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Al2O3 or SiO2 particles with abundant surface hydroxyl groups
can prevent side reactions of aromatic compounds with AlCl3

completely; this Lewis acid can potentially destroy the stable
structure of aromatic compounds to a large extent. This dis-
covery was successfully utilized in the highly efficient hydroge-
nation of benzene, toluene, and naphthalene under mild con-
ditions co-catalyzed by AlCl3 and Pd/Al2O3 or Pd/SiO2. Pd, AlCl3,
and the surface hydroxyl groups on the support show excel-
lent cooperative effects for the hydrogenation reactions. Theo-
retical studies indicate that formation of a complex, by an in-
teraction between benzene, AlCl3, and the solid oxides, plays
a key role in the highly efficient hydrogenation reactions.

The transformation of aromatic compounds into value-added
chemicals or high-quality fuels is a very important class of reac-
tions.[1] Usually, these reactions are carried out under harsh
conditions because of the high stabilization energy caused by
aromaticity.[2] Lewis acid catalysts or co-catalysts have been
widely used to improve the efficiency of many reactions.[3] For
example, in Friedel–Crafts reactions, substitution on aromatic
rings proceeds effectively in the presence of Lewis acids.[4] Ben-
zene reacts with carbon monoxide to form benzoic acid or
benzaldehyde in the presence of Lewis and Brønsted acids.[5]

Our previous work showed that, as a co-catalyst, Lewis acids
such as AlCl3 could enhance both the reaction rate and selec-
tivity of the hydrogenation of phenol to cyclohexanone signifi-
cantly in dichloromethane or compressed CO2 by using a Pd/C
catalyst.[6] Theoretical studies indicated that the Lewis acid in-
teracts with one of the benzene carbon atoms, making the
carbon atom highly nucleophilic, resulting in activation of the
stable aromatic ring.[7]

For aromatic compounds without a polar substituent on the
aromatic ring, the activation effect of a weak Lewis acid is lim-
ited because of the very high stabilization energy that origi-
nates from the conjunction p effect. AlCl3 is a strong Lewis

acid, and is widely used as catalyst or co-catalyst in many reac-
tions.[5, 8] However, simply using solid AlCl3 can result in many
undesired side reactions, in particular dehydrogenation con-
densation (called condensation hereafter) of aromatic com-
pounds, known as the Scholl reaction.[9] This side reaction
limits the application of AlCl3 for this class of compounds
greatly. A viable strategy to solve this problem is the transfor-
mation of AlCl3 into another form or the use of polar reaction
media.[10] A typical example is the hydrogenation of arenes
under mild conditions cooperatively catalyzed by Pd/C and
a Lewis acidic ionic liquid, [bmim][AlCl4] (bmim = 1-butyl-3-
methylimidazolium), in dichloroethane.[11]

In many cases, direct use of solid AlCl3 is highly desirable,
and a method that inhibits the condensation reactions of the
aromatic compounds is the key to reaching this goal. Herein,
we report that Al2O3 and SiO2 particles with surface hydroxyl
groups can completely prevent the reactions of aromatic com-
pounds (e.g. , benzene, toluene, and naphthalene) that are initi-
ated by AlCl3, even though the stable structures of the aromat-
ics are activated effectively. This discovery creates new oppor-
tunities for highly efficient transformations of nonpolar or
weakly polar aromatic compounds under mild and solvent-free
conditions. For example, this finding was used to realize the
highly efficient hydrogenation of aromatic compounds under
mild and solvent-free conditions by using commercial AlCl3 in
combination with Pd/Al2O3 or Pd/SiO2. Further experimental
and theoretical studies indicated that the hydroxyl groups on
the solid metal oxides play a critical role in the complete pre-
vention of the side reactions.

