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Introduction

The development of an efficient method for the alkylation
of benzenes has been of prime importance in organic syn-
thesis because of the ubiquity of substituted benzene deriva-
tives in natural products, pharmaceuticals, and functional
materials. The Friedel–Crafts alkylation is one of the most
common methods for the direct alkylation of aromatic
rings.[1] Conventional Friedel–Crafts alkylation reactions
generally require stoichiometric amounts of Lewis or
Brønsted acid promoters, which produce a large amount of
salt waste after neutralization; hence, considerable effort
has been devoted to the development of an alternative envi-
ronmentally friendly catalytic process.

Another promising method is the ortho metalation/alkyla-
tion approach, which provides access to ortho-substituted
benzene derivatives with precise regiocontrol.[2] However,
this strategy also has certain disadvantages. The use of stoi-

chiometric amounts of strong bases results in the formation
of salt waste. Moreover, this method is incompatible with a
wide range of reactive functional groups. To resolve these
issues, the transition-metal-catalyzed direct C�H alkylation
of benzenes with olefins has been utilized since the first
truly efficient catalysts were identified by Murai et al.[3] Al-
though catalytic C�H alkylation reactions enable the intro-
duction of an alkyl chain under neutral conditions, most ex-
isting methods require aromatic substrates bearing a direct-
ing group and/or specific olefins, thereby limiting the scope
of this methodology.[4,5]

The strong demand for an environmentally friendly pro-
cess that is capable of yielding alkylbenzenes with a wide
scope has led to the recent innovative development of cata-
lytic Friedel–Crafts alkylation reactions. In particular, metal
trifluoromethanesulfonates (triflates) have served as effec-
tive Lewis acid catalysts in Friedel–Crafts alkylation reac-
tions. Kobayashi and co-workers employed hafnium(IV) tri-
flate together with LiClO4 in nitromethane as the solvent
for Friedel–Crafts reactions.[6] In their method, alkylben-
zenes and the parent benzene were alkylated with benzyl
and tert-alkyl chlorides in good yields, even at room temper-
ature.[6b] The study by Kobayashi and co-workers also re-
vealed that scandium ACHTUNGTRENNUNG(III) triflate acted as a catalyst in the
Friedel–Crafts acylation.[7] Yamamoto and co-workers syn-
thesized a-tocopherol by Sc ACHTUNGTRENNUNG(OTf)3-catalyzed cyclocoupling
of hydroquinone and allylic alcohol precursors.[8] Fukuzawa
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and co-workers further established the general scope of the
Sc ACHTUNGTRENNUNG(OTf)3-catalyzed Friedel–Crafts benzylation and allylation
of substituted benzene derivatives, in which environmentally
friendly benzyl and allyl alcohols can be used as replace-
ments for the corresponding halides.[9] Since then, various
combinations of Lewis acid catalysts and alkylating agents
have been utilized for the Friedel–Crafts alkylation reac-
tions of benzene derivatives,[10] especially in methods that
use late-transition-metal catalysis.[11,12] The catalytic Friedel–
Crafts alkylation reactions have been further extended to
asymmetric versions with chiral catalysts.[13] In this context,
it should be noted that the conventional method of Brønsted
acid catalysis has also gained renewed interest as a metal-
free process.[14]

In contrast to the above catalytic methods that utilize al-
cohols, halides, and their congeners as alkylating agents, the
development of catalytic Friedel–Crafts alkylation reactions
that enable the use of simple olefins with predictable
chemo- and regioselectivities still remains a challenging sub-
ject in organic chemistry. To this end, certain intramolecular
reactions have been accomplished recently by means of car-
bophilic Lewis acid catalysts.[15] However, the development
of efficient and selective intermolecular variants is a formi-
dable task, although a wide variety of both aromatic and
olefinic substrates can be utilized. To the best of our knowl-
edge, to date, there are only a few selective Friedel–Crafts
alkylation catalysts with limited olefins. The hydroarylation
of olefins has been recognized as a side reaction of transi-
tion-metal-promoted olefin metathesis, and Szymańska-
Buzar and co-workers reported the efficient hydroarylation
of a strained olefin, norbornene, with benzenes at room
temperature by means of a W�Sn bimetallic catalyst.[16] An-
other bimetallic catalyst that comprises Pt and Ag has also
been reported to be efficient for the hydroarylation of
simple olefins such as propene, cyclohexene, and cyclopen-
tene, in addition to norbornene.[17] There have also been a
few cases that have utilized more reactive alkenes, such as
styrenes, 1,3-dienes, and methyl vinyl ketone, for the catalyt-
ic Friedel–Crafts-type alkylation of benzenes.[18]

We previously reported the unprecedented single-step as-
sembly of a palladium(IV) complex with a novel palladas-
pirocycle framework from commercially available [Pd2-ACHTUNGTRENNUNG(dba)3] (dba = trans,trans-dibenzylideneacetone), o-chloranil,
and norbornene.[19] Interestingly, the spiropalladacycle was
formed though the twofold oxidative cyclization of each
molecule of norbornene and o-chloranil at the palladium
center. In extending this novel metallacyclic chemistry to
other transition-metal elements, we examined the reaction
of [Mo(CO)6] with norbornene and o-chloranil in benzene
at reflux to observe whether it was possible to obtain a
threefold oxidative cyclization. To our surprise, a small
amount of exo-2-phenylnorbornane was detected instead of
the anticipated metallacycle product. The presence of this
phenyl group was attributed to the solvent; furthermore, it
was concluded that the molybdenum species formed in situ
was involved in this hydroarylation because no reaction
took place in the absence of either [Mo(CO)6] or o-chlora-

nil. This finding is in striking contrast to the report by Shi-
mizu and co-workers, which stated that [Mo(CO)6] catalyzed
the hydroarylation of styrenes and cyclohexenes with ani-
sole.[12d] Hence, in this study, we focused our attention on
this unique catalytic system, which is a combination of a mo-
lybdenum complex and o-chloranil, for the alkylation of
benzenes. The obtained results, including the synthetic scope
and a plausible mechanistic scenario, will be presented
herein.

Results and Discussion

Optimization of the catalytic system : To develop an optimal
catalytic system, we first examined several Group 6 transi-
tion-metal complexes as precatalysts (Scheme 1 and

Table 1). A solution of norbornene (1 mmol) in p-xylene
(6 mL) was heated at 80 8C for 24 h in the presence of cata-
lytic amounts of the precatalyst (10 mol %) and o-chloranil
(20 mol%). The use of [Mo(CO)6] gave the expected adduct
1 a, albeit in 20 % yield (Table 1, entry 1). Although the
yield was not considerable, it indicated the significance of
the molybdenum complex. Notably, compared to [Mo(CO)6]
the related complexes [Cr(CO)6] and [W(CO)6] exhibited no
catalytic ability at all (Table 1, entries 2 and 3). In the ab-
sence of the molybdenum complex, no hydroarylation prod-

Scheme 1. Reaction of norbornene with p-xylene.

Table 1. Influence of Group 6 transition-metal precatalysts and quino-
nes.[a]

Entry ACHTUNGTRENNUNG[MLn] Quinone (mol %) Product Yield
[%]

1 [Mo(CO)6] o-chloranil (20) 1a 20
2 [Cr(CO)6] o-chloranil (20) nd
3 [W(CO)6] o-chloranil (20) nd
4 – o-chloranil (20) 2 trace
5 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (20) 1a 87
6 [{Mo ACHTUNGTRENNUNG(OAc)2}2] o-chloranil (20) 1a 78
7 ACHTUNGTRENNUNG[{CpMo(CO)3}2] o-chloranil (20) 1a, 50
8 ACHTUNGTRENNUNG[(h-

C3H5)MoCl(AN)2(CO)2]
o-chloranil (20) 1a 11

9 ACHTUNGTRENNUNG[CpMoCl(CO)3] p-chloranil (20) 1a trace
10 ACHTUNGTRENNUNG[CpMoCl(CO)3] 3,5-di-tert-butyl-1,2-benzo-

quinone (20)
nd

11 ACHTUNGTRENNUNG[CpMoCl(CO)3] – nd
12 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (10) 1a 73
13 ACHTUNGTRENNUNG[CpMoCl(CO)3] o-chloranil (30) 1a 84

[a] Reagents and conditions: Norbornene: 1 mmol, [MLn]: 10 mol %,
p-xylene: 6 mL, 80 8C, 24 h. nd= not detected.
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uct was obtained, and instead a trace amount of 2, the
hetero-Diels–Alder cycloadduct between norbornene and o-
chloranil, was detected (Table 1, entry 4).[20] To improve the
yield, several readily accessible molybdenum complexes
were tested under the same conditions. Commercially avail-
able molybdenum(II) complexes, such as [CpMoCl(CO)3]
(Cp=cyclopentadienyl) and [{Mo ACHTUNGTRENNUNG(OAc)2}2], proved to be ef-
ficient precatalysts providing 1 a in 87 and 78 % yield, re-
spectively (Table 1, entries 5 and 6). On the other hand, sim-
ilar molybdenum(II) complexes with Cp or p-allyl ligands,
such as [{CpMo(CO)3}2] and [(h-C3H5)MoCl(AN)2(CO)2]
(AN=MeCN), were less effective (Table 1, entries 7 and 8).
The correlation between the ligands and catalytic ability is
not clear at this stage.

Next, we examined the influence of quinones on catalytic
efficacy. The use of p-chloranil and 3,5-di-tert-butyl-1,2-ben-
zoquinone together with [CpMoCl(CO)3] hardly yielded 1 a,
thus implying that both the o-quinone structure and the
electron-withdrawing chlorine substitution are indispensable
for efficient catalysis (Table 1, entries 9 and 10). The optimal
ratio of Mo/o-chloranil was identified as 1:2 (Table 1,
entry 5 versus entries 12 and 13), and no reaction occurred
in the absence of o-chloranil (Table 1, entry 11).

