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A mild and selective transition metal free protocol for the conversion of propargylic alcohols to cyclic and
acyclic a,b-unsaturated enones via the Rupe rearrangement is reported. The method utilizes the Brønsted
acidic ionic liquid [BMIM-SO3H][OTf] as catalyst and [BMIM][PF6] as solvent and offers the potential for
recycling and reuse of the IL solvent. The feasibility to synthesize bicyclic fused cyclopentenone deriva-
tives via a Rupe ? Aldol ? Nazarov sequence utilizing this protocol has also been demonstrated.

� 2013 Elsevier Ltd. All rights reserved.
Synthesis of a,b-enones and a,b-enals via formal isomerization
of propargylic alcohols represents an attractive, atom-economical,
approach that provides direct access to these highly versatile syn-
thetic building blocks.1–3 Propargylic cations are key intermediates
involved in these transformations. Whereas trapping (by H2O) of
the mesomeric allenyl cations (c-substitution) leads to the
Meyer–Schuster rearrangement products (enones or enals), b-
elimination (when applicable) triggers the Rupe rearrangement,
forming an enyne and subsequently the enone. These mechanistic
pathways are outlined in Scheme 1.

The traditional protocols employed in the Meyer–Schuster and
Rupe reactions typically involve the use of large quantities of
strong Brønsted acids, and consequently suffer from low chemose-
lectivity and poor yields.4 The utility of Nafion-H as a solid acid cat-
alyst for the Rupe rearrangement was shown in representative
cases.5 During the last decade a number of transition metal-based
methods were discovered for the conversion of propargylic alco-
hols to enones and enals. These include rhodium/BINAP complex,6

allyl-ruthenium(II) complex/TFAH,7 rhenium(V)-oxo complex,8

and an oxovanadate complex under microwave.9 A number of
gold-catalyzed processes have also been reported including
[(NHC)AuCl]AgX,10 Ph3PAuNTf2,11 and a triazole-coordinated
Au(I) complex.12 A carbonyl-rhenium complex formed by coordi-
nation of iminophosphorane-phosphane ligands to [ReBr(CO)5]
was shown to be quite active for the Rupe isomerization under
microwave irradiation in ionic liquid solvent.13 Except for the
works reported in Refs. 7 and 13, the primary focus of the afore-
mentioned studies has been the Meyer–Schuster reaction.

Despite considerable progress that has been achieved through
transition-metal catalysis, there is a need to develop readily avail-
able, low cost, methods that also offer potential for recycling and
reuse. In relation to our continuing interest in the utility of ionic
liquids as catalysts and solvents for synthetic carbocation and
onium ion chemistry,14 and our more recent focus on generation
and synthetic utility of tamed propargylic cations,15 we report here
on a transition metal free, IL-based, method for the selective con-
version of propargylic alcohols to a,b-unsaturated enones via the
Rupe reaction.

Optimization studies were performed by using 1-ethynylcyclo-
hexanol 1a as a test substrate (Table 1). Whereas acceptable iso-
lated yields of the enone could be obtained after 3 days at room
temperature, optimal conversions were achieved at 50 �C in less
than an hour by employing 30 mol % of [BMIM-SO3H][OTf].

These conditions were then adopted in a subsequent survey of
the scope of the reaction (Table 2).16 Monitoring the progress of
the reactions (TLC) showed that tweaking of the reaction times
was necessary depending on the substrates in order to achieve
optimal conversions. It is noteworthy that competing Meyer–
Schuster products were not detected in these reactions. Reaction
of propargylic alcohol 1e resulted in the expected enone 2e along
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Scheme 1. Divergence between the Rupe and the Meyer–Schuster Rearrangements.

Table 2
Conversion of ethynylalkanols to conjugated enones via the Rupe reaction

CH3

O
OH

H

[BMIM][SO3H][OTf]
(30 mol %)

[BMIM][PF6]
1 2

Entry Ethynylalkanol (1) Conjugated enone (2) Time/Yielda (%)

1. OH

H

1a

O

CH3

2a
50 min/86

(continued on next page)

Table 1
Optimization of the reaction conditions

HO

H

[BMIM][SO3H][OTf]

[BMIM][PF6]

CH3O

1a 2a

Entry Catalyst (mol %) Time Temp (�C) Yielda (%)

1. 20 3 day 25 56
2. 30 3 day 25 62
3. 40 3 day 25 60
4. 20 65 min 50 78
5. 30 50 min 50 84
6. 40 50 min 50 82
7. 30 45 min 75 81

a Isolated yield.

G. C. Nandi et al. / Tetrahedron Letters 54 (2013) 6258–6263 6259



Table 2 (continued)

Entry Ethynylalkanol (1) Conjugated enone (2) Time/Yielda (%)

2. OH

H

1b

O

CH3

2b
60 min/87

3. OH

H

1c

CH3

O

2c

75 min/82

4. OH

H

Me
1d

O

CH3

Me
2d

2 h/76

5.
CH3

OH

H

1e

CH3

CH3O

C

CH3
O

CH3

and

2e

2f
(2e: 2f = 64:36)

3 h/45

6. OH

H

1f

O CH3

2g

2 h/48

a Isolated yield.
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Scheme 2. Formation of complex mixtures with a-aryl, a-ferrocenyl, and a-cyclopentyl derivatives.
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with a structural isomer 2f. Lower conversions were obtained with
propargylic alcohols 1e and 1f. The trans stereochemistry in 2e was
established based on NOE (in Supplementary data).

