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ABSTRACT: A reversed-polarity synthetic method of a range of unsymmetric aryl aryl and alkenyl aryl ketones has been
developed through Pd-catalyzed cross-coupling reaction of acylindium reagents generated in situ from easily available acid
chlorides and indium with various electrophiles such as aryl iodide and triflate and alkenyl triflate.

Transition-metal-catalyzed cross-coupling reaction of a
number of electrophilic coupling partners with organo-

metallic reagents is one of the most straightforward methods
for C−C bond formation.1 To date, Pd catalysis has been
applied widely in the synthesis of a variety of ketones
constituting aryl aryl, alkyl aryl, and alkyl alkyl groups. Synthetic
strategies of ketones through Pd catalysis could be generally
classified into three categories: substitution and cross-coupling
reaction of electrophilic acid derivatives with organometallic
reagents (eq 1),2 carbonylative cross-coupling reaction of aryl
halides with organometallic reagents under CO atmosphere (eq
2),3 and cross-coupling reaction of acyl anion equivalents with
electrophiles (eq 3) (Scheme 1).

The first two methods have been commonly used in the
formation of ketones. However, the last one has been limited in
application due to difficult preparation of acyl anion
equivalents. Although acyl anion equivalents in cross-coupling
reaction have been used with some limitations, the use of acyl
organometallic reagents provides an effective method for the
polarity-reversed synthesis of ketones. Up to now, acylstan-

nanes, -zirconocenes, and -silanes have been generally used as
acyl anion equivalents (Scheme 2). Although acylstannanes and

-zirconocenes were reacted with aryl halide to afford one
example each of ketone in low yield,4 acylsilanes in reaction
with a range of aryl bromides gave diaryl ketones in variable
yields (eq 4).5 These reagents were reacted with allylic halides
and esters to afford β,γ-unsaturated ketones (eq 5).4,6

Acylstannane and -zirconocene reagents produced unsymmetric
1,2-diketones in reaction with acid chlorides (eq 6).4,7

Aldehydes, imines, or hydrazones were also arylated with aryl
iodides and tins or potassium aryl(trifluoro)borates through Pd
catalysis.8 Pd-catalyzed arylation of electron-rich olefins by aryl
halides followed by acidic hydrolysis was reported in the
formation of diaryl ketones.9

However, these methods require additional and tedious
synthetic steps under harsh conditions for the preparation of
the unmasked acyl anion equivalents. Also, we are not aware of
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Scheme 1. Synthetic Methods for Ketone Synthesis

Scheme 2. Synthesis of Ketones Using Cross-Coupling
Reaction of Acyl Organometallic Reagents
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any reported synthetic examples of acyl anion equivalent
generated in situ from easily available acid chloride. In our
continuing efforts to develop Pd-catalyzed cross-coupling
reactions using organoindium reagents,10 we have been
interested in development of a novel synthetic route to acyl
anion equivalents using indium and then envisioned a cross-
coupling reaction of electrophilic coupling partners with acyl
anion equivalents generated in situ from indium and acid
halides. Herein, we report the challenging reversed-polarity
synthetic method of a diversity of ketones via Pd-catalyzed
cross-coupling reaction of acylindium reagents generated in situ
from easily accessible acid chlorides and indium at room
temperature (Scheme 3).

To access unmasked acyl anion equivalents from acid
chlorides, we studied the reactions of ethyl 4-iodobenzoate
(2a) with organoindium reagents generated in situ from
benzoyl chloride (1a) and indium in the presence of palladium
catalyst and additive (Table 1). After 1a was treated with

indium in the presence of LiCl, TMSCl, and 1,2-dibromo-
ethane in DMF (50 °C, 3 h), the reaction mixture was
subjected to 2a in the presence of Pd2(dba)3, producing ethyl
4-benzoyl benzoate 3a in 31% yield together with 4,4′-
diethoxycarbonyl-1,1′-biphenyl (27%, 4) (entry 1). However,
the reaction did not proceed in DMSO (entry 2). Surprisingly,
NMP as a solvent increased yield of 3a to 77% (entry 3).
Therefore, the formation of acyl anion equivalent was assumed.

