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Cross-Coupling Reaction between Alcohols through sp3 C�H Activation
Catalyzed by a Ruthenium/Lewis Acid System

Shu-Yu Zhang, Yong-Qiang Tu,* Chun-An Fan, Yi-Jun Jiang, Lei Shi, Ke Cao, and
En Zhang[a]

The C�C bond formation is pivotal and fundamental to
molecular architecture and complexity in organic chemistry;
the direct C�C cross-coupling using alcohols is one of ideal
reactions for achieving this goal, since it not only makes
new C�C bonds,[1–6] but also displays atom-economic and
environmentally benign chemistry.[7]

Some pioneering work on the transition-metal-catalyzed
C�C cross-coupling directly utilizing alcohols has been
made extensively under basic conditions.[6] For example,
ruthenium-catalyzed[8]/base-mediated cross-coupling of sec-
ondary alcohols with primary alcohols exclusively afforded
b-alkylated secondary alcohols [Eq. (1)],[6a] wherein the “hy-

drogen autotransfer process” was proposed on the basis of
the tandem oxidation-condensation-reduction processes.[9]

However, most recently we found that the coupling reaction
of the same type of above-mentioned alcohols catalyzed by
[RuCl2ACHTUNGTRENNUNG(PPh3)3] in the presence of Lewis acid BF3·OEt2, as
shown in Equation (2), mainly delivered a totally different
isomeric product 4-phenyl-2-butanol, despite in moderate
yield of 42 %,[10] instead of the above-obtained b-alkylation
product in Equation (1). To our knowledge, this constitutes
the first example concerning the chemoselective intermolec-
ular a-alkylation of primary alcohols 2 with aliphatic alco-
hols 1 through transition-metal-catalyzed C�C cross-cou-
pling (Scheme 1). In comparison with our previous report

concerning the olefin/alcohol coupling reaction,[4] the signifi-
cant difference and advantage of the present sequence in-
clude the following: 1) employment of easily available alco-
hols, especially tertiary alcohols, as green materials instead
of alkenes; 2) discovery of new effective catalyst, [RuCl2-ACHTUNGTRENNUNG(PPh3)3], for the cross-coupling between alcohols, but which
is less effective in previous alkene/alcohol coupling; 3) for-
mation of functionalized secondary alcohols as product in
good to excellent yields. This Ru-catalyzed/Lewis acid pro-
moted cross-coupling demonstrates a novel synthetic trans-
formation directly from simple alcohols to advanced alco-
hols in an environmentally benign fashion. Herein, we pres-
ent our experimental results in detail.

Initially to widely explore the above novel transformation
commencing from easily available and handled alcohols, we
selected 1,1-diphenylethanol (1 a) and ethanol (2 a) as sub-
strates for our initial investigation with various transition-

[a] S.-Y. Zhang, Y.-Q. Tu, C.-A. Fan, Y.-J. Jiang, L. Shi, K. Cao, E. Zhang
State Key Laboratory of Applied Organic Chemistry and
Department of Chemistry, Lanzhou University
Lanzhou 730000 (P. R. China)
Fax: (+86) 931-8915557
E-mail : tuyq@lzu.edu.cn

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200801317.

Scheme 1. a-Alkylation of primary alcohols through catalytic C�C cross-
coupling reaction with aliphatic alcohols.

Chem. Eur. J. 2008, 14, 10201 – 10205 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 10201

COMMUNICATION



metal catalysts under different acid and solvent conditions
(Table 1); we found that catalytic amounts of [RuCl2ACHTUNGTRENNUNG(PPh3)3]
in the presence of 1.2 equivalents of BF3·OEt2 as a nonme-

