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1. Introduction

While the development of boron and aluminum reagents for synthetic purposes has been one of the major
achievements in organic chemistry in this century, the study of indium reagents has remained largely unexplored
until very recently.! The earliest study of using indium for synthetic purposes was carried out briefly earlier this
century.2 In the 1970s, Rieke developed various active metals (including indium), now commonly referred to as
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the Rieke metals, for synthetic purposes.3 In the late 1980s, Araki and co-workers contributed to the more
extensive exploration of indium reagents for organic synthesis in anhydrous solvents.* In the 1990s, the use of
indium for synthetic purposes has seen a stellar development. Most recent interests in indium-mediated reactions
have been focused on its unique ability of mediating and catalyzing organic reactions in aqueous media, which
were initiated by the two authors of this report about a decade ago.3

Because of economical and environmental concerns, the use of water as solvent for organic reactions has
been of interest recently. In addition, there is the practical convenience of not having to handle flammable and
anhydrous organic solvents. The tedious protection-deprotection processes for certain acidic-hydrogen containing
functional groups can be simplified, which contributes to the overall synthetic efficiency. Water-soluble
compounds, such as carbohydrates, can be used directly without the need of derivatization. Among the many
reactions carried out in water, the use of indium and indium compounds appears special. This report summarizes
recent developments in the use of indium metal and indium compounds for organic synthetic purposes in aqueous
media with a focus on representativeness rather than comprehensiveness. We hope that the report will provide
non-specialists with some insight into this field and serve as a helpful tool in designing synthetic strategies in their
research.

Indium-Mediated Barbier-Type Reactions
2.i. The Reaction

The use of indium for mediating Barbier-Grignard type reactions in water was first reported in 1991 (Eq.
1).> The work was an outgrowth of deveiopin g aqueous chemical strategy toward the synthesis of sialic acids,
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-acetyl-neuraminic acid. It was envisioned that S‘uch natural products can be synthesized through the coupling of
ylate. While the reactions of carbonyl compounds with (2-

a sugar with ethyl (2-bromomethyl)acr
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R” "H H.0O R
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1 2 60-97% 3

The transferring of electrons from metals to organic substrates plays important roles in many metai
mediated reactions. The ionization potential of an element is directly related to its ability of giving off electrons.
Thus, by examining the first ionization potentials of different elements,® it was found that indium has the lowest
first ionization poiential relative to the other metal elements near it in the periodic table. In fact, the ionization
potentiai of indium is on the same level with the most ac‘live ajkaii metajs and 18 muc'n jower ‘lhan that of zinc or

sensitive io boiling waier or alkah and does not form oxides readily in air. Such special properties of ndnu'“r
indicaie that it is perhaps a promising metal for aqueous B-‘rbier-Grig‘nard type reactions. Indeed, it appears that

. iitial success, Chan and Li also repor
ediated reaction in water.?
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Table 1. First Ionization Potential of Some Metals

Metal Indium Magnesium | Zinc Tin Lithium Sodium
First 5.79 7.65 9.39 7.43 5.39 5.12
Ionization Potential (ev)

Cited from CRC Handbook of Chemistry and Physics. 75th ed., CRC Press, 1994.

When the allylation was mediated by indium in water, the reaction went smoothly at room temperature
without any promoter, whereas the use of zinc and tin usually requires acid catalysis, heat, or sonication. An
organic co-solvent is not necessary either. The mildness of the reaction conditions makes it possible to use the
indium method to allylate a methyl ketone 4 in the presence of an acid sensitive acetal functional group to generate
5 (Eq. 2). Attempts to achieve such transformations with zinc and tin have not been successful under the usual
acidic conditions related to these reactions. Furthermore, the coupling of ethyl 2-(bromomethyl)acrylate (6) with
carbonyl compounds proceeds equally well under the same reaction conditions, which later makes the synthesis of
sialic acids possible (Eq. 3).

CH3O O | CHgO OH
' ” + \\v/\‘ 7" - l l N (Eq 2)
CHa0™ " B ho CH0” XS
70%
4 5
fe) OH
+ n_ (Eq. 3)
- /U\ COQEt LI A e R1 COQEt )
R1/ ‘R ] gy, .. .
? Br 85-96% ki
6 7
Araki et al. found that the allylation of aldehydes and ketones in aqueous medium can be carried out by
using catalytic amounts of indium(III) chloride in combination with aluminum or zinc metal (Eq. 4).10 This
reaction was typically performed in a THF-water (5:2) mixture at room temperature. However, with this method,

the conversion is much slower, relative to the same reaction mediated by use of a stoichiometric amount of indium;
it requires days to complete. When the reaction was carried out in anhydrous THF, the yield dropped

1T rr
considerably, while side-reaction (such as reduction of the aldehyde to alcohol) increased. The combinations of
Al-InClz or Zn-InCl3 gave comparabie results.
Al-inCl3 or
0 Z!".-!!‘.C?g OH
T o+ e~ — DWW (Eq. 4)
R H o HoO R™
55-88%

On the other hand, Whitesides and co-workers examined in a greater detail the effect of substituents and
co-solvents on the allylic moiety on the indium mediated reactions in water.1! They also found that the use of
indium at room temperature gave results comparable to those of tin-mediated reactions carried out at reflux.
Replacement of the aqueous phase with 0.1 N HCI further increased the rate of the reaction by shortening the
initiation time. The indium-mediated reactions also provide cleaner products than the tin mediated ones. Various
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carbohydrates were allylated in good yields with high diastereoselectivity. Propargyl bromide also reacted to give
a mixture of allylation and propargylation products.

