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A simple catalyst system consisting of Pd(OAc)2 and 3-nitropyr-
idine for the aerobic oxidative Heck coupling of cyclic enones,
in particular challenging unsubstituted cyclic enones, with
simple arenes by C¢H activation was investigated. This novel
method was applied to various functionalized arenes and
cyclic enones and allowed the synthesis of b-aryl cyclic enones
in modest to high yields.

C3-Arylated cyclic enones are important intermediates[1] in the
synthesis of pharmaceuticals, fine chemicals, and materials, in
particular as building blocks for chiral b-aryl ketones/amines,[2]

substituted phenols, and anilines.[3] They are commonly syn-
thesized by cross-coupling reactions of b-functionalized cyclic
enones with organometallic reagents.[4] The Heck arylation of
cyclic enones with aryl halides to form arylated enones
(Scheme 1 a) is generally known to be challenging owing to
chemoselectivity issues resulting from a typical side reaction,
the conjugate addition reaction.[5] Alternatively, modified Heck-
type decarboxylative coupling by using aryl carboxylic acids[6]

(Scheme 1 b) and oxidative Heck-type coupling by using aryl
boronic acids[7] (Scheme 1 c) have been reported for the che-
moselective formation of aryl enones from the corresponding
enones. However, these methods still use functionalized cou-
pling partners and require the use of superstoichiometric
amounts of bases and complex ligands. Oxidative Heck cou-
pling[8] of cyclic enones with simple arenes by C¢H activation
eliminates the need for prefixing and subsequent removal of
the reactive functionalities and is intriguing in this context.

As part of our continued studies on the C¢H arylation of
arenes and heteroarenes,[9] we were interested in the coupling
of simple cyclic enones with arenes as an alternative strategy
towards functionalized biaryls. We developed and report
herein an operationally simple and efficient catalyst system
consisting of Pd(OAc)2 and 3-nitropyridine as the ligand for the
oxidative Heck coupling of cyclic enones with arenes
(Scheme 1 d) by using molecular oxygen as the oxidant. In this
perspective, Hong et al.[10] recently reported an interesting se-
quential dehydrogenation–oxidative Heck coupling of chroma-
nones with arenes to form b-aryl chromenones by using a cata-
lyst system consisting of Pd(tfa)2 (tfa = trifluoroacetate) and
Cu(tfa)2 in the presence of AgOAc as the oxidant (Scheme 2 a).
While we were preparing this manuscript, Gigant and B�ck-

vall[11] reported a sequential dehydrogenation–oxidative cou-
pling of cyclic saturated ketones with arenes in the presence
of molecular oxygen as the oxidant by using a catalyst system
consisting of Pd(OAc)2 together with electron-transfer media-
tors such as iron phthalocyanine and benzoquinone
(Scheme 2 b). Unfortunately, this catalyst system was particular
to substituted cyclic ketones, and simple unsubstituted cyclic
ketones were found to decompose under the reaction condi-
tions. Our approach complements these methodologies and
allows the oxidative coupling of challenging unsubstituted
cyclic enones with simple arenes to form the corresponding b-
aryl cyclic enones.

Scheme 1. Heck-type b-arylation of cyclic enones. Ts = p-toluenesulfonyl.

Scheme 2. Dehydrogenative coupling of substituted cyclic ketones.
BQ = benzo-1,4-quinone.
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In our preliminary experiments on the oxidative Heck cou-
pling of cyclohex-2-en-1-one (1 a) with p-xylene (2 a) as the
model substrates by using the reported procedure for the de-
hydrogenative coupling of chromanones,[10] we found that
only a trace amount of the coupled product 2’,5’-dimethyl-5,6-
dihydro-(1,1’-biphenyl)-3(4H)-one (3 a ; Table 1, entry 1) was
formed. However, the yield of the product as determined by

