
Pd(II)-catalyzed Cross-coupling of C(sp2)H Bonds
and Alkyl, Aryl, and VinylBoron Reagents via Pd(II)/Pd(0) Catalysis

Masayuki Wasa, Kelvin S. L. Chan, and Jin-Quan Yu*
The Scripps Research Institute, 10550 North Torrey Pines Road, La Jolla CA 92037, USA

(Received June 1, 2011; CL-110468; E-mail: yu200@scripps.edu)

Pd(II)-catalyzed cross-coupling of ortho-CH bonds in
benzoic acid and phenylacetic acid amides with alkyl, aryl,
and vinylboron reagents have been achieved via Pd(II)/Pd(0)
catalysis, demonstrating the unprecedented versatility of CH
activation reactions.

The past decade has witnessed a renaissance in Pd(II)-
catalyzed CH activation/CC bond forming reactions.1 Among
the various catalytic platforms such as Pd(0)/Pd(II) and Pd(II)/
Pd(IV) catalysis for forging CC bonds via CH activation, the
Pd(II)/Pd(0) manifold to cross-couple CH bonds with organo-
metallic reagents is potentially one of the most versatile in terms
of scope of substrate and coupling partner. More importantly,
this catalysis mirrors the highly enabling cross-coupling
reactions using organohalides in the forging of new CC bonds;
its potential utility in modern organic synthesis is therefore self
explanatory.2 In particular, this catalysis begins with CH
activation by a Pd(II) catalyst (rather than oxidative addition of
the aryl, alkyl, or vinyl halide to Pd(0)) as a means of entering
the catalytic cycle (Scheme 1). Since our report on Pd(II)-
catalyzed cross-coupling of unactivated C(sp2)H bonds with
alkyltin reagents in 2006,3 our group4 and others5 have sought
to expand the synthetic utility of the CC cross-coupling
reactions via CH activation by exploiting synthetically useful
directing groups, and nontoxic and abundant organoboron and
organosilane reagents as the coupling partners. It is worth noting
that early studies by the groups of Oi and Murai have
independently demonstrated C(sp2)H activation/CC cross-
coupling reactions catalyzed by Rh and Ru, respectively,5

although Pd-catalyzed CH/RM coupling represent a distinct
challenge involving completely different redox chemistry.

Despite these efforts, the development in Pd(II)-catalyzed
CH activation/CC cross-coupling reactions still remains at an
early stage compared to the state of the art in cross-coupling
reactions using organohalides. Modern cross-coupling reactions
rely upon bulky, electron-rich phosphine and N-heterocyclic

carbene (NHC) ligands to promote oxidative addition of the
organohalides and subsequent reductive elimination while
suppressing undesired side reactions;2 however, these ligands
have been incompatible in Pd(II)-catalyzed oxidative CH
activation reactions based on our previous reports.3,4 In the
absence of appropriate ligands, each step of the catalytic cycle
could be derailed by undesired side reaction pathways such as
homocoupling and ¢-hydride elimination. Although arylboron
reagents have been successfully coupled to the CH bonds in
previous reports,3,4,6 the cross-coupling of alkylboron reagents
has remained elusive3,4a4c due to the following reasons: alkyl
boron reagents are generally less stable, transmetallation
proceeds at a slower rate, and ¢-hydride elimination is a
competitive pathway upon transmetallation.2n,7

With these considerations in mind, we initiated our study on
cross-coupling of C(sp2)H bonds with alkyl, aryl, and vinyl
boron reagents using a highly versatile N-arylamide directing
group recently developed by our group (Scheme 2). Using this
directing group, we have reported a wide range of Pd(0)- and
Pd(II)-catalyzed functionalization protocols of both unactivated
C(sp3)H and C(sp2)H bonds, which includes arylation,
olefination, carbonylation, amination, and fluorination reac-
tions.8 Based on the remarkable versatility observed, we
conjectured that it is possible to devise reaction conditions that
enable the cross-coupling of diverse organoboron reagents with
the ortho-C(sp2)H bonds of the synthetically and pharmaceuti-
cally valuable benzoic acid and phenylacetic acid derivatives.