We studied the effects of different solid particles on the re-
actions of benzene, toluene, and, naphthalene initiated by
AlCl3, and the results are given in Table 1. The results indicated
that the substrates converted quickly in the absence of Al2O3

or SiO2 solid particles. The transformations were completely
prevented in the presence of Al2O3 or SiO2, whereas the
carbon additive (Vulcan XC-72R, Cabot Co.) did not inhibit the
reaction effectively. A photograph of benzene after the reac-
tion is shown in Figure S1. Without the addition of Al2O3 or
SiO2, the reaction mixture quickly turned to a dark color. On
the contrary, the appearance of the reaction mixture did not
change in the presence of Al2O3 or SiO2. This observation is
consistent with the results from gas-chromatography (GC)
analysis in Table 1. The product of the experiment detailed in
Table 1 entry 4 was analyzed by GC-MS, and some biphenyl
compounds were identified (see the Supporting Information),
confirming the occurrence of the Scholl reaction.[9] It should be
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emphasized that some compounds could not be identified be-
cause their molecular weight or boiling point was too high for
GC-MS analysis.

Pd catalysts possesses some obvious advantages, such as
simple preparation methods, high stability in air (up to
700 8C),[12] and excellent activity. These catalysts are widely
used in many different reactions, including hydrogenation.[13]

However, Pd catalysts are almost inactive for the hydrogena-
tion of aromatic compounds at low temperature.[6, 14] To dem-
onstrate the application of the above finding, we carried out
the hydrogenation of arenes by using Pd nanocatalysts in the
presence of a Lewis acid. Pd/Al2O3, Pd/SiO2, and Pd/C were
adopted as the catalysts and the reactions were conducted
with and without the addition of AlCl3. The IR spectra of the
three catalysts are given in Figure S2, and illustrate that Al2O3

and SiO2 in Pd/Al2O3 and Pd/SiO2 have an abundance of hy-
droxyl groups on the surface, whereas Pd/C lacked hydroxyl
groups. The density of the hydroxyl groups on the surface of
Pd/Al2O3 and Pd/SiO2, as determined by thermogravimetric
analysis (TGA, see the Supporting Information),[15] were 10.4
OH nm�2 and 4.8 OH nm�2, respectively. The size of the Pd
nanoparticles in the Pd/Al2O3, Pd/SiO2, and Pd/C catalysts were
3.2 nm, 3.0 nm, and 3.4 nm, respectively, as shown in
Figure S3.

The results from the hydrogenation of benzene are present-
ed in Table 2. The Pd/Al2O3, Pd/SiO2, and Pd/C catalysts
showed very low activity in the absence of AlCl3 (Table 2, en-
tries 1, 3, and 5). However, after the addition of the Lewis acid,
these catalysts showed remarkably different behaviors in the
reaction. AlCl3 accelerated the hydrogenation of benzene to
cyclohexane efficiently with Pd/Al2O3 or Pd/SiO2 as the catalyst,
and the selectivity of the reaction to provide the desired prod-
uct, cyclohexane, was 100 % (Table 2, entries 2 and 4) with
a carbon balance of >99 %. In contrast, when Pd/C was used
as the catalyst, byproducts were produced after addition of
AlCl3 (Table 2, entry 6). This finding is consistent with the result
reported by other researchers.[11] The reason is that the carbon

support could not prevent the formation of byproducts
formed by Lewis acid catalyzed side reactions, such as the
Scholl reaction.[9] GC-MS analysis (see the Supporting Informa-
tion) indicated that the reaction catalyzed by Pd/C–AlCl3

(Table 2, entry 6) contained many byproducts, such as bicyclo-
hexyl, cyclohexylbenzene, and 1,4-dicyclohexylbenzene.

The effect of various Lewis acids on the hydrogenation of
benzene catalyzed by Pd/Al2O3 was investigated, and the re-
sults are shown in Figure 1. All of the Lewis acids tested pro-

moted the reaction and the selectivity towards cyclohexane
was 100 %. In general, the efficiency of the Lewis acids for the
hydrogenation of benzene followed the order of AlCl3 @

FeCl3>LaCl3>CrCl3>CeCl3>AlCl3·6H2O>Cu(OTf)2>CrCl2>

Sc(OTf)3>FeCl2>CuCl2 (OTf = triflate). Anhydrous AlCl3 was
much more efficient than all of the other Lewis acids, mainly

Table 1. Effect of solid particles on the reaction of arenes initiated by
AlCl3.[a]

Entry Substrates Additives Converted aromatics
[%][b]

