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A highly atom-efficient synthetic method of unsymmetrical ketones was developed by using trialkyl- and triarylindiums, which could be employed
as effective cross-coupling partners in Pd-catalyzed carbonylative cross-coupling reactions with a variety of organic electrophiles. The present
method produced unsymmetrical ketones and 1,4-diacylbenzenes in good yields with highly efficient transfer of almost all the organic groups
attached to the indium under atmospheric pressure of CO gas in THF at 66 °C.

The palladium-catalyzed carbonylative cross-coupling reac- compatible with a variety of functional groups lest the tedious
tion of organic electrophiles with organometallics is a protection—deprotection reactions be necessary. The Stille
valuable synthetic method for the preparation of unsym- carbonylative cross-coupling reaction, where tin reagents are
metrical ketone$ However, the utility of this route is limited  employed as a coupling partner, belongs to a representative
by the requirements of a high pressure of carbon monoxide,family of palladium- and nickel-catalyzed carbonylative
high temperature, the transfer of only one of the organic cross-coupling reactiorfsThese carbonylative cross-coupling
groups attached to the metal, gfidhydride elimination. For reactions alternatively make use of a variety of organome-
the carbonylative cross-coupling reaction to be useful, it tallics (B, Zn, Cu, Al, Si)% Although the use of organostan-
should be highly catalytic, and the reaction conditions and nanes as coupling partners in a carbonylative cross-coupling
the reagents including the orgarnometallics should be reaction has attracted much attention as a result of their
availability and air- and moisture-stability, as well as their
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compatibility with a variety of functional groups, the
difficulties associated with tin removal from the product, tin
toxicity, high temperature, and especiadlycessive use of
organic groups attached to the Spresent major limitation's.
Our interest, both in overcoming the limitations of carbon-
ylative cross-coupling reactions and in applying indium metal
to modern organic synthesidias led us to investigate the
participation of indium organometallics in metal-catalyzed
carbonylative cross-coupling reactionsAs part of our
continued studies directed toward the development of ef-
ficient indium-mediated reactioffsye describe a successful
experiment with trialkyl- and triarylindium (Scheme 1).
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The catalytic activity of several Pd complexes was initially
examined in the reaction of l-iodotoluene with tri-n-
butylindium, which was generated in situ from the reaction
of 1 equiv of indium trichloride with 3 equiv oh-butyl-
lithium.5?d The results are summarized in Table 1. Of the

Table 1. Reaction Optimization

| O« R
© cat-Pd(PPhs)y
+ nRyln
(m=1.3) CO/THF
entry n Rpln pressure of CO  temp(°C) time(h) isolated yield(%)?
1 0.37 Mesln 1 66 4 71
2 037 Mesln 20 66 4 33
3 0.12 n-Busln 1 66 3 26
4 0.24 n-Busln 1 66 3 59
5 037 n-Bugln 1 66 3 89(2)°
8 0.37 n-Bugln 5 25 5 0
7 0.37 n-Bugln 20 25 1 1}
s 037 Phsln 1 66 4 79(5)°
g 037 Phsln 20 66 4 36
10 0.37 (/\)3 In 1 66 24 0
11 1.1 P In 9 25 1 0
12 11 An 20 66 4 0
13 1.1 ///\ In 1 66 1 0
14 11 z 1 25 1 0

aReaction performed in the presence of 4 mol % of PdgRPind n
equiv of Ryn in THF at 66°C under atmospheric pressure of CO gas,
unless otherwise notein-Butyl 4-methylbenzoate.Benzophenone.

gas, andh-butyl p-tolyl ketone was produced in 89% vyield
(Table 1, entry 5). Also, the desired product was obtained
in 26% and 59% vyields by using 0.12 and 0. 24 equiv of
tri-n-butylindium, respectively (entries 3 and 4). This result
means that all of the@-butyl groups attached to the indium
were clearly entered into the product. Surprisingly, however,
there was no carbonylative cross-coupling product formed
under high pressure (5 and 20 atm) of CO gas (entries 6 and
7). Although we tried to obtain unsymmetric ketones by using
allylindium®¢i and propargylindiu! generated in situ from
indium and allyl halide or proparyl halide, the desired
compound was not produced even under high pressure of
CO gas (entries 11—14).

