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In the presence of TsNHNH2, a Brønsted acid-promoted intramolecular

cyclization of o-(1-arylvinyl) acetophenone derivatives was developed,

leading to polysubstituted indenes with complexity and diversity in

moderate to excellent yields. In sharp contrast with either the radical or

carbene involved cyclization of aldehydic N-tosylhydrazone with vinyl,

a cationic cyclization pathway was involved, where N-tosylhydrazone

served as an electrophile and alkylation reagent during this trans-

formation.

Recently, much attention has been paid to the development of
N-tosylhydrazones in organic synthesis since they can serve as
key building blocks in either transition-metal-catalyzed or metal-
free organic reactions.1 In some cases, N-tosylhydrazones proved
to be ideal diazo or carbene precursors.2 As expected, the
intermolecular reaction of N-tosylhydrazone with vinyl resulted
in the cyclopropanation products (eqn (1), Scheme 1).3

Alternatively, in the intramolecular type reaction, de Bruin
reported the cobalt-catalyzed radical approach leading to
indene, which involved the insertion of vinyl C–H into the
in situ formed carbene intermediate (eqn (2), Scheme 1).4 After-
ward, Wang developed a rhodium(II)- or copper(I)-catalyzed
formal intramolecular carbene insertion into vinylic C–H bonds
to access indenes (eqn (3), Scheme 1).5 The intramolecular
reaction of ketonic N-tosylhydrazone with vinyl allowed the
facile introduction of functional groups into the 1-position of
indene with complexity and diversity. However, no example of
this was reported or studied before, which was at least partly
due to the less activation and more hindrance than the aldehydic
analogues. To circumvent this, a mechanistically different pathway
should be developed.

In the base-induced reaction of N-tosylhydrazones to afford
alkenes, namely the Shapiro reaction, a carbocation mechanism
may be involved under protic solvents.6 Indeed, N-tosylhydrazones
were also electrophiles, serving as carbocation equivalents and
alkylation reagents in a series of transformations.7

This chemistry of N-tosylhydrazone spurred us to test the
feasibility of intramolecular cationic cyclization of the ketonic
analogues with vinyl toward indenes, which are ubiquious in
pharmaceutical and biologically active compounds,8 serving as
antitumor,9 antiallergic,10 anti-inflammatory,11 and antimicrobial12

reagents.
Herein, we wish to report a metal-free intramolecular reaction

of acetophenone N-tosylhydrazone derivatives and vinyl toward
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Scheme 1 The reaction of N-tosylhydrazone with vinyl.
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polysubstituted indenes in the presence of TsNHNH2 promoted
by a Brønsted acid (eqn (4), Scheme 1). In sharp contrast with
the aforementioned examples on the annulation of aldehydic
N-tosylhydrazone with vinyl, this procedure features: (1) less
active substrates with more hindrance toward polysubstituted
indenes with more complexity and diversity; (2) acidic reaction
conditions rather than basic conditions; (3) a mechanistically
different pathway involving a carbocation.

We began our investigation with the reaction of o-(1-arylvinyl)
acetophenone 1a (0.1 mmol), and TsNHNH2 (0.2 mmol) in
MeOH at 60 1C in the presence of base (2.0 equiv.) under a N2

atmosphere. However, no reaction took place at all (entries 1 and
2). Replacing the base with HOAc (2.0 equiv.), PivOH (2.0 equiv.)
and TsOH�H2O (2.0 equiv.), trace indene was detected (entries 3–5).
Fortunately, in the presence of TsOH�H2O (2.0 equiv.), indene was
isolated in 18% (4.4/1) yield (entry 6) and the yield was further
increased to 47% (4.1/1) (0.1 equiv.), 75% (4.4/1) (0.3 equiv.) and
78% (4.4/1) (0.5 equiv.), respectively (entries 7–9). Under elevated
reaction temperature (80 1C), the yield increased to 81% (2a/2a0 =
5.6/1, entry 11). Under air atmosphere, the yield slightly decreased
to 68% (5.6/1) (entry 9). Among the tested solvents, dioxane
(70%, 0.5/1), THF (67%, 1.8/1), DCE (52%, 1.8/1), MeCN (45%,
0.5/1) and EtOH (69%, 4.4/1) were all inferior to MeOH (entries
12–16). Other Brønsted acids, such as MsOH (41%, 8.4/1), HNTf2

(35%, 7.2/1), were tested, but all resulted in low yields (entries 17
and 18) (Table 1). The ratio of 2a and 2a0 changed under
increased temperature (3.4/1, 100 1C).