We began systematic screening of the reaction conditions
using N-arylamide substrate 1 and phenylboronic acid pinacol
ester (PhBPin) as the coupling partner (Table 1). Gratifyingly,
we found that the cross-coupling product 1a was obtained using
Pd(OAc)2 (10mol%) as the catalyst, Ag2CO3 as the terminal
oxidant, and NaHCO3 as the base in tAmylOH(tert-pentyl
alcohol). The use of other arylboron reagents such as Ph
B(OH)2, phenylboroxine and PhBF3K resulted in reduced
yields. The addition of 0.5 equiv of 1,4-benzoquinone (BQ) was
crucial as a promoter for the reductive elimination to fashion the
CC bonds: no product was obtained in its absence. Addition-

Scheme 1. General cross-coupling catalytic cycles. Scheme 2. Proposed transformation.
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ally, the introduction of 5 equiv of H2O to the reaction improves
conversion (1520%) by facilitating transmetallation of Ph
BPin.9 The addition of DMSO stabilizes the Pd(0) species by
suppressing catalyst decomposition, thus further improving the
yield by 510%.10 Substrates 2, 3, 6, and 7 provide a mixture of
mono- and diarylation products under the optimized reaction
conditions, however, substitution in the meta position with
an electron-withdrawing group (4 and 5) provides selective
arylation in the para position respective to the halide. The amide
derivatives of commercial drugs ibuprofen 7 and naproxen 8
were also functionalized in good yields. For the Ibuprofen
derivative 7, ¢-C(sp3)H arylation also takes place to provide 7b
as a minor side product.

Encouraged by the successful development of the arylation
protocol, we further investigated the cross-coupling of alkyl
and vinylboron reagents (Scheme 3). The successful develop-
ment of the alkylation protocol relied on utilizing alkyl
trifluoroborates as the coupling partner as they undergo facile
transmetallation relative to the other alkylboron reagents and
display better stability under the reaction conditions.2n Under the
optimized conditions, 74% of the n-butylation product 1b was
obtained using n-BuBF3K as the coupling partner. The use of
Li2CO3 as the base and THF as solvent was found to be optimal.

Subsequently, we also established the ortho-vinylation protocol
of substrate 1 using cyclohexene-1-boronic acid pinacol ester. To
our delight, we obtained the vinylation product 1c in 70% yield.
The product was isolated as a ¤-lactam formed via a tandem
intramolecular Pd-mediated oxidative amination between the
amide directing group and the newly installed olefin: a mixture
of 1c and the uncyclized product was obtained with a shorter
reaction time. To our knowledge, this is the first example of
Pd(II)-catalyzed cross-coupling of vinylboron reagents and
C(sp2)H bonds.11,12

To summarize, we have developed a versatile Pd(II)-
catalyzed protocol for the cross-coupling of C(sp2)H bonds
with a diverse range of organoboron reagents including aryl,
alkyl, and vinylboron reagents. The N-arylamide directing
group could be hydrolyzed under basic conditions to give the
corresponding carboxylic acid in excellent yield (Scheme 4).
Studies to expand the scope of the cross-coupling protocol to
aliphatic acid amide substrates are underway in our laboratory.

We gratefully acknowledge The Scripps Research Institute,
and the National Institutes of Health (NIGMS, 1 R01
GM084019-02) for financial support. We thank Bristol Myers
Squibb for a predoctoral fellowship (M.W.), and the Agency for
Science, Technology and Research (A*STAR) Singapore for a
predoctoral fellowship (K.C.).

This paper is in celebration of the 2010 Nobel Prize
awarded to Professors Richard F. Heck, Akira Suzuki, and
Ei-ichi Negishi.

References and Notes
1 For reviews on CH activation chemistry, see: a) R. H.

Crabtree, Chem. Rev. 1985, 85, 245. b) A. E. Shilov, G. B.
Shul’pin, Chem. Rev. 1997, 97, 2879. c) S. S. Stahl, J. A.
Labinger, J. E. Bercaw, Angew. Chem., Int. Ed. 1998, 37,
2180. d) R. G. Bergman, Nature 2007, 446, 391. e) M.
Brookhart, M. L. H. Green, G. Parkin, Proc. Natl. Acad. Sci.

Table 1. Cross-coupling of PhBPin and C(sp2)H bondsa,b

aReaction conditions: 0.2mmol of substrate, 10mol%
Pd(OAc)2, 1.5 equiv of PhBPin, 3 equiv of NaHCO3, 1.5
equiv of Ag2CO3, 0.5 equiv of BQ, 5 equiv of H2O, 0.4 equiv
DMSO, 1mL tAmylOH, 100 °C, N2, 12 h.13 bIsolated yields.
cFormation of diarylated product was observed by 1HNMR.