1 benzene – 10.6
2 benzene Al2O3 0
3 benzene SiO2 0
4 benzene Vulcan XC-72R 10.1
5 toluene – 15.7
6 toluene Al2O3 0
7 toluene Vulcan XC-72R 15.0
8 naphthalene[c] – 35.5
9 naphthalene[c] Al2O3 0
10 naphthalene[c] Vulcan XC-72R 33.8

[a] Reaction conditions: substrate (2 mL), AlCl3 (2 mol % of the substrate),
additive (0.4 g), 30 8C, 300 min. [b] The products of the reactions initiated
by AlCl3 were complex mixtures. [c] The reactions were conducted in di-
chloromethane because the neat substrate is solid. Reaction conditions:
naphthalene (0.3 g), dichloromethane (2 mL), AlCl3 (10 mol % of sub-
strate), additive (0.2 g), 30 8C, 60 min.

Table 2. Catalytic performance of different catalysts with or without
a Lewis acid[a]

Entry Catalyst Lewis acid H2

[Mpa]
Time
[min]

Conv.
[%]

Yield[b]

[%]

1 Pd/Al2O3 – 1 320 2.1 2.1
2 Pd/Al2O3 AlCl3 1 320 100 100
3 Pd/SiO2 – 1 400 2.0 2.0
4 Pd/SiO2 AlCl3 1 400 100 100
5 Pd/C – 1 300 2.3 2.3
6 Pd/C AlCl3 1 300 80.1 68.2[c]

7 SiO2 – 1 400 0 0
8 SiO2 AlCl3 1 400 0 0
9 – AlCl3 1 400 13.2 0
10 Pd/Al2O3 – 0.1 300 0 0
11 Pd/Al2O3 AlCl3 0.1 300 20.6 20.6
12 Pd/Al2O3 AlCl3 0.5 300 62.9 62.9
13 Pd/Al2O3 AlCl3 1 300 97.0 97.0
14[d] Pd/Al2O3 AlCl3 1 300 100 53.0

[a] Reaction conditions: benzene (2 mL), catalyst Pd/Al2O3, Pd (1 mol % of
benzene), AlCl3 (2 mol % of benzene), 30 8C, H2 pressure 1 MPa. [b] The
yield of cyclohexane. [c] The selectivity towards cyclohexane was low be-
cause a large number of byproducts were formed. [d] AlCl3 (20 mol % of
benzene).

Figure 1. Hydrogenation of benzene in the presence of various Lewis acids.
The reaction conditions were the same as those in Table 2, entry 2.
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because the benzene ring is very stable and only strong Lewis
acids, such as AlCl3, can activate the aromatic ring.

Control experiments using SiO2 (with and without AlCl3)
were also conducted (Table 2, entries 7 and 8), indicating that
the reaction did not occur in the absence of Pd. Pure AlCl3, in
the absence of the supported Pd catalyst, did not catalyze the
hydrogenation reaction, but instead lead to the formation of
various byproducts owing to condensation reactions between
the aromatic compounds (Table 2, entry 9). Further studies
showed that AlCl3 could accelerate the reaction effectively
over a wide range of hydrogen pressures (Table 2, entries 10–
13). The cyclohexane selectivity was 100 % in all cases. Interest-
ingly, 20.6 % yield of product could be obtained in 300 min at
ambient pressure (0.1 MPa, Table 2, entry 11), whereas the
amount of product was negligible in the absence of the Lewis
acid (Table 2, entry 10). The reaction rate increased on increas-
ing the amount of Lewis acid (Table S1) or increasing the reac-
tion temperature (Table S2), and the selectivity towards cyclo-
hexane remained 100 % for all reaction conditions. The reac-
tion was proven to be catalyzed in a heterogeneous manner
because the reaction did not proceed if the supported Pd cata-
lyst was excluded during the middle of the reaction (Fig-
ure S4). Moreover, the reaction also proceeded smoothly if H2

was replaced by D2 [the product was confirmed as C6H6D6 by
1H NMR analysis (Figure S5)] , indicating that the H atoms of
the hydroxyl groups on the support are not the hydrogen
source in the hydrogenation reaction.