The other reaction parameters were also optimized
(Table 2). A lower catalyst loading of 5 mol % resulted in a
decrease in the yield (69 %). Similar results were obtained
for longer reaction times or a decrease in the amount of the
solvent (Table 2, entries 1–4). At a lower temperature of
50 8C, the reaction proceeded very slowly, even for an in-
creased catalyst loading of 10 mol %, whereas an increase in
the temperature had a favorable effect on the hydroaryla-
tion. Upon heating the solution in p-xylene to reflux, 1 a was
obtained in a comparably good yield of 73 %, albeit with a
decreased reaction time of 30 minutes (Table 2, entry 5). En-
couraged by this result, we then applied microwave heating
to the present hydroarylation.
Microwave irradiation of a so-
lution of norbornene and the
catalyst (10 mol %) in xylene
at 150 8C for 5 min in a sealed
vessel resulted in a high yield
of 81 % (Table 2, entry 6).
With a catalyst loading of
5 mol %, the reaction proceed-
ed efficiently within 15 min to
produce a yield comparable to
that obtained under conven-
tional heating conditions that
required a much longer reac-
tion time (Table 2, entry 7
versus entry 3). Although inter-
esting but controversial micro-
wave effects have been report-
ed,[21] the present acceleration
of hydroarylation can be attrib-
uted to simple thermal effects
because the reaction with mi-

crowave heating conducted at 90 8C, but otherwise under
the same conditions, yielded only a trace amount of 1 a
within 15 minutes (Table 2, entry 8).

Scope and limitations of the catalytic hydroarylation : The
results of the hydroarylation of norbornene with various
benzenes under the optimal conditions are compiled in
Table 3. Benzene and its substituted derivatives were sub-
jected to hydroarylation to furnish exo-2-arylnorbornanes
1 b–g stereoselectively. Moderate-to-high yields of the isolat-
ed product were obtained by using either one of the two
heating methods. The low yields of 1 b were ascribed to its
low boiling point and the low nucleophilicity of benzene
(Table 3, entries 1 and 2). Anisole afforded the correspond-
ing product 1 e as mixtures of ortho and para isomers in the
ratio of o/p�58:42 (Table 3, entries 7 and 8). On the other
hand, only one of the two possible isomers was formed in
the case of m-xylene, 4-methylanisole, and 4-chloroanisole
(Table 3, entries 3, 4, and 9–12). The absence of meta ad-
ducts suggests that an electrophilic-substitution mechanism

Table 2. Optimization of the [CpMoCl(CO)3]/o-chloranil-catalyzed reac-
tion of norbornene with p-xylene.[a]

Entry Catalyst
loadingACHTUNGTRENNUNG[mol %]

Volume of
p-xylene
[mL]

T [8C] t Yield of
1 a [%]

1 5 6 80 24 h 69
2 5 6 80 36 h 76
3 5 3 80 24 h 72
4 5 1 80 24 h 69
5 5 3 138 (reflux) 30 min 73
6 10 3 150 (MW) 5 min 81
7 5 3 150 (MW) 15 min 74
8 5 3 90 (MW) 15 min trace

[a] Norbornene: 1 mmol, [CpMoCl(CO)3]/o-chloranil: 1:2. MW =micro-
wave irradiation.

Table 3. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed reactions of norbornene with various benzenes.[a]

Entry Benzene[a] T [8C] t Product Yield [%]

1 benzene 80 24 h 1 b 31
2 benzene 150 (MW) 15 min 1 b 48

3 m-xylene 80 24 h 1 c 83
4 m-xylene 150 (MW) 15 min 1 c 79

5 mesitylene 80 24 h 1 d 75
6 mesitylene 150 (MW) 15 min 1 d 52

7 anisole 80 24 h 1 e 84[b]

8 anisole 150 (MW) 15 min 1 e 76[b]

9 4-methylanisole 80 24 h 1 f 67
10 4-methylanisole 150 (MW) 15 min 1 f 76

11 4-chloroanisole 80 24 h 1 g 54
12 4-chloroanisole 150 (MW) 15 min 1 g 62

[a] Norbornene: 1 mmol, [CpMoCl(CO)3]/o-chloranil : 1:2 (10 or 5 mol % for entries 7 and 8), p-xylene: 6 mL
(3 mL for MW). [b] The ortho/para isomer ratios were 58:42 for entries 7 and 8.
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is involved in the
[CpMoCl(CO)3]/o-chloranil
catalytic system (see below).
In contrast to the above
arenes, less nucleophilic chlor-
obenzene and aniline deriva-
tives, such as N,N-dimethylani-
line and acetanilide, failed to
undergo addition to norbor-
nene under the same condi-
tions.

To evaluate the generality in
terms of the olefin substrate,
other alkenes were employed
for the hydroarylation. First,
the coupling of styrene and its
derivatives with anisole was
examined (Scheme 2) because
the use of [Mo(CO)6] to cata-
lyze this particular reaction
has already been reported.[12d]

Styrene was subjected to mi-
crowave-irradiation conditions
for 1 h to afford 3 a in 78 %
yield with an ortho/para ratio
of 26:74, which indicates that

the methoxyphenyl group was exclusively introduced at the
a position to the styrene phenyl group (Table 4, entry 1).
Similarly, p-chlorostyrene and p-methylstyrene produced 3 b
and 3 c in 88 and 84 % yield, respectively, with similar iso-
meric ratios (Table 4, entries 3 and 4), whereas the use of p-
methoxystyrene resulted in a complex mixture as a result of
a self-reaction. The hydroarylation also proceeded efficient-
ly with 1-methyl- and 2-methylstyrene, diphenylethene, and
bicyclic analogues, such as indene and 1,2-dihydronaphtha-

lene, to furnish the corresponding products 3 d–h in high
yields in favor of the para isomers (Table 4, entries 5, 7, 9,
11, and 13). It should be noted that the hydroarylation of
the styrenes with anisole also proceeded at 40–60 8C and the
corresponding products were obtained in comparable yields
to those obtained from microwave heating but with slightly
higher para selectivities (Table 4, entries 2, 6, 8, 10, 12, and
14). On the contrary, the reaction of styrene with p-xylene
resulted in a mixture of inseparable products that included
the desired 5 (Scheme 3). This result is probably because p-
xylene has a rather low nucleophilicity that is comparable to
styrene. In addition, the hydroarylation was accompanied by
the dimerization of styrene, as exemplified by the reaction
conducted in chlorobenzene at 80 8C, which produced 1,3-di-
phenyl-1-butene in 11 % yield (Scheme 3).[22]

The present catalytic hydroarylation is not limited to nor-
bornene and styrenes. We conducted experiments in which
cyclohexene reacted with anisole with both microwave irra-
diation at 150 8C and conventional heating at 60 8C to afford
a 56:44 mixture of ortho and para cyclohexylanisole in 84
and 53 % yields, respectively (Scheme 4). A reaction with
the less electron-rich p-xylene resulted in a lower yield of
the corresponding adduct (34 %). The use of 1-methylcyclo-
hexene as an olefin substrate gave suggestive results. Its hy-
droarylation with anisole under microwave-irradiation con-
ditions exclusively produced (1-methylcyclohexyl)anisole in
74 % yield with a high para selectivity (i.e. , o/p=2:98). The
same Markovnikov-type regioselectivity in terms of the ary-
lation position was observed in the hydroarylation per-
formed under conventional heating conditions at 40 8C,

Scheme 2. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of styr-
enes.

Scheme 3. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed reactions of styrene.

Table 4. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of styrenes.[a]

Entry Styrenes T [8C] t [h] Product Yields [%] ortho/para

1 150 (MW) 1 3 a 78 26:74

2 40 24 3 a 90 18:82

3 150 (MW) 1 3b 88 24:76

4 150 (MW) 1 3 c 84 20:80

5 150 (MW) 1 3d 82 2:98

6 40 24 3d 80 0:100

7 150 (MW) 1 3 e 89 20:80

8 60 24 3 e 69 14:86

9 150 (MW) 1 3 f 85 0:100

10 40 24 3 f 83 0:100

11 150 (MW) 1 3 g 78 22:78

12 40 24 3 g 74 11:89

13 150 (MW) 1 3h 89 20:80

14 40 24 3h 77 14:86

[a] Styrene: 1 mmol, [CpMoCl(CO)3]/o-chloranil : 1:2 (10 mol %), anisole: 6 mL (3 mL for MW). Ar=o- or
p-MeOC6H4.
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albeit with a diminished yield and ortho/para selectivity.
Moreover, the hydroarylation of 1-hexene with anisole was
carried out under microwave-irradiation conditions to
obtain 3-hexylanisole and the expected 2-hexylanisole in a
46 % combined yield (Scheme 5); both regioisomeric prod-

ucts contained ortho and para isomers. The formation of 3-
hexylanisole indicates that a carbocation species was pro-
duced and underwent a 1,2-hydride shift. In addition, the
ortho/para-selective substitution patterns mentioned above
were also responsible for the electrophilic aromatic substitu-
tion mechanism involving carbocation intermediates.

