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The application of chiral Brønsted acids in metal-free
enantioselective catalysis is increasing rapidly.[1] Within the
last two years the first highly enantioselective transformations
have been developed in which chiral Brønsted acids function
as biomimetic catalysts. The central role performed by the
Brønsted acids in such reactions is the activation of the
electrophile by catalytic protonation, thereby enabling them
to react with a nucleophile. In this manner it has been possible
to realise enantioselective transformations with aldimines and
ketoimines using chiral Brønsted acids such as binol phos-
phates [Eq. (1)].[2–5] In these transformations a proton is

initially transferred from the Brønsted acid to an aldimine or
ketoimine to form an intermediary chiral ion pair which
subsequently reacts with a nucleophile to form the corre-
sponding amine and the regenerated Brønsted acid.

Within this field of chiral ion pair catalysis, only aldimines
and ketoimines have been activated to date. More recently,
however, we have been successful in the activation of both the
electrophile and the nucleophile in a new double Brønsted
acid catalyzed reaction.[5] In these reactions the simultaneous
and co-operative activation of the aldimine by the chiral binol

phosphate *BH [Eq. (1)], and the carbonyl nucleophile by an
achiral Brønsted acid [Eq. (2)], result in the desired prod-
ucts.[5]

The enantioselective Brønsted acid catalyzed activation of
a “pure” carbonyl compound using a chiral binol phosphate
has not previously been described. Here we report for the first
time the development of such a reaction: a Brønsted acid
catalyzed enantioselective Nazarov cyclization. The Nazarov
reaction belongs to the group of electrocyclic reactions and is
one of the most versatile methods for the synthesis of five-
membered rings, which are the key structural elements of
numerous natural products.[6] In general, the Nazarov cycli-
zation can be catalyzed by Brønsted or Lewis acids. However,
only a few asymmetric variations have been described, of
which most require the use of large amounts of chiral metal
complexes.[7]

Building on our previous results,[3–5] we decided to
examine a metal-free Nazarov reaction catalyzed by a binol
phosphate. This would not only be the first example of a
Brønsted acid catalyzed, enantioselective, electrocyclic reac-
tion but would additionally provide a simple and direct route
to optically pure cyclopentenones.

We assumed that the catalytic protonation of a divinylke-
tone A by the binol phosphate (*BH) would result in the
formation of an adduct B, which consisted of a cyclopenta-
dienyl cation and a phosphate anion (Scheme 1). Subsequent
conrotatory 4p electrocyclization would lead to oxyallyl
cation C which, through the elimination of a proton, would
form enolate D. Successive protonation of this enolate should
then result in the formation of cyclopentenone E and the
regenerated Brønsted acid catalyst *BH.

At the outset of our experimental work we searched for a
suitable Brønsted acid catalyst for the enantioselective
electrocyclization of dienone 2 (Table 1).[8] The initial reac-
tions conducted with various binol phosphates 1a–1e in
toluene at 60 8C provided cyclopentenones 2a and 2b with
enantioselectivities of up to 82% ee (Table 1, entries 2 and 3).
However, improved reactivity could be achieved by using the
corresponding N-triflyl phosphoramides[9] 1 f and 1g, which
even at 0 8C gave complete conversion after ten minutes.
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Additionally, it was shown that the use of these catalysts
significantly improved both the diastereoselectivity (cis/trans
ratio up to 7:1) and the enantioselectivity (up to 96% ee ;
Table 1, entries 6 and 7).

Apart from various dienones, the solvent, temperature, as
well as catalyst loading and concentration were varied in
further experiments. These experiments showed that the
reactivities and enantioselectivities of the Brønsted acid
catalyzed Nazarov cyclization are strongly dependent on the
solvent (Table 2). While no reactions are observed in polar
solvents such as THF or acetonitrile, the products were
formed in good yields and with very good selectivities in
aromatic (Table 2, entries 1–4) and halogenated solvents
(Table 2, entries 7–12). The best enantioselectivities were
obtained in chloroform. Thus, the electrocyclization of 3 using
2 mol% of catalyst 1g[10] at 0 8C for one hour afforded the

diastereomers 3a and 3b with excellent enantiomeric
excesses of 91% ee.