More recently, Chan et al. reported that the carboxylic acid functionality on ally! halides is compatible with
the indium-mediated reactions (Eq. 5).12.13 Thus, when 2-(bromomethyl)acrylic acid (8), instead of its ester,
was treated directly with carbonyl compounds and indium in water, the corresponding y-hydroxyl-a-
methylenecarboxylic acids 9 were generated in good yields. On the other hand, the same reaction in a mixture of
THF/water generated the corresponding a-methylene-y-lactone.!4

o OH
O Il In T I €08
————en - .
* ACQ’)H T aNrEY R1MC02H q
R N | < Mg, 7.1 /
1 Rz Br 29-96% Rz
8 9

compounds mediated by indium in water was reported by Li et al. (Eq. 7).1¢ The reaction gave predominately
1,1-bis-allylation product 13a.

trimethylenemethane dianion equivalent in water. The bis-allylation of 1,3-dibromo-propene 12 with carbonyl

o) 1 In H,0 eH oy O
/U\n, o XLAX . HMR (Eq. 6)
T X=Ci R R'
X=Br
10 18-75% 11
R, OH
Ry in rn‘iJ OH OH
,)=O + BrN\Br e R + P“,}\/\/k—_m (Eq. 7)
R> R on R
Ra2
12 13a major 13b minor

In an effort to synthesize biologically important polyhydroxylated carboxylic acid derivatives, a general
and effective methodology for the preparation of B-hydroxyl carboxylic esters is desired. While no apparent
reaction was observed between indium and these substrates, it was found that various aldehydes can be alkylated
with 3-bromo-2-chloro-1-propene (14) very efficiently mediated by indium in water at room temperature.
Subsequent treatment of the compound 15 with ozone in methanol followed by work-up with sodium sulfite
provided the desired hydroxyl esters 16 in high yield (Eq. 8).178 Very recently, Paquette and co-workers
reported an indium-mediated reaction of methyl (E)-4-bromo-3-methoxycrotonate to aldehydes in water to give g-
hydroxyesters. After hydrolysis of these esters, Knoevenagel-like adducts were generated.17b

l_l InH0 :H I O3MeOH IH H
_—
R/’\/\CI Na,50s

2P =
Br A 5897% 15 54-99% 16
14
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In addition to the allylation of aldehydes and ketones, allylation of sulfonimines 17 (Eq. 9) to give
homoallyl sulfonamides 1 8 was reported by Chan.!® His group also reported the allylation of acyloyl-imidazoles
19 and pyrazoles 20 to give p,y-unsaturated ketones 21 (Eq. 10).19

A “NH Ry
2
R,CH=NSO,Ph + = —_— (Eq.9)

™ e -
RS RS VN i 1 /\
3

Ry= aryl or cinnamyl Ry Rs

]

17 18

Y=H Minor Major

Y= alkyl, aryl, or silyl Major or exclusive Minor

2. 2. Mechanism of Indium-Mediated Barbier-Type Reactions

While it is not the intention of this review to discuss in full detail the mechanism of the indium-mediated
Barbier-type reactions in water, it is nevertheless useful to give a brief description of our current understanding of
the mechanism, since this will prove important for further development of the scope of such reactions and their
applications in organic synthesis.

When the reaction was first discovered, it was proposed that the aqueous indium-mediated allylation
reaction proceeds on the metal surface with a single electron transfer (SET) from the metal to the allyl bromide to
generate a reactive radical anion species. Subsequently, it is accepted that an allylindium intermediate may actually
be involved based on the experimental observation of Whitesides and his coworkers.!! They found that an
allylindium intermediate, whatever its structure, generated from the reaction of allylmagnesium bromide and
indium trichloride in ether, can react with carbohydrates in ethanol/water (10/1) to give the corresponding

W
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homoallylic alcohols. More recently, Chan and Yang established that the transicnt but discrete diallylindium
intermediate, generated in the reaction of allyl bromide with indium in water, has the allylindium (I) (25)
structure.2! Other experimental confirmation of the formation of allylindium (2 5) has alson been obtained from
the reaction of diallylmercury (2 6) with indium (I) iodide in water.

HO
\/I\Br +in HO “\,/\In 2 Inl + ( \/}:Hg (Eq. 12)
\ /2

25 26

The formation of indium(I) instead of indium(III) compounds from the reactions of allyl halides with
indium metal is consistent with the previous observation that indium has a relatively low first ionization potential
but relatively high second or third ionization potentials. In terms of the implication for organic synthesis, the
reactions of other organoindium(I) compounds with electrophiles in water should be examined.

