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ABSTRACT: The first general palladium catalyst for the
catalytic mono-α-arylation of aryl- and heteroarylketones with
aryl mesylates and tosylates is described. The newly developed
indolyl-derived phosphine ligand L7 has been identified to
promote this reaction efficiently. The key to success is
attributed to the enhanced steric congestion of the catalyst and
effective oxidative addition of the C(Ar)−OMs bond. In the presence of Pd(OAc)2 (0.25−2.5 mol %) and L7, selective
monoarylations are achieved with ample reaction scope and product yields up to 95%. Importantly, we demonstrated the
applicability of this protocol with the modification of biological phenolic compounds, rendering it amenable for functionalization
of phenolic (pro)drugs.

Palladium-catalyzed α-arylation of carbonyl compounds has
been well documented as versatile approaches to construct

C(sp3)−C(sp2) bonds.1 These approaches opened up new
possibilities to access key structures present in numerous
pharmaceutical intermediates and natural products.2 Since the
pioneering works by Buchwald,3 Hartwig,4 and Miura5 on the
direct α-arylation of ketones, tremendous advancements in this
field have been made.6 However, several challenges persist in this
catalysis (Scheme 1). For instance, selective mono-α-arylation of

ketone is, in general, recognized to be difficult due to the
increased acidity of the remaining α-C−H bonds after the first
arylation process, rendering facile formation of ketone enloates
and giving undesirable α,α-diarylated products. Moreover, the
reductive elimination process is sensitive to the catalyst
characteristics in terms of electron richness and steric bulkiness;
minor adjustments between these two factors will lead to a
completely different outcome.7

Despite the fact that aryl halides were commonly employed as
electophiles in the α-arylation of ketones due to its facile
oxidative addition by palladium and copper catalysts, halo-
genated compounds are not common in view of medicinal
chemistry. The halogenation of specific sites in natural products
or pharmacophores would be undesirable due to lengthy
synthetic pathways and functional group manipulations.
However, biologically active compounds with phenolic moieties
are common and a general while effective method for direct
functionalization of these sites would be highly desirable. In this
regard, aryl sulfonates such as aryl mesylate and tosylate are
indeed more attractive alternatives owing to their cost-
effectiveness over other sulfonating agents,8 as well as their
high stability and environmental friendliness.9 There is room for
development of a general and active catalyst system for accessing
these attractive aryl sulfonates, which are useful complements to
aryl halides. However, the highly demanding oxidative addition
by a palladium species accompanied by the inherent chemical
stability of these aryl sulfonates is still problematic, and a suitable
ligand candidate is needed to tackle these concerns. Thus, a very
limited number of phosphine ligands were known to promote
such difficult oxidative additions, including BrettPhos,10 Mor-
dalPhos,11 CM-Phos,12 and a few others.13 Unfortunately, the
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Scheme 1. Palladium-Catalyzed Mono-α-arylations
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high electron-richness embedded with these ligands may result in
the inefficacy against electron-deficient arene substrates in
ketone arylation reactions, as reported in literatures.14,15 In
terms of aryl mesylates specifically, only one report by Stradiotto
and co-workers detailed the α-arylation of strictly alkylketones
with aryl mesylates using a [Pd(cinnamyl)Cl]2/Mor-DalPhos
catalyst.6w Taking the aforementioned points into account, the
identification of a general palladium catalyst system for the
monoarylation of arylketones with aryl mesylates is deemed a
challenge. Herein, we describe the first general palladium catalyst
for mono-α-arylation of arylmethylketones with aryl mesylates
and tosylates. Under mildly basic conditions, excellent functional
group tolerance was achieved with a modest catalyst loading
(0.25−2.5 mol %) and no diarylated products were detected.
During the initial investigations, we surveyed an array of state-

of-the-art ligand candidates which are effective in aryl sulfonate
cross-couplings or ketone arylations (Scheme 2). Preliminary

screening employing Buchwald’s biaryl10,13a,b or Stradiotto’s
P,N-type phosphine ligands11 resulted in modest product yields
(6−37% yield), but they demonstrated the importance of the
steric bulkiness of ligands with an increasing trend of yields (from
L1 to L5). With our previous experience in aryl mesylate cross-
couplings,12 we then chose the CM-Phos-type ligands (L6 and
L7) in our ligand library for evaluation in this model reaction. We
found that these ligands were able to give the monoarylated
product in excellent yields while the new L7 was even more
promising (95% yield). We attribute the superior performance of
L7 over L6 to the enhanced steric congestion provided by the
indolyl scaffold. These results complied with previous findings
regarding the importance of steric bulkiness in reductive
elimination of ketone arylation reactions.6v,q,w Other mono-/
bidentate phosphine and N-heterocyclic carbene ligands were
shown to be ineffective (L8 to L13).16

