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Abstract: A novel and efficient trifluoromethane-
sulfonic acid-catalyzed sp3-sp2 C�C bond formation
reaction through the direct coupling of alcohols
with alkenes has been realized under mild condi-
tions. The present protocol provides an attractive
approach to a diverse range of polysubstituted ole-
fins in good to excellent yields with high stereo-
and regioselectivities.
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The efficient and selective creation of sp3-sp2 C�C
bonds is one of the most important subjects in organic
synthesis.[1] In the past decades, transition metal-cata-
lyzed cross-coupling reactions of alkyl halides or tri-
flates with alkenyl nucleophiles (e.g., Still, Negishi,
Hiyama and Heck coupling) have became fundamen-
tal and powerful tools for the construction of sp3-sp2

C�C bonds (Scheme 1, Path A).[2,3] Nevertheless, such

well developed coupling reactions are inevitably ac-
companied with problems such as the need of extra
preparation steps for the active precursors and the
generation of stoichiometric amounts of wastes.
Therefore, there is still a great demand for more tech-
nically feasible and, especially, environmentally
friendly methods to conveniently form sp3-sp2 C�C
bonds. Herein, we report a novel and efficient Brøn-ACHTUNGTRENNUNGsted acid TfOH-catalyzed sp3-sp2 C�C bond forma-
tion via the direct coupling of alcohols[4] with simple
alkenes, in which water is the only side product
(Scheme 1, Path B).

Although alcohols and alkenes as commercially
available and versatile building blocks have been ex-
tensively used in organic synthesis, up to date, only
few strategies for the direct coupling of alcohols with
simple alkenes to construct sp3-sp2 C�C bonds were
developed.[5–9] Almost all of these methods were limit-
ed to specific alcohols or alkenes and suffered from
low yields and/or the relatively complicated reaction
conditions. Muzart et al. reported that H6P2W18O62

catalyzed the direct coupling of 1-indanol with styrene
to form 2,3-dihydro-1-styryl-1H-indene in very low
yield and selectivity.[6] Yamamoto et al. reported the
palladium-catalyzed coupling of benzylic alcohols
with p-methylstyrene in the presence of a stoichio-
metric amount of (CF3CO)2O (3 equiv.) leading to the
the desired products in moderate yields.[7] Jamison
et al. described a nickel-catalyzed coupling reaction of
(E)-3-phenylprop-2-en-1-ol with ethylene by employ-
ing P ACHTUNGTRENNUNG(o-anisyl)3 as ligand and excess amounts of Et3N
and Me3SiOTf to give (E)-penta-1,4-dienylbenzene in
only 56% yield.[8] Very recently, Liu et al. reported
that FeCl3·6H2O catalyzed the direct coupling of aro-
matic olefins with benzylic alcohols to give substituted
alkenes in the presence of a stoichiometric amount of
TsOH.[9] The present method for the direct coupling
of benzylic, allylic, and propargylic alcohols with un-

Scheme 1. Cross-coupling methods for sp3-sp2 C�C bond for-
mation.
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activated aromatic and aliphatic alkenes is realized
under mild conditions by employing a simple Brøn-ACHTUNGTRENNUNGsted acid, TfOH,[10] (7.5 mol%) as catalyst, which pro-
vides a wide range of polysubstituted olefins in good
to excellent yields and high selectivity. Interestingly,
when some cyclic alkenes or 3,3-disubstituted
branched chain olefins were used to react with benz-
hydrol, a different 1,2-hydride shift of the carbocation
intermediate or a cyclization reaction of the carbocat-
ion intermediate with the aromatic ring occurred
under our standard conditions, which offers attractive
strategies for the construction of tetrasubstituted ole-
fins or indane compounds.