2.3. The Regio- and Stereochemistry of Indium-Mediated Reactions

Regioselectivity

In terms of the regioselectivity of indium-mediated allylation in water, both electronic and steric effects
operate. As in the case of allylations mediated by other metals in water, the carbon-carbon bond usually forms at
the more substituted carbon of the allyl halide, irrespective of the position of halogen in the starting material (Eq.
13). However, the carbon-carbon bond forms at the less substituted carbon when the y-substituents of allyl
halides are large enough (e.g., trimethylsilyl or tert-butyl) as shown by Chan et al.22 They have studied the
regioselectivity in detail and several conclusions can be drawn.

OH
0 X /k/\
|+ R~ X /\i/ — é\ (Eq. 13)
R :

" ~ or
R/\H ,

In general, the reaction gives the regioisomer where the substituent is alpha to the carbon-carbon bond to
be formed. For example, in the coupling of crotyl bromide with benzaldehyde by indium in water, the product is
exclusively the y -coupled isomer 27 (Eq. 14).

PRCHO + ~AL_bB ——m R Z (Eq. 14)

The regioselectivity is governed by the steric size of the substituent but not by the degree of substitution.
This can be illustrated by the coupling of isobutyraldehyde with either the allyl bromide 28 or 30 to give 29 and
31 respectively. On the other hand, y,y-dimethylallyl bromide or the pinenyl bromide 33 reacted with
benzaldehyde to give the adducts 32 and 3 4 respectively inspite of the high degree of substitution at the double

bond (Eq. 15-18).
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In/H,O

>_CHO + XK~ B — /\‘/\;f"-a]é (Eq. 15)
, OH |

28 29
inH
>———CHO +  MegSis A~ Br __20.,. F SiMes (G- 16)
OH
30 31
ln/HQO
R yZ
PhCHO + Z Br —m (Eq. 17)
32
Br
[ . 9
InMH,0 |
@ . >_CHO e ®/\( (Eq. 18)
33 34

The presence of conjugation to the double bond does not affect the regiochemistry. This is shown in the
coupling of E-cinnamyl bromide or methyl 4-bromo-E-crotonate with isobutyraldehyde (Eq. 19, 20). In both
cases, the products 3 § and 3 6 (both deconjugated) were obtained as the reaction product.

InH,0

\,_CHO.;. th_//\\/_Br ————Z-—-D- )\‘)\/ (Eq. 19)

OH

35

InH0 * COMe

N~ Bre ALCOMe ——= A KN~ (Eq.20
)—CHO + BN 02 Y

OH

35

In addition, the regioselectivity is independant of the geometry of the double bond or the initial location of
the substituent on the double bond. For example, either E- or Z-cinnamyl bromide coupled with isobutyraldehyde
to give the same regioisomer 35. In the reaction of 1,3-dibromopropene with benzaldehyde, the intermediate
allylic bromide 37 must have the bromine a- to the substituent, and the second coupling must have occurred

regioselectively to give the adduct 38 (Eq. 21).
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InMH,0 OH
w0 | o T | PhoHo ph— .21
> AN q.
PhCHO + B~ Br “—'[ ‘('v] - _‘>/\
OH e 0 an
a7 v 38

Diastereoselectivity

In terms of diastereoselectivity of the indium-mediated allylation reaction in water, two types of situation
prevail (Type A and Type B).

Y
3
R3CHO + Y~ X — H\)\/ Type A
|
OH
R._CHO X OH
T + A —_— R\M Type B

Within the type A situation, the diastereoselectivity depends on

n the substituents on both the aldehyde and

the allylic halide, but not on the geomeiry of the doubie bond of the allylic haiide as shown in Eqs. 22-24. For
exampie, with 4 1, the use of either the E- or the Z-cinnamyl bromide gave nearly the same diastereoselectivity.
On the other hand, the reaction of 41 with diff crent aldehydes resulted in diastereoselectivity which is dependant
on the steric size of the substituent on the ldehyde As the size increases from 42 to 43 to 44, the anti-
diastereoselectivity increases as well for the allylation (Eq. 25-27). Chan er al. explained the selectivity by
involving a Zimmerman type transition state with the allylindium species and the carbonyl compounds as
illustrated in Figure 1. However, when an adjacent heteroatom is present on the aldehyde mioiety (e.g., glyoxylic

acid and 2-pyridinecarboxaldehyde), syn selectivity was obtained

Me Me
In Ph Az
PhCHO + “~_-Bf ——— Ph Z + (Eq. 22)
Ho0 :
X OH
39 OH o .
50 :50
GO Me §OMe
. i Ph .
CO.Me n Ph o =
PhCHO + B "2 & + (Eq. 23)
HO | I
OH OH
40
16 : 84
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For the Type B situation, either syn or anti- diastereoselectivity can be favored depending on the properties
of the a-substituents. The presence of a strong a-chelating group, such as a hydroxyl, generally leads to syn
product, whereas a non a-chelating group, such as a methyl, produces anti-product. In the early studies by Chan
and Li 9 as well as Whitesides and co-workers,11 significant diastereoselectivity was observed during allylation of
carbohvdrates with indium in water. However the presence of an a-alkoxyl group (a weak chelating group) often
genera;cs the non-chelating product in the aqueous organometallic reactions.23 Thus, the anti-preference was
obtained in the reactions of a-alkoxyaldehydes with allyl bromide/indium in water.24