tallic Lewis acid in Cl ACHTUNGTRENNUNG(CH2)2Cl gave the best result (82 %
yield, entry 5). Among the catalysts screened (entries 1–7),
[RhCl ACHTUNGTRENNUNG(PPh3)3] (entry 3) or [RuCpCl ACHTUNGTRENNUNG(PPh3)2] (entry 6) could
also catalyze this reaction despite a slightly lower yield, but
the other transition-metal catalysts, such as [Pd ACHTUNGTRENNUNG(OAc)2PPh3],
IrCl3, RuCl3, and [AuCl ACHTUNGTRENNUNG(PPh3)3] were not effective. The role
of acid in this reaction was also investigated (entries 8–10),
and surprisingly SnCl4 as an alternative Lewis acid could
give the desired product in 62 % yield. The solvent was ex-
amined further, and it was found that toluene (entry 11) and
nitromethane (entry 13) were good reaction media. Howev-
er, the current reaction did not proceed at all in either THF
(entry 12) or CH3CN (entry 14). Notably, employing substoi-
chiometric amounts of BF3·OEt2 (0.3 equiv, entry 15) also
gave rise to the formation of 3 aa in 42 % yield, albeit in a
less efficient manner, and this provides a potential access to
an effective catalytic system for this reaction.

The current ruthenium-catalyzed/Lewis acid-promoted
cross-coupling reaction between ethanol 2 a and the alkene
1,1-diphenylethene (Ph2C=CH2), instead of the tertiary alco-
hol 1 a, with the addition of a stoichiometric amount of
water has been investigated. Surprisingly, the coupling reac-
tion proceeded without apparent accelerating effect, and the
desired product 3 aa was only afforded in a lower yield than
that obtained by directly using tertiary alcohol 1 a (entry 5
of Table 1). In addition, the use of 4 � molecule sieves as
water scavenger was also subjected to our standard coupling
reaction of 1 a and 2 a, but there is no evident influence on
the isolated yield of 3 aa or the reaction rate. These prelimi-

nary experimental facts imply that the gradual in situ gener-
ation of water by dehydration of tertiary alcohols might
have the subtle influence on this ruthenium catalyst system.

Following the above optimized conditions, the generality
and scope of this cross-coupling were then investigated. As
listed in Table 2, a series of primary alcohols 2 b–2 h in the
presence of 1 a or 1 b were subjected to the current protocol
(entries 1–8), smoothly giving the desired a-alkylation prod-
ucts in good to excellent yields. It should be noted that an
enantiopure primary alcohol 2 d with a chiral b-methyl
group was investigated in the presence of 1 a (entry 3), and
the chiral a-alkylation product 3 ad was readily afforded in
70 % yield with a pair of epimers (2:1). From the results ob-
tained, it could be seen that this cross-coupling reaction, to
some extent, was independent upon the steric hindrance of

Table 1. Optimization of reaction conditions.[a]

Entry Catalyst Acid Solvent Yield[%][b]

1 IrCl3 BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl trace
2 RuCl3 BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl trace
3 ACHTUNGTRENNUNG[RhCl ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl 72
4 [Pd ACHTUNGTRENNUNG(OAc)2PPh3] BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl 22
5 ACHTUNGTRENNUNG[RuCl2 ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl 82
6 ACHTUNGTRENNUNG[RuCpCl ACHTUNGTRENNUNG(PPh3)2] BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl 64
7 ACHTUNGTRENNUNG[AuCl ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 Cl ACHTUNGTRENNUNG(CH2)2Cl trace
8 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] InCl3 Cl ACHTUNGTRENNUNG(CH2)2Cl 15
9 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] TsOH Cl ACHTUNGTRENNUNG(CH2)2Cl [c]

10 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] SnCl4 Cl ACHTUNGTRENNUNG(CH2)2Cl 62
11 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 toluene 68
12 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 THF [c]

13 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 CH3NO2 60
14 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2 CH3CN [c]

15 ACHTUNGTRENNUNG[RuCl2ACHTUNGTRENNUNG(PPh3)3] BF3·OEt2
[d] Cl ACHTUNGTRENNUNG(CH2)2Cl 42

[a] For entries 1–14, the general reaction condition: 1,1-diphenylethanol
1a (0.5 mmol) reacted with ethanol 2 a (0.75 mmol) in the presence of
catalyst (0.0125 mmol) and acid (0.6 mmol) at 50 8C for 5 h. [b] Yield of
isolated product. [c] No desired product. [d] BF3·OEt2 (0.3 equiv), 4 days.