In an initial experiment, TfOH (5 mol%) was
added to a mixture of benzhydrol 1a and styrene 2a
in 1,2-dichloroethane (DCE) at 60 8C under air, the
desired product 3aa was generated in 36% yield
(Table 1, entry 1). The screening of a range of sol-
vents showed that the reaction performed in 1,2-di-
bromoethane (DBE)[11,12] or CHCl3 was significantly
better than those in toluene and DCE (entries 1-4).
Although the starting materials disappeared compara-
tively quickly in DCE compared with DBE, larger
amounts of by-products were generated in DCE.[13]

Subsequently, the catalytic activity of other catalysts
was investigated in DBE. Besides TfOH, HNTf2 and

HClO4 could also efficiently catalyze this coulping re-
action (entries 5 and 6). Nevertheless, other Brønsted
and Lewis acids such as methanesulfonic acid (MSA),
p-toluenesulfonic acid (PTSA), H2SO4, HBF4, HSbF6,
trifluoroacetic acid (TFA), HNO3, HCl, Zn ACHTUNGTRENNUNG(OTf)2,
Cu ACHTUNGTRENNUNG(OTf)2, AlACHTUNGTRENNUNG(OTf)3, In ACHTUNGTRENNUNG(OTf)3 and AgOTf did not or
only sluggishly catalyzed this reaction (entries 7–19).
Further optimization suggested that the best yield
(93%) was obtained when the TfOH loading was in-
creased to 7.5 mol% (entry 20). No conversion was
observed in the absence of catalyst.

Under the optimized conditions, the scope and limi-
tations of the reaction of various alcohols with styrene
were investigated and the results are shown in
Table 2. In general, benzhydrol and its derivatives
which have electron-donating or electron-withdrawing
groups on the aryl rings were suitable for this proto-
col, and the corresponding products were obtained in
good to excellent yields (entries 1–6). 1-Phenylethanol
could also be used in the reaction to give the expect-
ed product 3ga in 83% yield (entry 7). In addition,
propargylic alcohols such as 1-phenylprop-2-yn-1-ol
and allylic alcohol such as (E)-1,3-diphenylprop-2-en-
1-ol and cyclohex-2-enol were also compatible with
this reaction, affording the desired products 3ha–3ja
in low to good yields (entries 8–10).

The scope of the TfOH-catalyzed coupling reaction
was further expanded to a variety of alkenes
(Table 3). In addition to styrene 2a, a series of substi-
tuted styrenes containing either electron-rich or elec-
tron-deficient groups were all suitable substrates, and
generated the corresponding products in excellent
yields (entries 1–6). The sterically hindered disubsti-
tuted aromatic olefins such as ethene-1,1-diyldiben-
zene, prop-1-en-2-ylbenzene, and (E)-prop-1-enylben-
zene were also tolerated in this process, leading to the
desired products in good yields (entries 7–10).

As expected, cyclic alkenes such as 1-methylcyclo-
pent-1-ene 2k and 1-methylcyclohex-1-ene 2l were
suitable for this reaction, and the desired tetrasubsti-
tuted olefins 3ak, 3ik and 3al were obtained in good
to excellent yields (entries 11–13). Interestingly and
unexpectedly, the product 3al was generated in high
yield when methylenecyclohexane 2m was used as
substrate (entry 14). This reaction might be carried
out by the isomerization of 2m to form the more
stable 1-methylcyclohex-1-ene 2l,[14] which then react-
ed with benzhydrol to give the product 3al. Notably,
owing to the high steric hindrance, reaction of cyclo-
hexenylbenzene 2n with benzhydrol 1a offered the
more stable trisubstituted olefin 3an in 93% yield via
the selective b-H elimination (entry 15).

Three different cyclic alkene products were isolated
when unsubstituted cyclopentene 2o or cyclohexene
2p was allowed to react with benzhydrol 1a under our
standard conditions (Scheme 2). The following steps
are considered to be involved in this transformation.