Mechanistic rationale of molybdenum/o-chloranil-catalyzed
hydroarylation reactions : As described in the introduction,
catalytic Friedel–Crafts-type electrophilic alkylation and
transition-metal-catalyzed directed C�H alkylation reactions
have been developed and employed in a complementary
manner. However, it is often difficult to clearly distinguish
which mechanism is operative when a transition-metal cata-
lyst with latent electrophilic character is used in combina-
tion with benzene substrates that possess no directing group.
Moreover, a slight modification of the catalyst can alter the
mechanistic profile dramatically. For example, Tilley and co-
workers revealed that indolylpyridine-supported platinum
complexes catalyzed the hydroarylation of norbornene with
benzene at 140 8C to afford exo-2-arylnorbornanes in moder-
ate yields.[5g] Notably, chlorobenzene exhibited a higher re-
activity than benzene and toluene, whereas fluorobenzene
and p-xylene failed to undergo hydroarylation. The case in
which toluene was used, the corresponding adducts were ob-
tained in the ratio of o/m/p= 20:50:30. On the other hand,
the combination of a similar platinum–indolylpyridine com-
plex and silver salts catalyzed the reaction of norbornene
with benzene at lower temperatures to furnish the hydroary-

lation products in excellent yields.[17] The use of the Zeise
dimer under otherwise identical conditions enabled the hy-
droarylation of simple olefins: the hydroarylation of pro-
pene afforded isopropylbenzene as an exclusive product and
tolylcyclohexanes were obtained in the ratio of o/m/p=

31:6:63 from cyclohexene and toluene. These observations
allowed the authors to conclude that arene C�H activation
by the platinum complexes might have been operative in the
former, whereas a Friedel–Crafts-type electrophilic substitu-
tion mechanism might have been involved in the latter using
the Pt/Ag system or the Zeise dimer.

In our case, the ortho/para products were exclusively ob-
tained, thus indicating that the electrophilic-substitution
mechanism was involved. As an alternative possibility, the
electrophilic attack by high-oxidation-state molybdenum
species on electron-rich benzenes can give rise to aryl–mo-
lybdenum intermediates 6 with ortho/para selectivity, which
might undergo the insertion of olefins (Scheme 6). However,

the Markovnikov products obtained from styrenes and 1-
methylcyclohexene and the reaction with 1-hexene that
yields the 3-hexyl isomer together with the 2-hexyl product
strongly support the intermediacy of carbocationic species.
All these facts corroborate the presence of an Friedel–
Crafts-type electrophilic-substitution pathway in the
[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation reac-
tion.

If this is the case, a question arises about the role of the
putative high-oxidation molybdenum species derived from
the molybdenum precursors and o-chloranil : Do they act as
Lewis acids or do they play some other role? In relation to
this issue, the involvement of protons has been disclosed or
suspected in certain homogeneous transition-metal catalyses.
Dyker and co-workers reported the gold-catalyzed hydroar-
ylation of a,b-unsaturated ketones and later found that the
same reaction could be catalyzed by Brønsted acids such as
HCl, para-toluenesulfonic acid (p-TsOH), and HBF4.

[18a]

The groups of Hashmi and Nair also reported that the addi-
tion of electron-rich arenes to aldehydes proceeded with
both gold and Brønsted acid catalysis.[23] Similar Brønsted
acid catalyzed hydroarylation reactions of norbornene and
styrene with anilines were found independently by the
groups of Bergman and Coates.[24] In the molybdenum-cata-
lyzed hydroarylation reaction observed herein, the Brønsted
acid catalysis by tetrachlorocatechol, which was concomi-
tantly generated through the oxidation of the molybdenum
complexes with o-chloranil and subsequent protonolysis of
the putative molybdenum tetrachlorocatecholate species,
might be responsible for the observed reactions (see below).

Scheme 4. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of cyclo-
hexenes.

Scheme 5. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed hydroarylation of 1-
hexene.

Scheme 6. Electrophilic attack by high-oxidation-state molybdenum spe-
cies on the aromatic ring.

Chem. Eur. J. 2008, 14, 10705 – 10715 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10709

FULL PAPERCatalysis of Friedel–Crafts Alkylation Reactions

www.chemeurj.org


In fact, small amounts of tetrachlorocatechol were detected
in the crude reaction mixture.

We examined several Brønsted acids as catalysts for the
hydroarylation of norbornene with p-xylene (Table 5). We

observed that our catalyst compares well with trifluorome-
thanesulfonic acid (TfOH), a superacid that possesses an
acidity much greater than 100 % sulfuric acid,[25] and catalyz-
es the expected hydroarylation in good yield under both the
conventional and microwave-heating conditions (Table 5,
entries 3 and 4). In stark contrast, a typical Brønsted acid,
namely, TsOH, was reported to promote the hydroarylation
of norbornene with toluene; however, an excess loading is
required for reactions utilizing a weak acid promoter.[26] In
fact, 10 mol % TsOH cannot produce 1 a under the same
conditions (Table 5, entry 5). In this context, a similarly
weak Brønsted acid, tetrachlorocatechol, is also assumed to
be an inferior promoter. Indeed, it failed to catalyze the re-
action of norbornene with p-xylene (Table 5, entry 6).

Although there is no experimental data that clarifies how
the combination of molybdenum complexes and o-chloranil
catalyzes the hydroarylation of alkenes, we have proposed a
likely catalytic species (Scheme 7). First, molybdenum com-
plexes are oxidized by o-chloranil to produce the higher-oxi-
dation-state molybdenum catecholate species 7. As a result
of its electrophilic character, 7 might react with benzenes to

form zwitterionic intermediate 8, in which subsequent
proton abstraction by the oxygen atom of the catecholate
ligand takes place to ultimately generate Brønsted acid spe-
cies 9, which behaves as a proton donor. The reaction of
norbornene with [D10]p-xylene executed by microwave heat-
ing at 150 8C in the presence of 10 mol % [CpMoCl(CO)3]
and 20 mol % o-chloranil produced a mixture of [D10]1 a
(m/z 210 [M+]) and [D9]1 a (m/z 209 [M+]) as confirmed by
GC—mass-spectrometric analysis (see Figure S2 in the Sup-
porting Information). The formation of [D10]1 a is in good
agreement with the proposed mechanism in which the ben-
zene substrates are the proton sources. Despite several at-
tempts to isolate an active species from [CpMoCl(CO)3] and
o-chloranil, we completely failed to obtain an identifiable
complex. To our surprise, the 1H NMR spectroscopic analy-
sis of the solution of [CpMoCl(CO)3] and o-chloranil in
C6D6 revealed the disappearance of the Cp ligand, thus indi-
cating that this ligand has no direct influence on the yield
and isomeric ratio of the products.

To support the above mechanistic scenario, the commer-
cially available molybdenum(V) compound [MoCl5]

[27] was
used as a highly electrophilic molybdenum source. It was
observed that [MoCl5] exhibited moderate catalytic activity,
even in the absence of the oxidant o-chloranil. Under con-
ventional heating conditions, a 10 mol % loading of the cata-
lyst produced 1 a in 48 % yield (Table 5, entry 7). In this
case, [MoCl5] was probably reduced to [MoCl4Ln] (L=

ligand) by p-xylene, thus resulting in the concomitant evolu-
tion of hydrogen chloride, which might be responsible for
the hydroarylation.[28, 29] This suggestion was corroborated by
the detection of a small amount of 1,4-dimethyl-2-(4-methyl-
benzyl)benzene in the crude reaction mixture. Thus, the
combined use of [MoCl5] and o-chloranil provided a superi-
or result (Table 5, entry 8). According to these observations,
it is reasonable to consider that the optimal Mo/o-chloranil
ratio of 1:2 derived from the above experimentations is nec-
essary because the molybdenum catalyst might be reduced
by the aromatic substrates and excess o-chloranil reoxidizes
the resultant inactive lower-oxidation-state species. Alterna-
tively, the molybdenum(II) complexes might undergo a two-
fold oxidation with two equivalents of o-chloranil to pro-
duce molybdenum(VI) biscatecholate species.

Having revealed the Brønsted acid character of our cata-
lytic system, we reasoned that alcohols would be viable sub-
strates for the [CpMoCl(CO)3]/o-chloranil-catalyzed cou-
pling with electron-rich benzenes.

Catalytic coupling of alcohols with electron-rich benzenes :
Recently, the catalytic Friedel–Crafts alkylation of benzenes
with alcohols as alkylating agents has gained considerable
attention as an environmentally friendly process compared
with traditional methods that use halides, thereby producing
stoichiometric amounts of salt waste.[9–12] As a result of the
poor ability of hydroxy groups as leaving groups, excess
amounts of Brønsted acids are generally required to obtain
acceptable yields of the products. Recently, several Brønsted
acid-catalyzed protocols were successfully applied to allylic,

Table 5. Reaction of norbornene with p-xylene in the presence of molyb-
denum or Brønsted acid catalysts.[a]

Entry Catalyst Conditions[b] Yield of 1a [%][c]

1 [Mo][d] A 87 (69)
2 [Mo][d] B 79 (74)
3 TfOH A 76 (80)
4 TfOH B 86 (74)
5 TsOH A nd
6 tetrachlorocatechol A nd
7 ACHTUNGTRENNUNG[MoCl5] A 48[e]

8 ACHTUNGTRENNUNG[MoCl5]
[f] A 79[e]

[a] Norbornene: 1 mmol, cat. : 10 mol %. [b] A: p-xylene: 6 mL, 80 8C,
24 h; B: p-xylene: 3 mL, 150 8C (MW), 15 min. [c] Yields in parentheses
were obtained with 5 mol % catalyst. [d] [CpMoCl(CO)3]/o-chloranil: 1:2.
[e] Small amounts of 1,4-dimethyl-2-(4-methylbenzyl)benzene were de-
tected by 1H NMR spectroscopic analysis of the crude reaction mixtures.
[f] o-Chloranil (20 mol %) was added.

Scheme 7. Possible mechanism for the formation of Brønsted acid species
9.
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benzylic, propargylic alcohols, and 1-hydroxy-d-ribofura-
nose.[14] We then examined the catalytic efficacy of our mo-
lybdenum-based Brønsted acid catalyst toward the Friedel–
Crafts alkylation of benzene derivatives with alcohols as the
alkylating agents.