The hydrogenation of toluene and naphthalene was also
performed in the presence of AlCl3 under mild conditions by
using Pd/Al2O3 as the catalyst ; the results are listed in Table 3.

For all of the reactions studied, there was no byproduct, show-
ing that the Al2O3-supported catalyst could inhibit side reac-
tions completely. AlCl3 could also accelerate the reactions sig-
nificantly. Toluene was hydrogenated to methylcyclohexane
with 100 % selectivity. Compared with the reactivity in the ab-
sence of AlCl3, the hydrogenation reactivity increased more
than twenty-fold on the addition of AlCl3 (Table 3, entries 1–3).
For the hydrogenation of naphthalene, the reaction rate in the

presence of the Lewis acid was 333 times higher than that
without the Lewis acid (Table 3, entries 4–6); naphthalene was
selectively hydrogenated to tetralin, which is an important in-
termediate in chemical industry.

The experimental results described above clearly demon-
strate that AlCl3, Pd, and the support with abundant surface
hydroxyl groups (Al2O3 or SiO2) display excellent cooperative
effects to promote hydrogenation reactions. AlCl3 accelerated
the hydrogenation catalyzed by Pd significantly, while Al2O3 or
SiO2 inhibited the side reaction initiated by AlCl3.

To study the mechanism of the effect of the Lewis acid and
the influence of the surface hydroxyl groups on the reaction,
we used density functional theory (DFT)[16] to perform ab initio
calculations in a similar manner to that previously described.[17]

The theoretical calculations employed the Becke’s three para-
meterized Lee–Yang–Parr exchange correlation functional
(B3LYP)[18] with 6-31 + + G(d,p) basis sets.[19] All of the calcula-
tions were performed with the Gaussian 09 package.[20]

Theoretical calculations revealed that there is a strong inter-
action between benzene and AlCl3 that forms a s complex,
benzene–AlCl3 (DH1 =�5.1 kcal mol�1). The optimized structure
is shown in Figure 2 a, and is similar to that reported previous-

ly.[7] This interaction leads to the uneven distribution of the
charge on the benzene ring (Figure 2 b). The charge density on
the carbon atom (C1) closest to the Al atom is higher than
that on the other carbon atoms, and a partial positive charge
was induced at the carbon atom (C4) in the para position.
However, the benzene molecules activated by AlCl3 react easily
with each other to form oligomers, mainly by the Scholl
reaction.[21]

We also conducted calculations to elucidate the influence of
the surface hydroxyl groups of SiO2 on the reaction. The unit
H7Si8O12(OH) was used to represent SiO2. This unit is commonly
used as the model for SiO2 in theoretical calculations.[22] Various

Table 3. Hydrogenation of different arenes

Entry Substrate Lewis acid Time
[min]

Product Conv.
[%]

Selectivity
[%]

1[a] – 300 3.0 100
2 AlCl3 300 60.2 100
3 AlCl3 550 100 100

4[b] – 60 0.3 100
5 AlCl3 30 52.8 100
6 AlCl3 60 100 99.9[c]

[a] Hydrogenation of toluene: toluene (2 mL), catalyst Pd/Al2O3 (1 mol %),
AlCl3 (2 mol % of toluene), 30 8C, H2 pressure 1 MPa. [b] Hydrogenation of
naphthalene: substrate (1 mmol), catalyst Pd/Al2O3 (5 mol %), AlCl3

(10 mol % of naphthalene), dichloromethane (2 mL), 30 8C, H2 pressure
1 MPa. [c] 0.1 % decalin, which is the product of complete hydrogenation
of naphthalene was obtained. For all the reactions, the carbon balance
was >99 %.

Figure 2. The optimized structures of a) benzene–AlCl3 complex; b) charge
distribution of the benzene ring in (a) ; c) benzene–AlCl3–H7Si8O12(OH) com-
plex; d) charge distribution of the benzene ring in (c).
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structures for the interaction between benzene, AlCl3, and SiO2

were studied. It was found that the formation enthalpy (DH2)
of the complex benzene–AlCl3–H7Si8O12(OH) shown in Fig-
ure 2 c is �9.1 kcal mol�1. In the complex, there are hydrogen
bonds between a Cl atom (Cl1) of AlCl3 and a H atom (H7) of
an OH group of SiO2 (Cl···H�O), and between a H atom (H1) of
benzene and a O atom (O1) of an OH group of SiO2 (H···O�H).
Importantly, the formation of the complex also results in an
uneven distribution of charges in the benzene ring, as shown
in Figure 2 d. This is favorable for the hydrogenation of ben-
zene because the stable structure of the benzene is destroyed.

