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4-Toluenesulfonic acid: an environmentally benign catalyst
for Nazarov cyclizations
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Abstract

An efficient metal-free catalytic protocol for the electrocyclization of a-alkoxydienones to cyclopentenones (Nazarov reaction) in near
to quantitative yields is described. The key parameters are the use of inexpensive 4-toluenesulfonic acid in 5 mol % at room temperature
in acetonitrile or under solvent-free conditions. The versatility of the transformation is demonstrated with unpolarized dienones with
good regioselectivities and excellent yields.
� 2008 Elsevier Ltd. All rights reserved.
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Scheme 1. Mechanism for the Brönsted acid-catalyzed Nazarov reaction.
Cyclopentenones are structural features frequently
encountered in natural products.1 The Nazarov reaction,
which is the electrocyclization of conjugated dienones
(divinyl ketones),2 is a well-known and atom economic
route to these structures. However, this methodology
requires most often an acidic activation. Recently, a
catalyst-free Nazarov reaction3 has been described in ionic
liquids under microwave heating. The high temperature
used and the poor stereoselectivity limit such conditions
to the rapid synthesis of simple cyclopentenones. Whereas
Lewis acids have been successfully used under catalytic
conditions, yielding cyclopentenones with excellent control
of regioselectivity and enantioselectivity,4 Brönsted acids
either mineral or organic5,6 require at least a stoichiometric
amount to promote the electrocyclization. Surprisingly,
only a few examples of Nazarov reaction using a catalytic
amount of Brönsted acid (Scheme 1) have been reported to
date. Neat damascenones were isomerized at 180 �C by
TsOH (1%) into a mixture of compounds including the
Nazarov product.7 The same acid (0.5 equiv) in aromatic
0040-4039/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.

doi:10.1016/j.tetlet.2008.02.091

* Corresponding author. Tel.: +33 2 31 45 2893; fax: +33 2 31 45 2877.
E-mail address: jacques.rouden@ensicaen.fr (J. Rouden).
solvents and under reflux afforded hexahydroindenones
from cyclohexenyl vinyl ketones.8 TsOH (0.1 equiv) was
also shown to be able to transform a0-hydroxyenones into
cyclopentenones, although in moderate yields.9 Recently,
10 mol % of TsOH was used to build, from conformation-
ally favorable divinyl ketones, the five-membered ring of
fusicoauritone.10 Shindo et al.11 reported the synthesis of
5-oxycyclopent-2-enones from b-alkoxy divinyl ketones
catalyzed by TfOH (0.1 mol %), more efficient than TsOH.
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Table 2
Solvent effect in the organocatalyzed Nazarov reaction

O
O

Ph

O
O

Ph

5% TsOH

solvent, rt

2a 2b

Entry Solventa Time (h) Yieldb (%)

1 MeCN 15 94
2 CHCl3 15 91
3 CH2Cl2 15 90
4 Toluene 15 85
5 MeOH 24 75
6 EtOH 24 40
7 Et2O 24 25
8 Acetone 24 25
9 THF 24 10

10 DMF 24 10
11 No 4 89

a 1 mL/mmol.
b Isolated yields.
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Finally Rueping et al.,12 described the first enantioselective
catalytic Nazarov reaction of a-alkoxy dienones. It was
mediated by N-triflyl phosphoramides derived from
BINOL. These results and the need for a simple, clean,
and cheap organocatalyst for the Nazarov reaction
prompted us to report our own results. We described here
the efficient catalysis of the Nazarov electrocyclization,
using 5 mol % of TsOH in organic solvents or under
solvent-free conditions, of a variety of substrates, including
unpolarized divinyl ketones.

We first searched for a suitable and simple Brönsted acid
catalyst for the Nazarov cyclization of dienone 1a (Table
1). Sulfonic acids such as TsOH or (+)-CSA used in
20 mol % amount, in acetonitrile, transformed divinyl
ketone 1a into cyclopentenone 1b in quantitative 1H
NMR yields after 3–4 h at room temperature (Table 1,
entries 1–2). Optically pure (+)-CSA produced a racemic
mixture of purified 1b. TFA catalyzed the reaction too,
but required a longer reaction time (entry 3). Cyclopente-
none 1b was obtained with picric acid although this catalyst
was less efficient (entry 4). With less acidic compounds, the
BINOL-derived phosphate13 or aspartic acid, no product
was detected in the reaction mixture (entries 5 and 6).