The diastereofacial control of indium mediated allylations in aqueous media has been studied
comprehensively by Paquette and co-workers by using many elegantly designed substrates involving various
chelating groups and heteroatoms (including oxygen, sulfur and nitrogen, some examples are listed in Table 2).25
It is argued that in this case, the allylindium intermediate coordinates with both the hydroxy and the carbonyl
function as in 45, lcading to the syn adduct. In addition, Paquette and co-workers found that the presence of salts
has a dramatic effect on the diastereofacial selectivity of the allylation reaction.

Tabie 2. Seiecied Exampies of Cheiation/Non-cheiation Aliyiaiion of Aidehydes with Aityl Bromide and Incium in Water

substrates allylation products (chelate: non-chelate) substrates allylation products (chelate: non-chelate)

i

OH OH o /
P /\)\/\/ a1 H O— HO, f'é__
Iy (>~ = % AN

- L Uk

J
Mez"ll H Meﬂg Z 99:1 9 OMe HO, /IOM
HaC/ﬁ( Hac)\_(\/ ' ,j\/ ,)</ € 251
0 &H (U U
O 1
HO,
BnzN BnoN OMe OMe
WH W\/ 1:4 >97:3
I o [ I '\‘/
1 |
PhS Phs
H
HaC ch’l\(\/ 1:4

o 0~o” [S;s ¢ S (Bl
AN M A A _
T 1

o
n

o]
N )
0
TBDPSO. o
() ) TBDPSO.,
h N .21 (Y(O /\/g
Ph\)YH Ph\/'Y\/ W W 9.6:1
o o]

For more delailed information, please see Rel. 25 by Paquette and co-workess.
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The same coordination is used to account for the observed anti- preference in the allylation of 3-
hydroxybutanal (4 6) with ailyl bromide/indium in water (Eq. 28). The intermediate 47 leads to the anti- product
48. In support of the intramolecular chelation model, it is found that if the hydroxy group is converted 1o the
corresponding benzyl or t-butyldimethylsilyl ether, the reaction is not stereoselective at all and gives nearly equal
amounts of syn- and anti- products. Long range diastercofacial control with chelating groups on allylindium
moiety has aiso been examined by both Mulzer's and Paquette's groups (Eq. 29).26
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R=(CHa)oCH, P=TBS, R'=(CHa),CH 991

When both the type A and the type B situations are combined in the coupling of a chiral aldehyde with a
substituted allylic halide, muiti-stereogenic centers are formed. For example, in the coupling of unprotected
aldoses (e. g., glyceraldehyde) with cinnamyl bromide (Eq. 30) two new stereogenic centers are created. The
syn-, syn- isomer 49 is formed preferentially in this case. To account for the syn- syn- stereochemistry, chelation
of the allylindium species with the hydroxy aldehyde function with intramolecular attack through the cyclic

transition state 5 0 is postulated.?>
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2.4.1. Synthesis of Sialic Acids and Carbohydrate Homologations
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Scheme 1.
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HO Rr/\il)kQ_M_g AcO  OAc (5:1) AcO  OAc
" |
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L4 l (94
Hot AO OQAc o i Ho, ~OH
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D-(+)-Arabinose NN OMe
: 0 HO \
OAc ~ OH
52 (+)-KDO
Scheme 2. a). In/ Hp0, vigorous stirring, then Ac,O/pyridine/DMAP, 79%,; b). Os/methylene chloride -78°C
{o 1.4, then column chromatography, 67%

Whitesides and co-workers reported the synthesis of N-acetyl-neuraminic acid (5 3),28 as well as other
sialic acid derivatives (5 4 and 5 5), based on the indium sirategy. Tne use of indium is essential {or the carbon-
carbon bond forming step in these sialic acid syntheses. KDO was synthesized via indium-mediated allylation of

e I A Y oL Qb AN D09 T Lo nncn [ERPE [t Ly E JUUI SUNUPURE It S
l .5 4 3 al U l pn)pyuucm:-u-alauulmc {OCIHICHIC 2).77 111 I.Illb Cddl, I.HC qull U UladCIecOlIvr preUuiiiiaicdd gul
to the proiection of a-hydroxyl group.

