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ABSTRACT

Cationic ruthenium(II) complexes enabled catalytic twofold C�H bond functionalizations with weakly coordinating aromatic esters in a highly
chemo-, site- and diastereo-selective as well as site selective fashion. The oxidative Fujiwara�Moritani-type alkenylation provided step-
economical access to diversely substituted styrenes and proved viable in an aerobic manner. Mechanistic studies were indicative of a reversible
acetate-assisted cycloruthenation step.

Styrene derivatives are useful intermediates in synthetic
organic chemistry, and one of their most atom- and step-
economical syntheses exploits catalyzed C�H bond
functionalizations.1While early studies revealedpalladium
complexes as effective catalysts,2 important recent pro-
gress was achieved by inter alia Miura and Satoh, Yu, Li,
and Glorius with the development of versatile protocols
for selective palladium- and rhodium-catalyzed cross-
dehydrogenative alkenylations.3 In contrast, rather inex-
pensive ruthenium complexes have only recently been
exploited as catalysts for oxidative C�H bond alkenyla-
tions on arenes.4,5 While these chelation-assisted reactions

were site selectively accomplished utilizing benzamides or
benzoic acids, ruthenium-catalyzed6 oxidative7 alkenyla-
tions with readily available, yet only weakly coordinating
esters have thus far proven elusive (Scheme 1).

Within our research program on the use of C�H bonds
as latent functional groups in organic synthesis,8 we thus
became attracted by cross-dehydrogenative alkenylations
of aromatic esters and, particularly, by devising challen-
ging intermolecular twofoldC�Hbond functionalizations

Scheme 1. Ruthenium-Catalyzed Double C�H Bond Functio-
nalizations

(1) Illustrative reviews on C�H bond functionalizations: (a) Yeung,
C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1215–1292. (b) Wencel-
Delord, J.; Dr€oge, T.; Liu, F.; Glorius, F. Chem. Soc. Rev. 2011, 40,
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2010, 8, 4503–4513. (d) Daugulis, O.Top. Curr. Chem. 2010, 292, 57–84.
(e) Sun, C.-L.; Li, B.-J.; Shi, Z.-J.Chem. Commun. 2010, 46, 677–685. (f)
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D. A.; Bergman, R.G.; Ellman, J. A.Chem. Rev. 2010, 110, 624–655. (h)
Boutadla, Y.; Davies, D. L.; Macgregor, S. A.; Poblador-Bahamonde,
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Kapdi, A. Angew. Chem., Int. Ed. 2009, 48, 9792–9826 and references
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between two different esters in a chemoselective fashion.
Herein, we wish to disclose our9 findings on the develop-
ment of versatile ruthenium-catalyzed oxidative alkenyla-
tions of easily modifiable (hetero)aromatic esters, which
were even achieved in an aerobic manner. Furthermore, we
present the first detailed mechanistic studies, providing
strong support for a reversible C�Hbond ruthenation step.
We commenced our studies by probing a variety of

cocatalytic additives and solvents for the envisioned two-
fold C�H bond functionalization between aromatic ester
1aand alkenylic ester 2a, employingCu(OAc)2 3H2Oas the
oxidant under an atmosphere of ambient air (Table 1).
While different metal carboxylates as well as KPF6 as the
additives gave only unsatisfactory yields (entries 1�4),
more promising results were accomplished using silver(I)

salts, with AgSbF6 proving to be optimal (entries 5�8).10

Notably, the use ofCuBr2 as the oxidant did not deliver the
desired product 3a (entry 9), thereby indicating carboxy-
late assistance to be of relevance.11 Among a variety of
solvents, DCE was found to allow the most efficient
catalysis (entries 8�14). It is furthermore noteworthy that
the catalyzed double C�H bond functionalization could
also be performed in the absence of a solvent (entry 15),
while AcOH as the (co)solvent did not improve the yield
(entries 16�17).