NMR spectroscopy increased to 17 % if Pd(OAc)2/Cu(tfa)2/acetic
acid (AcOH) was used instead of Pd(tfa)2/Cu(tfa)2/pivalic acid
(PivOH) in the presence of AgOAc as the oxidant. A preliminary
examination of the solvents indicated that the reaction could
also be performed under neat conditions or in diglyme (up to
25 % yield) in the presence of a small amount of acetic acid,
whereas other polar aprotic solvents such as DMF and DMSO

were unsuitable. Further varia-
tion of the oxidant showed no
significant improvement in the
product yield. Prolonging the re-
action time was also not benefi-
cial, which indicated possible de-
activation of the catalyst after
the initial cycle. Formation of
a significant amount of Pd black
was also observed upon comple-
tion of the reaction. Conse-
quently, we examined various ni-
trogen ligands that are stable
under oxidative conditions to
stabilize the active palladium
species. In the presence of bi-
dentate ligands such as 1,10-
phenanthroline and 2,2’-bipyri-
dine, there was no reaction, pos-
sibly as a result of the formation
of inactive PdL2 complexes. Sub-
sequently, after examining vari-
ous monodentate pyridine li-
gands (Table 1, entries 5–12), we
were delighted to find a remark-
able increase in the yield upon
using pyridine ligands contain-
ing electron-withdrawing sub-
stituents, including 2-fluoropyri-
dine (54 %), 3-nitropyridine
(68 %), 2,4-dichloropyridine
(38 %), isonicotinonitrile (48 %),
and 3-acetylpyridine (39 %). In-
terestingly, weakly coordinating
pentafluoropyridine was not
useful. Unsubstituted pyridine or
pyridine with electron-donating
substituents such as 2,6-lutidine
and 3-methoxypyridine were
also not effective, which indicat-
ed the need for an electronically
and sterically balanced ligand for
good catalytic activity and stabil-
ity. Thus, further studies were
performed by using 3-nitropyri-
dine as the ligand. The reaction
was found to work equally well
with Ag2CO3 and more remarka-
bly by using molecular oxygen
(balloon) as the oxidant. Other

Table 1. Optimization studies on the oxidative Heck coupling of cyclohex-2-en-1-one with p-xylene.

Entry Catalyst Ligand Co-catalyst Oxidant Solvent Yield
[%]

1 Pd(tfa)2 – Cu(tfa)2 AgOAc PivOH trace
2 Pd(OAc)2 – Cu(tfa)2 AgOAc AcOH 17
3 Pd(OAc)2 – Cu(tfa)2 AgOAc diglyme 23
4 Pd(OAc)2 – Cu(tfa)2 AgOAc – 19

5 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 25

6 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 13

7 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 13

8 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 54

9 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 68

10 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 34

11 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 48

12 Pd(OAc)2 Cu(tfa)2 AgOAc diglyme 39

13 Pd(OAc)2 Cu(tfa)2 Ag2CO3 diglyme 69
14 Pd(OAc)2 Cu(tfa)2 O2 diglyme 68
15 Pd(OPiv)2 Cu(tfa)2 O2 diglyme 52
16 Pd(tfa)2 Cu(tfa)2 O2 diglyme 45
17 Pd(OAc)2 Cu(OAc)2 O2 diglyme 25
18 Pd(OAc)2 Cu(OTf)2 O2 diglyme 15
19 Pd(OAc)2 – O2 diglyme 75

20 Pd(OAc)2 – O2 diglyme trace

21 Pd(OAc)2 – O2 DCE 80
22 Pd(OAc)2 – O2 isopropyl acetate 66
23 Pd(OAc)2 – O2 MeTHF trace[c]

24 Pd(OAc)2 – O2 DMC trace[c]

25 Pd(OAc)2 – O2 DCE 37[d]

[a] Reaction conditions: Cyclohex-2-en-1-one (1 a, 0.5 mmol), p-xylene (15 mmol), catalyst (15–20 mol %), ligand
(30–40 mol %), co-catalyst (15–20 mol %), silver oxidant (1.5 equiv.), O2 (balloon), solvent (2 mL), AcOH (2 mmol),
100 8C, 14 h. [b] Yield was determined by 1H NMR spectroscopy by using dibromomethane as an internal stan-
dard. [c] Formation of phenol was observed. [d] Reaction was performed at 80 8C.
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palladium precursors such as Pd(OPiv)2 and Pd(tfa)2 as well as
co-catalysts such as Cu(OAc)2 and Cu(OTf)2 (OTf = trifluorome-
thanesulfonate) were inferior. To our surprise, if the reaction
was performed without any copper co-catalyst, a better out-
come was obtained in that the coupled product was formed in
75 % yield. Re-examination of the solvent under these condi-
tions revealed that the yield of the product was improved in
dichloroethane (DCE, 80 %). Isopropyl acetate,[12] an environ-
mentally more friendly alternative, performed to some extent,
but the yield (66 %) was not comparable to that obtained with
diglyme or DCE. Other solvents such as dimethyl carbonate
(DMC) and 2-methyltetrahydrofuran (MeTHF) were not suitable,
as reactions in these solvents mainly led to the dehydrogena-
tion of cyclohex-2-en-1-one to phenol. The optimum amount
of AcOH was found to be 4 equivalents with respect to the
enone. A ligand/palladium ratio of 2 was found to be optimal
for good catalytic activity (Figure S1, Supporting Information).
The concentration of the Pd catalyst also had a strong effect
on the reaction and 15–20 mol % Pd was found to be necessa-
ry to attain high yields (80–87 %, Figure S2).