Among the solvents (THF, DMF, DMSO, NMP, THF−NMP,
TH−DMF, and TH−DMSO) tested, NMP gave the best result
(see the Supporting Information). The best result was obtained
from the reaction of 2a with acylindium reagent, which was
generated in situ from 1a (1.5 equiv) and indium (3 equiv)
with lithium chloride (3 equiv), TMSCl (6 mol %), and 1,2-
dibromoethane (15 mol %) at 40 °C for 3 h, in the presence of
Pd2(dba)3 (2 mol %) in NMP at room temperature after 3 h,
producing 3a in 86% yield (entry 4). The use of a wide array of
ligands [Xantphos, DPEphos, Ph3P, Cy3P, Cy2(Biphenyl)P,
(furyl)3P, and (o-tolyl)3P] did not increase the yield (see the
Supporting Information). Other palladium catalysts such as
Pd(OAc)2, Pd(Ph3P)2Cl2, and Pd(Ph3P)4 were totally
ineffective (entries 5, 6, and 8). A number of additives such
as LiBr, LiI, KBr, and KI failed to give the coupling product in
good yield (see the Supporting Information). Control experi-
ments in the reaction of 4-iodoacetophenone with benzoyl
chloride and indium suggest that use of TMSCl as well as
dibromoethane is essential for giving successful results (see the
Supporting Information). Commercially available indium does
not react with benzoyl chloride. However, when LiCl was
added to indium powder that had been activated with 1,2-
dibromoethane and TMSCl, an efficient insertion oc-
curred.10−12 Ethyl 4-iodobenzoate pretreated with indium,
lithium chloride, TMSCl, and dibromoethane in NMP was
reacted with benzoyl chloride in the presence of Pd2(dba)3 to
produce 3a (12%) and 4 (52%), indicating that 4-
ethoxycarbonylphenylindium was not involved in this reac-
tion.11 Because benzoyltrimethylsilane was not detected in the
treatment of 1a with In, LiCl, and TMSCl, the coupling
reaction via the formation of benzoyltrimethylsilane ruled out.5

Next, we applied this catalytic system to various electrophiles
to demonstrate the efficiency and scope of the present method
(Scheme 4). Phenyl iodide was reacted with acylindium to
produce benzophenone 3b in 78% yield. The presence of an
electron-donating group on the phenyl ring lowered the
product yield. 3- and 4-Iodotoluene were converted to the
corresponding ketones 3c and 3d in 58% and 47% yields,
respectively, under modified conditions [4 mol % of (Ph3P)4Pd,
60 °C]. However, 3- and 4-iodobenzotrifluoride having an
electron-withdrawing trifluoromethyl group gave the corre-
sponding 3- and 4-trifluoromethylphenyl phenyl ketones 3e
(71%) and 3f (63%). When 3-iodobenzaldehyde having an
electrophilic labile formyl group was subjected to the standard
conditions, the desired product 3g was obtained in 77% yield.
Treatment of 3- and 4-iodoacetophenone with acylindium
reagent also provided the desired ketones 3h and 3i in 71% and
78% yields, respectively. Aryl iodide having an ethoxycarbonyl
group furnished the desired ketone 3j in 88% yield. 4-
Iodobenzonitrile was reacted with acylindium, affording 4-
cyanophenyl phenyl ketone 3k in 67% yield. The tolerance of
the formyl, ketone, ester, and nitrile group is especially
significant, as successive functional group transformations are
hopeful. As an extension of this work, we applied this catalytic
system in aryl and alkenyl triflate. The reactivity of aryl triflate
derived from ethyl 4-hydroxybenzoate is similar to that of ethyl
4-iodobenzoate, providing 3a in 81% yield in the presence of 4
mol % of Pd2(dba)3. Subjecting alkenyl triflate to generated in
situ acylindium produced the corresponding alkenyl aryl ketone
3l in 67% yield.
Encouraged by these results, we investigated the coupling

reaction of acyl anion equivalents having useful functional
groups with a variety of aryl iodides 2 (Scheme 5). Acylindium

Scheme 3. Reversed-Polarity Synthesis of Ketones via Cross-
Coupling Reaction with Acylindium Reagents