ACO-—]
oM Ho Ao Ho—
U AcO OAc HO
HO ™7 07 CO,H L A—0 7 o
I'\CI'IN_"/ ind < HU)_O (9
HO CO,Et
OAc CO,Et
OH
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53 o
Xy—COEt OQF_, CO,E
f‘_’
o
—d ~~OH h HO—
/ =0 a o— ¥ c
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O o, o

erythro: threo = 2: 1

Scheme 3. a). In/ethyt a—(bromomethyl)acrylate 10% formic acid, aqueous MeCN, 61%;

b). Og, MeOH, -78°C to r.t. 92%, c). TFA, NH4OH, 55%.
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Recently, Chan et al. made more progress in sialic acid synthesis and have further shortened the already
short route to two steps through the indium mediated reaction of a-(bromomethyl)acrylic acid with sugars
(Scheme 4). Both KDN and N-acetyl-neuraminic acid were synthesized in this way.30

OH QH O InMHz0 OH OH OH COH OH OH OH COH
HO ' — : *
D A Y \/\E/Y\A

[o]]
T
o
I
§
Os

ﬂ l Os
HO~— x '
HYio xR on r H OH oH o] Ho 'S
X=OH { HO__ /?\ '/&‘ } — WO %COoH

X=NHAc

X=OH, (+) KDN

X=NHAc, N-Acetyl-neuraminic acid
Scheme 4.

Phosphonic acid analogues 56 and 57 of both KDN and N-acetylneuraminic acid have been synthesized

using the indium-mediated coupling of the lower carbohydrates with dimethyl 3-bromopropenyl-2-phosphonate
(58) in water.31

HO HO

HO
HO HO HO

HOWEZ Q7 POXOH):  HO™—7 207~ P(0)(OH),
Z ?cmu?o?J

56 57

Br
P(O)(OMe)z

Following their early studies on tin-mediated carbohydrate homologation,3? Whitesides and co-workers
examined the homologation of various carbohydrates by using indium-mediated allylation reactions.!! The
indium-mediated reaction was found to provide cleaner product and better diastereoselectivity than the
corresponding tin-mediated reactions. The indium-mediated allylation reaction has been applied by Schmid ez al.
to the elongation of the carbon chain of carbohydrates in forming higher analogs (Scheme 5)33 and to deoxy

sugars (59-62).34 Many carbohydrate compounds were converted to their higher analogs by this method. The
reaction has also been applied to erythrose.35



O T T T_H CLap / Tosernhodrns S 71000 11140 11174 11127
TS Ly X omHL NLTIARL S T ELTANEATON 2D (1 777) 11 I47—111/0) 11105
/7 (=270 0OFt
[ {8 A

H
(H Ny AD OAc c.de .

o) rfone), |

ff——GAc

CHzOH CHoOAc (H OAc)
o i 2

(major isomer) CHy0Ac

g f—OAc L }—OH
e —ox
( walerAc)2 ( HWJ\.-..QH )2

CHxOAc CHo0H

Scheme 5. a. In/allyl bromide, ultrasound; b. AcoO/pyridine/DMAP; c. OsQ;,, KIQ,4; d. TBAF;
e. H'/HC(OEt),; f. 0sO4, NMNO; g. Ac;O/pyridine/DMAP; h. NaOMe/MeOH; i. H*.

59 60 61 62
Loh et al. renorted the reaction of the olucoge-derived aldehvde with alluy hramide madiatad hy indinim (Ea
P MRS LAt ARARLLANSRE W L e sl TR A Y RAL AUt y UL Yl auy VIVI1ILIJC 11ICAljalcu Uy 111U Uil \LA.‘.
31).36 The reaction again gives a non-chelation product as the maior diastereomer. The use of an oreanic co
&= F=3 AL AV GO sl LaGgir UGSt LUl . 11V UL U Aif U EALIIL LU
solvent increases the diastereoselectivity. The addition of ytterbium trifluoromethanesulfonate [Y b(OTf)3]
enhances both the reactivity and the diastereoselectivity. Other Lewis acids also catalyze the reaction.37

J & vav ANAS Vil

Yo = koan v (emA a3

o ML, Solvent A H p
n (o)
Y (o] 5 T
Ho0 (10h) Bl
HpO-THF(4/1) (10h) 2478
17/83

Ho0-DMF(4/6) (2h)
H20-DMF(4/6)-YB(O Tl)3 (1h) 6/54
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2.4.2. Styryl Carbohydrates

There are a number of styryl carbohydrates found in nature that possess important biological activities. By
using the indium-mediated allenylation reaction, Li and co-workers developed the synthesis of the aniti-viral, anti-
tumor compound (+)-goniofufurone (6 3),3® a key component isolated from the Asian trees of the genus
Goniothalamus (Scheme 6).3° (+)-Bergenin (6 4) is another styryl carbohydrate derivative that exhibit various
biological activities 6 5.40 During their studies of total synthesis of (+)-bergenin, Li er al. reported the formation
of aryl &-lactones, a key step toward the synthesis of bergenin and its derivatives, by using the indium methods.*!
The solvent was found to have an effect on the product formation. For example, indium-mediated coupling
between the bromde and benzaldehyde under indentical conditions resulted, instead of the 8-lactone, in a 1,3-
butadiene derivative 6 6 as the major isolated product in which the two aromatic moieties located on the same side

of the carbon-carbon double bond existed in a cis relationship (Eq. 32).42

V4 AN Y O 1l i
Ho" 4 0" 7O HO y © ° = OH
I
HQ, Br c.)HH y
A JH
. A
un on H

63 (+)-Goniofufurone

Scheme 6. i). acelone, HySOy, r.t., 5h, 86%; li). THO, Py, CH.Cl,, -40°C, 94%; iii). LiBr, acetone, r.t., 1h,
97%; iv). TFA-H:0 (3:1), r.t, 4.5 h, 98%,; v). Phenylpropargy! bromide, In, 0.1 N HCI-EtOH (1:9), 1.t 14 b
vi). O3, MeOH, -78°C, then Me,S; vii). NaBH,4, MeOH, -10°C, 30 min, then AcOH quench; viii). H,SO,,

