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ABSTRACT

Ruthenium complexes enabled first C(sp2)�H bond oxygenations of aromatic ketones with excellent functional group tolerance, and broad scope
as well as high chemoselectivity and site selectivity.

Catalyzed functionalizations of unreactive C�H bonds
have been recognized as valuable tools for step-economical
syntheses of organic compounds.1 Direct oxygenation
reactions are particularly attractive, and palladium(II)
complexes have emerged as arguably the most versatile
catalysts,2 with recent progress being accomplished by
inter alia Sanford and Yu.3 Despite these advances, C�H
bond oxygenations of substrates bearing only weakly
coordinating directing groups continue to be challenging.1�3

Hence, directC(sp2)�Hbondoxygenations of aryl ketones
have thus far proven elusive, because ketones are poor
ligands for palladium(II), and, therefore, are generally
ineffective directing groups for palladium(II/IV)-catalyzed

C�H bond oxygenations.3m,4 In order to address these
limitationsO-acetyl oximeswere utilized in lieu of ketones,
serving as transformable directing groups for palladium-
catalyzed C�H bond functionalizations.4

Asof yet, rather inexpensive ruthenium5 complexes have
been underappreciated for C(sp2)�H6 oxygenation reac-
tions.However,we7 andRao8 very recently developed site-
selective hydroxylations of unactivated C(sp2)�H bonds
in aromatic amides and esters. Within our research pro-
gram on sustainable C�H bond functionalizations,9 we
now developed the first C�H bond oxygenation of arenes
withweakly coordinatingketones,onwhichwereportherein.
Notably, the thus obtained hydroxylated aryl ketones are
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key structural motifs in bioactive compounds and repre-
sent versatile intermediates in organic synthesis.10

We initiated our studies by probing various sacrificial
oxidants and ruthenium complexes for the envisioned
oxygenation of ketone 1a (Table 1). Not surprisingly, in
the absence of a ruthenium complex or an oxidant the
desired C�H bond oxygenation was not observed (entries
1 and 2). Among a variety of terminal oxidants, oxone,
K2S2O8, and hypervalent iodine(III) reagents furnished
product 2a, with PhI(OAc)2 being most effective (entries
3�10). Ruthenium complexes in various oxidation states
served as efficient catalysts (entries 11�15), and particu-
larly promising resultswere accomplishedwith inexpensive
[RuCl3(H2O)n]

11 as well as [Ru(O2CMes)2(p-cymene)].12

With an effective catalytic system in hand, we tested the
influence of the ketone substitution pattern on the C�H
bond oxygenation (Scheme 1). While acetophenone (1b)
and isobutyrophenone (1c) gave unsatisfactory results,
benzophenone (1d) led to the mono- and dihydroxy-
lated products 2d (28%) and 2d0 (57%) in high isolated
yields. In contrast, annulated ketone 1e was chemose-
lectively oxygenated at the C(sp3)�H bond to deliver
mono-R-hydroxylated ketone 2e as the sole product;a
reaction that also occurred in the absence of the metal
catalyst (64% yield).

Table 1. OptimizationofC�HBondOxygenationwithKetone 1aa

entry [Ru] oxidant yield (%)

1 � PhI(OAc)2 �
2 [Ru(O2CMes)2(p-cymene)] (5.0) � �
3 [Ru(O2CMes)2(p-cymene)] (5.0) O2 �
4 [Ru(O2CMes)2(p-cymene)] (5.0) Cu(OAc)2 3H2O �
5 [Ru(O2CMes)2(p-cymene)] (5.0) t-BuOOH �
6 [Ru(O2CMes)2(p-cymene)] (5.0) oxone 46

7 [Ru(O2CMes)2(p-cymene)] (5.0) K2S2O8 47

8 [Ru(O2CMes)2(p-cymene)] (5.0) PhI(OAc)2 86

9 [Ru(O2CMes)2(p-cymene)] (5.0) PhI(TFA)2 85

10 [Ru(O2CMes)2(p-cymene)] (5.0) PhI(OPiv)2 87

11 [RuCl2(p-cymene)]2 (2.5) PhI(OAc)2 84

12 [RuCl3(H2O)n] (5.0) PhI(OAc)2 83

13 [Ru2(hp)4Cl] (5.0) PhI(OAc)2 54

14 [Ru2(OAc)4Cl] (5.0) PhI(OAc)2 84

15 [Ru(O2CMes)2(p-cymene)] (2.5) PhI(OAc)2 85

aReaction conditions: 1a (1.0 mmol), oxidant (1.2 equiv), cat. [Ru],
TFA/TFAA (2.5 mL; 3/2), 22 h, isolated yields.

Scheme 1. Variation of the Ketone Substitution Pattern
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Subsequently, we explored the versatility of the C�H
bond oxygenation with various para-substituted tert-butyl
ketones 1 (Scheme 2). We were delighted to find that the
ruthenium(II) catalyst proved tolerant of valuable electro-
philic functional groups, including fluoro, chloro, bromo,
or iodo substituents.
Intramolecular competition experiments with meta-

substituted arenes 1m�1p revealed steric interactions to
primarily influence the site selectivity of the C�H bond
functionalization process (Scheme 3). In contrast, only
meta-chloro-substituted arene 1q furnished significant
amounts of product 2q00 through oxygenation of the more
sterically hindered C�H bond.
The oxygenation of substrate 1r clearly highlighted the

superior directing group ability of the tert-butyl ketone as
compared to an ester moiety (Scheme 4).13

In consideration of the remarkable catalytic activity and
chemoselectivity exerted by the ruthenium complex, we
performed initialmechanistic studies tounravel itsmodeof
action. To this end, intermolecular competition experiments

Scheme 2. Scope of C�H Oxygenation of Aromatic
Ketones 1

Scheme 3. Oxygenations with meta-Substituted Ketones 1

Scheme 4. Competitive Directing Group Abilities

Scheme 5. Intermolecular Competition Experiments
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showed electron-rich ketones 1 to be preferentially func-
tionalized (Scheme 5 and Supporting Information).
Furthermore, an intramolecular competition experi-

ment with diaryl ketone 1s highlighted the electron-rich
arene to more readily undergo the direct oxygenation
reaction (Scheme 6).

In summary, we have disclosed the first catalyzedC(sp2)�
Hbond oxygenations of arenes bearingweakly coordinating
ketones. The intermolecular oxidative C�O bond forming
reactions were achieved with oxone, K2S2O8, or PhI(OAc)2
as the terminal oxidant and inexpensive [RuCl3(H2O)n] or
well-defined [Ru(O2CMes)2(p-cymene)] as the catalyst.
Thereby, highly efficient C(sp2)�H bond hydroxylations
proved viable with excellent functional group tolerance and
ample scope.
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