At the outset, exo-norborneol 10 was allowed to react
with p-xylene and anisole (Table 6). With a catalyst loading
of 10 mol %, 10 was heated at 80 8C in p-xylene for 24 h to
deliver the expected 1 a in a yield slightly lower than that
from norbornene (Table 6, entry 1 versus Table 1, entry 5).
Under the microwave-irradiation conditions (150 8C, 15 min)
1 a was also afforded, albeit in a diminished yield of 60 %

(Table 6, entry 2). The decrease in yield was ascribed to the
pre-equilibrium between 10 and a norbornyl cation inter-
mediate with water. Because p-xylene is an inefficient nucle-
ophile, the regeneration of 10 might have competed with the
attack by p-xylene on the cationic intermediate. In contrast,
the reaction with a stronger nucleophile, namely, anisole,
gave 1 e in excellent yields, irrespective of the heating condi-
tions. The ortho/para selectivities were identical to those ob-
served for the reactions of norbornene (Table 3, entries 7
and 8). Benzyl alcohol 11 a also reacted with p-xylene and
anisole to furnish benzylated products 12 a and 12 b in good-
to-excellent yields (Table 6, entries 5–8). On the other hand,

the reaction of 1-phenylethanol
(11 b) with p-xylene resulted in
the formation of 5 but only in a
low yield (Table 6, entry 9),
which was partly because of the
concomitant formation of 1,3-
diphenyl-1-butene, thus indicat-
ing of the formation of styrene
by the dehydration of 11 b. The
more efficient nucleophile ani-
sole, however, uneventfully fur-
nished 3 a in excellent yield
(Table 6, entries 10 and 11).

The inefficiency of p-xylene
as a nucleophile was observed
again in the reaction with cin-
namyl alcohol 13 a. Although
13 a was consumed within 7 h at
80 8C, the reaction led to a com-
plex mixture. In contrast, the
reaction with anisole completed
uneventfully, even at 40 8C
within 6 h, and produced 14 a in
68 % yield with the selectivity
of ortho/para=12:88
(Scheme 8). Furthermore, the
decreased catalyst loading of
5 mol % gave a comparable
yield and selectivity, albeit with
a longer reaction time. Carrying
out the reaction in a higher
concentration (anisole=3 mL)
led to a diminished reaction
time, and a slightly better yield
was obtained at 60 8C.

Under these modified condi-
tions, isomeric allylic alcohol
13 a’ was converted within 2 h
into the same product 14 a but
with a higher yield of 80 %
(Table 6, entry 12). This result
is probably because the hy-
droxy group in 13 a’ occupies
the allylic and benzylic posi-
tions, and, hence, it has a much

Table 6. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed coupling of alcohols.[a]

Entry Alcohol Conditions Product Yield [%] ortho/
para

1 10
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h

1a 78 –

2 10 p-xylene (3 mL), [Mo] (10 mol %),
150 8C (MW), 15 min

1a 60 –

3 10 anisole (6 mL), [Mo] (5 mol %), 80 8C,
24 h

1e 88 55:45

4 10 anisole (3 mL), [Mo] (5 mol %), 150 8C
(MW), 15 min

1e 91 56:44

5 11a
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h

12a 76 –

6 11a p-xylene (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h

12a 70 –

7 11a
anisole (6 mL), [Mo] (10 mol %), 80 8C,
24 h

12b 91 47:53

8 11a anisole (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h

12b 95 49:51

9 11b
p-xylene (6 mL), [Mo] (10 mol %),
80 8C, 24 h

5 23[b] –

10 11b anisole (6 mL), [Mo] (10 mol %), 40 8C,
24 h

3a 88 21:79

11 11b anisole (3 mL), [Mo] (10 mol %),
150 8C (MW), 1 h

3a 99 25:75

12 13a’
anisole (3 mL), [Mo] (5 mol %), 60 8C,
2 h

14a 80 14:86

13 13b
anisole (3 mL), [Mo] (5 mol %), 60 8C,
4 h

14b 93 4:96

14 13d
anisole (3 mL), [Mo] (5 mol %), 60 8C,
6 h

14d 58 32:68[c]

15 13e
anisole (3 mL), [Mo] (5 mol %), 60 8C,
6 h

14e 58 17:83[d]

16 15a
anisole (3 mL), [Mo] (5 mol %), 40 8C,
5 h

16a 88[e] –

[a] Alcohol: 1 mmol, [CpMoCl(CO)3]/o-chloranil: 1:2. [b] Inseparable mixture with 1,3-diphenyl-1-butene
(19 %). [c] Regioisomer 14d’ was formed (14d/14 d’=9:1). [d] Olefinic isomer 14 e’ was formed (14e/14 e’=
8:1). [e] An unidentified by-product was also formed in a trace amount.
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better leaving ability. Similarly, secondary alcohol 13 b also
provided an excellent yield (93 %) of 14 b (Table 6,
entry 13), whereas tertiary analogue 13 c produced a com-
plex product mixture. Crotyl and prenyl alcohols 13 d, e
were then subjected to the optimal reaction conditions. As a
result, 13 d produced an inseparable mixture of the expected
product 14 d and its regioisomer 14 d’ in 58 % yield with a
ratio of 14 d/14 d’= 9:1 (Table 6, entry 14), whereas 13 e fur-
nished an inseparable mixture of 14 e and its olefinic isomer
14 e’ in 58 % yield with a ratio of 14 e/14 e’=8:1 (Table 6,
entry 15). In contrast, no arylation product was formed from
allyl or methallyl alcohols, thus indicating the necessity of
an internal olefin moiety for the present catalytic reaction.
When 1,3-diphenyl-2-propyn-1-ol (15 a) was subjected to a
catalyzed arylation at 40 8C, the corresponding para-propar-
gylated anisole derivative 16 a was formed as an exclusive
regioisomer in a high yield (Table 6, entry 16). At a higher
temperature, the yield was decreased as a result of unidenti-
fiable side reactions.

To demonstrate the applicability of the molybdenum cat-
alysis to acid-labile substrates, we then examined the reac-
tion of 13 a or 13 a’ with 2-methylfuran, which has been re-
ported to undergo acid-catalyzed polymerization.[30] First,
the reaction with cinnamyl alcohol 13 a was attempted with
the [CpMoCl(CO)3]/o-chloranil catalyst system (Scheme 9).
Although the oligomerization of 2-methylfuran was ob-
served, the desired adducts 17 a and 17 b were formed as an
inseparable mixture in 57 % combined yield with a regioiso-

mer ratio of 80:20. In contrast, the use of TfOH (5 mol %)
as a catalyst led to extensive oligomerization of the furan
ring, and a decrease in both the yield (46 %) and regioselec-
tivity (70:30) were observed. Encouraged by these results,
we then optimized the molybdenum-catalyzed reaction. A
better yield of 65 % was obtained at the expense of regiose-
lectivity, when isomeric alcohol 13 a’ was employed in place
of 13 a under otherwise identical conditions. With the hope
for further improvement, we examined precatalyst
[{CpMo(CO)3}2], which has no electron-withdrawing chlor-
ine ligand and is hence expected to give rise to milder acid
species. In fact, the oligomerization of the aromatic sub-
strate seemed to be well suppressed. As a consequence, the
reaction reached completion within 3 h, and the highest
yield (68%) and regioselectivity (17 a/17 b=80:20) were
achieved. In a similar manner, the use of benzhydrol as an
alcohol component produced 18 in 85 % yield, whereas the
reaction of more labile propargyl alcohol 15 a was carried
out at a lower temperature to give 19, albeit in 37 % yield.

Catalytic [2:1] condensation of benzaldehydes with anisole :
The catalytic twofold Friedel–Crafts-type addition of elec-
tron-rich benzenes to aryl aldehydes and their congeners
provides straightforward access to triphenylmethane deriva-
tives, which have widespread applications.[23,31,32] We finally
examined the catalytic condensation of benzaldehydes with
anisole (Scheme 10 and Table 7). In the presence of
10 mol % molybdenum catalyst, benzaldehyde (1 mmol) was
heated in anisole (3 mL) at 80 8C for 16 hours, thus resulting
in the formation of triarylmethane 20 a in 58 % yield as an
inseparable mixture of regioisomers (Table 7, entry 1). The
1H NMR spectroscopic analysis revealed that a para,para
adduct was formed predominantly, and a minor product was
tentatively assigned as a ortho/para isomer (para,para/ortho,-
para=87:13). The yield was improved to 87 % when the cat-
alyst loading was increased to 20 mol % (Table 7, entry 2).

Scheme 8. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed coupling of cinnamyl al-
cohol with anisole.

Scheme 9. Catalyzed reactions of 2-methylfuran.

Scheme 10. ACHTUNGTRENNUNG[CpMoCl(CO)3]/o-chloranil-catalyzed condensation of ben-
zaldehydes with anisole.

Table 7. Catalytic condensation of benzaldehydes with anisole.

Entry R Catalyst
loading [mol %]

TACHTUNGTRENNUNG[ 8C]
t [h] Product Yield

[%]
para,para/
ortho,para

1 H 10 80 16 20a 58 87:13
2 H 20 80 8 20a 87 87:13
3 H 20 150 (MW) 1 20a 68 75:25
4 Cl 20 80 4 20b 86 86:14
5 Cl 20 150 (MW) 1 20b 72 75:25
6 Me 20 80 24 20c 81 86:14
7 Me 20 150 (MW) 1 20c 63 75:25
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In the same manner, adducts 20 b and 20 c were also formed
in high yield starting from p-chlorobenzaldehyde and p-tolyl-
aldehyde (Table 7, entries 4 and 6). Carrying out these reac-
tions under microwave-irradiation conditions shortened the
reaction time to 1 hour, although both the yield and regiose-
lectivity were lowered (Table 7, entries 3, 5, and 7).