Acz0, r.L., 75% for three steps; ix). NapSO3, MeOH-H,0, r.t., 3 h, quant.; x). HCI(g), MeOH, r.1., 2d, 44% for

hun ctana
WO SiEpSs.

jo]=]
i

64 (+)-Bergenin
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2.4.3. p-Lactams

Both Bose43 as well as Paquetie44 have applied the indium-mediated allylation in water to the synthesis of
p-lactams. Bose reported that the allylation of azetidin-2,3-diones with allyl bromide and indium in water/THF
mixture provided consistently high yield in a case in which zinc gave a very poor results (Eq. 33). In addition, a
single diastereomer was obtained with the indium method, whereas the use of zinc often provides a 1:1 mixture of
diastercomers. When crotyl bromide was used, diastereo-control was able to be achieved with indium in
water/THF over three stereogenic centers in one step. A more comprehensive investigation of related reactions
was carried out by Paquette and co-workers.44

o Ph OHH OHH o
H Ph A n, -
N—v A . = S
| R YN —_— | + l (Eq. 33)
47—-—N\ Br N\ N\
o PMP o PMP o PMP
Zn/NH4CI, THF 11
InfH20, THF anti only
2.4.4. Carbocycles
Li et al. reported that enolizable 1,3-dicarbonyl compounds undergo efficient carbonyl allylation reactions
in aqueous medium (Eq. 34).45 The reaction is general and a varlety of 1 3- dlCdrbOllyl compounds have becn
| O | P 1 E PR | 1.
I

A6 TL .. e
Y 11e 1eacu

- ennding 1 2 carkhany] ac R T

COITesSponaiiig 1,5-Carooiiyi Cy ion can be used reaauy for
= cunthacic af cvclanentanes demvatives (Ea 238\ 47

the ayuiht:bm of \,yulup\: itane aenvatives (Eq. 35).4/

0
o o _A~X1in oH
M l -~ R (Eq. 34)
R R Ra
1 2 water 7
X=Ci, Br 75-100%
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A related application of aqueous Barbier-type reaction in organic syntheses is a carbocycle ring enlargment
methodology developed by Li ez al.4® By using the indium-mediated Barbier-type reaction in water, five-, six-,
seven-, eight-, and twelve-membered rings are enlarged by two carbon atoms into seven-, cight-, nine-, ten-, and
fourteen-membered ring derivatives respectively (Eq. 36). The use of water as a solvent was found to be critical
for the success of the reaction. Similar ring expansion in organic solvents was not successful. The ring
expansion has also been applied to the synthesis of a heterocyclic medium ring.#® One carbon-ring expansions
were reported similarly.50

K n+2 )\ (Eq. 36)

A five-six fused ring system was also efficiently transformed into a five-eight fused ring co
37).51 Indium-mediated intramolecular carbocyclization in aqueous media generated fused o-
butyrolactones (Eq. 38).52 An indium-mediated a-methylene-y- -butyrolactone formation and a ruthenium
catalyzed ring-closing metathesis (RCM) was eligantly combined by Paquette and co-workers recently t
methylene-y-butyrolactone fused to medium and large rings (Eq. 39).53

........

N\ A -\ . 7
1 | 7] |
== | )=

0 Br A (Eq. 37)
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2.4.5. Other Examples

Indium-mediated allylation of aldehyde5* was used to synthesize an advanced intermediate in the synthesis
of antillatoxin,5S a marine cyanobacteria (Lyrgbya majuscula) which is an ichthyotoxic compound isolated from a
marine plant. In the presence of a lanthanide triflate, the indium-mediated allylation of Z-2-bromocroty! chloride
67 and aldehyde 68 in saturated NH,Cl under sonication yielded the desired advanced intermediate in a 1:1
mixture of diasteromers in 70% yield (Eq. 40). Loh et al.56 then changed the halide compound to methyl (Z)-2-
(bromomethyl)-2-butenoate (6 9) and coupled it with aldehyde 6 8 under the same conditions to yield the desired
homoallylic alcohol in 80% yield with a 93:7 syn:anti selectivity (Eq.41).

o ] | | |
In, La(OTf)a/sonication Br ™™ Eq. 40
Br\)\/ + OW g W (Eq. 40)
OH

sat. NH,Cl, 16h, 23°C,

67 68 70%
{syn - anti = B8N
(syn:anti =50:50)

