the corresponding homoallylic alcohols and amines, re-
spectively.? The reactions of allylindium reagents with aldehydes,
ketones, N-acylimines, N-tosylimines, and related reactive electro-
philes have already been compiled in many reviews including their
regio-, enantio-, and diastereo-selectivities.> Thus, we have ex-
cluded the reactions of allylindium reagents with substrates having
a carbon—oxygen double bond (C=O0) and a carbon—nitrogen
double bond (C=N) in this review. Recently, however, the chemistry
of allylindium reagents has been rapidly growing, and widening
their applicability in organic synthesis. A more in-depth un-
derstanding of the structure and reactivity of allylindium reagents
has been established,” and various reactions of allylindium reagents
have been reported with less- or un-polarized multiple bonds,?2°
especially with nitrile group-containing substrates.”>21-26

Very recently, Baba and co-workers reported the isolation and
crystallographic characterization of cinnamylindium species gener-
ated from cinnamyl bromide and indium metal for the first time
(Scheme 1).> The reaction of cinnamyl bromide (1) with indium

compounds with benzaldehyde was monitored by NMR spectros-
copy, and the results indicated that electronegative substituents
retarded the nucleophilicity of the allylindium compounds.®

This brief review summarizes recent advances in indium-
mediated, Barbier-type allylations of less- and un-polarized
multiple bonds. We hope that the review will provide organic
chemists with some insight in this field and serve as a helpful tool
in designing synthetic strategies in their research.

2. Unpolarized multiple bonds
2.1. Carbon—carbon triple bonds

Butsugan and co-workers examined the reaction of allylindium
reagents and carbon—carbon triple bonds for the first time.® Allyl-
indium sesquihalides undergo smooth allylindation, at 100—140 °C
in DMF, with terminal alkynes bearing a neighboring hydroxyl
group, to give allylalkenols, as shown in Scheme 2. The coupling
occurred at the y-carbon of the allylindium reagents regiose-
lectively via syn-addition, whereas, the regioselectivity concerning

<R1WInzBr3
s R R

\\ OH R2 X OH
= OH + &
DMF, 100-140 °C R'R?

(major in most cases)

Scheme 2.

the alkynols depends upon the structures of both the allylindium
reagents and the alkynol. The allylation of non-functionalized

L
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Scheme 1.

metal gave two cinnamylindium species, cinnamylindium dibro-
mide 2, and dicinnamylindium bromide 3. The individual species
were isolated after complexation of appropriate pyridine-type Lewis
bases. The use of 3,5-dibromopyridine (Brypy) as Lewis base gave
cinnamylindium dibromide with two Br,py ligands. Dicinnamylin-
dium bromide was isolated with 4-(dimethylamino)pyridine
(Me;Npy) ligands. In both cases, the indium atom showed a trigonal-
bipyramidal coordination sphere with the cinnamyl group(s) and
bromide atom(s) in the equatorial sites, and the pyridine-type li-
gands occupying the axial positions. They also found that the diallyl
species had a great reactivity than the monoallyl compound for
carbonyl addition. The reaction of the in situ-generated allylindium

alkynes is less efficient, requiring higher reaction temperatures
(150—180°C), and giving lower yields. Mechanistic considerations
suggest a hydroxyl-assisted concerted process for the allylindation
of alkynols, whereas, a radical pathway is more likely for non-
functionalized alkynes.

Later, Yamamoto and Fujiwara extended the In-mediated ally-
lation reaction of terminal alkynols to unactivated alkynes.”®" They
carried out the reaction of allylindium reagents and unactivated
alkynes in THF to obtain various 1,4-pentadienes in good-to-high
yields. The Markovnikov product (vide infra) was obtained selec-
tively and the involvement of a vinylic a,¢-bis-indium intermediate
4 was proposed, as shown in Scheme 3.

(allyl)singl ROH
R H THF //—)—< H
/ § N
\ /
I—Ii A~y R=—H Iiln\/\ . R In,,
i ¢ - HI R In—1 =
P — In
= ‘I / |

Scheme 3.
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A more systematic study on the carboindation of carbon—
carbon triple bonds was carried out by Klaps and Schmid in 1999,
as shown in Scheme 4.8 They found that unprotected alkynols
reacted with allylindium reagents markedly faster, requiring only
2—4 h of ultrasonication in THF to produce the products in good
yields. In this reaction, the regioisomeric outcome was found to
depend on the distance between the hydroxyl group and the
alkyne moiety; propargyl alcohol gave the anti-Markovnikov
product via the involvement of a bicyclic chelation-controlled
transition state 5, while 4-pentynol and higher homologs exclu-
sively afforded the branched 1,4-dienes, the Markovnikov prod-
ucts. Terminal alkynes with protected hydroxyl groups gave the
corresponding Markovnikov product. In the latter reaction, they
proposed a vinylic a,a-bis-indium intermediate 6, which was
successfully quenched with N-bromosuccinimide (NBS) or
N-iodosuccinimide (NIS) to form tetrasubstituted dienes in good
yields.
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Scheme 6.

Kim and Lee have extended the reaction to functionalized
1,6-diols bearing an allenyne moiety.!" Addition of the allylin-
dium to the triple bond was not observed and the results imply
that the homoallenyl alcohol is more reactive than the homo-
propargyl alcohol towards the allylindium reagents, as shown in

Scheme 7.
OH OH

chelation-controlled

allylindation TS 5
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Lee and Lee have reported the synthesis of multi-substituted OH R OH R
allenes from tertiary propargyl alcohols and allyl bromides by an . Z THF ; =
In-mediated Barbier reaction (Scheme 5).° In their work an allyl R OH + (allylsinoXs 70°C R ‘ OH
moiety was introduced at the propargylic position regioselectively, Z
and secondary propargyl alcohols did not react with allylindium R' = alkyl, aryl
reagents. R2=H M;

R1

,
R R* In
OH + - R?
e __Br  THF35°%
R

R* R®

R' = Me, Ph R'-R? = -(CH,)s-
R2 = Me, Ph, 4-BI’-CeH4, 3-HO-C6H4, 4-Me-CeH4
R®=H, Me, n-Bu, Ph, Ph(CH,),CH,

Scheme 5.