Table 1. Optimization of the reaction conditions.[a]

Entry Catalyst Solvent Yield [%][b]

1 TfOH (5 mol%) DCE 36
2 TfOH (5 mol%) toluene 44
3 TfOH (5 mol%) CHCl3 72
4 TfOH (5 mol%) DBE 80
5 HNTf2 (5 mol%) DBE 71
6 HClO4 (5 mol%) DBE 74
7 MSA (5 mol%) DBE 9
8 PTSA (5 mol%) DBE <5
9 H2SO4 (5 mol%) DBE <5
10 HBF4 (5 mol%) DBE <5
11 HSbF6 (5 mol%) DBE 7
12 TFA (5 mol%) DBE 0
13 HNO3 (5 mol%) DBE 0
14 HCl (5 mol%) DBE 0
15 Zn ACHTUNGTRENNUNG(OTf)2 (5 mol%) DBE 0
16 Cu ACHTUNGTRENNUNG(OTf)2 (5 mol%) DBE 0
17 AlACHTUNGTRENNUNG(OTf)3 (5 mol%) DBE 0
18 In ACHTUNGTRENNUNG(OTf)3 (5 mol%) DBE 37
19 AgOTf (5 mol%) DBE 34
20 TfOH (7.5 mol%) DBE 93

[a] Reaction conditions: benzhydrol 1a (0.5 mmol), styrene
2a (0.6 mmol), solvent (1 mL), 60 8C, 4 h, under air.

[b] Isolated yields based on the benzhydrol 1a.
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Table 2. TfOH-catalyzed direct coupling reaction of various alcohols 1 with styrene 2a.[a]

Entry Alcohols X Products Yield [%][b]

1 H 3aa 93
2 Me 3ba 96
3 OMe 3ca 76
4 Cl 3da 92

5 Me 3ea 94
6 Cl 3fa 85

7 3ga 83

8 3ha 46

9 3ia 87

10 3ja 33

[a] Reaction conditions: alcohols 1 (0.5 mmol), styrene 2a (0.6 mmol), TfOH (7.5 mol%), DBE (1 mL), 60 8C, 4–24 h, under
air.

[b] Isolated yields based on alcohols 1.

Scheme 2. TfOH-catalyzed direct coupling reactions of benzhydrol 1a with cycloalkenes 2o–2q.
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Benzhydrol 1a reacts with cyclic alkene 2o or 2p to
form a secondary carbocation intermediate A, which
undergoes a selective b-H elimination to generate dis-
ubstituted olefin 3ao or 3ap. Meanwhile, the initially

formed intermediate A suffers a different 1,2-hydride
shift leading to the secondary carbocation intermedi-
ate B and tertiary carbocation intermediate C. Subse-
quently, a b-H elimination from intermediate B and

Table 3. TfOH-catalyzed direct coupling reaction of alcohols 1 with various alkenes.[a]

Entry Alcohols Alkenes X Products Yield [%][b]

1 1a o-Me 2b 3ab 90
2 1a m-Me 2c 3ac 87
3 1a p-Me 2d 3ad 80
4 1a p-F 2e 3ae 98
5 1a p-Cl 2f 3af 99
6 1a p-Br 2g 3ag 96

7 1a 3h 3ah 98

8 1g 3h 3gh 62

9 1a 2i 3ai 77

10 1a 2j 3aj 89

11 1a 2k 3ak 96[c]

12 1i 2k 3ik 83[c]

13 1a 2l 3al 98[c]

14 1a 2m 3al 89[c]

15 1a 2n 3an 93[c]

[a] Reaction conditions: alcohols 1 (0.5 mmol), alkenes (0.6 mmol), TfOH (7.5 mol%), DBE (1 mL), 60 8C, 4-24 h, under air.
[b] Isolated yields based on alcohols 1.
[c] Alkenes (2 mmol).
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intermediate C would give the minor product 3ao’ or
3ap’ and major product 3ao’’ or 3 ap’’. When cyclohep-
tene 2q was allowed to react with 1a, the major prod-
uct 3aq’’ was obtained in good yield, and products 3aq
and 3aq’ were not isolated in our reaction system.
The tetrasubstituted olefins 3ao’’, 3ap’’, and 3aq’’ were
obtained as the major products, which might be
caused by the easy formation of the more stable terti-
ary carbocation intermediates C and a subsequent re-
giospecific elimination of the tertiary b-hydrogen
atom.