With an optimized catalytic system in hand, we subse-
quently explored its scope in the oxidative alkenylation of
diversely decorated esters1 (Scheme2).Notably, the cationic
ruthenium(II) catalyst efficiently converted para- and
more sterically congested ortho-substituted esters 1, thereby
chemoselectively delivering the mono-ortho-alkenylated are-
nes 3a�3g and 3h�3m as the sole products, respectively.
Likewise, a more hindered ester group could be present

Table 1. Optimization of C�H Bond Alkenylation of Ester 1aa

entry additive solvent

t

(�C)
yield

(%)

1 � DCE 100 �
2 NaOAc DCE 100 �
3 CsOAc DCE 100 �
4 KPF6 DCE 100 �
5 AgOAc DCE 100 �
6 AgBF4 DCE 100 30b

7 AgO3SCF3 DCE 100 48

8 AgSbF6 DCE 100 62

9 AgSbF6 DCE 100 �c

10 AgSbF6 H2O 120 �
11 AgSbF6 DMF 120 �
12 AgSbF6 o-xylene 120 �
13 AgSbF6 1,4-dioxane 100 27b

14 AgSbF6 t-AmOH 120 13

15 AgSbF6 � 100 40

16 AgSbF6 DCE/AcOH (1.8/0.2) 100 19

17 AgSbF6 AcOH 100 8b

aReaction conditions: 1a (0.5mmol), 2a (1.0mmol), Cu(OAc)2 3H2O
(1.0 mmol), [RuCl2(p-cymene)]2 (5.0 mol %), solvent (2.0 mL); isolated
yields, under air. bGC conversion. cCuBr2 (1.0 mmol) as the oxidant.
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within the twofold C�H bond functionalization strategy
to furnish the desired product of cross-dehydrogenative
alkenylation (3n).12

Importantly, the oxidative C�Hbond functionalization
was also viable in an aerobic fashion, using cocatalytic
amounts of Cu(OAc)2 3H2O under an atmosphere of am-
bient air (Scheme 3). The aerobic oxidative alkenylation
site selectively occurred on arenes as well as heteroarenes 2
with high catalytic efficacy.

Given the remarkable catalytic activity of the cationic
ruthenium(II) complex, we initiated mechanistic studies to

Scheme 2. Scope of Oxidative Alkenylation with Esters 1

Scheme 3. Aerobic Oxidative Alkenylation with Esters 1a

a Isolated yields. b The corresponding hydroarylation product was
formed in 8% yield (by 1H NMR).

Scheme 4. Intramolecular Competition Experiments

Scheme 5. Intermolecular Competition Experiments

Scheme 6. Oxidative Alkenylation with Isotopically Labeled
Substrate or Cosolvent

(12) The use of para-bromo- or para-amino-substituted benzoic acid
esters provided thus far only unsatisfactory low conversions.
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unravel its mode of action. To this end, we performed
intramolecular competition experiments, which showed
that the selectivity of the conversion with arene 1r was
largely influenced by steric interactions. On the contrary,
meta-fluoro-substituted substrate 1s exclusively led to the
functionalization at the position C-2 (Scheme 4).
Moreover, intermolecular competition experiments be-

tween differently substituted arenes 1 revealed electron-
rich esters to be preferentially converted (Scheme 5).

Mechanistic studies with isotopically labeled substrate
[D]5-1t or in the presence of the cosolventD2O highlighted
aH/D scrambling, thus indicating theC�Hbond ruthena-
tion step to be reversible in nature (Scheme 6).
Based on these mechanistic studies we propose the

catalytic cycle to involve an initial reversible acetate-
assisted13 cycloruthenation to form complex 4 (Scheme 7).
Subsequent migratory insertion of alkene 2 and β-hydride
elimination furnish desired product 3, while reductive elim-
ination and reoxidation by Cu(OAc)2 regenerate the cata-
lytically active cationic species.
In summary,wehave reportedon site-selective ruthenium-

catalyzed oxidative alkenylations of arenes bearing weakly
coordinating esters. Importantly, cationic ruthenium(II)
complexes served as efficient catalysts for cross-dehydro-
genative C�H bond functionalizations between aryl- and
alkenyl-substituted esters in a highly chemo-/diastereoselec-
tive as well as site selective fashion. The optimized catalyst
proved to be broadly applicable and also allowed for
aerobic oxidative alkenylations with cocatalytic amounts of
Cu(OAc)2 3H2O, utilizing air as an inexpensive terminal
oxidant. Detailed mechanistic studies were suggestive of a
reversible cycloruthenation step through acetate assistance.
Further studies on ruthenium-catalyzed oxidative C�H
bond functionalizations are currently ongoing in our labora-
tories and will be reported in due course.
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