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Abstract—Cyclization of aryl vinyl ketones into 1-indanones was previously known to proceed only in drastic acidic or superacidic
conditions due to the necessity of dicationic, superelectrophilic activation of starting compounds. In this paper, we disclose that
available solid acids such as HUSY–zeolite, sulfated zirconia or heteropolyacid, H3PW12O40 can be successfully applied instead
of superacids to perform these and related reactions. The cases, when the effective excess of acidic sites of the solid is required to
carry out the reaction, are interpreted in terms of key dicationic (superelectrophilic) intermediates on the solid.
� 2005 Elsevier Ltd. All rights reserved.
An active area of research involving dicationic inter-
mediates (superelectrophiles)1 ranges from enzymatic
reactions2 to industrial applications.3 A key point of
superelectrophilic activation is an additional proton-
ation or coordination to a Lewis acid of a low reactive
monocationic species to initiate its reactivity toward
weak nucleophiles: benzene, deactivated arenes, H2

and alkanes. Generally, it requires excess of Brønsted
or Lewis superacid and for this reason has often eluded
synthetic interest. However, recently we have found that
superelectrophilic activation can be carried out success-
fully by replacing superacids with solid acids such as
zeolites, sulfated zirconia and, less efficiently, Nafion.4

Noteworthy, an effective excess of acidic sites of the sol-
ids appeared to be an essential condition to provide
these results.

In this contribution, we give a remarkable example in
which phenyl vinyl ketones are cyclized into practically
important 1-indanones,5 a reaction up to now claimed
to proceed only in drastic acidic or superacidic condi-
tions and involving key dicationic intermediates for
which, based on theoretical studies, the authors have
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shown that the energy barrier for cyclization was consid-
erably lower than for monocationic intermediates.5a

Initially, two isomeric starting compounds, 1,2-diphen-
yl-2-propenone (1a) and chalcone (1b) were tested to
be thus cyclized using H-zeolite, HUSY (Si/Al 2.5),
sulfated zirconia and heteropolyacid, H3PW12O40.

6 All
reactions were carried out in pressure tubes as described
previously4 using benzene, o-dichlorobenzene or CCl4 as
solvent. Both starting compounds appeared to be reac-
tive at 130 �C to give expected 2-phenyl-1-indanone
(2a) and 3-phenyl-1-indanone (2b), respectively. How-
ever, whereas 1a reacted even in the presence of catalytic
amounts of HUSY, 1b notably reacted only in the pres-
ence of HUSY and sulfated zirconia when >2.5 molar
excess of Brønsted acid sites7 was used (Table 1). This
remarkable difference is also in accord with the better
reactivity of 1a in homogeneous phase. Thus, cyclization
1a into 2a occurs in triflic acid (CF3SO3H) as well as
in less acidic CF3SO3H–CF3CO2H mixtures (�14.1 <
Ho < �9) at room temperature.5a In contrast, 1b is inert
in triflic acid at 80 �C,5a but reacts however in stronger8

acid, AlCl3–NaCl melt or polyphosphoric acid at 130–
200 �C to give 2b.9

The mechanistic pathways suggested earlier for a variety
of (super)acid induced reactions of a,b-unsaturated
ketones proposed the intermediacy of mono- and dicat-
ionic species, analogous to 3–5 (Scheme 1).1,5a,10 For
example, the key intermediacy of O,O-diprotonated
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Table 1. Solid acid mediated cyclizations of enones 1a–e into indanones 2a–e and their dependence on the amount of catalysta
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Enone Acid Weight ratio of acid/enone Molar ratio of the
acidic sites/enone

Solvent Time (h) Indanone (yield, %)b

1a HUSY 1.7 1.5 C6H6 15 2a (>95)
1a HUSY 1.1 1 C6H6 15 2a (84)
1a HUSY 0.55 0.5 C6H6 15 2a (60)c

1b HUSY 5.5 5 C6H4Cl2 60 2b (81)d

1b HUSY 2.8 2.5 C6H4Cl2 120 2b (80)d

1b HUSY 2.25 2 C6H4Cl2 60 2b (14)c

1b HUSY 2.25 2 C6H4Cl2 90 2b (14)c

1b HUSY 2.25 2 C6H4Cl2 140 2b (14)c

1b HUSY 2.25 2 CCl4 60 2b (7)c

1b HUSY 1.25 1.1 C6H4Cl2 60 2b (6)c

1b ZrO2/SO4
2� 23 3 CCl4 15 2b (75)

1b ZrO2/SO4
2� 7 1 CCl4 15 2b (14)c

1b H3PW12O40 45 10 CCl4 15 2b (20)c

1c HUSY 2.3 1.5 C6H6 15 2c (53)c

1c HUSY 1.5 1 C6H6 200 2c (46)c

1c HUSY 0.8 0.5 C6H6 80 2c (17)c

1d HUSY 9.1 10 CCl4 40 2d (63)e

1d HUSY 4.7 5 CCl4 40 2d (13)c

1d HUSY 1.9 2 CCl4 40 2d (6)c

1e HUSY 6.7 5 CCl4 10 2e (95)
1e HUSY 2.7 2 CCl4 30 2e (24)c

a Typically, mixture of acid (0.2–1 g), enone (0.1–0.4 g) and solvent (4 mL) was magnetically stirred at 130 �C in 15 mL pressure tube. After cooling,
water (5 mL) was introduced to the mixture followed by continuous solid–liquid extractions with ether. The organic phase was dried (Na2SO4) and
concentrated to provide the residue analyzed by NMR.

b Based on 1H NMR data. Analytical data of isolated indanones were convincing with those previously reported (Ref. 5a,d).
c Significant recovery of starting material was observed.
d The mixture contains 2–7% of 6.
e The overall yield of 2d and its demethylation product.