2.2. Allenes

Araki and co-workers have reported an In-mediated in-
troduction of the allyl moiety into allenols.!® They found that
the reaction proceeds with high regio- and stereoselectivity
via a hydroxyl-chelated bicyclic transition state 7, as shown in
Scheme 6.

Scheme 7.

2.3. Carbon—carbon double bonds

As described above, the additions of allylindium reagents to
alkynes and allenes have been reported to proceed with high regio-
and stereoselectivity.5~!! The carbon—carbon multiple bonds with
enhanced s character, such as, those in alkynes and allenes undergo
smooth allylindation, whereas, ordinary carbon—carbon double
bonds are inert. Successful allylindation was, however, reported for
substrates having a neighboring hydroxyl group which can stabilize
the indium intermediate. Araki and co-workers have reported
a chelation-controlled regio- and stereoselective allylation of nor-
bornenol derivatives.'> The reaction of allylindium and syn-bicyclo
[2.2.1]hept-2-en-7-o0l (8) in THF at refluxing temperature afforded
three products in moderate yields, whereas, the allylindation
product was the major component (72%) in NMP (180 °C). Under
the latter conditions, iodinated and oxygenated products were not
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formed. The importance of the C;-hydroxyl group for the smooth
allylation was evidenced by the failure of the reaction of allylin-
dium with norbornene. A similar result was observed in the re-
action with endo-bicyclo[2.2.1]hept-5-en-2-01 (9). In these
reactions, the regio- and stereochemistry of the addition of the
allylindium reagents are highly regulated via chelation with the
neighboring hydroxyl group, as shown in Scheme 8.

H
OH (‘)
allylindium Ly
E—— -In
[~/
8
THF, reflux, 1.5 h:
NMP, 180 °C, 16 h:
’Ab allylindium
OH
9 L2

THF, reflux, 15 h:
NMP, 150 °C, 15 h:

OH OH
— * * OH
|

carried out in THF at room temperature to produce a mixture of
bishomoallyl alcohols in a regioselective manner. They reported
that, as an example, the reaction of styrene oxide with allylindium
reagents gave the corresponding bishomoallyl alcohols 10 and 11 in
90%yield in a 9:1 ratio, as shown in Scheme 10. The results, however,
were found to be misinterpreted later by Araki and co-workers.!>
Compound 10 must be formed via the direct ring-opening reaction

OH

26% 6% 32%
2% 0% 0%

25| — ey o

37% 43%
65% 0%

Scheme 8.

Hirashita and co-workers have reported an In-mediated ster-
eoselective allylation of the carbon—carbon double bond of meth-
ylenecyclopropanes (MCPs) having a hydroxymethyl group with
allylindium reagents.!® The introduction of the allyl group occurred
selectively at the external sp? carbon via cyclopropylindium in-
termediates, as shown in Scheme 9. They also found that the re-
action of ethyl 2-cyclopropylideneacetate and triallylindium
afforded the 1,4-adduct, along with dimeric products.

Ph allyl iodide Ph
_ In powder 4)> i
HO / THF, reflux, 17 h HO o
52%

Scheme 9.
3. Strained three-membered cyclic compounds
3.1. Epoxides

The first indium-mediated regioselective allylation of terminal
epoxides was reported by Yadav and co-workers.'4 The reaction was

of styrene oxide by allylindium reagents; the spectroscopic data of
10 were, however, exactly matched with those of compound 12,
which can be produced via the initial rearrangement of styrene
oxide to phenylacetaldehyde and the successive allylation with
allylindium reagents."”

Later, Pae and co-workers extended the reaction to vinyl epox-
ides, such as, vinyloxirane and trans-cinnamyloxirane.!® In these
cases, rearrangement of the epoxide to the corresponding aldehyde
occurred first via the ring-opening 1,2-hydride shift catalyzed by
the Lewis-acidic allylindium species. As shown in Scheme 11, the
bishomoallylic alcohol was obtained as the sole or major product in
both cases.

Although Pae and co-workers pointed out the importance of the
alkenyl moiety as the substituent of the epoxide for effective
rearrangement,'® it was later found by Hirashita and co-workers
that the allylindium sesquihalide has enough Lewis acidity to in-
duce the rearrangement of epoxide prior to the direct allylation,
and the resulting aldehydes undergo allylation to give the corre-
sponding homoallylic alcohols irrespective of the substituent of the
epoxides.”® They also found that allylindium ate complexes can
react directly with epoxides to give the ring-opening products to
the contrary, as shown in Scheme 12.

0 allyl bromide, In d L/\ _—
/\ ! = Ph
Ph THF, rt Ph " ph X /\o/H\/
10 11 12 -
90% (10:11 = 9:1)
Scheme 10.
O allyl bromide, In XN =
A S~ b
THF 87% OH
0 allyl bromide, In HO
iae,
/\/Q ’ Phw * A\j\/\
Ph™ ™S DMF OH Ph XN
(via aldehyde) (via direct allylation)

70% (8.5:1)

Scheme 11.
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Scheme 12.

3.2. Cyclopropenes

Although regioselective carboindations were reported on
alkynes® and allenes'®!! with allylindium, the first allylindation
of cyclopropenes appeared in 1998 by Araki and co-workers, as
shown in Scheme 13.17

He, SR | "
2 () @iyhangs " /R =
1 c HH (ii) Hy0" H A H
:36 b NCeftrs nCeHis
R = CH,OH, CO,H " 15
2 ’ 2!

Scheme 13.