It was noteworthy that an indane compound 3ar
was obtained in 72% yield when an aliphalic terminal
alkene was used in this protocol (Scheme 3).[15] This
unique reaction may proceed through the methyl-re-
arrangement of 3,3-dimethylbut-1-ene 2r to generate
the more stable 2,3-dimethylbut-2-ene 2s.[16] Then
alkene 2s reacts with benzhydrol 1a giving rise to a
carbocation intermediate D, which leads to the forma-
tion of indane 3ar through intramolecular aromatic
electrophilic substitution. This reaction system pro-
vides a useful synthetic method to indane structural
motifs, which are extensively existed in nature prod-
ucts, biologically active compounds and pharmaceuti-
cals.[17]

In order to obtain clear mechanistic insights into
this reaction, an NMR spectroscopy study was per-
formed on a mixed solution of benzhydrol 1a, styrene
2a, and TfOH (7.5 mol%) in CDCl3 at 60 8C (see Sup-
porting Information, Scheme S1). Signals for the di-
meric ether 4a, 6a, and a small amount of alkene 7a
were observed and the corresponding compounds
were also isolated together with the desired product
3aa (Scheme 4). The product 3aa was almost quantita-
tively obtained when a separate experiment was per-
formed between ether 4a and styrene under our stan-
dard conditions, suggesting that dimeric ether 4
(Scheme 5) might be an intermediate in this reaction.
Nevertheless, the direct alkylation of an alkene with

Scheme 3. TfOH-catalyzed direct coupling reaction of benz-
hydrol 1a with 3,3-dimethylbut-1-ene 2r.

Scheme 4. Reaction of benzhydrol 1a and styrene 2a.

Scheme 5. Plausible mechanism.
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an alcohol could not be excluded at the present
stage.[18] Furthermore, the formation of compounds 6a
and 7a indicated that alkyl cation 5 (Scheme 5) might
be involved in this reaction system.

Based on the above results and previous studies,[18]

we propose possible mechanisms for this coupling re-
action as shown in Scheme 5. One pathway could be a
direct alkylation of alkene 2 with alcohol 1 to gener-
ate alkyl cation 5. Then, the deprotonation of 5 leads
to the formation of the desired product 3. Another
probable pathway is that the starting alcohol 1 is rap-
idly converted to corresponding dimeric ether 4 in the
presence of TfOH. Then, the alkylation of alkene 2
by dimeric ether 4 occurs, affording the desired prod-
uct 3 and releasing the starting alcohol.

In summary, we have successfully developed a con-
venient and efficient method for sp3-sp2 C�C bond
formation through the direct coupling of various ben-
zylic alcohols with alkenes by employing a simple
Brønsted acid, TfOH, as catalyst under mild condi-
tions. The present protocol provides an attractive ap-
proach to a diverse range of polysubstituted olefins in
good to excellent yields with high stereo- and regiose-
lectivities. Studies on the detailed mechanism and its
application are ongoing.

Experimental Section

General Remarks

All commercially available reagent grade chemicals were
purchased from Aldrich, Acros and Alfa Aesar Chemical
Company. All reagents and solvents were used as received
without further purification unless otherwise stated. NMR
spectra were recorded in CDCl3 on a Bruker Avance 600
spectrometer with TMS as internal standard (600 MHz 1H,
150 MHz 13C) at room temperature, and the chemical shifts
(d) are expressed in ppm and J values are given in Hz. The
following abbreviations are used to indicate the multiplicity:
s (singlet), d (doublet), t (triplet), m (multiplet), br (broad).
Mass analyses and HR-MS were obtained on an Agilent
5973N MSD mass spectrometer and a Waters Micromass
GCT Premier mass spectrometer by the EI method, respec-
tively.

General Procedure for the Direct Coupling of an
Alcohol with an Alkene

To a stirred mixture of alcohol (0.5 mmol) and alkene
(0.6 mmol) in DBE (1 mL) under air, was added the TfOH
(7.5 mol%). The mixture was heated at 60 8C and stirred for
4–24 h. Upon completion of the reaction, the mixture was
filtered through silica gel and washed with ethyl acetate
(10 mL) to give a brown solution. After filtration, the sol-
vent was removed by vacuum evaporation. The residue was
purified by silica-gel flash column chromatography by using
hexane/ethyl acetate as the eluent. The desired product was
isolated as a white solid, which was suitable for analytical
purposes.
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