On the basis of the above discussion, we propose a possible
mechanism for the excellent cooperative effect of AlCl3 and Pd
nanocatalysts on supports with abundant surface hydroxyl
groups for the hydrogenation of aromatic compounds. This
proposed mechanism is discussed by using benzene as an ex-
ample. Firstly, the Lewis acid interacts with the benzene ring,
leading to an uneven charge distribution over the benzene
ring and making the aromatic ring more active. The Pd species
is responsible for the activation of molecular hydrogen by dis-
sociative adsorption,[23] the H+/H� pair resulting from the het-
erolytic cleavage of H2 transfers to the polarized aromatic ring
and the hydrogenation reaction occurs. These two effects work
together to make the hydrogenation of benzene proceed
smoothly. The surface hydroxyl groups play an important role
in enhancing the selectivity of the reaction and preventing un-
desired reaction pathways.[24] The hydroxyl groups prevent the
side reactions initiated by Lewis acids in two ways. Firstly, for
the formation of the structure shown in Figure 2 c the amount
of hydroxyl-group functionality needs to be much larger than
that of AlCl3. Hence, all of the AlCl3 in the reaction system is
bound on the support. Thus, the AlCl3-activated benzene mole-
cules are also bound on the solid particles, preventing efficient
collision between AlCl3-activated benzene molecules for the
Scholl reaction. Secondly, once a benzene molecule is activated
it can be hydrogenated quickly because it is close to the Pd
nanocatalysts on the surface of the support. Therefore, the
Scholl reaction, or other side reactions, between benzene mol-
ecules is prohibited. To provide further evidence to support
this argument, we carried out the reaction with an excess
amount of AlCl3 (Table 2, entry 14), so that free AlCl3 existed in
the reaction system. The results indicated that the byproduct
was formed under these conditions.

In conclusion, it has been found that Al2O3 or SiO2 solid
oxide particles that have abundant surface hydroxyl groups
can prevent undesirable reactions in benzene–AlCl3, toluene–
AlCl3, and naphthalene–AlCl3 mixtures, whereas the aromatic
compounds condensed quickly to form oligomers in the ab-
sence of the solid oxide particles. Further studies showed that
AlCl3 can promote hydrogenation of the aromatic compounds,
catalyzed by Pd/SiO2 or Pd/Al2O3, very efficiently under mild
and solvent-free conditions without forming any byproduct.
The hydrogenation reactions catalyzed by Pd/C produce
a large number of byproducts from side reactions owing to
the lack of surface hydroxyl groups on the carbon support.
DFT studies indicated that AlCl3 interacts with benzene,
making the benzene ring much more active. At the same time,

benzene, AlCl3, and the hydroxyl groups on the catalyst sup-
port form a complex, through hydrogen bonding, which pre-
vents the side reactions. We believe that the excellent cooper-
ative effect between AlCl3 and the supports with surface hy-
droxyl groups provides new opportunities for the highly effi-
cient transformation of nonpolar or weakly polar aromatic
compounds under mild and solvent-free conditions.

Experimental Section

The chemicals used, the procedures for catalyst preparation, and
the characterization details are described in the Supporting
Information.

The reactions were performed in a 15 mL Teflon-lined stainless-
steel autoclave equipped with a magnetic stirrer. In a typical ex-
periment, reactant, catalyst, Lewis acid, and solvent (if used) were
loaded into the reactor. The autoclave was sealed and purged with
hydrogen several times to remove the air at 0 8C. The reactor was
then placed into a water bath at the desired temperature. Hydro-
gen was introduced into the reactor after the desired temperature
was reached and the stirrer was started with a rate of 400 rpm.
After the reaction, the autoclave was cooled in ice water and the
H2 in the reactor was released. Then an internal standard (n-octane
or n-decane, depending on the reactant) was added into the reac-
tor. The product was analyzed by gas chromatography (Agilent
4890, equipped with HP-INNOWax capillary column and an FID).
Identification of the products and reactant was achieved by GC-MS
(SHIMADZU-QP2010, equipped with DB-5ms capillary column) anal-
ysis as well as by comparison of the retention times of the stand-
ards in the GC traces. The conversion and selectivity were calculat-
ed from the GC data.