With n-hexylcyclopropene derivatives 13, as an example, the
allyl group was introduced exclusively at the substituted C; carbon
and the indium atom at the less-hindered C, carbon, minimizing
the steric repulsion between the bulky indium and the hexyl group.
In this reaction, the substituent on the cyclopropene Cs carbon
plays an important role in determining the stereoselectivity of

allylindation. The carboxyl and hydroxymethyl groups facilitate
a high cis-addition based on the chelation (see 15) to produce
compounds 14, whereas, the ester group directs a trans-addition
owing to the steric interaction with incoming allylindium reagents,
as shown in Scheme 14.

H nCeHis
2 3 (i) @lyhglngls — H R

i) H.O"
nCeH13 (”) 3 /

R = CH,OAc, CO,Et

H

Scheme 14.

Araki and co-workers reported an in-depth study on the re-
action of allylindium reagents and cyclopropene derivatives both in
organic and aqueous media.® They first carried out a series of re-
actions with various 1-(w-hydroxyalkyl)cyclopropenes, as shown in
Scheme 15. The results for the 1-(w-hydroxyalkyl)cyclopropenes
16a—c clearly demonstrate that the allylindation is controlled by
the chelation of the hydroxyl group in the side chain; when the side
chain is short (n=2 and 3), the indium atom tends to be attached at
the Cy carbon, whereas, the 4-hydroxybutyl group (n=4) is long
enough to direct the indium to the C, carbon and, consequently, the
allyl group is introduced to the Cy carbon. In these cyclopropenes,
the ester group at the C3 carbon assists the cis-allylation in co-
operation with the chelation of the hydroxyl group.

Next, they examined the reaction of cyclopropenes having two
hydroxyalkyl substituents at the C; and Cs positions (Scheme 16).1®
In the reaction of 16d in DMF, the indium atom was introduced at
the Cq position to give cis-17 as the major product, due to the
chelation effect of indium and the hydroxymethyl group at the C3
position. Strikingly, when this allylindation was conducted in water,
both the regio- and stereoselectivity were totally reversed and
compound 18 was formed exclusively. This is because the solvent,

CO,Et OH
Ho 3 , Iz co,et
\1 H (i) (allyl)slnyls, THF + H 2
" H
I ii) 1 MHCI
HO™ 2 (i) 72
16a 13%
CO,Et \
H ’ . h/ COgEt
Y H (i) (allyl)zlngls, THF +
I (ii) 1 M HCI H H
3 ]
HO Ho s
16b 55% 8% (cis/trans= 65:35)
CO,Et
H ol (i) (allyl)zlngls, THF H COEt
L (ii) 1 M HCI H H
HO o
16¢ 55%
Scheme 15.
OH
H._Idz—OH

H H (i) (allyl)slnals, HO N H (i) (allyl)slnyl3, DMF
(i) H;0" (i) H;0"

/ HO .
18 (59%) 16d

HO &
17 (92%, cis:trans = 9:1)

Scheme 16.
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H o (i) (allyl)zInyl H o ;
N H VORSPIES H THF: 75% (cis/trans, 89:11)
N " DMF: 68% (cis/trans, 48:52)
Ho -tk (i) H30 Hot 14 water: 77% (cis/trans, 7:93)
16e 19
Scheme 17.
water, coordinates to the allylindium reagent, breaking the chela- such as, nitrile has not been extensively used in organic synthesis.
tion of the hydroxyl groups; accordingly, the solvated reagent The first successful results of indium-mediated allylation of nitriles
attacks from the less hindered trans face with preference of C, have been reported by Yamamoto and Fujiwara a decade ago
indation to avoid the steric crowding of the hydroxyethyl group at (Scheme 20),7>2! although allylation of nitrile with allylindate in-
the C; carbon. stead of allylindium reagents was reported by Butsugan and co-
In the allylindation of 16e with a 4-hydroxybutyl group, the workers in 1993 (vide infra, Scheme 21).2% The allylation of nitriles
longer side chain facilitates the C, indation, even in organic sol- with allylindium reagents was, however, limited to substrates
vents, giving the Cy-allylation product 19 (Scheme 17).1® Again, the having an electron-withdrawing substituent and an o-proton, as
cis/trans ratio largely depends upon the solvents; when the more shown in Scheme 20.7P2!
polar solvent was used, a higher trans selectivity was obtained.
Recently, Hirashita and co-workers reported a successful
consecutive double allylation of cyclopropene derivatives with R Ho allylindium Y
allylindium reagents and allyl iodide (Scheme 18)."° With an Ro_
n-hexylcyclopropene derivative, as an example, the first allylinda- EWG EWG NH,
tion occurred regio- and stereoselectively to give the intermediate, EWG = COOR', CN, COR'
which was converted into cis-diallylcyclopropane in high yield with R=H, Ph
allyl iodide both in the presence of other organometallic com- Scheme 20.
pounds, such as, Et,Zn and a polar co-solvent.
H  CHyOAc| CH,=CHCHl Hex 1 CH20Ae
Hex CH20AC  CH,=CHCH,, In Hex » EtoZn (180 mol%) H
VH THF, rt, 4 h 74 DMF (co-solvent)
InL,
H |
7%
Scheme 18.
3.3. Azirines
Recently Hirashita and co-workers reported the reaction of dioxane _
allylindium reagents and azirines to produce allylaziridines in good (allyl)nMeg.plnLi - + @CN Tta2h

yields (Scheme 19).2° Azirines are known to have a highly strained
ring similar to cyclopropenes and are expected to be reactive sub-
strates. The delivery of the allyl groups was well regulated by the
substituents at the C3 carbon of azirines. The cis-allylation with
respect to the substituent was realized with azirines bearing
a hydroxymethyl or an acetoxymethyl group, due to the chelation
with allylindium reagents, whereas, the trans-allylation was ob-
served with azirines substituted by non-chelating groups, such as,
methyl, phenyl, or ester groups owing to the steric repulsion.