The previous results led us to optimize the solvent of the
cyclization of dienone 2a using TsOH as a catalyst decreas-
ing its amount to 5 mol %. As shown in Table 2, a strong
solvent effect was observed. Acetonitrile (entry 1), halo-
genated (entries 2–3) and aromatic solvents (entry 4) led
to good to excellent yields of cyclopentenone 2b at room
temperature, whereas THF was not appropriate (entry 9).
These results, except the one observed in acetonitrile, are
in good agreement with the solvent effects reported in the
electrocyclization of 2a in the presence of BINOL-N-triflyl
phosphoramide.12 In other polar (acetone, DMF, entries 8
Table 1
Evaluation of Brönsted acids in Nazarov cyclization

O
O

CH3

O
O

CH3

MeCN, rt

  Brönsted acid

1a 1b

Entry Brönsted acid Mol (%) Time (h) Yielda (%)

1 TsOH 20 3 100
2 (+)-CSAb 20 4 100
3 TFA 20 130 93
4 Picric acid 20 130 40

5
O
O

P
O

OH

(+)

20 130 0

6 Aspartic acid 100 98 0

a Determined by 1H NMR using 4,40-di-t-butylbiphenyl as internal
standard.

b CSA: camphorsulfonic acid.
and 10), apolar (Et2O, entry 7), or protic solvents (MeOH,
EtOH, entries 5–6), the conversion was slower and lower
yields of cyclopentenone 2b were obtained, even after
24 h reaction time (entries 5–10). Finally, the reaction
was carried out in the absence of any solvent (entry 11).
The yield of cyclopentenone 2b was similar to that obtained
in acetonitrile (entry 1) but in a shorter reaction time.
Hence, further Nazarov cyclizations were carried out in
acetonitrile and under solvent-free conditions at room
temperature.

The scope of the reaction was then examined (Table 3).
Various mono and disubstituted 2-alkoxy-1,4-pentadien-3-
ones underwent cyclization smoothly to afford the corres-
ponding cyclopentenones in yields higher than 80%.14 In
most of the cases, the reactions were clean and the product
did not require any purification. As expected, the reactions
were regioselective placing the double bond at the ring-
junction with the dihydropyrane ring. The presence of a
bulky substituent a to the carbonyl and a small or no sub-
stituent at the b position favor the reactive U-form of the
dienone and thus the ring closure. The higher reactivity
of dienones 10a and 3a compared, respectively, to those
of 2a and 4a could be attributed to the presence of a phenyl
group or of a double bond in b-position to the carbonyl
enhancing the stabilization of the divinyl cation intermedi-
ate I (Scheme 1). The ring closure could also be accelerated
by the release of the allylic strain in 3a and the steric
hindrance between the methyl and the phenyl in 10a. The
catalyst loading can be reduced to 1 mol % without
significant change in reaction time, yield, and eventually
diastereoselectivity as it was shown with substrates 7a

and 10a. The higher reactivity of dienone 2a in the Nazarov
reaction under solvent-free conditions was confirmed with
other substrates (entries 1, 3–11).

Particularly, the less reactive dienone 4a afforded 4b in
96% yield after 24 h whereas only 80% were obtained in



Table 3
TsOH-catalyzed Nazarov cyclization of a-alkoxy dienone 1a–11aa

O
O

R1

R2

O
O

R2

R1

1a-10a 1b-10b

O
O

11a

O
O

H

H O
O

H

H

11b 11c

Entry Products R1 R2 MeCN, time (h) Yieldb (%) syn/anti c Neat, time (h) Yieldb (%) syn/antic

1 1b H Me 8 95 4 92
2 2b H Ph 8 94 4 89
3 3b H 1-Propenyl 10 90 5 93
4 4b H n-Pr 72 80 24 96
5 5b Me H 4 97 2 97
6 6b i-Pr H 3 98 2 97
7d 7b Bn H 2 98 2 98
8 8b Me Me 5 96 1.44:1 3 93 1.56:1
9 9b Me Et 4 97 3.35:1 2 97 3.54:1

10d 10b Me Ph 2 97 49:1 1 95 24:1
11 11b — — 4 93 1.44:1e 2 94 3.54:1e

a Reactions were carried out with 1 mmol of dienone, 5 mol % of TsOH at room temperature. 1 mL/mmol for the reactions carried out in MeCN.
b Isolated yields.
c Syn and anti isomers were identified by comparison with literature data and the ratio was determined by 1H NMR.
d No change in the reaction efficiency was observed with 1 mol % of catalyst for substrates 7a and 10a.
e Diastereomeric ratio 11b/11c.
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acetonitrile after 72 h (entry 4). Diastereoselectivity was
low for all disubstituted products except for 10b. The high
syn selectivity observed for this compound, higher to that
previously reported (6:1),12 could result from the kinetic
protonation of intermediate III (Scheme 1) from the less
hindered side of the enol.

