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ABSTRACT

The direct and chemoselective synthesis of �-heteroarylated ketones from secondary propargyl alcohols through tandem Ru/In catalysis is
reported. Both electron-rich and neutral heteroarenes, such as furans and indoles, efficiently undergo the redox isomerization/conjugate
addition (RICA) sequence to provide the corresponding adducts in yields of up to 97%.

Heteroarenes are an integral motif of a multitude of naturally
occurring and biologically active compounds.1 Due in part
to their relevance in the context of pharmaceutical applica-
tions, the preparation of functionalized heteroarenes has
played a major role in numerous methodological and
synthetic studies.1,2 Among the most common methods for
the synthesis of elaborate heteroaromatic compounds is the
Friedel-Crafts alkylation.3 However, a drawback of regular
Friedel-Crafts procedures is the requirement for using
electrophiles that have been prepared in a separate operation.
Consequently, a significant synthetic and practical advantage

is expected if the formation of the requisite electrophile and
the subsequent SEAr reaction would proceed under identical
reaction conditions.4 However, such a transformation is
particularly difficult in the context of catalytic tandem
processes, as the inherent reactivity of each of the reaction
partners has to be efficiently governed by the same catalyst
system. With such a concept in mind, we became interested
in combining the Ru-catalyzed redox isomerization of
propargyl alcohols to enones5 with the Friedel-Crafts/
conjugate addition reaction (Scheme 1).2a,6 Such a strategy
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provides considerable advantages over traditional multistep
approaches, in particular with respect to the principles of
atom economy and minimal generation of hazardous waste.7

The inherent atom-economic nature manifests itself in the
fact that formation of propargyl alcohols of type 2, which
become the electrophiles for the Friedel-Crafts reaction, just
involves the simple addition of terminal alkynes into alde-
hydes. Consequently, �-heteroaryl ketones 4 are rapidly
derived from an addition sequence of three components:
terminal alkynes, aldehydes, and heteroarenes. Simulta-
neously, this feature provides a profound advantage over
common procedures for the synthesis of R,�-unsaturated
carbonyl compounds, which generally rely on rather wasteful
olefination chemistry involving phosphorus ylides.8

In the course of the reaction sequence, propargyl alcohols
of type 2 are first chemoselectively isomerized to the desired
electrophiles (Scheme 1, Cycle I). Subsequently, the latter
undergo conjugate additions facilitated presumably by the
same catalysts involved in the preceding step to give adducts
4 (Cycle II).9 In previous work we demonstrated that oxygen-
and nitrogen-based nucleophiles can undergo intramolecular
conjugate addition reactions into R,�-unsaturated carbonyl
compounds derived from propargyl alcohols through redox
isomerization. The transiently formed Michael acceptors were
shown to provide the corresponding oxa- and azacycles in
good to excellent yields.10 Driven by the high potential of
these tandem reactions, we wanted to advance this method

further by developing an intermolecular carbon-carbon
bond-forming process, which, to the best of our knowledge,
is unprecedented. Consequently, we report herein the first
direct and regioselective synthesis of �-heteroarylated ketones
from propargyl alcohols through a ruthenium/indium-
catalyzed tandem redox isomerization/conjugate addition
(RICA) sequence.

In initial experiments hex-3-yne-2-ol (2a) was exposed to
ruthenium complex 1 (2.5 mol %),11 indium triflate, and
R-camphorsulfonic acid (CSA) (each 5 mol %) for 2 h at
64 °C in THF followed by the addition of 2-methylfuran
(3a, 2.0 equiv) at room temperature (Table 1). After 16 h,
adduct 4a was isolated in a reasonable yield of 43% (entry
1). The amount of furan 3a could be lowered from 2.0 to
1.3 equiv, if the reaction was conducted at 64 °C, which
furnished the corresponding ketone 4a in a significantly
improved yield of 86% (entry 2).12 These results merit
additional comment, since reports on the Lewis or Brønsted
acid catalyzed Friedel-Crafts alkylation of furans employing
unactivated enones as electrophiles are rather scarce.13 In a
number of cases the employment of comparatively large
excesses (4-5 equiv) of nucleophiles were reported to be
operational.13a,b In that regard our method proved superior,
as only 1.3 equiv of the furan derivatives were necessary to
obtain conjugate addition products in high yields.

With a basic set of conditions in hand, investigations
continued with exploring the scope of this method. Thus,
various electron-rich, -neutral, and -deficient heteroarenes
were tested (Table 1). While the electron-rich 2,3-dimeth-
ylfuran (3b) gave access to ketone 4b in an excellent yield
of 97%,11 the use of its electron-deficient analog, methyl
2-methylfurancarboxylate (3c), resulted merely in the forma-
tion of hex-3-en-2-one and unreacted furan 3c (entry 4).

Thus, under these operating conditions, simple enones are
not activated sufficiently by the catalyst system to promote
Friedel-Crafts/conjugate addition reactions with electron-
poor furans.