O

R''

R

3

X
+

X = H or LA
-
 (LA = Lewis acid or Lewis acid site)

O

R''

R

X

+

O

R''

R

X
+

O

R''

R

X

+

H

+

4

5

H+

+R' R'

R' R'

Scheme 1.

8392 K. Yu. Koltunov et al. / Tetrahedron Letters 46 (2005) 8391–8394
dications 4a rather than ions 3a was suggested for reac-
tion 1a!2a due to acceleration of this reaction with in-
crease of acidity in the region of Ho < �9 where the
substrate is already extensively protonated.5a However,
the second O-protonation with acid of moderate
strength seems unlikely and, in general, has still not been
directly observed in superacids.11 In contrast, energeti-
cally favorable O,a-C-diprotonated dications, analo-
gous to 5, have been detected as long-living species
when some a,b-unsaturated ketones were dissolved in
superacids.10c Moreover, similar dications were also
produced from 2-napthols,12 a,b-unsaturated acids5c,8a

and amides.8,13

The formation of monocationic species analogous to 3
in H-zeolites has been confirmed by NMR studies.14

Generation of 4, which requires double protonation
(coordination) of the same atom seems improbable on
zeolites and other solid acids because of discrete distri-
bution of acidic sites. On the other hand, the framework
of zeolites and sulfated zirconia may provide sufficient
proximity of Lewis and Brønsted acidic sites for the
formation of dicationic species 5, whereas the lack of
proton acidity may be compensated by a confinement
effect15 (for zeolites) and effective nucleophilic assistance
of lattice oxygens in transition state14 resulting in the
increase of the protonation rate. However, a heteropoly-
acid, being comparatively strong but purely protonic,
with relatively dispersed acidic sites, should not be
expected to be efficient in dicationic activation.

Taking into account the catalytic character of reaction
1a!2a, we think that this reaction, proceeding as well
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on solid as in liquid acid, involves monocations 3a as the
key reactive intermediates. In contrast, reaction 1b!2b,
which is not catalytic, probably involves the intermedi-
acy of 5b. That is also in accord with found competition
of this reaction with intermolecular alkylation of benz-
ene, when used as solvent to give mostly 1,3,3-triphen-
yl-1-propanone.16 Even the use of o-dichlorobenzene,
normally inert toward monocationic C-electrophiles,17

but often reactive with dicationic species,3,4,5c,8 offers
about 5% of impurity of 6,18 thus supporting the idea
of generation of highly activated dicationic19 species
5b upon the reaction conditions. The strong dependence
of reactivity of 1b and, in less extent of 1a, on the ratio
of acidic sites/enone can be related to the influence of
adsorption on the acidity of catalyst.15,20 This influence,
of course, will play a critical role when the second
protonation (or protonation of enone!LA complex)
is required to initiate cyclization.

Ph

O Ph

Cl
Cl6

Unfortunately, intermediates 5 cannot be observed on
the solid spectroscopically due to both their short life-
time and low concentration. The analogous dications,
as was mentioned above, have been generated as long-
living species by only using extremely acidic
HF(HSO3F)–SbF5–SOClF systems at �80 to �40 �C.
An alternate possibility could be the Nazarov electro-
cyclization suggested by Shudo.5a However, deuterium
labeling of the acid catalyst would not enable us to dis-
tinguish between Nazarov and Friedel–Crafts mecha-
nisms as H/D exchange between catalyst and substrate
is known to be very fast under our conditions on the
aromatic ring21 as well as on the a-carbon due to the
keto-enolic tautomerization of 3.22

The difference found in reactivity of 1a and 1b as model
substrates motivated us to investigate the reaction of
analogous ketones 1c–e (Table 1). As expected, 1-phen-
yl-2-methyl-2-propenone (1c) reacts in the same way as
1a, in the presence of moderate amounts of acid. In con-
trast, enones 1d–e due to electrodonating nature of sub-
stituents R00(R 0) react similar to 1b, generally requiring
5–10 molar excess of acidic sites. These results could
be also interpreted in terms of mono- and dicationic
activation, respectively. In the series of experiments,
we have used CCl4 as solvent due to its low boiling point
facilitating separation from products. However, when
using this solvent we should be aware that it is not
totally inert toward zeolites.23

In addition, we reinvestigated the related reaction of
crotonic acid (7) with toluene, previously carried out
in the presence of catalytic amount of heteropolyacids
and large-pore zeolites to obtain indanones 8 in negligi-
ble yield, whereas similar reaction with isomeric xylenes
gave better results.24 As expected, the use of HUSY (Si/
Al 2.5), providing �10 molar excess of acidic sites, gave
8 in good yield (Scheme 2). Moreover, 7 also reacts with
benzene in similar conditions to give 3-methyl-1-inda-
none in 66% yield.16 These results can be rationalized
as it was done for 1b,d,e, by involvement of key dicat-
ionic intermediacy in the cyclization step. On the con-
trary, the catalytic reaction of 7 with sufficiently
activated xylenes should involve monocationic
intermediates.

In summary, the successful cyclization of phenyl vinyl
ketones into indanones using HUSY and other available
solid acids seems promising for practical applications.
We think that the necessity of the excess of acidic sites
to accomplish cyclization of 1b,d,e into 2b,d,e as well
as the conversion of 7 into 8 is not occasional and, in
accord with our previous results,4 can be interpreted in
terms of key dicationic intermediates. We also suggest
to take into account this argument, which may clarify
the involvement of mono- or dicationic intermediates
in mechanistic considerations.
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