COMe | -
n, La(OTf)s/sonication
Br /I\\. -t OQ/J\\\/J\\\//l(\ » MeOX X (Eq. 41)
~ sat. NH4C!, 16h, 23°C, ” |
69 80% OH

The indium-mediated allylation of trifluoroacetaldehyde hydrate (R=H) or trifluoroacetaldehyde ethyl
hemiacetal (R=Et) with an allylic bromide in water yielded a-trifluoromethylated alcohols (Eq. 42).57 Lanthanoid
triflate-promoted indium-mediated aliylation of aminoaidehyde in aqueous media generated B-aminoalcohols
stereoselectively.58

CFs INMnCla/Ho0 OH B
. D,r'\l/'\ B [ninblytigt P N (Eq. 42)
C
RO” “OH L. 01.95% Fa \{
Ri

IIl. Transmetalation Reactions with Indium Metal or Indium Salts

Less explored but potentially useful is the formation of the transient, or even stable, organoindium
reagents through transmetallation reactions. The earliest example was the reaction of allylmagnesium bromides

~J
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with indium trichloride. An allylindium intermediate was presumably formed, and the transient reagent reacted
with carbohydrates in ethanol/water (10/1) to give the corresponding homoallyl alcohols.!l Marshall et al.
reported>? that the allenyliodide 70 reacted with indium in DMA/H0 to give the presumed allenylindium
intermediate 7 1 which coupled with aldehydes to give the corresponding homopropargyl alcohols 7 2. The same
presumed allenylindium intermediate can be generated from allenylstannane 7 3 and indium(IIT) halides or from
the palladium (Pd(dppf)Cl2] catalyzed reaction of propargyl mesylate 7 4 with indium(I) iodide in organic solvents
(Scheme 7).

H I H  DMA-H0
74 N~

OMs
Cul, Lil H ‘\MB in
’;/‘kl” Me - >:'————\\\\ —

5

l N l RCHO

v r |
H\ \“_\‘Me I H\ _._\\Me | f\:ﬂe
""“_"\ k-a = R
BuaSn W X [ Xaln H ///Il
73 N = 72 Un
Scheme 7.

Chan et al reported that diallylmercury 75 which is stable in water can undergo transmetalation reaction
with either indiumn or indium(I) iodide in aqueous media to give the corresponding allylindium(I) (7 6) (Scheme
8).21 The reagent coupled with aldehydes and ketones to give the corresponding homoallyl alcohols. One
synthetic advantage of generating the allylindium reagent in this manner is that functional groups which are
reduced by the metal may still be tolerated under these conditions.

HO
(e, SEme n B ()

~ o
Z =
76
75 |
l PhCHO
Ph A~ .~
YO
OH
Scheme 8.
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Indium was also found to effect cross-aldol and Reformatsky-type reactions of aromatic aldehydes w
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aromatic aldehydes and a-halogenated caroxylic acids or their esters resulted in a modest yield of the products (0-
52%).

o v M e
/lk + Me\)Kph —_— Ph\/\n/Ph (Eq. 43)
PT H i H20 I I
Br OH ©
method yieid (%) erythrothreo
Zn, 45°C 82 254
Sn, 80°C 67 1.
In, 1.t 85 121
Reductive coupling of aldimines obtained frorm aromatic aldehydes and aromatic amines to generate
vicinal diamines mediated by indium was carried out in aqueous ethanol (Eq. 44).60 Small indium rods were used
in this study. No side product due to unimolecular reduction was observed. The presence of NH4Cl was found
to accelerate the reaction. The reaction fails completely in CH3CN, DMF, or wet DMF. The use of non-aromatic
substrates also resulted in the failure of the reaction

H H
In . I I
ArCH=NAr" Ar Ar (Eq. 44)
H2O-EtOHMNHCI Ar"Hb'l l(lH A
40-100%
(meso/di=1:1)
TTadear cnnicatinn im and ~aotood LrneoB] Fmiiriel dliot oo el VAL X3
UnAel Somnicationl, [ifr aid CO-wOIKCTS™® 10und uat aromatic aiaenyaes nomo-coupied 1o generaie
miman~l teraa e diiate D ALY Tha ramatime ~mmarsmend Son cemasdond coooie o 1 0O i AN L T P TR TR,
pinaco:s-ty pi Uty (LY. =0). 1T [catuun OCLuUlIed 11 ncutidl agqueOous mealia OVer & 10 L2 Nrs. 1N tne ansenc
nf camiratinm tha raantinn wag mnch clavar anmd tha viald AF tha e daint oo oo oo d Lo o fontme ~F D 24 72
Ul SULItauvil, UIC Itatiull wad iiulil SI0wWCl anu uic yicia o1 ui€ proauct w UCCICascd DY 4 14aCtor 01 2 10 5.
Interestingly, the reaction did not proceed under nitrogen protection! Water alone or a 1:1 mixture of water and t-