4. Nitriles

Allylindium reagents have been used extensively for the in-
troduction of allyl groups in a Barbier type manner to various
electrophiles.® Although many electrophiles including aldehydes,
ketones, imines, and N-tosylimines have been used in the indium-

n=1,2 NH,

Scheme 21.

As mentioned above, Butsugan and co-workers reported a syn-
thesis of primary amines by the reaction of allylindate on aromatic
nitriles.”> When aliphatic nitriles were used, however, starting
materials were recovered.

Very recently, Kim and co-workers reported a series of indium-
mediated, Barbier-type allylations of nitrile groups in y-cyanoesters
(Scheme 22),% y-ketonitriles (Scheme 23),%* and 3-ketonitriles
(Scheme 24).2> The intrinsic reactivity of the nitrile group towards
the allylindium species was found to be sufficient to form the
corresponding imine or enamine intermediates, and the corre-
sponding d-valerolactams,?® pyrroles,?* and isoquinolines®® were
obtained in good to moderate yields via the subsequent cyclization
of the intermediates with an electrophilic moiety in the same

mediated allylations,® the reaction of less reactive electrophiles, molecule.
Ph \ \
R | In, THF, rt R H
/ + NS _
Ny PH N H PH N R
H H
cis major trans major

Sch

when R = CH,0H, CH,0Ac when R = Me, Ph, COOEt

eme 19.
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o]
COOEt
Ph™ S N allylindium 5N “NH
c? =
COOMe COOMe\

y-cyanoester

During these studies, they found that the nitrile group can
react with allylindium reagents even in the absence of both an
EWG and an o-proton when the imine or enamine intermediate
can react with a nearby electrophile in the same molecule, such
as, an ester?> or a sterically hindered ketone.?4?° In addition, they
found that aromatic nitriles can also reacts with allylindium re-
agents when the substrate has a suitable electrophilic quencher in

1% allylation 2" allylation oS . |
the same molecule.”> In this context, they envisaged that ortho-
o cyanobenzoates could afford a 3,3-diallylisoindolone scaffold via
Ph X COOI\IIEIEI - EtOH the indium-mediated double allylation strategy, as shown in
2 PR™ S ‘N Scheme 25.%% various 3,3-diallyl isoindolones were synthesized
“ N X via an indium-mediated Barbier type double allylation reaction of
COOMe COOMe ortho-cyanobenzoates in good yields and in short reaction
times.?®
Scheme 22.
HN H,N H
O CN allyl bromide o Z o’ 7 ph_ N
In, THF, reflux - | — \ [
Ph COOMe Ph COOMe Ph COOMe
Ph via CN attack Ph Ph Ph COOMe
y-ketonitrile 55%
\ \
via C=0 attack OH CN - MeOH o O _o 2" Barbier
Ph COOMe
Ph Ph CN
3%
(syn/anti, 1:1)
Scheme 23.
Ph Ph quencher o
(0] N allylindium N
CZ > . .
Pz x allylindium NH
COOMe COOMe
3-ketonitrile — X
aromatic nitrile /
Scheme 24. B-cyanoester
In their first series of allylation of nitriles, these workers used a- o 2" allylation
cyanoesters having another ester moiety at the y-position (Scheme 17 allylation

22).23 The first allylation proceeded to give the allylated enamine,
as in Yamamoto’s paper,”’®?! but the enamine intermediate cyclized
to the N-acylimine derivative, a reactive electrophile. A second
allylation of this compound afforded the d-valerolactam in mod-
erate yield.

As the next substrate, Kim’s group examined the reaction with
v-ketonitriles, as shown in Scheme 23.24 The reaction provided an
efficient synthetic strategy for poly-substituted pyrroles from
y-ketonitriles. Initial attack of the allylindium species occurred at
the nitrile group selectively to form the enamine intermediate,
which reacted with the ketone group intramolecularly to furnish
the pyrroles. Interestingly, allylindium reagents attacked the cyano
group faster than the ketone group in the same molecule. A lactone
derivative was also produced in low yield (3%) via attack of the
allylindium at the benzoyl moiety, lactonization, and a second
allylation at the nitrile group.

Based on these results,2>** Kim and co-workers developed an
efficient synthetic strategy for poly-substituted 1-arylisoquinolines
via an indium-mediated, Barbier-type allylation from d-ketonitriles
(Scheme 24).2° Initial attack of the allylindium species occurred at
the nitrile group selectively to form the enamine intermediate,
which reacted with the benzoyl group intramolecularly to furnish
the isoquinolines.

intramolecular

o
COOMe )
quenching

-~ N

C%NH /

Scheme 25.

Based on the reported results of Kim and co-workers on the
indium-mediated Barbier type allylation and/or consecutive ally-
lation, the reaction of allylindium reagents and nitrile group-
containing substrates could provide many interesting compounds
in the near future.

5. Carbon—nitrogen double bonds in heterocycles

As mentioned in the introduction, the reactions of allylindium
reagents with C=N bond-containing compounds have been exten-
sively investigated.> The C=N bonds in heterocyclic compounds,
such as, pyridine, quinoline, and isoquinoline did not, however, react
with allylindium reagents under normal conditions. Recently, Yoon
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and co-workers reported an indium-mediated allylation of quino-
line and isoquinoline activated by phenyl chloroformate in THF at
room temperature and obtained the allyl dihydroquinoline and allyl
dihydroisoquinoline in good yields (Scheme 26).%

(i) CICO,Ph

S.H. Kim et al. / Tetrahedron 66 (2010) 7065—7076

unsaturated carbonyl and related compounds.>® The reaction of
allylindium sesquihalide with a,B-unsaturated carbonyl com-
pound proceeded in a 1,2-addition mode, whereas, a 1,4-addition
took place with triallylindium, as shown in Scheme 30. In

o9 )
or
N/ N (ii) allyl bromide, In

X
X
" or N-cooph
Cooph

Scheme 26.