To demonstrate the efficiency and scope of the present
method, we applied this catalytic system to a variety of
trialkyl- and triarylindiums and organic electrophiles. For
the trialkylindiums as coupling partners, various alkyl groups
(methyl, butyl, isopropyl, isobutyl, anskec-butyl) exhibited
little effects either on the reaction rates or on product yields.
The results are summarized in Table 2. Under the optimized
conditions, the treatment of iodobenzene with 0.37 equiv of
tri-n-butylindium gaven-butyl phenyl ketone (1) in 87%
yield (Table 2, entry 1). 4-lodotoluene reacted with triisobu-
tylindium and tri-sec-butylindium to produce the desired
compoundss and 6 in 73% and 74% vyields, respectively
(entries 5 and 6). Reaction of 4-iodotoluene with triphenylin-
dium gave phenyp-tolyl ketone 7) in 79% vyield (entry 7).
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yield (entry 10) together with 4-butylacetophenone in 16%
Table 2. Pd-Catalyzed Carbonylative Cross-Coupling yield. Varying the elgct_rqn demand_ qf the substituents on
Reactions of Rn with Organic Electrophiles the arene did not diminish the efficiency of the present
method (entries 89 and 11-12). Especially, 4-iodoanisole
possessing the methoxy group as a strong electron-donating
Bugln % 1 g group underwent carbonylative cross-coupling reactions to
producen-butyl 4-methoxyphenyl ketone in 77% yield (entry

entry  organic electrophile 0.37 Raln product isolated yield(%)?

1

O
, O | - 0 2 : eaap 9). The reaction of 4-iodophenol having the hydroxy group

8 ? 2 e with 0.73 equiv of trin-butylindium produced the desired

o productl13 (entry 13). This result means that tributylin-

3 @[ Mesln @—4 37 dium acts as a base before playing its role as a nucleophilic
4 n-Busin : 4 soRf coupling partner. 4-Chloroiodobenzene was subjected to a
5 fs0-Bugln 5 73 carbonylative coupling reaction to produce selectively 4-chlo-
6 s60-Bugln 8 7448 roacetophenonélb) in 76% yield (entry 15). Heteroatoms
7 Phgin 7 T80 turned out to be compatible with the employed reaction

equiv of triisopropylindium afforded,-unsaturated ketone
s 7 17 in 63% yield (entry 17). The reaction worked equally

©
=
@
O

56

n-Bualn MeO

n-Bugln n-Bu% 8 T8 conditions (entry 16). Treatment gfbromostyrene with 0.37
: O\_/

well with vinyl iodide having an oxo group without protec-

0, o]
D S G tion (entries 18 and 19). In the case of aryl and vinyl triflate,
O

the desired product®0 and 21 were obtained in 67% and

Medln 80% yields, respectively (entries 20 and 21).
o With these results in hand, we applied the present method
Phin ©4Ph 7?7 to dihalogenated aromatic compounds to obtain diacylben-
2N zenes, which can be used effectively in materials and

dendrimer sciences. Reaction of 1,4-diiodobenzene with 1.1

12

P00

O,N
13 n-Busln® o 13 64
1 ”OQ‘ ,SO_Bu:[ng HO@“/(R “w e equiv of trimethylindium produced 1,4-diacetylbenze®) (
o and 4-methyl acetophenone in 68% and 25% vyields, respec-
1 C‘O‘ Megin ¢l <:> Q o tively. We were pleased to observe that treatment of 1,4-
s P diiodobenzene with 1.1 equiv of triisopropylindium and tri-
1 & Phaln W LECHO secbutylindium gave the desired 1,4-diacylbenze®éand

25in 55% and 59% yields, respectively (Scheme 2).