Acknowledgements

The authors thank the National Natural Science Foundation of
China (21373230, 21273253), and the Chinese Academy of Scien-
ces (KJCX2.YW.H30).

Keywords: arenes · hydrogenation · Lewis acids · palladium ·
surface hydroxyl groups

[1] a) A. Stanislaus, B. H. Cooper, Catal. Rev. 1994, 36, 75 – 123; b) R. A. Shel-
don, I. Arends, U. Hanefeld, Green Chemistry and Catalysis, Wiley-VCH,
Weinheim, 2007; c) D. Bianchi, R. Bortolo, R. Tassinari, M. Ricci, R. Vigno-
la, Angew. Chem. Int. Ed. 2000, 39, 4321 – 4323; Angew. Chem. 2000, 112,
4491 – 4493; d) G. Zhou, X. Tan, Y. Pei, K. Fan, M. Qiao, B. Sun, B. Zong,
ChemCatChem 2013, 5, 2425 – 2435.

[2] R. L. Augustine, Heterogeneous Catalysis for the Synthetic Chemistry,
Marcel Dekker, New York, 1996.

[3] a) G. A. Olah, Angew. Chem. Int. Ed. Engl. 1993, 32, 767 – 788; Angew.
Chem. 1993, 105, 805 – 827; b) A. Corma, H. Garcia, Chem. Rev. 2003,
103, 4307 – 4365; c) S. Kobayashi, K. Manabe, Acc. Chem. Res. 2002, 35,
209 – 217.

[4] a) G. A. Olah, Friedel – Crafts Chemistry, Wiley, New York, 1973 ; b) M.
Rueping, B. J. Nachtsheim, Beilstein J. Org. Chem. 2010, 6, 6; c) M. Bandi-
ni, A. Melloni, A. Umani-Ronchi, Angew. Chem. Int. Ed. 2004, 43, 550 –
556; Angew. Chem. 2004, 116, 560 – 566; d) S. Sebti, R. Tahir, R. Nazih, S.
Boulaajaj, Appl. Catal. A 2001, 218, 25 – 30; e) C. E. Song, W. H. Shim, E. J.
Roh, J. H. Choi, Chem. Commun. 2000, 1695 – 1696.

[5] a) T. H. Clingenpeel, A. I. Biaglow, J. Am. Chem. Soc. 1997, 119, 5077 –
5078; b) G. A. Olah, A. Molnar, Hydrocarbon Chemistry, Wiley, Hoboken,
2003.

� 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemCatChem 2014, 6, 3323 – 3327 3326

CHEMCATCHEM
COMMUNICATIONS www.chemcatchem.org

http://dx.doi.org/10.1080/01614949408013921
http://dx.doi.org/10.1080/01614949408013921
http://dx.doi.org/10.1080/01614949408013921
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4321::AID-ANIE4321%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4321::AID-ANIE4321%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4321::AID-ANIE4321%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4491::AID-ANGE4491%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4491::AID-ANGE4491%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4491::AID-ANGE4491%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4491::AID-ANGE4491%3E3.0.CO;2-1
http://dx.doi.org/10.1002/cctc.201300175
http://dx.doi.org/10.1002/cctc.201300175
http://dx.doi.org/10.1002/cctc.201300175
http://dx.doi.org/10.1002/anie.199307673
http://dx.doi.org/10.1002/anie.199307673
http://dx.doi.org/10.1002/anie.199307673
http://dx.doi.org/10.1002/ange.19931050604
http://dx.doi.org/10.1002/ange.19931050604
http://dx.doi.org/10.1002/ange.19931050604
http://dx.doi.org/10.1002/ange.19931050604
http://dx.doi.org/10.1021/cr030680z
http://dx.doi.org/10.1021/cr030680z
http://dx.doi.org/10.1021/cr030680z
http://dx.doi.org/10.1021/cr030680z
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1021/ar000145a
http://dx.doi.org/10.1002/anie.200301679
http://dx.doi.org/10.1002/anie.200301679
http://dx.doi.org/10.1002/anie.200301679
http://dx.doi.org/10.1002/ange.200301679
http://dx.doi.org/10.1002/ange.200301679
http://dx.doi.org/10.1002/ange.200301679
http://dx.doi.org/10.1016/S0926-860X(01)00599-3
http://dx.doi.org/10.1016/S0926-860X(01)00599-3
http://dx.doi.org/10.1016/S0926-860X(01)00599-3
http://dx.doi.org/10.1039/b005335j
http://dx.doi.org/10.1039/b005335j
http://dx.doi.org/10.1039/b005335j
http://dx.doi.org/10.1021/ja970325o
http://dx.doi.org/10.1021/ja970325o
http://dx.doi.org/10.1021/ja970325o
www.chemcatchem.org