Table 2. a-Alkylation of various primary alcohols with tertiary alcohols.[a]

Entry Substrates Product Yield
[%][b]

1 1a 93

2 1a 91

3 1a
70
2:1

4 1a 92

5 1a 71

6 1a 98

7 2 g 93

8 1b 96

[a] The general reaction conditions: 1 (0.5 mmol) was treated with 2
(0.75 mmol) in the presence of [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.0125 mmol), and Lewis
acid (0.6 mmol) at 50 8C. [b] Yield of isolated product based on the tertiary
alcohol 1 used.
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b- or g-branched chain primary alcohols, such as 2 c
(entry 2), 2 d (entry 3), 2 h (entry 8), and 2 e (entry 4). For
most of the examples in Table 2, the reaction time needed
was around 5 h, but the a-alkylation was accomplished by
prolonging reaction time to 16 h when using long-chain pri-
mary alcohol 2 f (entry 5). In addition, some primary benzyl-
ic alcohols 2 (e.g., benzylic alcohol and 2,6-dichlorophenyl-
methanol) were also tested, but no positive results were ob-
tained. We also examined the cross-coupling reaction of
some secondary benzylic alcohols 1 (e.g., 1-phenylethanol
and 1,2,3,4-tetrahydro-1-naphthol) with primary alcohols 2
(e.g., 2 a, 2 b, and 2 g), but the isolated yields of desired
products were generally lower (around 30–40 % yields) than
using tertiary alcohols (1 a and 1 b in Table 2).

To probe the stereoselectivity in the current C�C cross-
coupling reactions, some tertiary alcohols 1 c–1 i with differ-
ent quaternary centers were subsequently investigated (en-
tries 1–8, Table 3). Clearly, the level of diastereocontrol was
found to be dependent to the relative bulkiness of R1 and
R2 in 1. While both R1 and R2 in 1 of Table 3 were aromatic
groups, the ortho-substituent effect on benzene ring was ob-
served. For example, the coupling reaction of tertiary alco-
hol 1 c, bearing an ortho-methylphenyl substituent, with 2 g
gave the expected product 3 cg with a diastereomeric ratio
(syn :anti) of 7:1 in 92 % yield (entry 1, Table 3); the relative
configuration of major product was assigned by comparison
with a pure sample prepared by a known method.[11] When
1 d was used, with a slightly less hindered ortho-methoxyl-
phenyl group compared to 1 c, the syn :anti ratio dramatically
decreased to 3:2 (entry 2), although the reaction yield re-
mained almost unchanged. Certainly, no diastereomeric con-
trol could be achieved while employing the starting tertiary
alcohol with para-substituted phenyl group such as 1 e
(entry 3).

In addition, tertiary alcohols 1 containing the quaternary
center attached by two aliphatic groups (i.e., R1 and R2)
were also subjected to the current reaction under standard
condition (entries 4–7). When 3-phenyl-3-pentanol (1 f) and
3-phenyl-1-propanol (2 g) were used in this coupling
(entry 4), a moderate diastereoselectivity (syn :anti= 5:1)
and yield (55 %) were obtained. Remarkably, however, only
the syn diastereoisomer product was isolated for the case of
1 g (entry 5) and 1 h (entries 6,7), for which the high diaste-
reoselectivity (syn :anti>99:1) demonstrated here presents a
clue for mechanistically understanding the stereo process in
this selective a-alkylation of primary alcohols through ruthe-
nium-catalyzed/Lewis acid mediated cross-coupling with ter-
tiary alcohols.

Moreover, one extending example of reaction of a tertiary
alcohol with the quaternary center attached by three alkyl
substituents (e.g., 1 i in the entry 8 of Table 3) was included,
but the reaction proceeded slowly (16 h) and the expected
product 3 ig, with a diastereomeric ratio of 8:1, was generat-
ed merely in 32 % yield. In this case, the lower reaction
yield might result from the fact that two olefin intermediates
were generated in situ through the dehydration of 1 i under
current conditions, but only the kinetic terminal olefin, 1-

benzyl-1-methylethene, could be slowly converted into the
final cross-coupling product 3 ig presumably due to the
steric effect of thermodynamic trisubstituted olefin.