Table 1. Reaction Optimization of Reversed-Polarity Ketone
Synthesisa

entry cat. solvent temp (°C) time (h) yieldb (%)

1 Pd2 (dba)3 DMF 90 2 31 (27)
2 Pd2 (dba)3 DMSO 90 12 0
3 Pd2 (dba)3 NMP 60 5 77 (11)
4 Pd2 (dba)3 NMP 25 3 86
5 Pd (OAc)2 NMP 60 12 0
6 Pd (Ph3P)2Cl2 NMP 60 12 0
7 Pd2 (dba)3CHCl3 NMP 60 12 48 (15)
8 Pd (Ph3P)4 NMP 60 12 0

a1a (1.5 equiv) and 2a (1 equiv) were used in the presence of In (3
equiv), LiCl (3 equiv), TMSCl (6 mol %), and (BrCH2)2 (15 mol %)
in NMP. Indium reagent was prepared at 50 °C (entries 1−3) and 40
°C (entries 4−8) for 3 h. In the case of Pd(OAc)2 and Pd(Ph3P)4, 4
mol % of catalyst was used. bNumbers in parentheses is isolated yield
of 4,4′-diethoxycarbonyl-1,1′-biphenyl (4).
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reagent generated in situ from 3-methylbenzoyl chloride 1b and
indium under the standard conditions was reacted with 3-
iodobenzotrifluororide, 3-iodoacetophenone, ethyl 4-iodoben-
zoate, and 3-iodobenzonitrile to produce the corresponding
unsymmetric aryl aryl ketones 3m, 3n, 3o, and 3p in good
yields. Reaction of 4-tert-butylbenzoyl chloride 1c with indium
delivered also an acyl anion equivalent that coupled with aryl
iodides having labile acetyl, ethoxycarbonyl, and nitrile group to
provide the desired unsymmetric ketones 3q, 3r, and 3s.
Acylindium reagent derived from 4-methoxybenzoyl chloride
1d worked equally well with electron-deficient aryl iodide.
However, preparation of acylindium reagent from 4-chlor-
obenzoyl chloride 1e and indium is not effective.
To prove the mechanism of the present reaction, we

conducted the reaction of acylindium reagent generated in
situ from benzoyl chloride with 4-iodoacetophenone under the
standard conditions in the presence of radical inhibitor. As
expected, adding 2,2,6,6-tetramethylpiperidine-1-oxy
(TEMPO) did not retard or suppress the reaction (eq 7).
These results indicate that the present reaction does not seem
to proceed through a radical process promoted by indium.13

To prove the anion character of acylindium reagent
generated in situ from benzoyl chloride and indium, the
prepared reagent was quenched with 10% HCl and 10% DCl to
afford benzaldehyde (70%) and benzaldehyde-d1 (60%),
respectively (eq 8). These results indicate that a variety of

organoindium reagents obtained from the present reactions
have anion character, and the possibility of a radical
intermediate rules out the mechanism. The elucidation of the
detailed reaction mechanism must wait further study.
In conclusion, we have developed a reversed-polarity

synthetic method for a diversity of unsymmetric aryl aryl and
aryl alkenyl ketones via Pd-catalyzed cross-coupling reaction of
acylindium reagents generated in situ from acid chlorides and
indium. Because the direct synthetic method of unmasked acyl
anion equivalents from easily available acid chlorides with
indium has been developed for the first time under mild
conditions, the present reaction is highly useful and promising.
The tolerance of formyl, ketone, ester, and nitrile groups is
especially practical, providing an opportunity for further
functionalization.
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Scheme 4. Preparation of Ketones from Coupling of
Acylindium with Electrophilesa

a1a (1.5 equiv) and 2 (1 equiv) were used in the presence of In (3
equiv), LiCl (3 equiv), TMSCl (6 mol %), (BrCH2)2 (15 mol %), and
Pd2(dba)3 (2 mol %) in NMP unless otherwise noted. b4 mol % of
(Ph3P)4Pd was used. Coupling was carried out at 60 °C. cCoupling
was carried out at 10 °C. dTriflate was used. 4 mol % of Pd2(dba)3 was
used.