Based on the importance of allyl-substituted chiral dihy-
dropyridines and dihydroquinolines, Yamada and Inoue developed
an interesting methodology for these compounds.?® Regio- and
stereoselective allylation of pyridinium and quinolinium salts were
performed by the addition of allylindium reagents to intermediary
cationic-m-complexes, such as, 20 (Scheme 27).28 As an example,
the reaction of allylindium reagents and the pyridinium salt 20
afforded a 1,2-adduct, whereas, the addition of prenylindium re-
agents gave a 1,4-adduct with good regio- and stereoselectivities.

As shown in Scheme 28, the reaction of a pyridinium salt, in situ
generated from 21 and methyl chloroformate, and a prenylindium

MeOOC ®

CICO,Me

addition, 1,4-addition was the major process in the case of
o,B-unsaturated nitriles irrespective of the type of allylindium
reagent.

Shanthi and Perumal have reported a one-pot synthesis of 4-allyl-
2-amino-4H-chromene-3-carbonitrile (23) by an In-mediated, three-
component reaction of salicylaldehyde and malononitrile with allyl
bromide in water, as shown in Scheme 31.3! The reaction mechanism
was proposed to involve a Knoevenagel condensation of salicylade-
hyde and malononitrile, a following cyclization to the iminocoumarin
derivative, and conjugate addition of the allylindium reagent.

allylindium

COOMe
1,4-adduct

CooMe
1,2-adduct

Scheme 27.

N0 CICO,Me

» % YVBH”—’
N S *

21

Yoy R X
98N g g

22 (90% de) E=COOMe

69% (92:8)

Scheme 28.

reagent afforded a 1,4-adduct 22 as the major product (92:8) in
a stereoselective manner (90% de).

6. Conjugate additions

Zhang and co-workers reported an indium-mediated Michael
addition of allyl bromide to 1,1-dicyano-2-arylethenes in aqueous
media to produce the addition products in reasonable yields
(Scheme 29).%° The reaction failed, however, with other electron-
deficient alkenes, such as, 1-cyano-1-ethoxycarbonylstyrene and
cinnamyl cyanide.

Later, Araki and co-workers reported the different reactivities
of triallylindium and allylindium sesquihalides towards o,B3-

Ar/\rCN

CN

allyl bromide

=
In, aqueous THF

CN
Ar

CN

Scheme 29.

HO Me
(allyl)3In X3, DMF Ph N
Ph  COMe COOEt
— 1,2-addition (84%)
COOE (allyl)sIn, THF Ph COMe
COOEt
/
1,4-addition (84%)
Ph. CN
Ph CN (allyl)zIn, THF
COOEt O (@lyl)sInXs, DMF 7 COOEt
1,4-addition

40% with (allyl)sln,l
85% with (allyl)sIn

Scheme 30.
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allyl bromide CN

e

In, Nal, water ‘

CHO CN
L - ¢
OH CN

OO
O NH

Lee and co-workers reported a formal conjugate addition of
allylindium reagents to a,B-enone systems.>? 3-tert-butyldime-
thylsilyloxyalk-2-enylsulfonium salts, generated in situ from the
reaction of o,B-unsaturated ketones with dimethyl sulfide in the
presence of TBSOTf, underwent a nucleophilic substitution with
allylindium reagents to give the corresponding silyl enol ethers,
which corresponds to formal Michael addition products, as shown
in Scheme 32.

Scheme 31.

(0] OTBS OTBS
é TBSOTf/Me,S allylindium
THF Corr
SMez
® A
Scheme 32.

In-mediated conjugate addition of allyl bromide to nitroalkenes
was also reported by Zhang and Zhang, as shown in Scheme 33.33
The reaction was carried out in aqueous DMF to produce the con-
jugate addition products in moderate-to-good yields.

7. Cyclic imides and anhydrides

Butsugan and co-workers reported an indium-mediated allyla-
tion of acid anhydrides for the first time and obtained gem-diallyl
esters in good yields.>** As an example, the reaction with phthalic
anhydride gave the gem-diallyl ester 24, as shown in Scheme 34.
Later, Sabitha and co-workers reported the synthesis of spi-
rolactones by a combination of the following two processes: (i) an
indium-mediated allylation of cyclic anhydrides to form diallylated
compounds, such as, 24 and (ii) a ring-closing metathesis (RCM)
reaction with a Grubbs catalyst to form spirolactones.>4"

Y
0 allyl iodide
In, DMF, t, 1 h
o
81% 0
o)
o)
24
Scheme 34.

Two years later, Butsugan and co-workers reported an excellent
paper on the preparation of allylindium reagents and their syn-
thetic applications involving protolysis, oxygenations, and re-
actions with imides. In this paper, they examined the coupling of
allylindium reagents with cyclic imides and obtained diverse
products, depending upon the structures of the substrates, as
shown in Scheme 35.

Recently, Coleman and co-workers used an In-mediated allyla-
tion of a cyclic imide in their total synthesis of Lucilactaene, as
shown in Scheme 36.3° In this reaction, a regioselective allylation of
the carbonyl distal to the iodine was achieved using allylindium
reagents in DMF (—15 °C, 3 d) to afford 25 as a separable 8:1 mix-
ture of regioisomers.

NO.
% allyl bromide Cl 2 8. Coupling and substitution reactions
X NO; In, aq DMF N

The first allylation of allylic halides has been reported by But-

Cl Cl sugan and co-workers in 1995.36 The more nucleophilic allylindate
77% was, however, required instead of the allylindium sesquihalides, as

shown in Scheme 37.
Scheme 33.
0 b o
allyl bromide
In, DMF, rt-heating
|  N—Ph | o
37%
o o
/ N /
o) allyl bromide HO
In, DMF, rt-heating
N—COOEt N—-COOEt + o
[e) O
52% 16% ©

Scheme 35.