Conclusion

Herein, we have succeeded in identifying a new Friedel–
Crafts alkylation catalyst system, which consists of a molyb-
denum(II) complex and an organic oxidant, [CpMoCl(CO)3]
and o-chloranil, respectively. A strained alkene, norbornene,
underwent hydroarylation with alkylated benzenes and ani-
sole derivatives at 80 8C to produce exo-2-arylnorbornanes
in moderate-to-good yields. The use of microwave irradia-
tion at 150 8C shortened the reaction time to 15 min, thus re-
sulting in the formation of hydroarylation products in com-
parable yields. The same catalyst system also promoted the
hydroarylation of styrenes and cyclic and linear alkenes at
lower temperatures. On the basis of the ortho/para and Mar-
kovnikov selectivities observed for the products, we assumed
that the oxidation of the molybdenum complex by o-chlor-
anil generates an intermediary molybdenum catecholate
species, which then undergoes electrophilic reaction with
aromatic substrates before ultimately producing an elusive
Brønsted acid catalytic species. In accordance with this as-
sumption, exo-norborneol, benzylic, allylic, and propargylic
alcohols underwent arylation by using the [CpMoCl(CO)3]/
o-chloranil catalytic method, and alkylated aromatic prod-
ucts with ortho/para and Markovnikov selectivities were
produced.

Our catalyst system not only compares well with TfOH in
terms of the protonation ability toward norbornene, but also
has a better applicability toward acid-labile substrates, such
as 2-methylfuran. In addition, the present catalyst system
has a significant practical advantage: both of the catalyst
precursors [CpMoCl(CO)3] and o-chloranil are stable, easy-
to-handle solids and, unless mixing in an aromatic solvent,
they do not exhibit acidity. Therefore, directly employing a
harmful strong acid reagent, such as TfOH, which is a hy-
groscopic and corrosive liquid, can be avoided.

Although we were unable to obtain the catalytically
active Brønsted acid species stemming from the molybde-
num precatalysts and o-chloranil, further studies elucidating
the reaction mechanism and expanding the synthetic utility
of our new Friedel–Crafts alkylation catalysis will be report-
ed in due course.

Experimental Section

General : Column chromatography was performed on silica gel (Cica
silica gel 60N or Fuji Silysia FL100D) eluting with hexane or a mixed sol-
vent system (hexane/ethyl acetate). Filtration through alumina was car-
ried out on Merck standadized aluminum oxide 90. The 1H and 13C NMR

spectra were recorded on a Varian Gemini 2000 NMR spectrometer in
solution with CDCl3 at 25 8C. The 1H NMR chemical shifts d are reported
in ppm relative to the singlet at d= 7.26 ppm for CHCl3. Splitting pat-
terns are designated as follows: s= singlet, d=doublet, t= triplet, q=

quartet, quint = quintet, sext= sextet, sept= septet, m= multiplet. Cou-
pling constants are reported in Hz. The 13C NMR spectra were fully de-
coupled and are reported in ppm relative to the triplet at d= 77.0 ppm
for CDCl3. The EI mass-spectrometric measurements were performed on
a Shimadzu GCMS-QP2010 plus mass spectrometer. Elemental analyses
were performed on a Perkin Elmer 2400II CHNS/O elemental analyzer.
The microwave-irradiation experiments were carried out on a single-
mode microwave reactor (CEM Discover LabMate), closed reaction ves-
sels were used, and the temperature was monitored by an online IR de-
tector. All the transition-metal complexes were purchased and used as re-
ceived, except for [(h-C3H5)MoCl ACHTUNGTRENNUNG(MeCN)2(CO)2], which was prepared
according to a previous report.[33] All the products except 1 f,g were
known products.

General procedure for [CpMoCl(CO)3]/o-chloranil-catalyzed arylations:
hydroarylation of norbornene with p-xylene

1) Conventional heating method : [CpMoCl(CO)3] (28.00 mg,
0.100 mmol) and o-chloranil (49.23 mg, 0.200 mmol) were mixed with p-
xylene (3 mL) in a 20-mL round-bottom flask at room temperature in an
argon atmosphere. The solution was immediately darkened and slight gas
evolution was observed. After the mixture had been stirred for 30 min at
room temperature, a solution of norbornene (93.99 mg, 1.00 mmol) in p-
xylene (3 mL) was added by syringe. The reaction mixture was heated on
an oil bath at 80 8C for 24 h. After cooling to room temperature, the solu-
tion was diluted with diethyl ether (5 mL) and filtered through a pad of
alumina. The insoluble materials were further washed with diethyl ether
(40 mL), and the filtrate was concentrated in vacuo. The resulting residue
was purified by flash column chromatography on silica gel eluting with
hexane to give 1a as a colorless oil (173.4 mg, 87%).

2) Microwave heating method : [CpMoCl(CO)3] (27.36 mg, 0.098 mmol)
and o-chloranil (47.95 mg, 0.195 mmol) were mixed with p-xylene (1 mL)
in a 6-mL reaction tube at room temperature in an argon atmosphere.
The solution immediately darkened and slight gas evolution was ob-
served. After the mixture had been stirred for 30 min at room tempera-
ture, a solution of norbornene (91.80 mg, 0.98 mmol) in p-xylene (2 mL)
was added by syringe. The reaction tube was sealed with a teflon cap and
heated in a microwave reactor at 150 8C for 15 min. The same purifica-
tion procedures as above gave 1 a as a colorless oil (157.2 mg, 81 %).

Analytical data for 1 f : colorless oil; 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.19 (m, 1 H), 1.24–1.65 (m, 6H), 1.78 (ddd, J=12.0, 9.0, 2.4 Hz, 1H),
2.29 (s, 3 H), 2.28–2.35 (m, 2H), 2.95 (dd, J =9.0, 6.0 Hz, 1 H), 3.84 (s,
3H), 6.73 (d, J =8.1 Hz, 1H), 6.94 (dd, J=8.1, 2.0 Hz, 1 H), 7.01 ppm (d,
J =2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3, 25 8C): d= 20.7, 29.0, 30.4,
36.2, 36.8, 38.6, 40.3, 41.1, 55.4, 110.2, 126.4, 126.7, 129.2, 135.8,
155.4 ppm; MS (EI): m/z (%): 216 (55) [M+], 149 (14) [M+H+�C5H8],
135 (100) [M+H+�C5H8�CH2]; elemental analysis calcd (%) for
C15H20O: C 83.28, H 9.32; found: C 83.06, H 9.54.

Analytical data for 1g : colorless oil; 1H NMR (300 MHz, CDCl3, 25 8C):
d=1.19 (br d, J= 9.9 Hz, 1 H), 1.24–1.66 (m, 6 H), 1.78 (ddd, J =12.8, 9.0,
2.1 Hz, 1H), 2.32 (s, 2 H), 2.92 (dd, J=8.4, 5.7 Hz, 1 H), 3.80 (s, 3H), 6.73
(d, J =8.7 Hz, 1 H), 7.09 (dd, J=8.4, 2.4 Hz, 1 H), 7.14 ppm (d, J =2.4 Hz,
1H); 13C NMR (75 MHz, CDCl3, 25 8C): d =28.9, 30.2, 36.2, 36.8, 38.6,
40.4, 40.9, 55.5, 111.3, 125.3, 125.8, 126.1, 138.0, 156.0 ppm; MS (EI): m/z
(%): 236 (93) [M+], 201 (31) [M+�Cl], 168 (45) [M+�C5H8], 155 (100)
[MH+�C5H8�CH2]; elemental analysis calcd (%) for C14H17ClO: C
71.03, H 7.24; found: C 70.81, H 7.24.
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2001, 66, 1735 – 1745; j) B. Nay, M. Collet, M. Lebon, C. Ch�ze, J.
Vercauteren, Tetrahedron Lett. 2002, 43, 2675 –2678; k) M. Bandini,
A. Eichholzer, P. Kotrusz, A. Umani-Ronchi, Adv. Synth. Catal.
2008, 350, 531 –536.

[13] For reviews of asymmetric Friedel–Crafts alkylation reactions, see:
a) Y. Wang, K. Ding, L. Dai, Chemtracts 2001, 14, 610 –615; b) M.
Bandini-Matsuzawa, A. Melloni, A. Umani-Ronchi, Angew. Chem.
2004, 116, 560 –566; Angew. Chem. Int. Ed. 2004, 43, 550 – 556; also,
see: H. Matsuzawa, Y. Miyake, Y. Nishibayashi, Angew. Chem. 2007,
119, 6608 – 6611; Angew. Chem. Int. Ed. 2007, 46, 6488 –6491, and
references cited.

[14] a) S. Ma, J. Zhang, Tetrahedron Lett. 2002, 43, 3435 –3438; b) S. Ma,
J. Zhang, Tetrahedron 2003, 59, 6273 – 6283; c) R. Sanz, A. Mart�nez,
J. M. �lvarez-Guti	rrez, F. Rodr�guez, Eur. J. Org. Chem. 2006,
1383 – 1386; d) R. Sanz, A. Mart�nez, D. Miguel, J. M. �lvarez-Gu-
ti	rrez, F. Rodr�guez, Adv. Synth. Catal. 2006, 348, 1841 –1845; e) S.
Shirakawa, S. Kobayashi, Org. Lett. 2007, 9, 311 –314; f) J. Le Bras,
J. Muzart, Tetrahedron 2007, 63, 7942 – 7948.