To elucidate the current C�C cross-coupling process, a
supporting experiment by reaction of 1 a with ethanol-1,1-D2

([D2]2 a) was conducted. As demonstrated in Scheme 2, the
dideuterated coupling product [D2]3 aa with a deuterium
purity of 98 % was exclusively obtained in 84 % yield, which
clearly rules out the previously known “oxidation–hydroacy-
lation–reduction”[2] or “transfer-hydrogenative-coupling”[3]

Table 3. a-Alkylation of primary alcohols with various tertiary alcohols.[a]

Entry Substrates Product[b] Yield [%][c]

1 2 g 92 (7:1)

2 2 g 92 (3:2)

3 2 g 93 (1:1)

4 2 g 55[d] (5:1)

5 2 g 76 (>99:1)

6 2 g 62 (>99:1)

7 1 h 2 h 88 (>99:1)

8 2 g 32 (8:1)

[a] Reaction conditions: 1 (0.5 mmol) was treated with 2 (0.75 mmol) in
the presence of [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (0.0125 mmol), and Lewis acid (0.6 mmol)
at 50 8C. [b] Major syn diastereoisomers with relative configuration were
shown. [c] Yield of isolated product based on the tertiary alcohol 1 used.
The syn :anti ratio of the two diastereomers is given in parentheses, and
the assignment of relative configuration (see Scheme 1 in the Supporting
Information. [d] Only two diastereomers were isolated, and the stereo-
chemistry remains unknown currently.
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sequences for our reaction.[13] Additionally, when some radi-
cal scavengers such as 1,4-benzoquinone and TEMPO
(2,2,6,6-tetramethyl-1-piperidinyloxy) were added to the
system of 1 a with 2 a, the formation of the desired coupling
product was inhibited completely, which confirmed the pres-
ence of a radical reaction mechanism.

On the basis of the above experimental results and our
previous protocol promoted by Wilkinson catalyst [RhCl-ACHTUNGTRENNUNG(PPh3)3],[4a] a catalytic mechanism involving sp3 C�H activa-
tion is proposed in Scheme 3. The Lewis acid promoted, ki-
netically controlled dehydration of tertiary alcohol 1 was

first reacted in situ to generate the alkene intermediate, and
then the ruthenium-catalyzed/Lewis acid mediated activa-
tion of the a-C�H bond adjacent to the oxygen atom[4,14] in
primary alcohol 2 took place. Compared with our previous
coupling system,[4] the Lewis acid displays pivotal dual roles
for not only accelerating the C�H bond activation, but also
promoting the elimination of hydroxy in current reaction.
After this rate-determined sp3 C�H activation in A, the for-
mation of radical pair B followed by simultaneous free-radi-
cal addition results in the generation of C. Subsequently, the

metal hydride ([Ru]H) undergoes a stereoselective reductive
attack through a less steric conformation in transition state
D,[15] preferentially giving the diastereoisomer syn-3 as
major product by releasing the ruthenium catalyst for the
next catalytic cycle.

From the proposed mechanism mentioned above, some
explanations to our experimental results could be addressed.
For example, while employing the secondary alcohols [e.g.,
Eq. (2)], the chemical yields were generally lower than
using tertiary alcohols (Tables 2 and 3), probably due to the
fact that the generation of secondary radical species from B
to C (Scheme 3) is less favorable than that of the tertiary
one. Analogously, the formation of a less stable nonbenzylic
radical species in C might be one of reasons for the longer
reaction time of 16 h and the low yield of 32 % (entry 8,
Table 3).

In summary, we have developed a new Ru-catalyzed/acid-
mediated C�C cross-coupling reaction between alcohols as
green starting materials, and we have shown that various
functionalized alcohols could be straightforwardly synthe-
sized by sp3 C�H bond activation of primary alcohols. The
stereoselectivity in this kind of coupling was investigated for
the first time by using different tertiary alcohols. The cur-
rent protocol provides a new strategy for the efficient access
to a range of secondary alcohols by selective a-alkylation of
primary alcohols using aliphatic alcohols, which can be
simply performed in good yields. The widespread investiga-
tion on its asymmetric version as well as the study toward
its mechanistic details is underway in our laboratory.