We applied various dienones to the Brønsted acid
catalyzed enantioselective Nazarov reaction procedure
under these optimized conditions (Table 3).[11] In general it
was possible to successfully transfer differently substituted
dienones 2–12 to the corresponding cyclopentenones in good
yields and with excellent enantioselectivities (86–99% ee).
The reaction is not only applicable to the alkyl- and aryl-
substituted dienones 2–10 (Table 3, entries 1–9), but also to
the dialkyl-substituted dienones 11 and 12 (Table 3, entries 10
and 11). Interestingly, the conversion of dienones 11 and 12
resulted exclusively in the cis isomer—in the latter case with a
diastereomeric excess of 98% de.

The absolute configuration of the products was obtained
from a X-ray crystal-structure analysis. The cis product of
compound 9a has the S configuration at both stereogenic
centers (Figure 1).

While our newly developed Brønsted acid catalyzed
Nazarov reaction primarily generates the cis-cyclopente-
nones, the so far described asymmetric metal-catalyzed
variations often provide the trans product.[7] To demonstrate
that a route to these isomers is also possible we isomerized the
cis-cyclopentenone 5a to the corresponding trans-cyclopen-
tenone 5b without loss of enantiomeric purity [Eq. (3)].[10a]

Thus, we have developed an efficient Brønsted acid
catalyzed process by which we are able to obtain all four
possible stereoisomers with excellent enantioselectivities.

Scheme 1. Brønsted acid catalyzed Nazarov cyclization.

Table 1: Evaluation of Brønsted acids 1a–1g in the enantioselective
Nazarov cyclization.[a]

Entry Ar X 2a/2b[b] ee (2a), ee (2b)[c]

1 phenyl (1a) OH 1.5:1 64, 8
2 1-naphthyl (1b) OH 2.3:1 81, 55
3 9-anthracenyl (1c) OH 3.4:1 82, 60
4 4-biphenyl (1d) OH 1:1.5 73, 22
5 2-naphthyl (1e) OH 1:1 54, 9
6 1-naphthyl (1 f) NHSO2CF3

[d] 5.2:1 83, 96
7 9-phenanthryl (1g) NHSO2CF3

[d] 7:1 86, 94

[a] Reaction conditions: 2, 10 mol% 1, in toluene at 60 8C. [b] Deter-
mined by 1H NMR spectroscopy and HPLC analysis. [c] Enantiomeric
excess (in %) determined by HPLC analysis (Chiralcel OD-H column).
[d] Reactions at 0 8C, 10 min.

Table 2: Influence of solvents on the enantioselectivity of the organo-
catalytic Nazarov reaction.

Entry[a] Solvent Catalyst Yield
[%][b]

3a/3b[c] ee (3a), ee (3b)[d]

1 toluene[e] 1 f 90 1.8:1 69, 80
2 toluene 1 f 90 3.8:1 75, 81
3 benzene 1 f 67 4.4:1 72, 75
4 PhCF3 1 f 65 2:1 67, 71
5 CH3CN 1 f – – –
6 THF 1 f – – –
7 DCE 1 f 53 1.9:1 51, 68
8 CH2Cl2 1 f 77 2.1:1 68, 81
9 CHCl3 1 f 86 2:1 89, 95
10 CHCl3 1g 95 3.5:1 90, 93
11 CHCl3 1g[f ] 85 2.9:1 89, 89
12 CHCl3 1g[f,g] 78 3.2:1 91, 91

[a] Reaction conditions: 3, 10 mol% 1 in 2 mL solvent at 0 8C. [b] Yields
of isolated product after chromatography. [c] Determined by 1H NMR
spectroscopy. [d] Determined by HPLC analysis (ee value in %). [e] Reac-
tions at room temperature. [f ] 2 mol% catalyst. [g] In 1 mL CHCl3. DCE=
1,2-dichloroethane.
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In conclusion we have developed the first enantioselective
Brønsted acid catalyzed Nazarov reaction. This efficient
method is not only the first example of an organocatalytic
electrocyclic reaction but it also provides the corresponding
cyclopentenones in good yields and with excellent enantiose-
lectivities (86–98% ee). The Nazarov reaction introduced
here represents the first enantioselective activation of a
carbonyl group catalyzed by a binol phosphate. Compared to
the metal-catalyzed reaction, special features of our new
Brønsted acid catalyzed electrocyclization are the lower
catalyst loadings (2 mol%), higher enantioselectivities,
access to all possible stereoisomers, as well as the mild
conditions and fast reaction times.
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