[15] a) H. Zhang, E. M. Ferreira, B. M. Stoltz, Angew. Chem. 2004, 116
6270 – 6274; Angew. Chem. Int. Ed. 2004, 43, 6144 –6148; b) S. W.
Youn, S. J. Pastine, D. Sames, Org. Lett. 2004, 6, 581 –584; c) S. W.
Youn, J. I. Eom, Org. Lett. 2005, 7, 3355 – 3358; d) H. Imagawa, T.

www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 10705 – 1071510714

Y. Yamamoto and K. Itonaga

http://dx.doi.org/10.1021/ar00082a002
http://dx.doi.org/10.1021/ar00082a002
http://dx.doi.org/10.1021/ar00082a002
http://dx.doi.org/10.1021/cr00104a001
http://dx.doi.org/10.1021/cr00104a001
http://dx.doi.org/10.1021/cr00104a001
http://dx.doi.org/10.1038/366529a0
http://dx.doi.org/10.1038/366529a0
http://dx.doi.org/10.1038/366529a0
http://dx.doi.org/10.1246/bcsj.68.62
http://dx.doi.org/10.1246/bcsj.68.62
http://dx.doi.org/10.1246/bcsj.68.62
http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1021/ar960318p
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1007/3-540-68525-1_3
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1808::AID-ANGE1808%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1698::AID-ANIE1698%3E3.0.CO;2-6
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1021/cr0104330
http://dx.doi.org/10.1002/adsc.200303094
http://dx.doi.org/10.1002/adsc.200303094
http://dx.doi.org/10.1002/adsc.200303094
http://dx.doi.org/10.1021/ja0009830
http://dx.doi.org/10.1021/ja0009830
http://dx.doi.org/10.1021/ja0009830
http://dx.doi.org/10.1021/ja0009830
http://dx.doi.org/10.1021/ja035076k
http://dx.doi.org/10.1021/ja035076k
http://dx.doi.org/10.1021/ja035076k
http://dx.doi.org/10.1021/om049404g
http://dx.doi.org/10.1021/om049404g
http://dx.doi.org/10.1021/om049404g
http://dx.doi.org/10.1021/om0501733
http://dx.doi.org/10.1021/om0501733
http://dx.doi.org/10.1021/om0501733
http://dx.doi.org/10.1021/om0501733
http://dx.doi.org/10.1021/om0600902
http://dx.doi.org/10.1021/om0600902
http://dx.doi.org/10.1021/om0600902
http://dx.doi.org/10.1021/om0600902
http://dx.doi.org/10.1016/0040-4039(94)02221-V
http://dx.doi.org/10.1016/0040-4039(94)02221-V
http://dx.doi.org/10.1016/0040-4039(94)02221-V
http://dx.doi.org/10.1016/0040-4039(94)02221-V
http://dx.doi.org/10.1246/bcsj.68.2053
http://dx.doi.org/10.1246/bcsj.68.2053
http://dx.doi.org/10.1246/bcsj.68.2053
http://dx.doi.org/10.1246/bcsj.68.2053
http://dx.doi.org/10.1016/S0040-4039(98)00881-8
http://dx.doi.org/10.1016/S0040-4039(98)00881-8
http://dx.doi.org/10.1016/S0040-4039(98)00881-8
http://dx.doi.org/10.1246/bcsj.73.2325
http://dx.doi.org/10.1246/bcsj.73.2325
http://dx.doi.org/10.1246/bcsj.73.2325
http://dx.doi.org/10.1246/bcsj.73.2325
http://dx.doi.org/10.1246/bcsj.68.3569
http://dx.doi.org/10.1246/bcsj.68.3569
http://dx.doi.org/10.1246/bcsj.68.3569
http://dx.doi.org/10.1246/bcsj.68.3569
http://dx.doi.org/10.1055/s-1996-5498
http://dx.doi.org/10.1055/s-1996-5498
http://dx.doi.org/10.1055/s-1996-5498
http://dx.doi.org/10.1055/s-1996-5498
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1021/jo970599u
http://dx.doi.org/10.1021/jo961897e
http://dx.doi.org/10.1021/jo961897e
http://dx.doi.org/10.1021/jo961897e
http://dx.doi.org/10.1016/S0040-4039(98)02707-5
http://dx.doi.org/10.1016/S0040-4039(98)02707-5
http://dx.doi.org/10.1016/S0040-4039(98)02707-5
http://dx.doi.org/10.1016/S0040-4039(01)01699-9
http://dx.doi.org/10.1016/S0040-4039(01)01699-9
http://dx.doi.org/10.1016/S0040-4039(01)01699-9
http://dx.doi.org/10.1016/S0040-4039(01)01699-9
http://dx.doi.org/10.1016/S0040-4039(02)01376-X
http://dx.doi.org/10.1016/S0040-4039(02)01376-X
http://dx.doi.org/10.1016/S0040-4039(02)01376-X
http://dx.doi.org/10.1016/S0040-4039(02)01376-X
http://dx.doi.org/10.1021/jo034255h
http://dx.doi.org/10.1021/jo034255h
http://dx.doi.org/10.1021/jo034255h
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1002/adsc.200606068
http://dx.doi.org/10.1055/s-2007-983735
http://dx.doi.org/10.1055/s-2007-983735
http://dx.doi.org/10.1055/s-2007-983735
http://dx.doi.org/10.1016/j.tetlet.2007.08.011
http://dx.doi.org/10.1016/j.tetlet.2007.08.011
http://dx.doi.org/10.1016/j.tetlet.2007.08.011
http://dx.doi.org/10.1016/j.tetlet.2007.09.123
http://dx.doi.org/10.1016/j.tetlet.2007.09.123
http://dx.doi.org/10.1016/j.tetlet.2007.09.123
http://dx.doi.org/10.1055/s-2008-1072652
http://dx.doi.org/10.1055/s-2008-1072652
http://dx.doi.org/10.1055/s-2008-1072652
http://dx.doi.org/10.1055/s-2008-1072652
http://dx.doi.org/10.1021/ja027023t
http://dx.doi.org/10.1021/ja027023t
http://dx.doi.org/10.1021/ja027023t
http://dx.doi.org/10.1002/ange.200250532
http://dx.doi.org/10.1002/ange.200250532
http://dx.doi.org/10.1002/ange.200250532
http://dx.doi.org/10.1002/anie.200250532
http://dx.doi.org/10.1002/anie.200250532
http://dx.doi.org/10.1002/anie.200250532
http://dx.doi.org/10.1002/anie.200250532
http://dx.doi.org/10.1021/om049358k
http://dx.doi.org/10.1021/om049358k
http://dx.doi.org/10.1021/om049358k
http://dx.doi.org/10.1021/om049358k
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/ange.200462522
http://dx.doi.org/10.1002/anie.200462522
http://dx.doi.org/10.1002/anie.200462522
http://dx.doi.org/10.1002/anie.200462522
http://dx.doi.org/10.1016/j.tetlet.2006.10.038
http://dx.doi.org/10.1016/j.tetlet.2006.10.038
http://dx.doi.org/10.1016/j.tetlet.2006.10.038
http://dx.doi.org/10.1016/j.tetlet.2008.04.117
http://dx.doi.org/10.1016/j.tetlet.2008.04.117
http://dx.doi.org/10.1016/j.tetlet.2008.04.117
http://dx.doi.org/10.1002/ange.200460666
http://dx.doi.org/10.1002/ange.200460666
http://dx.doi.org/10.1002/ange.200460666
http://dx.doi.org/10.1002/ange.200460666
http://dx.doi.org/10.1002/anie.200460666
http://dx.doi.org/10.1002/anie.200460666
http://dx.doi.org/10.1002/anie.200460666
http://dx.doi.org/10.1021/ja0506004
http://dx.doi.org/10.1021/ja0506004
http://dx.doi.org/10.1021/ja0506004
http://dx.doi.org/10.1021/ja0506004
http://dx.doi.org/10.1021/jo0625094
http://dx.doi.org/10.1021/jo0625094
http://dx.doi.org/10.1021/jo0625094
http://dx.doi.org/10.1021/jo0625094
http://dx.doi.org/10.1016/j.tet.2007.06.068
http://dx.doi.org/10.1016/j.tet.2007.06.068
http://dx.doi.org/10.1016/j.tet.2007.06.068
http://dx.doi.org/10.1021/ja031953a
http://dx.doi.org/10.1021/ja031953a
http://dx.doi.org/10.1021/ja031953a
http://dx.doi.org/10.1021/ja046890q
http://dx.doi.org/10.1021/ja046890q
http://dx.doi.org/10.1021/ja046890q
http://dx.doi.org/10.1002/adsc.200505411
http://dx.doi.org/10.1002/adsc.200505411
http://dx.doi.org/10.1002/adsc.200505411
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/adsc.200505433
http://dx.doi.org/10.1002/adsc.200700600
http://dx.doi.org/10.1002/adsc.200700600
http://dx.doi.org/10.1002/adsc.200700600
http://dx.doi.org/10.1002/adsc.200700600
http://dx.doi.org/10.1021/ol049649p
http://dx.doi.org/10.1021/ol049649p
http://dx.doi.org/10.1021/ol049649p
http://dx.doi.org/10.1021/ja00740a064
http://dx.doi.org/10.1021/ja00740a064
http://dx.doi.org/10.1021/ja00740a064
http://dx.doi.org/10.1021/ja00740a064
http://dx.doi.org/10.1016/S0022-328X(73)80046-4
http://dx.doi.org/10.1016/S0022-328X(73)80046-4
http://dx.doi.org/10.1016/S0022-328X(73)80046-4
http://dx.doi.org/10.1016/S0022-328X(73)80046-4
http://dx.doi.org/10.1016/S0040-4039(97)01053-8
http://dx.doi.org/10.1016/S0040-4039(97)01053-8
http://dx.doi.org/10.1016/S0040-4039(97)01053-8
http://dx.doi.org/10.1021/jo982178y
http://dx.doi.org/10.1021/jo982178y
http://dx.doi.org/10.1021/jo982178y
http://dx.doi.org/10.1021/jo982178y
http://dx.doi.org/10.1021/jo990372u
http://dx.doi.org/10.1021/jo990372u
http://dx.doi.org/10.1021/jo990372u
http://dx.doi.org/10.1021/jo990372u
http://dx.doi.org/10.1135/cccc20011257
http://dx.doi.org/10.1135/cccc20011257
http://dx.doi.org/10.1135/cccc20011257
http://dx.doi.org/10.1135/cccc20011257
http://dx.doi.org/10.1135/cccc20011735
http://dx.doi.org/10.1135/cccc20011735
http://dx.doi.org/10.1135/cccc20011735
http://dx.doi.org/10.1135/cccc20011735
http://dx.doi.org/10.1016/S0040-4039(02)00406-9
http://dx.doi.org/10.1016/S0040-4039(02)00406-9
http://dx.doi.org/10.1016/S0040-4039(02)00406-9
http://dx.doi.org/10.1002/adsc.200700607
http://dx.doi.org/10.1002/adsc.200700607
http://dx.doi.org/10.1002/adsc.200700607
http://dx.doi.org/10.1002/adsc.200700607
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/10.1002/ange.200301679
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/10.1016/S0040-4039(02)00430-6
http://dx.doi.org/10.1016/S0040-4039(02)00430-6
http://dx.doi.org/10.1016/S0040-4039(02)00430-6
http://dx.doi.org/10.1016/S0040-4020(03)01026-3
http://dx.doi.org/10.1016/S0040-4020(03)01026-3
http://dx.doi.org/10.1016/S0040-4020(03)01026-3
http://dx.doi.org/10.1002/ejoc.200500960
http://dx.doi.org/10.1002/ejoc.200500960
http://dx.doi.org/10.1002/ejoc.200500960
http://dx.doi.org/10.1002/ejoc.200500960
http://dx.doi.org/10.1002/adsc.200606183
http://dx.doi.org/10.1002/adsc.200606183
http://dx.doi.org/10.1002/adsc.200606183
http://dx.doi.org/10.1021/ol062813j
http://dx.doi.org/10.1021/ol062813j
http://dx.doi.org/10.1021/ol062813j
http://dx.doi.org/10.1021/ol036385i
http://dx.doi.org/10.1021/ol036385i
http://dx.doi.org/10.1021/ol036385i
http://dx.doi.org/10.1021/ol051264z
http://dx.doi.org/10.1021/ol051264z
http://dx.doi.org/10.1021/ol051264z
www.chemeurj.org