Experimental Section

Typical procedure : Cl ACHTUNGTRENNUNG(CH2)2Cl (4 mL), primary alcohol 2 (0.75 mmol)
and [RuCl2 ACHTUNGTRENNUNG(PPh3)3] (12 mg, 0.0125 mmol) were sequentially added to a
flame-dried 25 mL flask. The resulting mixture was stirred and heated
from room temperature to 40 8C over a period of 10 min. The alcohol 1
(0.5 mmol) was added and stirring was continued at 40 8C for 10 min
under an argon atmosphere; then freshly distilled BF3·OEt2 (0.02 mL,
0.15 mmol) was introduced into the reaction mixture. The resulting mix-
ture was stirred at 40 8C for 20 min, and another portion of BF3·OEt2

(0.06 mL, 0.45 mmol) was added. The reaction was heated over an oil
bath to 50 8C, and stirred at 50 8C for 5 h. After that, it was cooled to
room temperature, and diluted with ethyl acetate (3 mL) followed by ad-
dition of saturated aqueous NaHCO3 solution (2 mL). The organic layer
was separated, and the aqueous phase was re-extracted with ethyl acetate
(3 � 5 mL). The combined organic extracts were washed with H2O
(20 mL), and dried over anhydrous Na2SO4. After removal of the solvent,
the residue was purified by the flash chromatography to afford the de-
sired separable product 3.

Acknowledgements

We thank the NSFC (Nos. 20621091, 20672048, and 20732002) and the
Chang Jiang Scholars Program for financial support.

Keywords: alcohols · C�C coupling · C�H activation · cross-
coupling · ruthenium

Scheme 2. Deuterium-labeled cross-coupling experiment.

Scheme 3. Proposed catalytic mechanism.

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10201 – 1020510204

Y.-Q. Tu et al.

www.chemeurj.org


[1] For recent selected examples of transition-metal-catalyzed C�C
cross-coupling between ketones and alcohols, see: a) C. S. Cho, B. T.
Kim, M. J. Lee, T.-J. Kim, S. C. Shim, Angew. Chem. 2001, 113, 984 –
986; Angew. Chem. Int. Ed. 2001, 40, 958 –960; b) C. S. Cho, B. T.
Kim, T.-J Kim, S. C. Shim, J. Org. Chem. 2001, 66, 9020 –9022; c) Y.
Nishibayashi, I. Wakiji, Y. Ishii, S. Uemura, M. Hidai, J. Am. Chem.
Soc. 2001, 123, 3393 – 3394; d) M. G. Edwards, J. M. J. Williams, An-
gew.Chem. 2002, 114, 4934 –4937; Angew. Chem. Int. Ed. 2002, 41,
4740 – 4743; e) K. Taguchi, H. Nakagawa, T. Hirabayashi, S. Sakagu-
chi, Y. Ishii, J. Am. Chem. Soc. 2004, 126, 72– 73; f) M. G. Edwards,
R. F. R. Jazzar, B. M. Panie, D. J. Shermer, M. K. Whittlesey, J. M. J.
Williams, D. D. Edney, Chem. Commun. 2004, 90– 91; g) M. S.
Kwon, N. Kim, S. H. Seo, I. S. Park, R. K. Cheedrala, J. Park,
Angew. Chem. 2005, 117, 7073 –7075; Angew. Chem. Int. Ed. 2005,
44, 6913 – 6915; h) G. Onodera, Y. Nishibayashi, S. Uemura, Angew.
Chem. 2006, 118, 3903 – 3906; Angew. Chem. Int. Ed. 2006, 45, 3819 –
3822; i) Y. M. A. Yamada, Y. Uozumi, Org. Lett. 2006, 8, 1375
�1378; j) P. J. Black, M. G. Edwards, J. M. J. Williams, Eur. J. Org.
Chem. 2006, 4367 – 4378; k) P. J. Black, G. Cami-Kobeci, M. G. Ed-
wards, P. A. Slatford, M. K. Whittlesey, J. M. J. Williams, Org.
Biomol. Chem. 2006, 4, 116 – 125.

[2] For recent examples of transition-metal-catalyzed C�C cross-cou-
pling between alkenes and alcohols by oxidation–hydroacylation–re-
duction sequences, see: a) C.-H. Jun, C.-W. Huh, S.-J. Na, Angew.
Chem. 1998, 110, 150 –152; Angew. Chem. Int. Ed. 1998, 37, 145 –
147; b) D.-Y. Lee, C. W. Moon, C.-H. Jun J. Org. Chem. 2002, 67,
3945 – 3948; c) D.-H Chang, D.-Y Lee, B.-S. Hong, J.-H. Choi, C.-H.
Jun, J. Am. Chem. Soc. 2004, 126, 424 – 425; d) D.-W. Kim, S.-G.
Lim, C.-H. Jun, Org. Lett. 2006, 8, 2937 –2940.

