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ABSTRACT

Versatile ruthenium catalysts allowed for efficient direct oxygenations of aryl carbamates under remarkably mild reaction conditions. In addition
to chelation-assisted C�H activation, the optimized ruthenium catalyst proved amenable to para-selective hydroxylations of anisoles without
Lewis basic directing groups.

The catalytic direct oxygenation of otherwise unreactive
C(sp2)�H bonds represents the most step-economical
approach to substituted phenols.1,2 While palladium com-
plexes have proven to be useful catalysts for direct C�O
bond formations,3 a very recent success was accomplished
with versatile ruthenium(II)4 catalysts. Hence, arenes
bearing weakly coordinating directing groups, such as
amides, esters, or ketones, were efficiently converted into
the corresponding phenol derivatives.5 While these studies
constituted notable progress in the direct oxygenation of
electron-deficient substrates bearing electron-withdrawing
directing groups, ruthenium(II)-catalyzed direct C�H

bond oxygenations of phenol derivatives have as of yet
proven elusive, despite the practical importance of
phenols inmedicinal chemistry, organic synthesis,material
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sciences, and crop protection.6 Within our research pro-
gram on sustainable C�H bond functionalizations for
organic synthesis,7 we now established first ruthenium-
catalyzed hydroxylations of aryl carbamates, on which we
report herein. Notably, the optimized catalytic system
allowed for direct oxygenations under remarkably mild
reaction conditions8 and was not restricted to substrates
displaying Lewis basic directing groups,9 proving to be
also applicable to direct para-selective10 oxygenations with
anisole derivatives.

At the outset of our studies, we probed representative
ruthenium precursors for the envisioned direct oxygena-
tion of carbamate 1a (Table 1). While the desired product
2a was not formed in the absence of a ruthenium catalyst
(entry 1), different ruthenium precursors enabled the
desired transformation, with optimal results being ob-
tained with [RuCl2(p-cymene)]2 (entries 2�6). Further-
more, PhI(TFA)2 and DCE were identified as the best
oxidant and solvent, respectively (entries 6�9). Impor-
tantly, under the optimized conditions the ruthenium-
catalyzed C�H bond oxygenation even proved viable at
a rather low reaction temperature of 50 �C (entry 10).
The versatility of the catalytic system was thereafter

probed in the direct oxygenation of differently substituted

carbamates 1 (Scheme 1).We were pleased to find that the
catalyst was widely applicable and efficiently converted
para-, meta-, and even more sterically hindered ortho-
substituted aryl carbamates bearing various valuable elec-
trophilic functional groups, such as chloro, bromo, or iodo
substituents. It is noteworthy that the reactions generally
proceeded with excellent chemo- and site-selectivities to
deliver the mono-ortho-substituted products 2.

Given the high catalytic efficacy achieved within direct
C�H bond oxygenations with aryl carbamates 1, we
became attracted by establishing the order of relative
directing group abilities through competition experiments.
Thus, an intramolecular competition experiment with
bifunctional substrate 1w clearly highlighted carbamates
to bemore potent directing groups as comparedwith esters
(Scheme 2). This selectivity pattern is notable, since the
C�H bond activation with aryl carbamates proceeds
through the formation of less favorable six-membered
ruthenacycles as the key intermediates.

In good agreementwith this observation, intermolecular
competition experiments between differently substituted

Table 1. Optimization ofC�HOxygenationwithCarbamate 1aa

entry [Ru] solvent yield (%)

1 � DCE �
2 [Ru3(CO)12] DCE 39

3 [Ru(O2CMes)2(p-cymene)] DCE 46

4 [RuCl2(PPh3)3] DCE 53

5 [RuCl3(H2O)n] DCE 54

6 [RuCl2(p-cymene)]2 DCE 65

7 [RuCl2(p-cymene)]2 TFA/TFAA 30b

8 [RuCl2(p-cymene)]2 1,4-dioxane 24c

9 [RuCl2(p-cymene)]2 PhMe 57

10 [RuCl2(p-cymene)]2 DCE 67d

aReaction conditions: 1a (0.5mmol), PhI(TFA)2 (1.0mmol), solvent
(2.0 mL), 80 �C, 3 h, isolated yield. bK2S2O8 (2.0 equiv) instead of
PhI(FTA)2.

c 1HNMRconversionwithCH2Br2 as the internal standard.
d 50 �C, 24 h.

Scheme 1. Scope of C�H Hydroxylation with Carbamates 1

Scheme 2. Intramolecular Competition Experiment
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arenes established the following order of directing group
ability: amide > carbamate > ester (Scheme 3).
As to the C�Hmetalation step, studies with isotopically

labeled substrate 1n-[D5] were suggestive of a kinetically
relevant C�H activation with a KIE ≈ 2.2 (Scheme 4).
Thus far, ruthenium-catalyzed C(sp2)�H bond oxyge-

nations were to the best of our knowledge largely limited
to substrates bearing Lewis basic directing groups,4,5

consequently leading to ortho-substitution.11 Thus, it is
noteworthy that anisole derivatives 7 were also converted

by the ruthenium(II) catalyst12 to the corresponding hy-
droxylated phenols 8a�d10b in a para-selective fashion
(Scheme 5).
As to the reaction mechanism, oxygenations of anisole

7a in the presence of catalytic (10mol%) or stoichiometric
(1 equiv) amounts of TEMPO furnished product 8a in
significantly reduced yields of 43% and 5%, respectively,
which inter alia can be rationalized in terms of a single-
electron-transfer oxidation. However, more detailed me-
chanistic studies are required to delineate the catalyst’s
exact mode of action.
In summary, we have reported on the first ruthenium-

catalyzed C(sp2)�H bond oxygenation of phenol deriva-
tives. Thus, direct hydroxylations of aryl carbamates
proceeded with high catalytic efficacy as well as excellent
chemo- and ortho-selectivities. In contrast, the ruthenium-
(II) catalyst also allowed for the direct C�H bond func-
tionalization on anisole derivatives, which occurred with
para-selectivity.
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Scheme 3. Intermolecular Competition Experiments

Scheme 4. Kinetic Isotope Effect Study

Scheme 5. Para-Selective C�H Oxygenation of Anisoles 7
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