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ABSTRACT

A new regioselective approach to the synthesis of R-aryl enones is reported. This represents an important application of the Kuwajima�Urabe
protocol toward the synthesis of this simple albeit complex functional array. Several R-aryl enones were synthesized by the palladium catalyzed
arylation of triethylsilylenol ethers of enones with high regioselectivity and broad scope, utilizing sterically encumbered electron-rich phosphine
ligands to drive the reaction.

Transition metal catalyzed, and in particular Pd-cata-
lyzed,R-arylationof ketones andother enolizable carbonyl
compounds is a versatile reaction of tremendous synthetic
utility.1 This reaction belongs to a rather rare class of the
few cross-coupling reactions that form an sp2�sp3 C�C
bond. Several catalyst systems and variations of this reac-
tion have been reported in the past few decades, and this
class of reaction has been very well reviewed recently.2,3

The reaction is essentially base catalyzed and involves a
transmetalation/nucleophilic substitution step involving
the oxidatively inserted aryl halide or triflate and the
ketone enolate.3,4

In the course of the synthesis of a resorcylic acid lactone,
we were confronted with the synthesis of an R-aryl enone.
Themost commonmethods of syntheses of this functional
array include aldol condensations, cross-metathesis, and
elimination reactions. Given the sensitive nature of other
functional groups in our targetmolecule, amild and simple
synthesis for this functional array is needed. An obvious
contemplation was the base-mediated, transition metal
catalyzed R-arylation reaction. However, an apparent
expected outcome was the possibility of a Heck reaction
involving the olefin of the enone, which has been well
documented and reviewed.5 The regioselectivity for aryla-
tion would depend upon which of the two reactions is
more feasible, the transmetalation with the enolate or
the migratory insertion of the enone double bond.6 Re-
search groups of Buchwald7 and Hartwig8 have reported
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enantioselective R-arylation of exocyclic cycloalkenones
using aryl bromides and triflates, respectively. Several
groups have also reported γ-arylations and related
reactions.9�12

On careful search of the literature it was realized that the
R-arylation of enones was not general, and very few
instances of the same have been reported and are substrate
specific.13 Here we report our results on studies related to
the regioselective R-arylation of enones using a broad
spectrum of aryl bromides and triflates. This protocol
resulted in moderate to good yields of the R-arylated
products. A variety of enones were scanned, and the
reaction was found to be fairly general. Our studies began
by examining the feasibility of the base mediated, Pd-
catalyzed R-arylation reaction with simple acyclic enones.
In most of the cases we ended up with a mixture of

products arising out of a combination of base mediated
R-arylation and the Heck reaction (Table 1). The loss of
stereocontrol in theHeck reactionwas probably a result of
steric crowding at the β-position of the enone. When the
enone was substituted with an alkyl chain instead of the
phenyl ring at the β-position, a complex mixture of pro-
ducts was obtained which could not be analyzed accu-
rately. Use of stronger bases such as NaHMDS led mostly
to polymeric products. Other palladium sources led to
mostly similar results.
Having failed in getting any single catalyst system to

result in the regioselective R-arylated product, we came up
with the idea of utilizing Kuwajima and Urabe’s method
for Pd-catalyzed R-arylation of simple ketones wherein

they utilized trialkyltin fluoride for the in situ generation of
R-stannyl ketones via silyl�stannyl exchange (Scheme 1).14

Consequently, many reports utilizing silyl enol ethers in
Pd-catalyzed arylation have appeared.15�18 An important
outcomeofHartwig’s studywas the synergistic effect of the
use of two fluorides, tributyltin fluoride and cesium
fluoride.17 This method has an advantage over base-
mediated R-arylation in that the functional group toler-
ance is much higher and regiochemistry can be very well
controlled. This variant of the R-arylation has been used
onketones and to the best of our knowledgehas never been
tried with enone systems. We attempted to apply this
strategy to enone systems (Scheme 2).

Several catalyst systemswere initially scanned, and since
the outcome with simple phosphine ligands was quite
disappointing, we turned to scanning bulky, electron-rich
phosphine ligands. It has been well documented by
several research groups that the use of bulky, electron-rich
phosphines promotes the stabilization of the metal center
by decreasing the energy of the low coordinate Pd(0)
species.19 It is also postulated that the increase in the
electron density at the metal enhances the rate of oxidative

Table 1. Attempts toward Base Catalyzed R-Arylation of
Enonesa

ligand THF

dioxane

(ratio of 3:4) toluene DMF

S-Phos 60:40 (50) 23:77 (40) 21:79(50) 1:99 (80)

X-Phos 79:21 (58) 51:49(55) 55:45 (60) 3:97 (70)

XantPhos NR 1:99 (70) 1:99 (45) 1:89 (75)

BINAP NR 9:91 (65) 8:92 (50) 1:99 (70)

tBu-XPhos NR Messy Messy 1:99 (75)

DTBPF 30:70 (30) 4:96 (30) 5:95 (30) 1:99 (95)

aRatios determined by GCMS; NR = Less than 10% conversion
after 14 h; numbers in parentheses denote conversions after 14 h.