With the optimized catalytic system in hand, the scope of
o-(1-phenylvinyl) acetophenone with substituents attaching in
the carbonyl was studied, as shown in Fig. 1. As expected, the
ethyl analogue produced 2b in 87% yield (2b/2b0 = 5.6/1).
However, the iso-propyl (2c, 57%, 5.6/1), tert-butyl (2d, 52%,
2/1), and phenyl (2e, 48%) analogues delivered the cyclized
products in relatively lower yields, which was at least partly due
to the hindrance. n-Pentanyl and benzyl analogues ran
smoothly under the standard procedure, and 2f and 2g were
isolated in 74% (10/1) and 65% (5.6/1) yields, respectively.
Notably, the 2-cyclohexanyl substituted substrate was also a
suitable reaction partner, albeit in relatively low yield (2h, 35%,
4/1). Importantly, 2-(1-phenylvinyl) benzaldehyde worked under
the procedure, providing 2i in 38% yield (3.4/1).

Next, the scope of o-(1-phenylvinyl) acetophenone with sub-
stituents in both aryls was studied, as shown in Fig. 2. In the
case of substrates with functional groups in the phenyl sub-
stituted by acyl, the reaction tolerated fluoro (2k, 75%, 3.4/1;
2n, 69%, 5.6/1), methyl (2p, 78%, 6.7/1), and chloro (2j, 72%,
3.4/1; 2m, 62%, 5/1), which provided facile handles for
potential further functionalization. However, the ortho-
fluoride substrate provided 2o (42%, 3.4/1) in lower yields.
For the substrates with groups in the phenyl attached in the
vinyl, o-chloro substrate 1t produced 2t (37%, 5.6/1) in lower
yield. However, the p-methyl (2q, 73%, 3.4/1), p-chloro (2r, 79%,
5.6/1), and m-chloro (2s, 56%, 5.6/1), analogues all ran
smoothly under the standard procedure. As such, this proce-
dure provided a facile pathway to access 1,3-difunctionalized
indenes with complexity and diversity.

To get some insights into this reaction, more experiments
were conducted. Under the standard procedure, 2a was isolated
in 73% yield in the presence of styrene (1.0 equiv.), and no
cyclopropanation product 3 was detected at all (eqn (1),
Scheme 2). This result ruled out the possibility of the involve-
ment of a carbene pathway. Meanwhile, TsOH�H2O could

Table 1 Selected results for screening the optimized reaction conditionsa

Entry Additive (equiv.) Solvent Temperature Yieldb (%)

1 K2CO3 (2.0) MeOH 60 N.R.
2 Cs2CO3 (2.0) MeOH 60 N.R.
3 HOAc (2.0) MeOH 60 Trace
4 PivOH (2.0) MeOH 60 Trace
5 HOTf (2.0) MeOH 60 Trace
6 TsOH�H2O (2.0) MeOH 60 18
7 TsOH�H2O (0.1) MeOH 60 47
8 TsOH�H2O (0.3) MeOH 60 75
9 TsOH�H2O (0.5) MeOH 60 78/68b/57c

10 TsOH�H2O (0.5) MeOH r.t. 46
11 TsOH�H2O (0.5) MeOH 80 81
12 TsOH�H2O (0.5) Dioxane 80 70
13 TsOH�H2O (0.5) THF 80 67
14 TsOH�H2O (0.5) DCE 80 52
15 TsOH�H2O (0.5) MeCN 80 45
16 TsOH�H2O (0.5) EtOH 80 69
17 MsOH (0.5) MeOH 80 41
18 HNTf2 (0.5) MeOH 80 35

a Reaction conditions: 1a (0.1 mmol), TsNHNH2 (0.2 mmol), solvent
(2.0 mL), under N2 for 6 h, isolated yields. b Under air. c TsNHNH2

(0.12 mmol). The ratio of 2a and 2a0 was determined by 1H NMR.