17 63(13)'

-
=)
0

iso-Praln Ph

Megzln 18 76
Phsln R 19 63(10) Scheme 2
o

[¢]
OTf
iso-Bugln 20 87
88%
O~

Q
o 0
}O

18
19

20

3

21 %—< }ow n-Busln 21 80(9)¢
’ O sa% 55% 0
aReaction performed in the presence of 4 mol % of PdgRRind 0.37 4 ) "@" 4
equiv of RsIn in THF at 66 °C under atmospheric pressure of CO gas,

sec-Butyl methylbenzenén-Butyl 4-butylbenzoate’.4-n-Butylacetophe-
none.90.73 equiv of n-Bwln was used! Cis:trans 1:4!Isopropyl
trans-cinnamate! 4-Phenyl-2-cyclohexen-1-oné.1-n-Butyl-4-tert-

butylcyclohexene. /—§_©:/§07
0

All of the reactions proceeded clearly with just 0.37 equiv
of indium reagents under atmospheric pressure of CO gas. 2Reaction conditions: 4 mol % of Pd(Pfh 1.1 equiv of RIn,
However, in the case of tri-tert-butylindium, trivinylindium,  CO (1 atm).

and triphenylethynylindium, the ketone compounds were not
obtained. For a vast number of aryl iodides as organic
electrophiles, the presence of various substituents, e.g., Reaction of 4-bromoiodobenzene with 0.37 equiv of
methyl (entries 3-7), n-butyl (entry 8), methoxy (entry 9), trimethylindium gave selectively 4-bromoacetophen@® (
acetyl (entry 10), ester (entry 11), nitro (entry 12), and in 77% yield. On the basis of these results, unsymmetrical
chloride (entry 15), on the aromatic ring showed little effect ketone27 was chemoselectively and regioselectively pre-
on efficiency of the carbonylative cross-coupling reactions. pared in one pot from 4-bromoiodobenzene in 75% vyield
4-lodoacetophenone provided the desired pro@lQat 79% through successive Pd-catalyzed carbonylative cross-coupling

unless otherwise noted Benzophenone n-Butyl 4-methylbenzoate! 4- 23 \ 24
59%
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reaction followed by Pd-catalyzed cross-coupling reaction reactivity, operational simplicity, low toxicity, and mild

under atmospheric pressure of CO gas (Scheme 3).

Scheme 3

O

77%

4 mol% Pd{PPh3)4
0.37 equiv Mezln
CO (1 atm)

4 mol% Pd(PPhs), 0.37 equiv Phyin

0.37 equiv Mezln
CO (1 atm)

In conclusion, we have demonstrated that triorganoindium

reaction conditions. This result would immediately pave the
way for more opportunities in searching highly atom-efficient
new carbonylative cross-coupling reactions.
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(7) General Experimental Procedure.To a solution of InG4 (40.5 mg,
0.183 mmol) in THF (1 mL) at-78 °C was added-BuLi (0.55 mmol,
1.39 M in hexane) under the nitrogen atmosphere. The mixture was stirred

compounds could be employed as effective cross-couplingfor 30 min, the cooling bath was removed, and the reaction mixture was
partners in Pd-catalyzed carbonylative cross-coupling reac-warmed to room temperature over 30 min. A solutionneBusin (0.18

tions with a variety of organic electrophiles. Moreover, it
was found that almost all the organic groups (alkyl and aryl
groups) except alkenyl, allyl, and propargyl groups in
triorganoindium were also efficiently transferred into product,

mmol, ~0.18 M in dry THF) was added to a mixture of Pd(RRh23.1

mg, 4 mol %) and 4-iodotoluene (109.0 mg, 0.5 mmol) in THF (1 mL)
under the nitrogen atmosphere. The resulting mixture was bubbled with
CO gas for 5 min at room temperature to flush out nitrogen, then a positive
CO pressure was established. The reaction mixture was warmed°© 66
over 40 min and refluxed under atmospheric pressure of CO ga&stat

producing unsymmetrical ketones and 1,4-diacy|benzenes in66 °C. After being cooled to room temperature, the reaction mixture was

quenched with NaHC® (saturated aqueous). The aqueous layer was

good yields. The present method complements the existingextracted with ether (% 20 mL), and the combined organics were washed
synthetic methods owing to some advantageous propertiesvith water and brine, dried with MgSQfiltered, and concentrated under

of In reagents over Sn and other metadglvantages such

reduced pressure. The residue was purified by silica gel column chroma-
tography (EtOAc:hexane 1:50) to givebutyl p-tolyl ketone (78.2 mg,

as availability, ease of preparation and handling, high 89%).
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