' allyl iodide
ﬂ In, DMF, 81% \/f&\
o (o}
N o N ©
SEM SEM

N
OH |

Lucilactaene

Scheme 36.
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(allyl),R4-pInLi

R! Br 1
\’/\/ R W

R? R = Me, Bu R2
n=1,2
Scheme 37.

Ranu and co-workers reported a regioselective cross coupling of
allylindium reagents with benzylic bromides (Scheme 38).3” They
carried out the reaction in THF at room temperature with various
benzylic bromides and cinnamyl bromides to obtain a series of
terminal alkenes.

In, THF R

RBr + R1/\/\Br
) R)\/
R = benzyl, cinnamyl

R' = H, Me, CO,Me

Scheme 38.

Hirashita and Araki reported intra- and intermolecular reactions
of carbon-centered radicals generated by photolysis of organo-
indium compounds.®® Allylic indium compounds, prepared from
8-bromooct-1,6-diene and powdered indium metal, underwent an
intramolecular radical cyclization to afford the 5-exo-trig product
26, as shown in Scheme 39. The intermolecular version of the re-
action with cinnamyl bromide produced a mixture of two dimers
and a small amount of diol, which was coupled with THF.

equivalent in the reaction to achieve the carbon—carbon bond
formation at the C4-position.

9. Miscellaneous (enamines, N-acylpyrazoles,
N-acylimidazoles, and 2-pyridyl carboxylates)

Mosset and co-workers reported the reaction of enamines
and allyl bromide in the presence of indium metal to obtain
homoallylic amines in low-to-moderate yields.*! The allyl group
was introduced at the a-position relative to the nitrogen atom, as
shown in Scheme 42.

R’ R’
\ \
N H In N =
= oo ~Br N e
R I = THE R I\/
R> RS R> RS
Scheme 42.

The reactions of N-acylimidazole and N-acylpyrazole derivatives
with allylindium reagents were examined by Bryan and Chan in
water.*> As shown in Scheme 43, the reaction of N-benzoylimid-
azole produced a tertiary alcohol as the major product and a trace
amount of allyl ketone, while the reaction of N-benzoylpyrazole
afforded a ketone as the major product. The selective formation of
a ketone derivative is presumably due to the stabilization of the
intermediate by the chelation, and the ketone was the sole product
for the crotylindium reagents.

Br
InL,
N = In, THF —
reflux 3h hv r, 36 h
E E E E
E = COOEt 26, 51% (cis/trans, 85:15)
(i) In, THF
reflux, 2 h
Ph o~ Br
(i) hv, rt, 24 h
33% (58:42) 8%
Scheme 39.
An indium-mediated coupling reaction of sulfonyl chloride and
allyl bromide in water has also been reported.>® As an example, the i1 bromid
reaction of allyl bromide and p-toluenesulfonyl chloride in the i e 0 Ho)d
presence of indium metal afforded the corresponding sulfone in Ph” NN PhM * pp AN
67% yield, as shown in Scheme 40. =/ 95% (6:94)
allyl bromide
In, HO / In,ywater HQ

MeOSOZCI + B

Scheme 40.

e Wt

Lee and co-workers reported an indium-mediated allylation of
4-acetoxy-2-azetidinones by treatment with indium and allyl
bromide in the presence of KI at room temperature, as shown in
Scheme 41.49 It was assumed that azetidinone behaved as the imine

7
OTBS allyl bromide qTBs
%, OAc In, KI, DMF, rt /"’
o O
88%
Scheme 41.

+

.
R

(0]
)kNil?

crotyl bromide

Ph Ph

90% (75:25)

|
n, water I_\ L
n’
(0] fN
Ph N
Ph X \i;
88% /

Scheme 43.

Kim and co-workers reported the reaction of 2-pyridyl carb-
oxylates and allylindium reagents in water at low temperature
and obtained a tertiary alcohol in reasonable yield, as shown in

Scheme 44.43
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allyl bromide
(0] NZ ‘ In, water HC;C/\
Ph)ko X low T (10 °C) Ph AN
86%
Scheme 44.

10. Intramolecular versions

Although intramolecular processes, in which the allyl moiety
and the carbonyl function are parts of the same molecule, have
been examined extensively,> a similar process with less- or un-
polarized multiple bonds has not been reported to a large degree.
As shown in Scheme 39, Hirashita and Araki reported intra-
molecular reactions of carbon-centered radicals generated by
photolysis of organoindium compounds.3?

An intramolecular version of the allylindation of alkynes with
allylindium reagents has been examined by Salter and Sardo-Inffiri
in 2002.44 The intramolecular cyclization of tethered allyl bro-
mides on to terminal alkynes mediated by an indium metal pro-
ceeded smoothly and cleanly in aqueous THF to afford unsaturated
carbocycles and heterocycles in good yields, as shown in Scheme
45, Later, these workers also found that the cyclization could be
carried out in anhydrous THF with the aid of acid catalysts, and the
reaction proceeded via a concerted syn carboindation and a fol-
lowing protonation.*4?

\/i & In, aq THF :f{
rt, 20 h o 62%
In, aq THF
rt, 20 h 74%
MeOOC COOMe MeOOC COOMe
Scheme 45.

11. Conclusions

In this mini review, we have described recent advances in the
reactions of allylindium reagents with some less polarized and less
reactive functional groups. As this review illustrates, the reactions
of allylindium and related reagents with somewhat less reactive
functional groups have grown rapidly growing during the last two
decades and have provided a variety of important substances. Many
kinds of functional groups, such as, carbon—carbon triple bonds,
allenes, alkenes, epoxides, cyclopropenes, and nitriles have been
used successfully. The indium-mediated allylation reaction is still,
however, in its infancy. Based on the environmentally benign
character of an indium metal and the high tolerance of allylindium
reagents to water as solvent or to the atmosphere, indium-medi-
ated allylations are likely to provide a more convenient method-
ology in the future.