Scheme 1. Kuwajima�Urabe Protocol for R-Arylation of
Methyl Ketones

Scheme 2. Ligands Scanned for This Transformation
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insertion and also serves to increase turnover numbers by
suppressing side reactions such as phosphine cleavage.
Our attempts with electron-rich phosphines succeeded

in giving a regioselective reaction in the form of the
R-arylated product. Although the reaction worked fairly
well with Pd2(dba)3/BINAP or PdCl2(DTBPF)19i systems,
the cleanest conversions were obtained with Pd(OAc)2/
DTBPF. The substrate scope with bromides was found to
be quite general and is shown in Table 2. The use of cesium
fluoride was found to be necessary for this reaction; the
reaction was very sluggish in the absence of it. Other
sources of fluorides that were scannedwere not as effective
as CsF. At this point, the exact role of CsF is not under-
stood. The best yields were obtained in nonpolar solvents.
In particular, toluene was found to be the solvent of
choice.20 The reaction with the DTBPF system was very
fast at 85 �C and required at most 2�3 h to complete. The
reaction worked well with neutral alkyl substituted aro-
matic bromides, and the yields with ortho substituted
bromides were notably good. In particular, the mesityl
bromide (Table 2, entry 4) resulted in the highest
yield among all the substrates scanned. The yields with
electron-rich aromatic bromideswere expectedlymoderate
(Table 2, entries 5, 6). The reaction conditionwas tolerated
by a wide variety of functional groups such as esters
(Table 2, entry 7) and nitriles (Table 2, entry 12). Entries
8 and 9 (Table 2) expectedly resulted in isocoumarin
formation.18b The formation of the isocoumarin could
not be circumvented. The reaction with 2-bromobenzoni-
trile (Table 2, entry 18) resulted in low yield presumably for
the same reason. In all cases, the regioselectivity was
excellent (>90:10), and the reaction worked well with all
the enone systems that we tried, although the reactions
with the cyclohex-2-enone system were slightly sluggish as
compared to the acyclic versions. The yields with triflates
were rather low with this catalyst system. Thankfully

for us, the Pd(OAc)2/
tBuXPhos system worked well for

triflates. The substrate scope for triflates is depicted in
Table 3. The reaction with triflates required ∼12 h to
complete and worked well for most triflates and enones
that were attempted.21 Only a couple of exceptions were

Table 2. Substrate Scope with Aryl Bromides

aAll yields are isolated yields.

(19) (a) Littke, A. F.; Fu, G. C. Angew. Chem., Int. Ed. 1998, 37,
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(20) The reaction works best with freshly prepared TES-enol ethers,
which were prepared by methods reported in the literature. TMS-enol
ethers were not very stable upon prolonged storage, and therefore the
reaction was performed with TES-enol ethers. See ref 18e. The arylation
reaction was performed without a glovebox or dry box, in a sealed tube.
See Supporting Information for all experimental details.
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observed (Table 3, entries 9�11). The regioselectivity of
the reaction was probably governed by the faster in situ
silyl�stannyl exchange and consequent transmetalation vs

the slower migratory insertion of the olefin of the R,β-
unstaturated system (Scheme 3).
The absence of a strong base to mediate the β-H

elimination for the competing Heck reaction could also
be a contributing factor to the regioselectivity.
Another interesting observation was that of the diaryla-

tion product in the reaction mixture17 and the yield of this
product was substrate dependent. This product was not
expected, given the proposed reactionmechanism inwhich
the diarylation product would be expected only in a base-
mediated reaction. In this case it seemed that the fluoride
anion in the anhydrous solvent was acting as a base.22 To
test this hypothesis, the arylation reaction was attempted
with the parent enone with the Pd(OAc)2/DTBPF catalyst
system in the presence of the added fluoride additives
(Scheme 4). Almost no reaction was observed even after
24h.Monoaryl product3,when subjected to the samecondi-
tions, resulted in the diarylation product 49 in about 30%
yield after about 14 h at 85 �C. This more or less confirmed
the fact that the fluoride anionwas basic enough to promote
the arylation of the monoarylated product due to the sub-
strate’s enhanced acidity as compared to the parent enone.
In summary, we have developed a new method for the

regioselective synthesis of R-aryl enones by employing
sterically encumbered, electron-rich phosphine ligands in
a modified Kuwajima�Urabe protocol of arylation of
silylenol ethers with a wide range of aryl bromides and
triflates. The reaction is of general scope and is expected to
have excellent synthetic utility. The application of this
protocol in the synthesis of macrocyclic natural products
is currently in progress.
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Scheme 3. Suggestive Pathway for the Reaction with Enones

Table 3. Substrate Scope with Aryl Triflates

aAll yields are isolated yields. bProduct obtained could not be
completely purified.

Scheme 4. Fluoride Mediated Arylation of the Monoaryl
Enone
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