Iyenaga, M. Nishizawa, Synlett 2005, 703 –705; e) T. Watanabe, S.
Oishi, N. Fujii, H. Ohno, Org. Lett. 2007, 9, 4821 – 4824; f) M. A. Tar-
selli, M. Gagn	, J. Org. Chem. 2008, 73, 2439 –2441; g) K. Namba,
H. Yamamoto, I. Sasaki, K. Mori, H. Imagawa, M. Nishizawa, Org.
Lett. 2008, 10, 1767 –1770; the InIII-catalyzed intramolecular Frie-
del–Crafts alkylation of benzenes bearing an allylic halide side chain
were reported, see: h) R. Hayashi, G. R. Cook, Org. Lett. 2007, 9,
1311 – 1314.

[16] A. Malinowska, I. Czelusniak, M. G�rski, T. Szymanska-Buzar, Tet-
rahedron Lett. 2005, 46, 1427 – 1431, and references therein.

[17] D. Karshtedt, A. T. Bell, T. D. Tilley, Organometallics 2004, 23,
4169 – 4171.

[18] a) G. Dyker, E. Muth, A. S. K. Hashmi, L. Ding, Adv. Synth. Catal.
2003, 345, 1247 – 1252; b) J. Kischel, I. Jovel, K. Mertins, A. Zapf, M.
Beller, Org. Lett. 2006, 8, 19– 22; c) M. Rueping, B. J. Nachtsheim,
T. Scheidt, Org. Lett. 8, 3717 –3719; d) H.-B. Sun, B. Li, R. Hua, Y.
Yin, Eur. J. Org. Chem. 2006, 4231 –4236; e) S. W. Youn, J. I. Eom,
J. Org. Chem. 2006, 71, 6706 – 6707; f) S. W. Youn, Synlett 2007,
3050 – 3054; g) G. Sun, H. Sun, Z. Wang, M.-M. Zhou, Synlett 2008,
1096 – 1100.

[19] a) Y. Yamamoto, T. Ohno, K. Itoh, Angew. Chem. 2002, 114, 3814 –
3817; Angew. Chem. Int. Ed. 2002, 41, 3662 – 3665; b) Y. Yamamoto,
S. Kuwabara, S. Matsuo, T. Ohno, H. Nishiyama, K. Itoh, Organo-
metallics 2004, 23, 3898 –3906.

[20] W. Friedrichsen, R. Epbinder, Tetrahedron Lett. 1973, 14, 2059 –
2062.

[21] a) L. Perreux, A. Loupy, Tetrahedron 2001, 57, 9199 –9223; b) A.
de la Hoz, �. D�az-Oritiz, A. Moreno, Chem. Soc. Rev. 2005, 34,
164 – 178.

[22] Selected examples of the linear dimerization of styrenes, see:
a) M. G. Barlow, M. J. Bryant, R. N. Haszeldine, A. G. Mackie, J.
Organomet. Chem. 1970, 21, 215 – 226; b) F. Dawans, Tetrahedron
Lett. 1971, 12, 1943 – 1946; c) K. Kaneda, T. Kiriyama, T. Hiraoka, T.
Imanaka, J. Mol. Catal. 1988, 48, 343 –347; d) Z. Jiang, A. Sen, Or-
ganometallics 1993, 12, 1406 – 1415; e) A. Benito, A. Corma, H.
Garc�a, J. Primo, Appl. Catal. A 1994, 116, 127 –135; f) B. P. Cleary,
R. Eisenberg, Inorg. Chim. Acta 1995, 240, 135 –143; g) T. Tsuchi-
moto, S. Kamiyama, R. Negoro, E. Shirakawa, Y. Kawakami, Chem.
Commun. 2003, 852 – 853; h) T. V. RajanBabu, N. Nomura, J. Jin, M.
Nandi, H. Park, X. Sun, J. Org. Chem. 2003, 68, 8431 – 8446; i) G. W.
Kabalka, G. Dong, B. Venkataiah, Tetrahedron Lett. 2004, 45, 2775 –
2777; j) A. Inagaki, S. Edure, S. Yatsuda, M. Akita, Chem. Commun.
2005, 5468 – 5470; k) G. Myagmarsuren, V. S. Tkach, F. K. Shmidt,
M. Mohamad, D. S. Suslov, J. Mol. Catal. A 2005, 235, 154 –160;
l) R. B. Bedford, M. Betham, M. E. Blake, A. Garc	s, S. L. Millar, S.
Prashar, Tetrahedron 2005, 61, 9799 –9807; m) J. Peng, J. Li, H. Qiu,
J. Jiang, K. Jiang, J. Mao, G. Lai, J. Mol. Catal. A 2006, 255, 16 –18.

[23] a) A. S. K. Hashmi, L. Schwarz, P. Rubenbauer, M. C. Blanco, Adv.
Synth. Catal. 2006, 348, 705 – 708; b) V. Nair, K. G. Abhilash, N.
Vidya, Org. Lett. 2005, 7, 5857 –5859; c) V. Nair, N. Vidya, K. G. Ab-
hilash, Synthesis 2006, 3647 –3653.

[24] a) L. L. Anderson, J. Arnold, R. G. Bergman, J. Am. Chem. Soc.
2005, 127, 14542 –14543; b) A. E. Cherian, G. J. Domski, J. M. Rose,
E. B. Lobkovsky, G. W. Coates, Org. Lett. 2005, 7, 5135 – 5137.

[25] R. D. Howells, J. D. Mc Cown, Chem. Rev. 1977, 77, 69– 92.
[26] M. P. D. Mahindaratne, K. Wimalasena, J. Org. Chem. 1998, 63,

2858 – 2866.
[27] S. Kobayashi, T. Busujima, S. Nagayama, Chem. Eur. J. 2000, 6,

3491 – 3494.
[28] M. L. Larson, F. W. Moore, Inorg. Chem. 1964, 3, 285 –286.
[29] For [MoCl5]-mediated coupling of electron-rich benzene derivatives,

see: a) S. Kumar, M. Manickam, Chem. Commun. 1997, 1615 –1616;
b) S. R. Waldvogel, A. R. Wartini, P. H. Rasmussen, J. Rebek Jr.,
Tetrahedron Lett. 1999, 40, 3515 – 3518; c) S. R. Waldvogel, R. Frçh-
lich, C. A. Schalley, Angew. Chem. 2000, 112, 2580 – 2583; Angew.
Chem. Int. Ed. 2000, 39, 2472 –2475; d) S. R. Waldvogel, E. Aits, C.
Holst, R. Fçhlich Chem. Commun. 2002, 1278 –1279; e) S. R. Wald-
vogel, Synlett 2002, 622 –624; f) B. Kramer, A. Averhoff, S. R. Wald-
vogel, Angew. Chem. 2002, 114, 3103 –3104; Angew. Chem. Int. Ed.
2002, 41, 2981 –2982; g) B. Kramer, R. Frçhlich, K. Bergander, S. R.
Waldvogel, Synthesis 2003, 91 –96; h) B. Kramer, R. Frçhlich, S. R.
Waldvogel, Eur. J. Org. Chem. 2003, 3549 –3555; i) B. Kramer, S. R.
Waldvogel, Angew. Chem. 2004, 116, 2501 –2503; Angew. Chem. Int.
Ed. 2004, 43, 2446 – 2449; j) D. Mirk, B. Wibbeling, R. Frçhlich, S. R.
Waldvogel, Synlett 2004, 1970 –1974.

[30] A. Ishigaki, T. Shono, Bull. Chem. Soc. Jpn. 1974, 47, 1467 – 1470,
and references therein.

[31] For selected examples, see: a) T. Ohishi, T. Kojima, T. Matsuoka, M.
Shiro, H. Kotsuki, Tetrahedron Lett. 2001, 42, 2493 –2496; b) S.
Podder, J. Choudhury, U. K. Roy, S. Roy, J. Org. Chem. 2007, 72,
3100 – 3103; c) Z. Li, Z. Duan, J. Kang, H. Wang, L. Yu, Y. Wu, Tet-
rahedron 2008, 64, 1924 –1930; d) C.-R. Liu, M.-B. Li, C.-F. Yang, S.-
K. Tian, Chem. Commun. 2008, 1249 – 1251; for a step-wise process,
see: e) J. Esquivias, R. G. Array�s, J. C. Carretero, Angew. Chem.
2006, 118, 645 –649; Angew. Chem. Int. Ed. 2006, 45, 629 –633.