With the optimized conditions, we studied the scope of this
method for the coupling of different functionalized arenes and
cyclic enones (Table 2). In general, electron-rich arenes were
more reactive than their electron-poor counterparts, and the
respective coupled products were delivered in moderate to
high yields. Thus, the coupling of symmetric di- or trisubstitut-
ed arenes 2 a–e with cyclohex-2-en-1-one (1 a) gave coupled
products 3 a–e in yields of 46–83 %. For instance, p-xylene, 1,4-
dimethoxybenzene, and 1,3,5-trimethoxybenzene formed cou-
pled products 3 a (80 %), 3 b (83 %), and 3 c (81 %) in high
yields. Mesitylene formed 3 d in 46 % yield. Electron-poor 1,4-
dichlorobenzene also reacted under these conditions to form
3 e in 57 % yield.

As expected for unsymmetrically substituted arenes, the cor-
responding regioisomers were formed. For instance, as shown
in the Table 2, in the case of o-xylene the regioisomers of 3 f
were formed in a ratio of 1:0.7 in a total yield of 73 %. In the
case of naphthalene, 3 g was formed in 51 % yield with a regioi-
someric ratio of 1:0.12. Similarly, 2,6-dimethylnaphthalene gave
product 3 h (46 %) as a regioisomeric mixture (1:0.26). In the
case of anisole, the corresponding ortho, meta, and para iso-
mers of 3 i were formed in a total yield of 68 % (o/m/p =

1:0.8:0.2). tert-Butylbenzene yielded a 1:1 ratio of the corre-
sponding meta/para isomers in a total yield of 60 %. The ortho
isomer was not detected in this case, possibly because of
steric hindrance of the bulky tert-butyl group. Interestingly, the
reaction of 1,2-dimethoxy-4-methylbenzene proceeded well
and gave the corresponding isomers of 3 k (1:0.5) in 57 % yield.
Similarly 1-chloro-2-methylbenzene offered the corresponding
isomers of 3 l (0.4:1). The method was also applicable to other
cyclic enones. For instance, cyclopent-2-en-1-one reacted with
p-xylene and 1,4-dimethoxybenzene to form coupled products
3 n and 3 o in yields of 66 and 71 %, respectively. 4-Methylcy-
clohex-2-en-1-one reacted with p-xylene to give 2’,5’,6-trimeth-
yl-5,6-dihydro-(1,1’-biphenyl)-3(4H)-one (3 m) in 40 % yield. Un-
fortunately, these aerobic oxidative coupling conditions were
not suitable for fluorinated arenes, for which only trace

amounts of the coupled products were detected. Nevertheless,
Ag2CO3 was proven to be a good oxidant in these cases, and
fluorinated b-arylenones 3 q–s were obtained in moderate to
high yields.