[3] For recent examples of transition-metal-catalyzed C�C cross-cou-
pling between alkenes and alcohols by transfer hydrogenative cou-
pling, see: a) J. F. Bower, E. Skucas, R. L. Patman, M. J. Krische, J.
Am. Chem. Soc. 2007, 129, 15134 –15135; b) J. F. Bower, R. L.
Patman, M. J. Krische, Org. Lett. 2008, 10, 1033 –1035; c) F. Shiba-
hara, J. F. Bower, M. J. Krische, J. Am. Chem. Soc. 2008, 130, 6338 –
6339; d) I. S. Kim, M. Y. Ngai, M. J. Krische, J. Am. Chem. Soc.
2008, 130, 6340 –6341.

[4] For Rh- and Pd-catalyzed C�C cross-coupling between alkenes and
alcohols by C�H activation, see: a) L. Shi, Y.-Q. Tu, M. Wang, F.-M.
Zhang, C.-A. Fan, Y.-M. Zhao, W.-J. Xia, J. Am. Chem. Soc. 2005,
127, 10836 – 10837; b) Y.-J. Jiang, Y.-Q. Tu, E. Zhang, S.-Y. Zhang,
K. Cao, L. Shi, Adv. Synth. Catal. 2008, 350, 552 – 556.

[5] For C�C cross-coupling of alkenes with supercritical alcohols, see:
T. Kamitanaka, T. Hikida, S. Hayashi, N. Kishida, T. Matsuda, T.
Harada, Tetrahedron Lett. 2007, 48, 8460 –8463, and references
therein.

[6] For the transition-metal-catalyzed C�C cross-coupling between alco-
hols by the hydrogen autotransfer process, see: a) C. S. Cho, B. T.
Kim, H.-S. Kim, T.-J. Kim, S. C. Shim, Organometallics 2003, 22,
3608 – 3610; b) K.-i. Fujita, C. Asai, T. Yamaguchi, F. Hanasaka, R.
Yamaguchi, Org. Lett. 2005, 7, 4017 – 4019; c) G. R. A. Adair, J. M. J.
Williams, Tetrahedron Lett. 2005, 46, 8233 – 8235; d) C. S. Cho, W. X.
Ren, S. C. Shim, Bull. Korean Chem. Soc. 2005, 26, 1611 –1613;
e) R. Mart�nez, D. J. Ram�n, M. Yus, Tetrahedron 2006, 62, 8982 –
8987.

[7] a) B. M. Trost, Science 1991, 254, 1471 – 1477; b) R. A. Sheldon, Pure
Appl. Chem. 2000, 72, 1233 –1246; c) B. M. Trost, Acc. Chem. Res.
2002, 35, 695 –705.

[8] For some reviews of ruthenium-catalyzed C�C coupling, see:
a) B. M. Trost, F. D. Toste, A. B. Pinkerton, Chem. Rev. 2001, 101,
2067 – 2096; b) T. Kondo, T.-a. Mitsudo, Curr. Org. Chem. 2002, 6,
1163 – 1193; c) S. D�rien, F. Monnier, P. H. Dixneuf, Top. Organo-
met. Chem. 2004, 11, 1 –44; d) Ruthenium in Organic Synthesis (Ed.:
S.-I. Murahashi), Wiley-VCH, Weinheim, 2004.

[9] For recent reviews of hydrogen autotransfer processes, see: A. G.
Guillena, D. J. Ram�n, M. Yus, Angew. Chem. 2007, 119, 2410 –
2416; Angew. Chem. Int. Ed. 2007, 46, 2358 –2364, and references
therein.

[10] For the details on the reaction condition, see Supporting Informa-
tion.

[11] For the determination of the relative configuration, see Scheme 1 in
the Supporting Information.