Fig. 1 The substrate scope of o-(1-phenylvinyl) acetophenone bearing
substituents on the carbonyl. Reaction conditions: o-(1-phenylvinyl)
acetophenone derivatives 1 (0.1 mmol), TsNHNH2 (0.2 mmol), TsOH�
H2O (0.5 equiv.), MeOH (2.0 mL), under N2 for 6 h, isolated yields. The
ratio of 2 and 20 was determined by 1H NMR.
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promote the annulation of 1-(2-(1-phenylvinyl) phenyl)ethan-1-ol 4
leading to indene 2a (8%, eqn (2), Scheme 2), indicating the
participation of the produced carbocation in the subsequent cycliza-
tion. Moreover, (E)-4-(2-(1-phenylvinyl) phenyl)but-3-en-2-one 1u was

subjected to the standard reaction conditions, and indene 2u was
isolated in 3% yield proceeding with a presumed carbocation
migration (eqn (3), Scheme 2). These two results clearly confirmed
the involvement of a carbocation pathway. However, 2-(1-phenyl-
vinyl)benzaldehyde, which has no hyperconjugation in the corres-
ponding cabocation, provided 2i (38%) in relatively lower yield.
Moreover, for substrates with an electron-withdrawing group
attached in the carbonyl, neither 2v nor 2w was detected at all
under the standard reaction (eqn (4), Scheme 2). These results were
also consistent with the carbocation pathway.

Based on the aforementioned experimental results, a tentative
mechanism was proposed (Scheme 3). First, in the presence of
TsNHNH2 and TsOH�H2O, o-(1-phenylvinyl) acetophenone 1a
converts into N-tosylhydrazone 5. Afterward, intermediate 5 trans-
forms into intermediate 6 under the acidic conditions. Second,
intermediate 7 is formed whereby 4-methylbenzenesulfinic acid is
released, which is detected by GC–MS (for details, see ESI†). Third,
after the extrusion of a proton in intermediate 7, the diazo
intermediate 8 is generated, which produces the carbocation
intermediate 9 in the presence of a proton. Fourth, the cation
cyclization takes place leading to intermediate 10. Finally, the
product 2a is formed after the releasing of one proton. Mean-
while, the isomer 2a0 is produced through the sequential addition
of a proton to 2a toward intermediate 11 and the extrusion of a
proton.

In conclusion, we have developed a Brønsted acid-promoted
intramolecular cyclization of o-(1-arylvinyl) acetophenone deriva-
tives, leading to polysubstituted indenes with complexity and diver-
sity in moderate to excellent yields. A carbocation pathway was
involved during this procedure, which was different from either the
radical or carbene involved cyclization of aldehydic N-tosylhydrazone
with vinyl. In sharp contrast with the aforementioned examples on
the annulation of aldehydic N-tosylhydrazone with vinyl, this proce-
dure features: (1) less active substrates with more hindrance toward
polysubstituted indenes with more complexity and diversity; (2)
acidic reaction conditions rather than basic conditions; and (3) a
mechanismly different pathway involved carbocation.
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Fig. 2 The substrate scope of o-(1-phenylvinyl) acetophenone bearing
groups on the phenyl. Reaction conditions: o-(1-arylvinyl) acetophenone
derivatives 1 (0.1 mmol), TsNHNH2 (0.2 mmol), TsOH�H2O (0.5 equiv.),
MeOH (2.0 mL), under N2 for 6 h, isolated yields. The ratio of 2 and 2 0 was
determined by 1H NMR.

Scheme 2 Mechanism study.

Scheme 3 A tentative mechanism.
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