To improve the effectiveness of the Pd/L7 catalyst system, we
further investigated the reaction conditions with various Pd
sources, bases, and solvents (Table S1, Supporting Information).
We found that using neat t-BuOH as solvent led to an unstirrable
reaction mixture, rendering unstable results (Table S1, entry 1).
Various solvents were used in an attempt to dilute the mixture,
and THF was found to be the best counterpart in a 1:1 ratio with
t-BuOH (Table S1, entries 2−5 vs 6). Yet, the use of neat THF
provided an inferior result (Table S1, entry 6 vs 7). Lowering the
ketone equivalents to 4 equiv was found to preserve the catalytic
performance of the system (Table S1, entry 9 vs 8 and 10−11). It
is worth noting that 5−10 equiv of ketones were required for the
cross-coupling with aryl mesylates in a previous report (Scheme
1, B) .6w The best metal-to-ligand ratio was found to be 1:3
(Table S1, entry 9 vs 12). The effect of water equivalents in
K3PO4·H2O was minimal (Table S1, entry 13 vs 14). Replacing
K3PO4 with either Na3PO4 or Cs2CO3 resulted in a significant
drop in product yields (Table S1, entry 13 vs 15−16). The source
of palladium has a minimal effect on the reaction; Pd(OAc)2 was
shown to have comparable performance to [Pd(cinnamyl)Cl]2
(Table S1, entry 17 vs 13 and 18−20). This relatively more cost-
effective Pd(OAc)2 was then chosen for further study.
Having identified the best reaction conditions, we next

investigated the functional group tolerance of our system by
examining a wide range of aryl mesylates and tosylates. In
general, 1.0 to 2.0 mol % of Pd completed the cross-couplings of
acetophenone enolate with no diarylated product formation
(Table 1). Electron-neutral and -rich arenes were converted to
the corresponding products in good-to-excellent yields (Table 1,
entries 1−6). Sterically hindered substrates were also applicable
in our system (Table 1, entries 7−8). Notably, electron-deficient
arenes, which proved to be difficult substrates in ketone
arylations,15 gave moderate-to-good product yields (Table 1,
entries 9−10). An enolizable amide group was well-tolerated and
gave chemoselective ketone α-arylation products (Table 1,
entries 11−12). An ester and a variety of heterocyclics such as
benzodioxole, pyrrolylarene, quinoline, and benzothiazole were
compatible (Table 1, entries 13−20).
To demonstrate the applicability of our system in a wider

scope, we synthesized a diverse library of mono-α-arylated
arylketones. Electron-neutral (Scheme 3, 1a−1d, 1h), -rich
(Scheme 3, 1e−1g), and -poor (Scheme 3, 1j) arylmethylketones
were suitable counterparts and afforded the corresponding
products in good-to-excellent yields (65−94% yield). While
achieving mono-α-arylations with arylketones, our system is
capable of handling highly sterically hindered α-substituted
arylketones such as α-tetralone and deoxybenzoin with good

Scheme 2. Ancillary Ligand Screena

aReaction conditions: Pd(OAc)2 (0.5 mol %), ligand (1.5 mol %), 2-
naphthyl mesylate (0.5 mmol), acetophenone (2.0 mmol), K3PO4 (1.0
mmol), t-BuOH/THF (1:1, 4.0 mL) at 90 °C under N2 for 18 h,
calibrated GC-FID yields were reported.
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reactivity (Scheme 3, 1k−1l). Previously, there were very few
successful attempts with the mono-α-arylations of heteroar-
ylketones, even with the use of aryl halides.17 With our system,
various acetyl furans, thiophene, and pyrrole-embedded
arylketone were successfully monoarylated (Scheme 3, 1m−
1r). Additionally, our protocol allowed for modification of a
human sex hormone 17β-estradiol. The mesyated 17β-estradiol
was coupled smoothly with arylmethylketones to furnish 1s and
1t (Scheme 3). The aliphatic mesylate on the ketone products
remained intact during the course of the reaction, thus allowing
for further functionalization with other common organic
syntheses. We anticipate our system will be useful in the
modification of various phenolic (pro)drugs.18

In summary, we have developed a general and efficient Pd
catalyst for the mono-α-arylation of arylmethylketones with aryl
mesylates and tosylates. The new L7−Pd system exhibited good
compatibility to a wide range of functional groups and
heterocyclics within the aryl mesylates and tosylates. Excellent
chemo- and monoselectivity at a modest catalyst loading (0.25−
2.5 mol %) were attained. Heteroarylketones were smoothly
monoarylated, and heteroaromatic substituents were well-
tolerated. Furthermore, this protocol provided a straightforward
modification of biologically active phenolic compounds. We
believe this newly developed palladium catalyst would be useful

in the synthesis of a drug library for lead optimizations and fine-
tuning the biological properties of phenolic drugs. Further
investigations in the exceptional reactivity of phosphine ligand

Table 1. Pd-Catalyzed Selective Mono-α-arylation of
Acetophenone Enolate with Aryl Mesylates and Tosylatesa

aReaction conditions: Pd(OAc)2/L7 = 1:3 (mol % as indicated),
ArOMs or ArOTs (0.3 mmol), acetophenone (1.2 mmol), K3PO4 (0.6
mmol), t-BuOH/THF (1:1, 2.4 mL) at 110 °C under N2 for 21 h.
Reaction time was not optimized for each substrate. Isolated yields
were reported.

Scheme 3. A Library of Mono-α-arylated Arylketones
Synthesized Using Pd(OAc)2/L7 Catalysta

aReaction conditions: Pd(OAc)2/L7 = 1:3, ArOMs or ArOTs (0.30
mmol), arylketone (1.2 mmol), K3PO4 (0.6 mmol), t-BuOH/THF
(1:1, 2.4 mL) at 110 °C under N2 for 21 h. Catalyst loading and
reaction time were not optimized for each substrate. Isolated yields
were reported.
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L7 for aryl mesylate cross-couplings are underway in our
laboratory.
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