To understand the C¢H activation of the arenes, we studied
the kinetic isotope effect (KIE)[13] with respect to the arene. In-
terestingly, a very prominent primary KIE (kH/kD = 7.7) was ob-
served in a competition reaction between p-xylene/[D10]p-
xylene (see the Supporting Information) and cyclohex-2-en-1-

Table 2. Oxidative Heck coupling of simple cyclic enones with arenes.[a]

[a] Reaction conditions: Enone (0.5 mmol), arene (15 mmol), catalyst
(15 mol %), ligand (30 mol %), AcOH (2 mmol), DCE (2 mL), O2 (balloon),
100 8C, 14 h. Yields of the isolated products are given. [b] Ag2CO3

(1.5 equiv.) was used as the oxidant in diglyme.
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one, which indicates that cleavage of the C¢H bond occurs
during activation of the arene by the palladium catalyst ; this
may be the rate-determining step of this oxidative coupling.
The catalytic cycle shown in Scheme 3 is proposed. The arene
C¢H bond is activated by palladium(II) complex i, which results
in the formation of arylpalladium species ii. Coordination and
migratory insertion of the enone[11] to the Pd¢C bond in a syn
fashion then leads to species iii. Then, iii is converted into v
via palladium enolate intermediate iv to give product 3 and
palladium hydride vi by syn b-hydride elimination. Pd0 species
vii formed by reductive elimination of AcOH from vi is then
oxidized back by the oxidant to active PdII catalyst i.

In conclusion, we developed a simple catalyst system for the
oxidative coupling of cyclic enones, in particular challenging
unsubstituted cyclic enones, with simple arenes by C¢H activa-
tion. The coupling reaction works efficiently in the presence of
molecular oxygen as the oxidant except for fluoroarenes, in
which case Ag2CO3 was found to be more suitable. This new
procedure is applicable to a range of arenes and cyclic enones
and allows the synthesis of b-aryl cyclic enones in reasonably
good yields.

Experimental Section

In a glove box, a Radleys reaction tube was charged with Pd(OAc)2

(0.075 mmol), 3-nitropyridine (0.15 mmol), the arene (15 mmol),
AcOH (2 mmol), the cyclic enone (0.5 mmol), and the solvent
(2 mL). The tube was closed, removed from the glove box, and
heated at 100 8C under an atmosphere of O2 (balloon) for 14 h. The
mixture was then cooled to room temperature and filtered

through Celite. The crude mixture
was analyzed by GC–MS and
1H NMR spectroscopy and was
then purified by flash column
chromatography (silica gel).
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3627; d) M. Kuchař, B. Brunova, J.
Grimova, S. Vanecek, J. Holubek,

Collect. Czech. Chem. Commun. 1986, 51, 2896 – 2908; e) S. Radomkit,
A. H. Hoveyda, Angew. Chem. Int. Ed. 2014, 53, 3387 – 3391; Angew.
Chem. 2014, 126, 3455 – 3459; f) B. A. Stearns, Y. P. Truong, J. H. Hutchin-
son, WO 2009061676A2, 2009 ; g) S. Kehrli, D. Martin, D. Rix, M. Mauduit,
A. Alexakis, Chem. Eur. J. 2010, 16, 9890 – 9904; h) C. Singh, N. Gupta,
S. K. Puri, Tetrahedron Lett. 2005, 46, 205 – 207; i) M. A. Stealey, M. Clare,
J. Z. Crich, C. E. Hanau, F. J. Koszyk, R. A. Partis, X. Xu, R. M. Weier, WO
2003035625A1, 2003 ; j) M. Takeda, H. Inoue, K. Noguchi, Y. Honma, M.
Kawamori, G. Tsukamoto, Y. Yamawaki, S. Saito, Chem. Pharm. Bull.
1976, 24, 1514 – 1526; k) K. E. A. Muirhead, M. Froemming, X. Li, K. Musi-
lek, S. J. Conway, D. Sames, F. J. Gunn-Moore, ACS Chem. Biol. 2010, 5,
1105 – 1114; l) P. Wang, T. Gu, D. Flores, W. Lin, M. Yamamoto, US
20100096603A1, 2010.

[2] a) N. J. A. Martin, B. List, J. Am. Chem. Soc. 2006, 128, 13368 – 13369;
b) M. Zhou, T.-L. Liu, M. Cao, Z. Xue, H. Lv, X. Zhang, Org. Lett. 2014, 16,
3484 – 3487.

[3] a) Y. Izawa, C. Zheng, S. S. Stahl, Angew. Chem. Int. Ed. 2013, 52, 3672 –
3675; Angew. Chem. 2013, 125, 3760 – 3763; b) K. Manna, T. Zhang, W.
Lin, J. Am. Chem. Soc. 2014, 136, 6566 – 6569; c) K. Kikushima, Y. Nishina,
RSC Adv. 2013, 3, 20150 – 20156; d) W. P. Hong, A. V. Iosub, S. S. Stahl, J.
Am. Chem. Soc. 2013, 135, 13664 – 13667.