We next focused on the employment of nitrogen-contain-
ing heteroarenes, such as indole derivatives. In general, the
addition products were isolated in good to excellent yields
ranging from 73% to 91% even with only 1.1 equiv of the
indole nucleophiles (entries 5, 6, 9-11). The substrate
2-phenylindole (3f) furnished ketone 4f in only 53% yield,
presumably due to steric and electronic factors (entry 7). This
hypothesis was supported by the observation that replacement
of the phenyl ring for the smaller methyl group (entry 6, 3e)
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Scheme 1. Proposed Working Model for the Tandem Redox
Isomerization/Conjugate Addition (RICA) Reactiona

a MLn ) In(OTf)3 or [IndRu(PPh3)2]+, Ind ) indenide, het-Ar )
heteroarene.
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led to heteroarylated ketone 4e in 91% yield. Placement of
the methyl group at the 1-position was found to be incon-
sequential and furnished addition product 4d in an isolated
yield of 87% (entry 5). However, when 3-methylindole (3g)
was subjected to the standard reaction conditions, no
reactivity beyond enone formation was observed. Even at
elevated reaction temperatures (64 °C) we could not isolate
any of the addition product. It should be noted that both the
N-alkyl and N-H indoles give good yields of only C-
alkylations (entries 5 and 9). This finding underscores the

high degree of chemoselectivity inherent to this method for
C-3 functionalization of the indole core. Remarkably, sensi-
tive substrates, such as 5-methoxy- (3i) and 6-benzyloxyin-
dole (3j), gave rise to the corresponding heteroarylated
ketones in very good isolated yields of 73% and 79%,
respectively (entries 10, 11). These results demonstrate that
functional groups, such as ethers as well as unprotected
indole nitrogen atoms (Table 1, entry 6, 7, 9-11), are
compatible with the reaction protocol. As in the case of furan
3c, electron-deficient 7-azaindole (3k) turned out to be an
unreactive substrate for the conjugate addition (entry 12).
We also briefly looked at electron-rich aromatic hydrocar-
bons, such as 2,6-dimethoxytoluene. Under the tested reac-
tion conditions, however, we did not observe the desired
Friedel-Crafts product. The inert behavior of electron-
deficient heteroarenes (Table 1, entries 4, 8, and 12) and
aromatic hydrocarbons further highlights the chemoselectivity
of the catalyst system.

To demonstrate the potential of the RICA reaction further,
investigations continued with a series of functionalized
propargyl alcohols (Table 2). Substrates containing a halide

substituent or a nonconjugated C-C double bond (Table 2,
entries 3 and 5) were well tolerated under the reaction
conditions, providing the 1,4-adducts in 83% and 88% yield,
respectively. A highly strained cyclopropyl unit, incorporated
in alcohol 2d, remained intact (Table 2, entry 3). No
isomerization of the transiently formed vinyl cyclopropyl
entity was detected. In previous work we have already
demonstrated that other functional groups, such as ketones,

Table 1. Redox Isomerization/Conjugate Addition of Propargyl
Alcohol 2a with Heteroarenes 3a-k

a General procedure: hex-3-yn-2-ol (1.00 equiv), IndRu(PPh3)2Cl (5 mol
%), In(OTf)3 (5 mol %), R-CSA (5 mol %), THF (0.2 M), 64 °C, 60-120
min, then 64 °C or cooling to rt and addition of heteroarene (1.10-2.0
equiv). b 2.5 mol % of Ru-catalyst were used. c Yield was determined by
1H NMR using 4-methoxyacetophenone as an internal standard. d 3 mol %
of Ru-catalyst were used. n.a. ) no addition observed.

Table 2. Redox Isomerization/Conjugate Addition of Propargyl
Alcohols 2b-h with Indole 3ha

a General procedure: propargyl alcohol 2b-h (1.00 equiv),
IndRu(PPh3)2Cl (5 mol %), In(OTf)3 (5 mol %), R-CSA (5 mol %), THF
(0.2 M), 64 °C, 60-120 min, then addition of indole 3h and stirring for
18 h, rt. b dr ) 2.6:1. c dr ) 3.3:1.
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silyl ethers, esters, and nonpropargylic alkynes, or common
nitrogen protecting groups like tBoc and sulfonamides were
all compatible with the RICA reaction conditions.8 This
broad functional group tolerance emphasizes the synthetic
utility of this process, especially with regard to polyfunc-
tionalized substrates. Another important observation was the
fact that steric encumbrance in proximity to the carbinol (2b,
2e) and alkyne (2g) portion of the propargyl unit had no
deleterious effect on the reaction outcome (entries 1, 4, and
6, 72%, 79%, and 82%). In order to briefly study the
influence of γ- and R′-stereogenic centers (R1, R2 )
1-phenylethyl) on the diastereoselectivity in the Friedel-Crafts/
conjugate addition, propargyl alcohols 2e and 2g were
synthesized. As expected for alcohol 2e, the more distal R′-
stereogenic center had only a moderate influence on the
diastereoselectivity, resulting in a dr of 2.6:1. However,
placement of the 1-phenylethyl group vicinal to the alkyne
led to a somewhat increased dr of 3.3:1.

In summary, we have described the first direct synthesis
of a wide range of �-heteroarylated ketones from propargyl
alcohols using the Ru/In-catalyzed tandem redox isomeriza-
tion/conjugate addition reaction. Both electron-rich and
-neutral heteroarenes were shown to undergo the RICA
reaction efficiently in good to excellent yields. A key aspect
of this method is the recognition of the catalyst system as

being capable of both the redox isomerization of propargyl
alcohols and promotion of the 1,4-addition of heteroarenes
into simple enones under very mild conditions. Due to the
latter aspect in combination with the high chemoselectivity,
this method offers an excellent functional group tolerance.
The atom-economic nature of this strategy results from the
fact that such adducts are derived from a simple addition
sequence of terminal alkynes, aldehydes, and heteroarenes.
Conceptually, our approach is distinct from traditional
procedures for the synthesis of the requisite electrophiles,
as many of these depend on highly dissipative olefination
chemistry.8 Currently, we are looking at the development
of an asymmetric variant of this operation, which will be
discussed in due course.
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