[6] H. Z. Liu, T. Jiang, B. X. Han, S. G. Liang, Y. X. Zhou, Science 2009, 326,
1250 – 1252.

[7] a) P. Tarakeshwar, J. Y. Lee, K. S. Kim, J. Phys. Chem. A 1998, 102, 2253 –
2255; b) P. Tarakeshwar, K. S. Kim, J. Phys. Chem. A 1999, 103, 9116 –
9124.

[8] a) F. R. Jensen, H. C. Brown, J. Am. Chem. Soc. 1958, 80, 4046 – 4048;
b) G. A. Olah, A. Torok, J. P. Joschek, I. Bucsi, P. M. Esteves, G. Rasul,
G. K. S. Prakash, J. Am. Chem. Soc. 2002, 124, 11379 – 11391.

[9] a) R. Scholl, C. Seer, Justus Liebigs Ann. Chem. 1912, 394, 111 – 177;
b) M. B. Smith, J. March, March’s Advanced Organic Chemistry: Reactions,
Mechanisms, and Structure, Wiley, New York, 2007; c) A. T. Balaban, C. D.
Nenitzescu, Friedel – Crafts and Related Reactions, Vol. 2 (Ed. : G. Olah),
Wiley, New York, 1964, pp. 979 – 1047.

[10] P. H. Gore, Chem. Rev. 1955, 55, 229 – 281.
[11] R. R. Deshmukh, J. W. Lee, U. S. Shin, J. Y. Lee, C. E. Song, Angew. Chem.

Int. Ed. 2008, 47, 8615 – 8617; Angew. Chem. 2008, 120, 8743 – 8745.
[12] J. Lu, B. Fu, M. C. Kung, G. Xiao, J. W. Elam, H. H. Kung, P. C. Stair, Science

2012, 335, 1205 – 1208.
[13] a) B. Z. Yuan, Y. Y. Pan, Y. W. Li, B. L. Yin, H. F. Jiang, Angew. Chem. Int. Ed.

2010, 49, 4054 – 4058; Angew. Chem. 2010, 122, 4148 – 4152; b) L. Luza,
A. Gual, D. Eberhardt, S. R. Teixeira, S. S. X. Chiaro, J. Dupont, Chem-
CatChem 2013, 5, 2471 – 2478; c) H. Yang, X. Cui, Y. Deng, F. Shi, Chem-
CatChem 2013, 5, 1739 – 1743.

[14] C. Bianchini, V. Dal Santo, A. Meli, S. Moneti, M. Moreno, W. Oberhauser,
R. Psaro, L. Sordelli, F. Vizza, Angew. Chem. Int. Ed. 2003, 42, 2636 – 2639;
Angew. Chem. 2003, 115, 2740 – 2743.

[15] R. M�ller, H. K. Kammler, K. Wegner, S. E. Pratsinis, Langmuir 2003, 19,
160 – 165.

[16] a) W. Kohn, A. D. Becke, R. G. Parr, J. Phys. Chem. 1996, 100, 12974 –
12980; b) P. H.-Y. Cheong, C. Y. Legault, J. M. Um, N. Çelebi-�lÅ�m, K. N.
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