[4] a) Y.-J. Wu, H. He, R. Bertekap, R. Westphal, S. Lelas, A. Newton, T. Wal-
lace, M. Taber, C. Davis, J. E. MacOr, J. Bronson, Bioorg. Med. Chem.
2013, 21, 2217 – 2228; b) K. W. Quasdorf, M. Riener, K. V. Petrova, N. K.
Garg, J. Am. Chem. Soc. 2009, 131, 17748 – 17749; c) S. Raghavan, D. R.
Schmidt, S. L. Colletti, A. L. Smenton, US2009/62269A1, 2009 ; d) S. T.
Handy, X. Zhang, Org. Lett. 2001, 3, 233 – 236; e) M. A. Huffman, N.
Yasuda, Synlett 1999, 471 – 473.

[5] a) S. Cacchi, A. Arcadi, J. Org. Chem. 1983, 48, 4236 – 4240; b) A. E. Solle-
wijn Gelpke, E. Arjan, J. J. N. Veerman, M. C. Goedheijt, P. C. J. Kamer,
P. W. N. M. van Leeuwen, H. Hiemstra, Tetrahedron 1999, 55, 6657 – 6670.

[6] D. Tanaka, A. G. Myers, Org. Lett. 2004, 6, 433 – 436.
[7] a) S. E. Walker, J. Boehnke, P. E. Glen, S. Levey, L. Patrick, J. A. Jordan-

Hore, A.-L. Lee, Org. Lett. 2013, 15, 1886 – 1889; b) A. L. Gottumukkala,
J. F. Teichert, D. Heijnen, N. Eisink, S. van Dijk, C. Ferrer, A. van den Hoo-
genband, A. J. Minnaardb, J. Org. Chem. 2011, 76, 3498 – 3501; c) T. Nish-
ikata, Y. Yamamoto, N. Miyaura, Angew. Chem. Int. Ed. 2003, 42, 2768 –

Scheme 3. Proposed catalytic cycle.

ChemCatChem 2015, 7, 1270 – 1274 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1273