Scheme 3. Alkylation and vinylation of C(sp2)H bonds.13

Scheme 4. Amide hydrolysis.13

1005

© 2011 The Chemical Society of JapanChem. Lett. 2011, 40, 10041006 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1021/cr00068a002
http://dx.doi.org/10.1021/cr9411886
http://dx.doi.org/10.1002/(SICI)1521-3773(19980904)37:16<2180::AID-ANIE2180>3.0.CO%3B2-A
http://dx.doi.org/10.1002/(SICI)1521-3773(19980904)37:16<2180::AID-ANIE2180>3.0.CO%3B2-A
http://dx.doi.org/10.1038/446391a
http://dx.doi.org/10.1073/pnas.0610747104
http://www.csj.jp/journals/chem-lett/


U.S.A. 2007, 104, 6908. f) X. Chen, K. M. Engle, D.-H.
Wang, J.-Q. Yu, Angew. Chem., Int. Ed. 2009, 48, 5094.

2 For reviews on transition-metal-catalyzed cross-coupling
reactions, see: a) J. K. Stille, Angew. Chem., Int. Ed. Engl.
1986, 25, 508. b) R. F. Heck, in Comprehensive Organic
Synthesis, ed. by B. M. Trost, I. Fleming, Pergamon, Oxford,
1991, Vol. 4, p. 833. doi:10.1016/B978-0-08-052349-
1.00110-4. c) N. Miyaura, A. Suzuki, Chem. Rev. 1995,
95, 2457. d) Metal-Catalyzed Cross-Coupling Reactions, ed.
by F. Diederich, P. J. Stang, Wiley-VCH, New York, 1998.
e) T.-Y. Luh, M.-k. Leung, K.-T. Wong, Chem. Rev. 2000,
100, 3187. f) T. Hiyama, J. Organomet. Chem. 2002, 653,
58. g) E.-i. Negishi, Q. Hu, Z. Huang, M. Qian, G. Wang,
Aldrichimica Acta 2005, 38, 71. h) B. M. Trost, M. L.
Crawley, Chem. Rev. 2003, 103, 2921. i) P. Espinet, A. M.
Echavarren, Angew. Chem., Int. Ed. 2004, 43, 4704. j) K. C.
Nicolaou, P. G. Bulger, D. Sarlah, Angew. Chem., Int. Ed.
2005, 44, 4442. k) D. S. Surry, S. L. Buchwald, Angew.
Chem., Int. Ed. 2008, 47, 6338. l) J. F. Hartwig, Nature
2008, 455, 314. m) S. E. Denmark, C. S. Regens, Acc. Chem.
Res. 2008, 41, 1486. n) G. A. Molander, B. Canturk, Angew.
Chem., Int. Ed. 2009, 48, 9240.

3 X. Chen, J.-J. Li, X.-S. Hao, C. E. Goodhue, J.-Q. Yu, J. Am.
Chem. Soc. 2006, 128, 78.

4 a) X. Chen, C. E. Goodhue, J.-Q. Yu, J. Am. Chem. Soc.
2006, 128, 12634. b) R. Giri, N. Maugel, J.-J. Li, D.-H.
Wang, S. P. Breazzano, L. B. Saunders, J.-Q. Yu, J. Am.
Chem. Soc. 2007, 129, 3510. c) D.-H. Wang, M. Wasa, R.
Giri, J.-Q. Yu, J. Am. Chem. Soc. 2008, 130, 7190. d) D.-H.
Wang, T.-S. Mei, J.-Q. Yu, J. Am. Chem. Soc. 2008, 130,
17676.

5 For early examples of Rh- and Ru-catalyzed C(sp2)H
activation/CC cross-coupling reactions, see: a) S. Oi, S.

Fukita, Y. Inoue, Chem. Commun. 1998, 2439. b) F.
Kakiuchi, S. Kan, K. Igi, N. Chatani, S. Murai, J. Am.
Chem. Soc. 2003, 125, 1698.

6 a) S. Yang, B. Li, X. Wan, Z. Shi, J. Am. Chem. Soc. 2007,
129, 6066. b) Z. Shi, B. Li, X. Wan, J. Cheng, Z. Fang, B.
Cao, C. Qin, Y. Wang, Angew. Chem. 2007, 119, 5650. c) T.
Nishikata, A. R. Abela, S. Huang, B. H. Lipshutz, J. Am.
Chem. Soc. 2010, 132, 4978.