Scheme 5. Preparation of Unsymmetric Aryl Aryl Ketones
from Coupling of Acylindiuma

a1 (1.5 equiv) and 2 (1 equiv) were used in the presence of In (3
equiv), LiCl (3 equiv), TMSCl (6 mol %), (BrCH2)2 (15 mol %), and
Pd2(dba)3 (2 mol %) in NMP unless otherwise noted.
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Ayań-Varela, M.; Sarandeses, L. A.; Sestelo, J. P. Chem.Eur. J. 2010,
16, 9905. X = In: (k) Perez, I.; Sestelo, J. P.; Sarandeses, L. A. Org.
Lett. 1999, 1, 1267. (l) Perez, I.; Sestelo, J. P.; Sarandeses, L. A. J. Am.
Chem. Soc. 2001, 123, 4155. (m) Shen, Z.-L.; Wang, S.-Y.; Chok, Y.-K.;
Xu, Y.-H.; Loh, T.-P. Chem. Rev. 2013, 113, 271.
(3) (a) Ishiyama, T.; Kizaki, H.; Hayashi, T.; Suzuki, A.; Miyaura, N.
J. Org. Chem. 1998, 63, 4726. (b) Jafarpour, F.; Rashidi-Ranjbar, P.;
Kashani, A. Eur. J. Org. Chem. 2011, 2128. (c) Hatanaka, O. Y.;
Fukushima, S.; Hiyama, T. Tetrahedron 1992, 48, 2113. (d) Echavarren,
A. M.; Stille, J. K. J. Am. Chem. Soc. 1988, 110, 1557. (e) Lee, P. H.;
Lee, S. W.; Lee, K. Org. Lett. 2003, 5, 1103. (f) Lee, S. W.; Lee, K.;
Seomoon, D.; Kim, S.; Kim, H.; Kim, H.; Shim, E.; Lee, M.; Lee, S.;
Kim, M.; Lee, P. H. J. Org. Chem. 2004, 69, 4852.
(4) (a) Kosugi, M.; Naka, H.; Harada, S.; Sano, H.; Migita, T. Chem.
Lett. 1987, 1371. (b) Hanzawa, Y.; Tabuchi, N.; Taguchi, T.
Tetrahedron Lett. 1998, 39, 6249.
(5) Schmink, J. R.; Krska, S. W. J. Am. Chem. Soc. 2011, 133, 19574.
(6) (a) Obora, Y.; Nakanishi, M.; Tokunaga, M.; Tsuji, Y. J. Org.
Chem. 2002, 67, 5835. (b) Obora, Y.; Ogawa, Y.; Imai, Y.; Kawamura,
T.; Tsuji, Y. J. Am. Chem. Soc. 2001, 123, 10489. (c) Hanzawa, Y.;
Narita, K.; Yabe, M.; Taguchi, T. Tetrahedron 2002, 58, 10429.
(7) Verlhac, J.-B.; Chanson, E.; Jousseaume, B.; Quintard, J.-P.
Tetrahedron Lett. 1985, 26, 6075.
(8) (a) Satoh, T.; Itaya, T.; Miura, M.; Nomura, M. Chem. Lett. 1996,
823. (b) Ishiyama, T.; Hartwig, J. J. Am. Chem. Soc. 2000, 122, 12043.
(c) Huang, Y.-C.; Majumdar, K. K.; Cheng, C.-H. J. Org. Chem. 2002,
67, 1682. (d) Ko, S.; Kang, B.; Chang, S. Angew. Chem., Int. Ed. 2005,
44, 455. (e) Takemiya, A.; Hartwig, J. F. J. Am. Chem. Soc. 2006, 128,
14800. (f) Ruan, J.; Saidi, O.; Iggo, J. A.; Xiao, J. J. Am. Chem. Soc.
2008, 130, 10510. (g) Wang, S.; Xie, K.; Tan, Z.; An, X.; Zhou, X.;
Guo, C.-C.; Peng, Z. Chem. Commun. 2009, 6469. (h) Colbon, P.;
Ruan, J.; Purdie, M.; Xiao, J. Org. Lett. 2010, 12, 3670. (i) Álvarez-
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