Communications

http://dx.doi.org/10.1021/ja9045839
http://dx.doi.org/10.1021/ja9045839
http://dx.doi.org/10.1021/ja9045839
http://dx.doi.org/10.1021/ja9045839
http://dx.doi.org/10.1021/ol201275h
http://dx.doi.org/10.1021/ol201275h
http://dx.doi.org/10.1021/ol201275h
http://dx.doi.org/10.1002/anie.201309982
http://dx.doi.org/10.1002/anie.201309982
http://dx.doi.org/10.1002/anie.201309982
http://dx.doi.org/10.1002/ange.201309982
http://dx.doi.org/10.1002/ange.201309982
http://dx.doi.org/10.1002/ange.201309982
http://dx.doi.org/10.1002/ange.201309982
http://dx.doi.org/10.1002/chem.201000471
http://dx.doi.org/10.1002/chem.201000471
http://dx.doi.org/10.1002/chem.201000471
http://dx.doi.org/10.1016/j.tetlet.2004.11.078
http://dx.doi.org/10.1016/j.tetlet.2004.11.078
http://dx.doi.org/10.1016/j.tetlet.2004.11.078
http://dx.doi.org/10.1248/cpb.24.1514
http://dx.doi.org/10.1248/cpb.24.1514
http://dx.doi.org/10.1248/cpb.24.1514
http://dx.doi.org/10.1248/cpb.24.1514
http://dx.doi.org/10.1021/cb100199m
http://dx.doi.org/10.1021/cb100199m
http://dx.doi.org/10.1021/cb100199m
http://dx.doi.org/10.1021/cb100199m
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ja065708d
http://dx.doi.org/10.1021/ol501421g
http://dx.doi.org/10.1021/ol501421g
http://dx.doi.org/10.1021/ol501421g
http://dx.doi.org/10.1021/ol501421g
http://dx.doi.org/10.1002/anie.201209457
http://dx.doi.org/10.1002/anie.201209457
http://dx.doi.org/10.1002/anie.201209457
http://dx.doi.org/10.1002/ange.201209457
http://dx.doi.org/10.1002/ange.201209457
http://dx.doi.org/10.1002/ange.201209457
http://dx.doi.org/10.1021/ja5018267
http://dx.doi.org/10.1021/ja5018267
http://dx.doi.org/10.1021/ja5018267
http://dx.doi.org/10.1039/c3ra43071e
http://dx.doi.org/10.1039/c3ra43071e
http://dx.doi.org/10.1039/c3ra43071e
http://dx.doi.org/10.1021/ja4073172
http://dx.doi.org/10.1021/ja4073172
http://dx.doi.org/10.1021/ja4073172
http://dx.doi.org/10.1021/ja4073172
http://dx.doi.org/10.1016/j.bmc.2013.02.010
http://dx.doi.org/10.1016/j.bmc.2013.02.010
http://dx.doi.org/10.1016/j.bmc.2013.02.010
http://dx.doi.org/10.1016/j.bmc.2013.02.010
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ja906477r
http://dx.doi.org/10.1021/ol0068849
http://dx.doi.org/10.1021/ol0068849
http://dx.doi.org/10.1021/ol0068849
http://dx.doi.org/10.1055/s-1999-2643
http://dx.doi.org/10.1055/s-1999-2643
http://dx.doi.org/10.1055/s-1999-2643
http://dx.doi.org/10.1021/jo00171a016
http://dx.doi.org/10.1021/jo00171a016
http://dx.doi.org/10.1021/jo00171a016
http://dx.doi.org/10.1016/S0040-4020(99)00312-9
http://dx.doi.org/10.1016/S0040-4020(99)00312-9
http://dx.doi.org/10.1016/S0040-4020(99)00312-9
http://dx.doi.org/10.1021/ol0363467
http://dx.doi.org/10.1021/ol0363467
http://dx.doi.org/10.1021/ol0363467
http://dx.doi.org/10.1021/ol400539h
http://dx.doi.org/10.1021/ol400539h
http://dx.doi.org/10.1021/ol400539h
http://dx.doi.org/10.1021/jo101942f
http://dx.doi.org/10.1021/jo101942f
http://dx.doi.org/10.1021/jo101942f
http://dx.doi.org/10.1002/anie.200350888
http://dx.doi.org/10.1002/anie.200350888
http://www.chemcatchem.org


2770; Angew. Chem. 2003, 115, 2874 – 2876; d) C. S. Cho, S.-I. Motofusa,
K. Ohe, S. Uemura, S. C. Shim, J. Org. Chem. 1995, 60, 883 – 888; e) X. Lu,
S. Lin, J. Org. Chem. 2005, 70, 9651 – 9653.

[8] For selected examples on oxidative Heck coupling of olefins with
arenes by C¢H activation, see: a) C. Jia, J. D. Piao, J. Oyamada, W. Lu, T.
Kitamura, Y. Fujiwara, Science 2000, 287, 1992 – 1995; b) B. C. Jia, T. Kita-
mura, Y. Fujiwara, Acc. Chem. Res. 2001, 34, 633 – 639; c) N. P. Grimster,
C. Gauntlett, C. R. A. Godfrey, M. J. Gaunt, Angew. Chem. Int. Ed. 2005,
44, 3125 – 3129; Angew. Chem. 2005, 117, 3185 – 3189; d) G. Cai, Y. Fu, Y.
Li, X. Wan, Z. Shi, J. Am. Chem. Soc. 2007, 129, 7666 – 7673; e) H. Zhang,
E. M. Ferreira, B. M. Stoltz, Angew. Chem. Int. Ed. 2004, 43, 6144 – 6148;
Angew. Chem. 2004, 116, 6270 – 6274; f) F. W. Patureau, T. Besset, F. Glo-
rius, Angew. Chem. Int. Ed. 2011, 49, 1064 – 1067; Angew. Chem. 2010,
122, 1096 – 1099; g) D.-H. Wang, K. M. Engle, B.-F. Shi, J.-Q. Yu, Science
2010, 327, 315 – 319; h) M. Dams, D. E. De Vos, S. Celen, P. A. Jacobs,
Angew. Chem. Int. Ed. 2003, 42, 3512 – 3515; Angew. Chem. 2003, 115,
3636 – 3639.