Extension of the survey study to a-aryl (1h; 1i; 1j) and a-ferr-
ocenyl (1k) alkynols resulted in complex mixtures (Scheme 2).
The contrasting behavior of the cyclohexyl (1a and 1f) and the
cyclopentyl derivatives (1g and 1l), with the latter giving rise to
complex mixtures, is surprising.
Focusing attention on the phenylethynyl-derivatives, phenyle-
thynylcyclohexanol 3a was employed as a test substrate for an
optimization study (Table 3). Runs 1–3 resulted in isolation of
the corresponding enyne, presumably because of the higher stabil-
ity of the phenylpropargyl cation. The Rupe product was isolated in
acceptable yield employing a higher catalyst loading (2.5 equiv) at
75 �C after 5 h. Competing formation of the Meyer–Schuster rear-
rangement products was not observed.



Table 4
Conversion of arylethynylalkanols to conjugated enones via the Rupe reaction

O
OH

Ar

[BMIM][SO3H][OTf]
(2.5 equiv)

[BMIM][PF6]
3 4

Ar

Entry 3 4 Time (h)/Yielda (%)

1. OH

Ph

3a

Ph
O

4a
5/48

2. OH

Ph

3b

Ph
O

4b 7/54

3. OH

Ph

3c

Ph

O

4c

5/45

4. OH

Ph

Me
3d

Ph
O

4d

CH3 6/8

5.
OH

Ph

3e

CH3
H3C O

Ph
H

4e

4/41

(continued on next page)

Table 3
Optimization of the reaction with phenylethynylcyclohexanol 3a

HO

Ph

[BMIM][SO3H][OTf]

[BMIM][PF6]

O
PhPh

H

3a 4a

Entry Catalyst (equiv) Time (h) Temp (�C) Yielda (%)

1. 0.3 24 50 b

2. 0.3 24 75 b

3. 1.0 24 75 b

4. 2.5 5 75 48
5. 3.0 5 75 43

a Isolated yield.
b Enyne was isolated.
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Table 4 (continued)

Entry 3 4 Time (h)/Yielda (%)

6. OH

p-Tol

3f

p-Tol
O

4f

5/51

7.

OH

3g

F3C CF3

O

CF3
F3C

4g

6/39

a Isolated yield.
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Scheme 3. Isolation of enyne 5 from 3h.
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Chart 1. Recycling of [BMIM][PF6] for reaction with 1-ethynylcyclohexanol (1a).

OH

H

+

CHO [BMIM][SO3H][OTf]
(10.0 equiv.)

[BMIM][PF6]

O

4 h, 75 oC

1a 6 7 21 %

Scheme 4. The Rupe ? Aldol ? Nazarov sequence in IL.

O CH3

OH

H

[BMIM][PF6]

CHO
O

H+

[BMIM][SO3H][OTf]

HO
+

O

H

HO

Rupe rearrangement

Nazarov
cyclization

1a 2a

6

7

Scheme 5. Mechanistic steps for the Rupe ? Aldol ? Nazarov transformations
leading to compound 7.

6262 G. C. Nandi et al. / Tetrahedron Letters 54 (2013) 6258–6263
The scope of this transformation was then investigated by
employing arylethynylalkanols 3a–3g with 2.5 equiv of Brønsted
acidic IL (Table 4).17 The reaction times were tweaked in each case
for optimal conversion. Isolated yields of the Rupe products varied
from 54% to 8% depending on the substrate. The trans stereochem-
istry in 4e was established based on NOE (Supplementary data).

The phenylpropargyl alcohol 3h reacted quickly to form the
enyne 5 which was isolated in good yield. Attempts to transform
the enyne to enone by prolonged heating (24 h at 75 �C) led to a
complex mixture (see Scheme 3).

The recycling and reuse of [BMIM][PF6] solvent was investi-
gated for the Rupe reaction of 1-ethynylcyclohexanol (1a) in four
consecutive runs by simply vacuum drying the IL at 70 �C for about
12 h and re-using it in successive runs after addition of fresh
Brønsted acid IL. The results summarized in Chart 1 indicate a
gradual decrease in the isolated yields from 86% to 66%.

In the context of the present study, and in connection to a 2010
report on one-pot synthesis of cyclopentenone derivatives via a
Rupe ? Aldol ? Nazarov sequence employing a 16-electron allyl-
ruthenium(II) pre-catalyst in large excess of TFAH (50 mol %)18

we examined the feasibility to carry out a transition metal free
version of this chemistry in IL. When ethynylcyclohexanol 1a
was reacted with benzaldehyde 6 employing only 1.0 equiv of
[BMIM][SO3H][OTf] a complex reaction mixture resulted. By
increasing the Brønsted acidic IL to 10 equiv, phenylindenone 7
was isolated in 21% yield (Scheme 4).19 The structure of compound
7 was confirmed by its reported analytical data.20

The mechanistic steps involving the in-situ formation of the en-
one (Rupe product), Aldol condensation with benzaldehyde, fol-
lowed by a Nazarov cyclization, are sketched in Scheme 5.

In summary, an ionic liquid-based protocol for the one-pot syn-
thesis of a,b-enones from a diverse set of cyclic and acyclic propar-
gylic alcohols has been developed, utilizing [BMIM-SO3H][OTf] as
catalyst and [BMIM][PF6] as solvent. Study of the scope of the reac-
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tion shows considerable promise but also some limitations. The
feasibility to synthesize bicyclic fused cyclopentenone derivatives
via a Rupe ? Aldol ? Nazarov sequence utilizing this protocol is
also notable. The present transition metal free approach represents
a new life for the Rupe rearrangement.
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