RN ware need 1in thogee reartinng A linhatir aldashvudse and Lathanac - indar tha reantimn AnnAditiAanoe
LJUN/LIL WUIL WdLU LT LHILOC TLAaviLiuILs, ANPHGUL aluui yuus aiti ACLWI1ITD C 1HCIL UlIJUC] UIC 1CaCiivll COLIUILIUILDD.
Qnlid aldehvdec reenlted in noor vield of the nroduct or no nrodner
wWIAJLING w“\rll—y MWO IWwOMI WAL LD ywl lelu L il ylwu\rt \JL LI\ yl VAL,

H
7 N n 7\ =
CHO \
Q H20 or HyON-BUOH e/ | \ AR (Eq. 45)

50-83%

(meso/dl=1:210 5.5:1)

It was reported that indium-mediated Michael addition of allyl bromide to 1,1-dicyano-2-arylethenes
proceeded well in aqueous medium (Eq. 46).62 By reacting indium and a-bromoketones with sodium alkyl
thiosuifates, phenacyi suifides was generated in water (Eq. 47).63 On the other hand, a similar reaction with
diselenides generated a-selenoketones.¢4 Coupling of sulfonyl chlorides with alkyl bromides in water mediated
by indium was reported to generate sulfones.®5 A novel synthesis of allyl and propargyl selenides in aqueous
media promoted by indium was reported by Zhang and co-workers.®6 Recently, indium in aqueous medium has
been used by Moody and Pitts in the reduction of niiro aromatics to anilines and the reduction of heterocyclic rings
in quinolines, isoquinolines and quinoxalines (Eq. 48, 49).67
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the reaction of O-trimethylsilyl monothioacetals with triethylsilane and other silylated carbon nucleophiles and the
InCl;-TBSCI catalyst system®? for the reaction of aldehydes with t-butyldimethylsilyl enol ethers to yield the
corresponding aldol adducts. The effectiveness of indium triflate on the Pd-catalyzed trimethylenemethane
(TMM) reaction vielding a five membered ning through a conjugate addition followed by cyclization was reported
\ Aavaaray = 7 (=4 o L=4 pt R J J | iaaiind
by Trost.70 The addition of 10 mol% of indium redirects the reaction from 1,4 addition to 1,2 addition with
enones. Indium trichloride has also been used in the allyltin reaction of carbonyl compounds.”! More recently,
the use of indium salts as water-tolerant Lewis acids has been investigated in several reactions.

arbier-Type Reactions

The use of a catalytic amount of indium trichloride in combination with stoichiometric amounts of zinc or
aluminum for carbonyl allylation in water was initially investigated by Araki.10 The reaction was much less
effective than the use of indium metal. Allylindium was proposed as the reaction intermediate. Marshall7?
observed that indium trichloride allylation of cyclohexanecarboxaldehyde with allyltin proceeded well in aqueous
ethanol. On the other hand, Loh et al. reported that in the presence of indium trichloride, tin-mediated additions of
allyl bromides to aldehydes and aldoses leads to the adduct (Eq. 50).72

~
lw

OH
SnANCla/M0 (Eq. 50)
\
CeHiCHOR  E0,C7 > Br Cetit o
65% Costt
ant:syn = 99:1

5.2. Mukaiyama-Aldol Reactions

Indium trichloride is an efficient catalyst in Mukaiyama type reactions of silyl enol ethers and aldehydes in
water at room temperature to yield the corresponding aldol products in good yields (Eq. 51).73 However, it was
found that the use of a micellar system by adding a small amount of surfactant in water is more effective as the
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A closely related reaction is the addition of silyl enol ethers to imines. In the presence of 20 mol% indium
trichloride, an aldehyde, an amine, and an ester derived silyl enol ether were reacted in water in a one-pot

Mannich-type reaction to yield B-amino ketones and esters (Eq. 53).7¢ In the absence of indium trichloride, only
starting material was recovered.

_N.__CHO N InG //N OCH

s & N\ n3  (EqQ. 53)
u + PhNHp + l e 7

HaCO OTMS

5.3. Other Reactions
For Dxels—Alder reactions in water, indium trichloride has been used as a atalyst Several dienes were
2 z 2

mol % of indium trichioride (Eq.
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VI. Conclusions
The synthetic advantages of using indium-mediated reactions in aqueous has been demonstrated in this

review. However, the full synthetic potential of such reactions is still waiting to be explored. It can be expected
that the use of indium-mediated and -catalyzed reactions in aqueous solvents for synthetic purposes will gain
further attention.
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Note Added in Proof.

Indium-mediated Barbier-type ailylation and propargylation reactions of 6-oxopenicillanate and 7-
oxocephalosporanate was reported by Cho ez dl. see: Cho, Y.S.; Lee, J.E.; Koh, H.Y. Tetrahedron Lett. 1999,
40, 1725; Indium-promoted formation of a-methylene-y-butyrolactams from 2-(bromomethyl)acrylic acid and
aldimines was reported by Yus ez al. see: Choudhury, P. K.; Foubelo, F.; Yus, M. J. Org. Chem. 1999, 64,

3376; A novel, sxmp e, chemoselective and practical protocol for the reduction of azides using In/NH4Ci was
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