[9] a) N. A. Juwaini, J. K. P. Ng, J. Seayad, ACS Catal. 2012, 2, 1787 – 1791;
b) P. W. Tan, N. A. Juwaini, J. Seayad, Org. Lett. 2013, 15, 5166 – 5169;
c) J. W. W. Chang, E. Y. Chia, C. L. L. Chai, J. Seayad, Org. Biomol. Chem.
2012, 10, 2289 – 2299; d) S. Gowrisankar, J. Seayad, Chem. Eur. J. 2014,
20, 12754 – 12758.

[10] Y. Moon, D. Kwon, S. Hong, Angew. Chem. Int. Ed. 2012, 51, 11333 –
11336; Angew. Chem. 2012, 124, 11495 – 11498.

[11] N. Gigant, J.-E. B�ckvall, Chem. Eur. J. 2014, 20, 5890 – 5894.
[12] For a solvent selection guide: R. K. Henderson, C. J. Gonz�lez, D. J. C.

Constable, S. R. Alston, G. G. A. Inglis, G. Fisher, J. Sherwood, S. P. Binksa,
A. D. Curzons, Green Chem. 2011, 13, 854 – 862.

[13] E. H. Simmons, J. F. Hartwig, Angew. Chem. Int. Ed. 2012, 51, 3066 –
3072; Angew. Chem. 2012, 124, 3120 – 3126.

Received: January 27, 2015
Revised: February 23, 2015

ChemCatChem 2015, 7, 1270 – 1274 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1274

Communications

http://dx.doi.org/10.1002/anie.200350888
http://dx.doi.org/10.1002/ange.200350888
http://dx.doi.org/10.1002/ange.200350888
http://dx.doi.org/10.1002/ange.200350888
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1021/jo00109a019
http://dx.doi.org/10.1021/jo051561h
http://dx.doi.org/10.1021/jo051561h
http://dx.doi.org/10.1021/jo051561h
http://dx.doi.org/10.1126/science.287.5460.1992
http://dx.doi.org/10.1126/science.287.5460.1992
http://dx.doi.org/10.1126/science.287.5460.1992
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1021/ar000209h
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/anie.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1002/ange.200500468
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1021/ja070588a
http://dx.doi.org/10.1002/anie.200461294
http://dx.doi.org/10.1002/anie.200461294
http://dx.doi.org/10.1002/anie.200461294
http://dx.doi.org/10.1002/ange.200461294
http://dx.doi.org/10.1002/ange.200461294
http://dx.doi.org/10.1002/ange.200461294
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1126/science.1182512
http://dx.doi.org/10.1002/anie.200351524
http://dx.doi.org/10.1002/anie.200351524
http://dx.doi.org/10.1002/anie.200351524
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1002/ange.200351524
http://dx.doi.org/10.1021/cs300356y
http://dx.doi.org/10.1021/cs300356y
http://dx.doi.org/10.1021/cs300356y
http://dx.doi.org/10.1021/ol402145m
http://dx.doi.org/10.1021/ol402145m
http://dx.doi.org/10.1021/ol402145m
http://dx.doi.org/10.1039/c2ob06840k
http://dx.doi.org/10.1039/c2ob06840k
http://dx.doi.org/10.1039/c2ob06840k
http://dx.doi.org/10.1039/c2ob06840k
http://dx.doi.org/10.1002/chem.201403640
http://dx.doi.org/10.1002/chem.201403640
http://dx.doi.org/10.1002/chem.201403640
http://dx.doi.org/10.1002/chem.201403640
http://dx.doi.org/10.1002/anie.201206610
http://dx.doi.org/10.1002/anie.201206610
http://dx.doi.org/10.1002/anie.201206610
http://dx.doi.org/10.1002/ange.201206610
http://dx.doi.org/10.1002/ange.201206610
http://dx.doi.org/10.1002/ange.201206610
http://dx.doi.org/10.1002/chem.201402063
http://dx.doi.org/10.1002/chem.201402063
http://dx.doi.org/10.1002/chem.201402063
http://dx.doi.org/10.1039/c0gc00918k
http://dx.doi.org/10.1039/c0gc00918k
http://dx.doi.org/10.1039/c0gc00918k
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/anie.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1002/ange.201107334
http://dx.doi.org/10.1002/ange.201107334
http://www.chemcatchem.org