The excellent yields for the Nazarov cyclization of alk-
oxy-activated substrates led us to attempt the reaction with
unpolarized dienones 12a–14a (Table 4). These compounds
Table 4
TsOH-catalyzed Nazarov cyclization of unpolarized substrates

O

R2

OO

12-14b 12-14c

5% TsOH
Toluene, 
95-100 °C

+

R1

major minor12-14a

R1

R2

R1

R2

Entry Dienone R1 R2 Time (h) Yielda (%) b:cb

1 12a H H 24 26c 3.35
2 12a H H 10 86d 3.16
3 13a OMe OMe 2 92 5.25
4 14a H NO2 24 82e 2.70

a Isolated yields of both regioisomers starting from 1 mmol of dienones.
b Ratio of the regioisomers measured after separation of each isomer by

chromatography.
c The reaction was carried out at 25 �C.
d 6% starting material recovered.
e 12% starting material recovered.
were conveniently prepared in good yields by the reaction
of the lithium enolate of 1-acetylcyclohexene to the corres-
ponding aldehydes.4c Reaction of 12a with 5 mol % of
TsOH in acetonitrile at 25 �C gave 26% of both regioisom-
ers b and c, whereas heating to 95–100 �C in toluene led to
mixture 12b–12c in 86% yield (entries 1 and 2). The reac-
tion was faster with substrate 13a bearing an electron-
enriched phenyl group at the b-position of the carbonyl
group (2 h, 92% yield, entry 3), whereas with a 4-nitro-
phenyl substituent the cyclization of 14a occurred with a
lower rate (24 h, 82% yield, entry 4).15 The major regio-
isomers 12b–14b were the ones with the less substituted
double bond. According to the conrotatory mode of
cyclization and based on literature precedents,2 we attri-
buted a 3,4-trans relative stereochemistry to the substi-
tuents of cyclopentenones 12b–14b. To our knowledge,
only one example of catalyzed Nazarov reaction of
unpolarized substrates such as 12a–14a was described. It
was mediated by a copper complex and the expected
adducts were obtained in 30–42% yields.16,17

Finally, with the aim of developing supported reagent
based reactions,18 commercially available resins functional-
ized by sulfonic acids were envisaged to catalyze the Naza-
rov reaction. Amberlyst-15 (A-15) was tested with divinyl
ketone 10a (Scheme 2).19 In acetonitrile at room tempera-
ture the cyclization occurred rapidly followed by the open-
ing of the dihydropyrane ring affording compound 15 in
92% yield. This compound has been recently obtained in
the metal-catalyzed reaction.4b Heating 10a in toluene at
70 �C in the presence of A-15 yielded Nazarov product
10b quantitatively.
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Scheme 2. Nazarov cyclization catalyzed by resin supported sulfonic acid.
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In summary, we have shown that TsOH (5%) in acetoni-
trile or under solvent-free conditions exhibits a high cata-
lytic performance for the Nazarov reaction of a-alkoxy
dienones and unpolarized substrates. In many cases, the
product obtained did not require any purification. This
metal-free simple methodology, in which a cheap solid
sulfonic acid was used, offers superior ecological viability
over the often practiced Nazarov reactions conducted
under drastic conditions and stoichiometric quantities of
Brönsted acids. It should be compatible with the highly
functionalized molecules, and thus attractive for the syn-
thesis of complex natural products. The use of a poly-
mer-supported catalyst (Amberlyst-15) afforded, in a
preliminary experiment, either the Nazarov product or
the 2-hydroxy-cyclopentenone, depending on the reaction
conditions. Efforts to exploit this dual reactivity are
underway. We are also currently developing chiral sulfonic
acids for their application in enantioselective Nazarov
cyclization.
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