Acknowledgements

J.N. Kim wishes to thank the previous and present members of
his group: Dr. HJJ. Lee, Dr. K.Y. Lee, Dr. S. Gowrisankar, J.S. Son, K.S.
Jung, M.R. Seong, H.N. Song, H.S. Kim, T.Y. Kim, Y.M. Chung, J.H.
Gong, Y.J.Im, ].M. Kim, C.G. Lee, J.E. Na, M.J. Lee, S.C. Kim, D.Y. Park, S.

J. Kim, H.S. Lee, S.H. Kim, J.M. Kim, H.S. Kim, K.H. Kim, S.H. Kim, E.S.
Kim, Y.M. Kim, and B.R. Park.

References and notes

. Araki, S.; Ito, H.; Butsugan, Y. J. Org. Chem. 1988, 53, 1831—1833.

. Li, C. J.; Chan, T. H. Tetrahedron Lett. 1991, 32, 7017—7020.

. For the general review on indium-mediated reactions, see: (a) Auge, J.; Lubin-
Germain, N.; Uziel, J. Synthesis 2007, 1739—1764; (b) Kargbo, R. B.; Cook, G. R.
Curr. Org. Chem. 2007, 11, 1287—1309; (c) Lee, P. H. Bull. Korean Chem. Soc. 2007,
28,17-28; (d) Li, C.-].; Chan, T.-H. Tetrahedron 1999, 55, 11149—11176; (e) Pae,
A.N,; Cho, Y. S. Curr. Org. Chem. 2002, 6, 715—737; (f) Nair, V.; Ros, S.; Jayan, C.
N.; Pillai, B. S. Tetrahedron 2004, 60, 1959—1982; (g) Podlech, ]J.; Maier, T. C.
Synthesis 2003, 633—655.

4, Araki, S.; Shimazu, T.; Johar, P. S.; Jin, S.-J.; Butsugan, Y. J. Org. Chem. 1991, 56,
2538—2542.

. Yasuda, M.; Haga, M.; Baba, A. Eur. J. Org. Chem. 2009, 5513—5517.

6. (a) Araki, S.; Imai, A.; Shimizu, K.; Butsugan, Y. Tetrahedron Lett. 1992, 33,
2581-2582; (b) Araki, S.; Imai, A.; Shimizu, K.; Yamada, M.; Mori, A.; Butsugan,
Y. J. Org. Chem. 1995, 60, 1841—1847.

7. (a) Fujiwara, N.; Yamamoto, Y. J. Org. Chem. 1997, 62, 2318—2319; (b) Fujiwara,
N.; Yamamoto, Y. J. Org. Chem. 1999, 64, 4095—4101; (c) Ranu, B. C.; Majee, A.
Chem. Commun. 1997, 1225—1226.

8. Klaps, E.; Schmid, W. J. Org. Chem. 1999, 64, 7537—7546.

9. Lee, K.; Lee, P. H. Org. Lett. 2008, 10, 2441—-2444.

10. Araki, S.; Usui, H.; Kato, M.; Butsugan, Y. J. Am. Chem. Soc. 1996, 118, 4699—4700.

11. Kim, S.; Lee, P. H. Eur. J. Org. Chem. 2008, 2262—2266.

12. Araki, S.; Kamei, T.; Igarashi, Y.; Hirashita, T.; Yamamura, H.; Kawai, M. Tetra-
hedron Lett. 1999, 40, 7999—8002.

13. Hirashita, T.; Daikoku, Y.; Osaki, H.; Ogura, M.; Araki, S. Tetrahedron Lett. 2008,
49, 5411-5413.

14. Yadav, ]. S.; Anjaneyuluy, S.; Moinuddin Ahmed, M.; Subba Reddy, B. V. Tetra-
hedron Lett. 2001, 42, 2557—2559.

15. Hirashita, T.; Mitsui, K.; Hayashi, Y.; Araki, S. Tetrahedron Lett. 2004, 45,
9189-9191.

16. Oh, B. K.; Cha, J. H.; Cho, Y. S.; Choi, K. L.; Koh, H. Y.; Chang, M. H.; Pae, A. N.
Tetrahedron Lett. 2003, 44, 2911-2913.

17. Araki, S.; Nakano, H.; Subburaj, K.; Hirashita, T.; Shibutani, K.; Yamamura, H.;
Kawai, M.; Butsugan, Y. Tetrahedron Lett. 1998, 39, 6327—6330.

18. Araki, S.; Shiraki, F.; Tanaka, T.; Nakano, H.; Subburaj, K.; Hirashita, T.; Yama-
mura, H.; Kawai, M. Chem.—Eur. J. 2001, 7, 2784—2790.