[12] For selected reviews of hydroacylation, see: a) B. Bosnich, Acc.
Chem. Res. 1998, 31, 667 –674; b) M. Tanaka, K. Sakai, H. Suemune,
Curr. Org. Chem. 2003, 7, 353 – 367; c) G. C. Fu in Modern Rhodi-
um-Catalyzed Organic Reactions (Ed.: P. A. Evans), Wiley-VCH,
New York, 2005, pp. 79 –91; d) Y. J. Park, J.-W. Park, C.-H. Jun, Acc.
Chem. Res. 2008, 41, 222 – 234, and references therein.

[13] For the comparison of different pathway in deuterium experiment,
see Scheme 2 in the Supporting Information.

[14] For other sp3 C�H bond activation adjacent to oxygen and the sub-
sequent C�C bond formation reactions, see: a) Y. Lin, D. Ma; X.
Lu, Tetrahedron Lett. 1987, 28, 3249 –3252; b) S. J. Pastine, K. M.
McQuaid, D. Sames, J. Am. Chem. Soc. 2005, 127, 12180 –12181;
c) Y. Zhang, C.-J. Li, Angew. Chem. 2006, 118, 1983 –1986; Angew.
Chem. Int. Ed. 2006, 45, 1949 – 1952; d) Y. Zhang, C.-J. Li, J. Am.
Chem. Soc. 2006, 128, 4242 –4243.

[15] For the preferred conformation of the radical intermediate D, see
Scheme 3 in the Supporting Information.

Received: July 1, 2008
Published online: October 8, 2008

Chem. Eur. J. 2008, 14, 10201 – 10205 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10205