7 For reviews on ¢-alkyl SuzukiMiyaura cross-coupling
reaction, see: a) S. R. Chemler, D. Trauner, S. J.
Danishefsky, Angew. Chem., Int. Ed. 2001, 40, 4544. b) H.
Doucet, Eur. J. Org. Chem. 2008, 2013.

8 a) M. Wasa, K. M. Engle, J.-Q. Yu, J. Am. Chem. Soc. 2009,
131, 9886. b) M. Wasa, K. M. Engle, J.-Q. Yu, J. Am. Chem.
Soc. 2010, 132, 3680. c) M. Wasa, B. T. Worrell, J.-Q. Yu,
Angew. Chem., Int. Ed. 2010, 49, 1275. d) M. Wasa, J.-Q.
Yu, Tetrahedron 2010, 66, 4811. e) E. J. Yoo, M. Wasa, J.-Q.
Yu, J. Am. Chem. Soc. 2010, 132, 17378. f) E. J. Yoo, S. Ma,
T.-S. Mei, K. S. L. Chan, J.-Q. Yu, J. Am. Chem. Soc. 2011,
133, 7652.

9 B. P. Carrow, J. F. Hartwig, J. Am. Chem. Soc. 2011, 133,
2116.

10 B. A. Steinhoff, S. S. Stahl, J. Am. Chem. Soc. 2006, 128,
4348.

11 Based on the observed formation of the undesired oxidation
product of the vinylboron reagents in previous work.

12 For an example of Ru-catalyzed cross-coupling of vinyl
boron reagents and C(sp2)H bonds, see: S. Ueno, N.
Chatani, F. Kakiuchi, J. Org. Chem. 2007, 72, 3600.

13 Supporting Information is available electronically on the
CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

1006

© 2011 The Chemical Society of JapanChem. Lett. 2011, 40, 10041006 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1073/pnas.0610747104
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.198605081
http://dx.doi.org/10.1002/anie.198605081
http://dx.doi.org/10.1016/B978-0-08-052349-1.00110-4
http://dx.doi.org/10.1016/B978-0-08-052349-1.00110-4
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr00039a007
http://dx.doi.org/10.1021/cr990272o
http://dx.doi.org/10.1021/cr990272o
http://dx.doi.org/10.1016/S0022-328X(02)01157-9
http://dx.doi.org/10.1016/S0022-328X(02)01157-9
http://dx.doi.org/10.1021/cr020027w
http://dx.doi.org/10.1002/anie.200300638
http://dx.doi.org/10.1002/anie.200500368
http://dx.doi.org/10.1002/anie.200500368
http://dx.doi.org/10.1002/anie.200800497
http://dx.doi.org/10.1002/anie.200800497
http://dx.doi.org/10.1038/nature07369
http://dx.doi.org/10.1038/nature07369
http://dx.doi.org/10.1021/ar800037p
http://dx.doi.org/10.1021/ar800037p
http://dx.doi.org/10.1002/anie.200904306
http://dx.doi.org/10.1002/anie.200904306
http://dx.doi.org/10.1021/ja0570943
http://dx.doi.org/10.1021/ja0570943
http://dx.doi.org/10.1021/ja0646747
http://dx.doi.org/10.1021/ja0646747
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja0701614
http://dx.doi.org/10.1021/ja801355s
http://dx.doi.org/10.1021/ja806681z
http://dx.doi.org/10.1021/ja806681z
http://dx.doi.org/10.1039/a806790b
http://dx.doi.org/10.1021/ja029273f
http://dx.doi.org/10.1021/ja029273f
http://dx.doi.org/10.1021/ja070767s
http://dx.doi.org/10.1021/ja070767s
http://dx.doi.org/10.1002/ange.200700590
http://dx.doi.org/10.1021/ja910973a
http://dx.doi.org/10.1021/ja910973a
http://dx.doi.org/10.1002/1521-3773(20011217)40:24<4544::AID-ANIE4544>3.0.CO%3B2-N
http://dx.doi.org/10.1002/ejoc.200700984
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja903573p
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1021/ja1010866
http://dx.doi.org/10.1002/anie.200906104
http://dx.doi.org/10.1016/j.tet.2010.03.111
http://dx.doi.org/10.1021/ja108754f
http://dx.doi.org/10.1021/ja202563w
http://dx.doi.org/10.1021/ja202563w
http://dx.doi.org/10.1021/ja1108326
http://dx.doi.org/10.1021/ja1108326
http://dx.doi.org/10.1021/ja057914b
http://dx.doi.org/10.1021/ja057914b
http://dx.doi.org/10.1021/jo070182g
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/