19. Hirashita, T.; Shiraki, F.; Onishi, K.; Ogura, M.; Araki, S. Org. Biomol. Chem. 2007,
5, 2154-2158.

20. Hirashita, T.; Toumatsu, S.; Imagawa, Y.; Araki, S.; Setsune, J.-i. Tetrahedron Lett.
2006, 47, 1613—-1616.

21. Fujiwara, N.; Yamamoto, Y. Tetrahedron Lett. 1998, 39, 4729—4732.

22. Jin, S.-].; Araki, S.; Butsugan, Y. Bull. Chem. Soc. Jpn. 1993, 66, 1528—1532.

23. Kim, S. H.; Lee, H. S.; Kim, K. H.; Kim, ]. N. Tetrahedron Lett. 2009, 50, 1696—1698.

24. Kim, S. H.; Kim, S. H.; Lee, K. Y.; Kim, J. N. Tetrahedron Lett. 2009, 50, 5744—5747.

25. Kim, S. H.; Lee, H. S.; Kim, K. H.; Kim, ]. N. Tetrahedron Lett. 2009, 50, 6476—6479.

26. Kim, S. H.; Kim, S. H.; Kim, K. H.; Kim, J. N. Tetrahedron Lett. 2010, 51, 860—862.

27. Lee, S. H.; Park, Y. S.; Nam, M. H.; Yoon, C. M. Org. Biomol. Chem. 2004, 2,
2170-2172.

28. Yamada, S.; Inoue, M. Org. Lett. 2007, 9, 1477—1480.

29. Wang, L.; Sun, X.; Zhang, Y. Synth. Commun. 1998, 28, 3263—3267.

30. Araki, S.; Horie, T.; Kato, M.; Hirashita, T.; Yamamura, H.; Kawai, M. Tetrahedron
Lett. 1999, 40, 2331—-2334.

31. Shanthi, G.; Perumal, P. T. Synlett 2008, 2791—2794.

32. (a) Lee, K.; Kim, H.; Miura, T.; Kiyota, K.; Kusama, H.; Kim, S.; Iwasawa, N.; Lee,
P. H. J. Am. Chem. Soc. 2003, 125, 9682—9688; (b) Lee, P. H.; Lee, K.; Kim, S. Org.
Lett. 2001, 3, 3205—3207.

33. Zhang, J.-M.; Zhang, Y.-M. Chin. J. Chem. 2002, 20, 296—298.

34. (a) Araki, S.; Katsumura, N.; Ito, H.; Butsugan, Y. Tetrahedron Lett. 1989, 30,
1581-1582; (b) Sabitha, G.; Reddy, C. S.; Babu, R. S.; Yadav, J. S. Synlett 2001,
1787-1789.

35. Coleman, R. S.; Walczak, M. C.; Campbell, E. L. J. Am. Chem. Soc. 2005, 127,
16038—16039.

36. Araki, S.; Jin, S.-J.; Butsugan, Y. J. Chem. Soc., Perkin Trans. 1 1995, 549—552.

37. Ranu, B. C.; Banerjee, S.; Adak, L. Tetrahedron Lett. 2007, 48, 7374—7379.

38. (a) Hirashita, T.; Hayashi, A.; Tsuji, M.; Tanaka, ].; Araki, S. Tetrahedron 2008, 64,
2642—2650; (b) Hirashita, T.; Tanaka, J.; Hayashi, A.; Araki, S. Tetrahedron Lett.
2005, 46, 289—292.

39. Wang, L,; Zhang, Y. J. Chem. Res., Synop. 1998, 588—589.

40. Kang, S.-K.; Baik, T.-G.; Jiao, X.-H.; Lee, K.-].; Lee, C. H. Synlett 1999, 447—449.

41. Bossard, F.; Dambrin, V.; Lintanf, V.; Beuchet, P.; Mosset, P. Tetrahedron Lett.
1995, 36, 6055—6058.

42. Bryan, V. ].; Chan, T.-H. Tetrahedron Lett. 1997, 38, 6493—6496.

43. Yoo, J.; Oh, K. E.; Keum, G.; Kang, S. B.; Kim, Y. Polyhedron 2000, 19, 549—551.

44, (a) Salter, M. M.; Sardo-Inffiri, S. Synlett 2002, 2068—2070; (b) Goeta, A.; Salter,

M. M.; Shah, H. Tetrahedron 2006, 62, 3582—3599.

W N =

w



7076 S.H. Kim et al. / Tetrahedron 66 (2010) 7065—7076

Biographical sketch

Jae Nyoung Kim was born in 1960 in Seoul, Korea. He received his B.S.c. degree
from Seoul National University in 1984, his M.S.c. in 1986, and his Ph.D. in 1992
from Korea Advanced Institute of Science and Technology. After spending 10 years
as a senior research scientist at Korea Research Institute of Chemical Technology
(1984—1994), he joined Chonnam National University as an assistant professor of or-
ganic chemistry in 1995. Currently, he is a full professor of organic chemistry at the
same university. He received Tetrahedron Most Cited Paper 2003—2006 Award with
Tetrahedron 2003, 59, 385—390, Tetrahedron Most Cited Paper 2005—2008 Award
with Tetrahedron 2005, 61, 1493—-1499, Tetrahedron Letters Most Cited Paper
2003—-2006 Award with Tetrahedron Lett. 2003, 44, 6737—6740, and Tetrahedron Let-
ters Most Cited Paper 2005—2008 Award with Tetrahedron Lett. 2005, 46, 4859—4863.
He is a recipient of the Award for the Advancement of Science (2000) from the Korean
Chemical Society. He is a recipient of the Award for Excellent Research Paper (2006)
from the Korean Chemical Society. He is a recipient of the Great Yong-Bong Academic
Award (2006) from Chonnam National University. His current research interests are
mainly focused on the chemical transformations of Baylis-Hillman adducts using
metal catalysts.

Sung Hwan Kim was born in 1982 in Gwangju, Korea. He received his B.S.c. (2007) and
his M.S.c. (2009) degrees from Chonnam National University under the guidance of
Professor Kim. He is currently a Ph.D. student in the same university.

Hyun Seung Lee was born in 1983 in YeoSu, Korea. She received her B.S.c. (2006) and
her M.S.c. (2008) degrees from Chonnam National University under the guidance of
Professor Kim. She is currently a Ph. D. student in the same university.

Ko Hoon Kim was born in 1982 in Gwangju, Korea. He received his B.S.c. (2008) and
his M.S.c. (2010) degrees from Chonnam National University under the guidance of
Professor Kim. He is currently a Ph. D. student in the same university.

Se Hee Kim was born in 1985 in Jeonju, Korea. She received her B.S.c. (2008) and her
M.S.c. (2010) degrees from Chonnam National University under the guidance of Profes-
sor Kim. She is currently a Ph. D. student in the same university.