COMMUNICATIONC�H Activation

http://dx.doi.org/10.1002/1521-3757(20010302)113:5%3C984::AID-ANGE984%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3757(20010302)113:5%3C984::AID-ANGE984%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3757(20010302)113:5%3C984::AID-ANGE984%3E3.0.CO;2-P
http://dx.doi.org/10.1002/1521-3773(20010302)40:5%3C958::AID-ANIE958%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20010302)40:5%3C958::AID-ANIE958%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20010302)40:5%3C958::AID-ANIE958%3E3.0.CO;2-4
http://dx.doi.org/10.1021/jo0108459
http://dx.doi.org/10.1021/jo0108459
http://dx.doi.org/10.1021/jo0108459
http://dx.doi.org/10.1021/ja015670z
http://dx.doi.org/10.1021/ja015670z
http://dx.doi.org/10.1021/ja015670z
http://dx.doi.org/10.1021/ja015670z
http://dx.doi.org/10.1002/ange.200290033
http://dx.doi.org/10.1002/ange.200290033
http://dx.doi.org/10.1002/ange.200290033
http://dx.doi.org/10.1002/ange.200290033
http://dx.doi.org/10.1002/anie.200290034
http://dx.doi.org/10.1002/anie.200290034
http://dx.doi.org/10.1002/anie.200290034
http://dx.doi.org/10.1002/anie.200290034
http://dx.doi.org/10.1039/b312162c
http://dx.doi.org/10.1039/b312162c
http://dx.doi.org/10.1039/b312162c
http://dx.doi.org/10.1002/ange.200502422
http://dx.doi.org/10.1002/ange.200502422
http://dx.doi.org/10.1002/ange.200502422
http://dx.doi.org/10.1002/anie.200502422
http://dx.doi.org/10.1002/anie.200502422
http://dx.doi.org/10.1002/anie.200502422
http://dx.doi.org/10.1002/anie.200502422
http://dx.doi.org/10.1039/b511053j
http://dx.doi.org/10.1039/b511053j
http://dx.doi.org/10.1039/b511053j
http://dx.doi.org/10.1039/b511053j
http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C150::AID-ANGE150%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C150::AID-ANGE150%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C150::AID-ANGE150%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1521-3757(19980116)110:1/2%3C150::AID-ANGE150%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C145::AID-ANIE145%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C145::AID-ANIE145%3E3.0.CO;2-0
http://dx.doi.org/10.1002/(SICI)1521-3773(19980202)37:1/2%3C145::AID-ANIE145%3E3.0.CO;2-0
http://dx.doi.org/10.1021/ja038071w
http://dx.doi.org/10.1021/ja038071w
http://dx.doi.org/10.1021/ja038071w
http://dx.doi.org/10.1021/ol0608045
http://dx.doi.org/10.1021/ol0608045
http://dx.doi.org/10.1021/ol0608045
http://dx.doi.org/10.1021/ja077389b
http://dx.doi.org/10.1021/ja077389b
http://dx.doi.org/10.1021/ja077389b
http://dx.doi.org/10.1021/ja077389b
http://dx.doi.org/10.1021/ol800159w
http://dx.doi.org/10.1021/ol800159w
http://dx.doi.org/10.1021/ol800159w
http://dx.doi.org/10.1021/ja801213x
http://dx.doi.org/10.1021/ja801213x
http://dx.doi.org/10.1021/ja801213x
http://dx.doi.org/10.1021/ja802001b
http://dx.doi.org/10.1021/ja802001b
http://dx.doi.org/10.1021/ja802001b
http://dx.doi.org/10.1021/ja802001b
http://dx.doi.org/10.1021/ja0528331
http://dx.doi.org/10.1021/ja0528331
http://dx.doi.org/10.1021/ja0528331
http://dx.doi.org/10.1021/ja0528331
http://dx.doi.org/10.1002/adsc.200700439
http://dx.doi.org/10.1002/adsc.200700439
http://dx.doi.org/10.1002/adsc.200700439
http://dx.doi.org/10.1016/j.tetlet.2007.09.159
http://dx.doi.org/10.1016/j.tetlet.2007.09.159
http://dx.doi.org/10.1016/j.tetlet.2007.09.159
http://dx.doi.org/10.1021/om030307h
http://dx.doi.org/10.1021/om030307h
http://dx.doi.org/10.1021/om030307h
http://dx.doi.org/10.1021/om030307h
http://dx.doi.org/10.1021/ol051517o
http://dx.doi.org/10.1021/ol051517o
http://dx.doi.org/10.1021/ol051517o
http://dx.doi.org/10.1016/j.tetlet.2005.09.083
http://dx.doi.org/10.1016/j.tetlet.2005.09.083
http://dx.doi.org/10.1016/j.tetlet.2005.09.083
http://dx.doi.org/10.1126/science.1962206
http://dx.doi.org/10.1126/science.1962206
http://dx.doi.org/10.1126/science.1962206
http://dx.doi.org/10.1351/pac200072071233
http://dx.doi.org/10.1351/pac200072071233
http://dx.doi.org/10.1351/pac200072071233
http://dx.doi.org/10.1351/pac200072071233
http://dx.doi.org/10.1021/ar010068z
http://dx.doi.org/10.1021/ar010068z
http://dx.doi.org/10.1021/ar010068z
http://dx.doi.org/10.1021/ar010068z
http://dx.doi.org/10.1021/cr000666b
http://dx.doi.org/10.1021/cr000666b
http://dx.doi.org/10.1021/cr000666b
http://dx.doi.org/10.1021/cr000666b
http://dx.doi.org/10.2174/1385272023373545
http://dx.doi.org/10.2174/1385272023373545
http://dx.doi.org/10.2174/1385272023373545
http://dx.doi.org/10.2174/1385272023373545
http://dx.doi.org/10.1002/ange.200603794
http://dx.doi.org/10.1002/ange.200603794
http://dx.doi.org/10.1002/ange.200603794
http://dx.doi.org/10.1002/anie.200603794
http://dx.doi.org/10.1002/anie.200603794
http://dx.doi.org/10.1002/anie.200603794
http://dx.doi.org/10.1021/ar970095i
http://dx.doi.org/10.1021/ar970095i
http://dx.doi.org/10.1021/ar970095i
http://dx.doi.org/10.1021/ar970095i
http://dx.doi.org/10.2174/1385272033372860
http://dx.doi.org/10.2174/1385272033372860
http://dx.doi.org/10.2174/1385272033372860
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ar700133y
http://dx.doi.org/10.1021/ja053337f
http://dx.doi.org/10.1021/ja053337f
http://dx.doi.org/10.1021/ja053337f
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/ange.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1002/anie.200503255
http://dx.doi.org/10.1021/ja060050p
http://dx.doi.org/10.1021/ja060050p
http://dx.doi.org/10.1021/ja060050p
http://dx.doi.org/10.1021/ja060050p
www.chemeurj.org