[32] For the mechanism of Friedel–Crafts-type triarylmethane forma-
tions, see: a) S. Saito, T. Ohwada, K. Shudo, J. Am. Chem. Soc. 1995,
117, 11081 –11084; b) G. A. Olah, G. Rasul, C. York, G. K. S. Pra-
kash, J. Am. Chem. Soc. 1995, 117, 11211 –11214.

[33] H. tom Dieck, H. Friedel, J. Organomet. Chem. 1968, 14, 375 – 385.

Received: June 7, 2008
Revised: August 20, 2008

Published online: October 27, 2008

Chem. Eur. J. 2008, 14, 10705 – 10715 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 10715

FULL PAPERCatalysis of Friedel–Crafts Alkylation Reactions

http://dx.doi.org/10.1021/ol702179n
http://dx.doi.org/10.1021/ol702179n
http://dx.doi.org/10.1021/ol702179n
http://dx.doi.org/10.1021/jo7024948
http://dx.doi.org/10.1021/jo7024948
http://dx.doi.org/10.1021/jo7024948
http://dx.doi.org/10.1021/ol800450x
http://dx.doi.org/10.1021/ol800450x
http://dx.doi.org/10.1021/ol800450x
http://dx.doi.org/10.1021/ol800450x
http://dx.doi.org/10.1021/ol070235g
http://dx.doi.org/10.1021/ol070235g
http://dx.doi.org/10.1021/ol070235g
http://dx.doi.org/10.1021/ol070235g
http://dx.doi.org/10.1016/j.tetlet.2005.01.031
http://dx.doi.org/10.1016/j.tetlet.2005.01.031
http://dx.doi.org/10.1016/j.tetlet.2005.01.031
http://dx.doi.org/10.1016/j.tetlet.2005.01.031
http://dx.doi.org/10.1021/om0495325
http://dx.doi.org/10.1021/om0495325
http://dx.doi.org/10.1021/om0495325
http://dx.doi.org/10.1021/om0495325
http://dx.doi.org/10.1002/adsc.200303098
http://dx.doi.org/10.1002/adsc.200303098
http://dx.doi.org/10.1002/adsc.200303098
http://dx.doi.org/10.1002/adsc.200303098
http://dx.doi.org/10.1021/ol0523143
http://dx.doi.org/10.1021/ol0523143
http://dx.doi.org/10.1021/ol0523143
http://dx.doi.org/10.1002/ejoc.200600390
http://dx.doi.org/10.1002/ejoc.200600390
http://dx.doi.org/10.1002/ejoc.200600390
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3814::AID-ANGE3814%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3814::AID-ANGE3814%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3757(20021004)114:19%3C3814::AID-ANGE3814%3E3.0.CO;2-X
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3662::AID-ANIE3662%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3662::AID-ANIE3662%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20021004)41:19%3C3662::AID-ANIE3662%3E3.0.CO;2-T
http://dx.doi.org/10.1021/om0497240
http://dx.doi.org/10.1021/om0497240
http://dx.doi.org/10.1021/om0497240
http://dx.doi.org/10.1021/om0497240
http://dx.doi.org/10.1016/S0040-4020(01)00905-X
http://dx.doi.org/10.1016/S0040-4020(01)00905-X
http://dx.doi.org/10.1016/S0040-4020(01)00905-X
http://dx.doi.org/10.1016/S0022-328X(00)90614-4
http://dx.doi.org/10.1016/S0022-328X(00)90614-4
http://dx.doi.org/10.1016/S0022-328X(00)90614-4
http://dx.doi.org/10.1016/S0022-328X(00)90614-4
http://dx.doi.org/10.1021/om00028a066
http://dx.doi.org/10.1021/om00028a066
http://dx.doi.org/10.1021/om00028a066
http://dx.doi.org/10.1021/om00028a066
http://dx.doi.org/10.1016/0020-1693(95)04527-9
http://dx.doi.org/10.1016/0020-1693(95)04527-9
http://dx.doi.org/10.1016/0020-1693(95)04527-9
http://dx.doi.org/10.1021/jo035171b
http://dx.doi.org/10.1021/jo035171b
http://dx.doi.org/10.1021/jo035171b
http://dx.doi.org/10.1016/j.tetlet.2004.02.023
http://dx.doi.org/10.1016/j.tetlet.2004.02.023
http://dx.doi.org/10.1016/j.tetlet.2004.02.023
http://dx.doi.org/10.1016/j.tet.2005.06.083
http://dx.doi.org/10.1016/j.tet.2005.06.083
http://dx.doi.org/10.1016/j.tet.2005.06.083
http://dx.doi.org/10.1002/adsc.200505464
http://dx.doi.org/10.1002/adsc.200505464
http://dx.doi.org/10.1002/adsc.200505464
http://dx.doi.org/10.1002/adsc.200505464
http://dx.doi.org/10.1021/ol052423h
http://dx.doi.org/10.1021/ol052423h
http://dx.doi.org/10.1021/ol052423h
http://dx.doi.org/10.1055/s-2006-950209
http://dx.doi.org/10.1055/s-2006-950209
http://dx.doi.org/10.1055/s-2006-950209
http://dx.doi.org/10.1021/ja053700i
http://dx.doi.org/10.1021/ja053700i
http://dx.doi.org/10.1021/ja053700i
http://dx.doi.org/10.1021/ja053700i
http://dx.doi.org/10.1021/ol051916j
http://dx.doi.org/10.1021/ol051916j
http://dx.doi.org/10.1021/ol051916j
http://dx.doi.org/10.1021/cr60305a005
http://dx.doi.org/10.1021/cr60305a005
http://dx.doi.org/10.1021/cr60305a005
http://dx.doi.org/10.1021/jo971832r
http://dx.doi.org/10.1021/jo971832r
http://dx.doi.org/10.1021/jo971832r
http://dx.doi.org/10.1021/jo971832r
http://dx.doi.org/10.1002/1521-3765(20001002)6:19%3C3491::AID-CHEM3491%3E3.3.CO;2-G
http://dx.doi.org/10.1002/1521-3765(20001002)6:19%3C3491::AID-CHEM3491%3E3.3.CO;2-G
http://dx.doi.org/10.1002/1521-3765(20001002)6:19%3C3491::AID-CHEM3491%3E3.3.CO;2-G
http://dx.doi.org/10.1002/1521-3765(20001002)6:19%3C3491::AID-CHEM3491%3E3.3.CO;2-G
http://dx.doi.org/10.1021/ic50012a036
http://dx.doi.org/10.1021/ic50012a036
http://dx.doi.org/10.1021/ic50012a036
http://dx.doi.org/10.1016/S0040-4039(99)00545-6
http://dx.doi.org/10.1016/S0040-4039(99)00545-6
http://dx.doi.org/10.1016/S0040-4039(99)00545-6
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2580::AID-ANGE2580%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2580::AID-ANGE2580%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1521-3757(20000717)112:14%3C2580::AID-ANGE2580%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2472::AID-ANIE2472%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2472::AID-ANIE2472%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2472::AID-ANIE2472%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3773(20000717)39:14%3C2472::AID-ANIE2472%3E3.0.CO;2-F
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3103::AID-ANGE3103%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3103::AID-ANGE3103%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3757(20020816)114:16%3C3103::AID-ANGE3103%3E3.0.CO;2-J
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2981::AID-ANIE2981%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2981::AID-ANIE2981%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2981::AID-ANIE2981%3E3.0.CO;2-8
http://dx.doi.org/10.1002/1521-3773(20020816)41:16%3C2981::AID-ANIE2981%3E3.0.CO;2-8
http://dx.doi.org/10.1002/ejoc.200300263
http://dx.doi.org/10.1002/ejoc.200300263
http://dx.doi.org/10.1002/ejoc.200300263
http://dx.doi.org/10.1002/ange.200353597
http://dx.doi.org/10.1002/ange.200353597
http://dx.doi.org/10.1002/ange.200353597
http://dx.doi.org/10.1002/anie.200353597
http://dx.doi.org/10.1002/anie.200353597
http://dx.doi.org/10.1002/anie.200353597
http://dx.doi.org/10.1002/anie.200353597
http://dx.doi.org/10.1246/bcsj.47.1467
http://dx.doi.org/10.1246/bcsj.47.1467
http://dx.doi.org/10.1246/bcsj.47.1467
http://dx.doi.org/10.1016/S0040-4039(01)00208-8
http://dx.doi.org/10.1016/S0040-4039(01)00208-8
http://dx.doi.org/10.1016/S0040-4039(01)00208-8
http://dx.doi.org/10.1021/jo062633n
http://dx.doi.org/10.1021/jo062633n
http://dx.doi.org/10.1021/jo062633n
http://dx.doi.org/10.1021/jo062633n
http://dx.doi.org/10.1016/j.tet.2007.11.080
http://dx.doi.org/10.1016/j.tet.2007.11.080
http://dx.doi.org/10.1016/j.tet.2007.11.080
http://dx.doi.org/10.1016/j.tet.2007.11.080
http://dx.doi.org/10.1039/b800066b
http://dx.doi.org/10.1039/b800066b
http://dx.doi.org/10.1039/b800066b
http://dx.doi.org/10.1002/ange.200503305
http://dx.doi.org/10.1002/ange.200503305
http://dx.doi.org/10.1002/ange.200503305
http://dx.doi.org/10.1002/ange.200503305
http://dx.doi.org/10.1002/anie.200503305
http://dx.doi.org/10.1002/anie.200503305
http://dx.doi.org/10.1002/anie.200503305
http://dx.doi.org/10.1021/ja00150a007
http://dx.doi.org/10.1021/ja00150a007
http://dx.doi.org/10.1021/ja00150a007
http://dx.doi.org/10.1021/ja00150a007
http://dx.doi.org/10.1021/ja00150a018
http://dx.doi.org/10.1021/ja00150a018
http://dx.doi.org/10.1021/ja00150a018
www.chemeurj.org

