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Cyclopentenones
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Abstract: The first catalytic asymmetric Piancatelli reaction is
reported. Catalyzed by a chiral Brønsted acid, the rearrange-
ment of a wide range of furylcarbinols with a series of aniline
derivatives provides valuable aminocyclopentenones in high
yields as well as excellent enantioselectivities and diastereose-
lectivities. The high value of the aza-Piancatelli rearrangement
was demonstrated by the synthesis of a cyclopentane-based
hNK1 antagonist analogue.

The Piancatelli reaction,[1] an acid-catalyzed rearrangement
of 2-furylcarbinols to cyclopentenone derivatives, was first
reported in 1976 and has been widely applied to the synthesis
of many natural products and biologically active molecules,
including prostaglandins and phytoprostanes.[2,3] The trans-
formation is believed to proceed through acid-promoted
protonation–dehydration of the 2-furylcarbinol to form
a highly reactive oxocarbenium ion intermediate, which,
upon water attack and ring opening, generates a pentadienyl
carbocation. Subsequent 4p-electrocyclic ring closure affords
a trans-substituted 4-hydroxy-5-aryl(alkyl)-cyclopentenone.[4]

The use of amines instead of water as the nucleophile is
known as the aza-Piancatelli reaction (Scheme 1a), which is
typically catalyzed by Brønsted or Lewis acid catalysts.[5] The
resulting 4-aminocyclopentenone scaffolds are potential pre-
cursors not only for aminocyclopentitol frameworks, which
are present in a variety of bioactive molecules as represented
by peramivir or trehazolin,[6] but also for the synthesis of
pharmacologically valuable compounds such as hNK1 antag-
onist analogues.[7]

However, despite its synthetic utility and its discovery
over 40 years ago, to date, no catalytic asymmetric approach
has been reported for the Piancatelli reaction. The rearrange-
ment still constitutes a major challenge for the following
reasons: The chiral catalyst must 1) be acidic enough to
facilitate the dehydration reaction to generate the oxocarbe-
nium intermediate, 2) be able to control the regioselectivity of
the nucleophilic attack towards the 1,2-addition, and 3) act as

an enantioselectivity-inducing element in the key 4p electro-
cyclization step. When amines are used as nucleophiles, the
addition to the 5’-position of the oxocarbenium is in
competition with a rearrangement pathway (see the Support-
ing Information, Scheme S3 a–c),[5a, 8] which renders the
development of a regio- and enantioselective reaction more
difficult. Furthermore, the rearrangement is often restricted
to secondary furylcarbinols as tertiary furylcarbinols bearing
an alkyl substituent tend to undergo dehydration to give
stable alkene side products, which severely decreases the yield
of the rearrangement product (Scheme S3 b).[5e, 9] Given the
challenges of the aza-Piancatelli rearrangement and the high
value of the multisubstituted cyclopentenone products, the
development of a catalytic enantioselective version of this
important reaction would be highly desirable.

Herein, we report the development of the first catalytic
asymmetric Piancatelli reaction employing chiral Brønsted
acid catalysis. Our strategy is outlined in Scheme 1b. We
envisioned that chiral Brønsted acids,[10] especially the more
acidic N-triflylphosphoramides, NTPAs[11] (X = NHTf),

Scheme 1. Asymmetric aza-Piancatelli rearrangement.
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[++] X-ray crystal structure analysis.

Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201608023.
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would enable the dehydration of the furylcarbinol,[12] gen-
erating the chiral anion stabilized oxocarbenium intermediate
I. Subsequent nucleophilic attack by the amine would provide
hemiaminal II, which yields pentadienyl carbocation III upon
ring opening. The ensuing chiral anion controlled enantiose-
lective 4p electrocyclic ring closure provides the desired
optically active 4-aminocyclopentenones. Based on our pre-
vious work on asymmetric Brønsted acid catalysis involving
oxonium ions, we realized that the choice of the nucleophile,
as well as the catalyst framework (3,3 substitution pattern of
the BINOL skeleton) and acidity, would be critical for the
successful realization of the first asymmetric aza-Piancatelli
rearrangement.

With these considerations in mind, we began our inves-
tigation of the Brønsted acid catalyzed Piancatelli reaction by
evaluating various amine nucleophiles as well as catalysts with
different acidities. Initial experiments showed that the
combination of a more acidic triflylphosphoramide with
anilines resulted in a less acidic salt that suppressed both
the decomposition of the highly reactive oxonium intermedi-
ate as well as the direct dehydration of alkyl-substituted
tertiary furylcarbinols to the corresponding alkenes.

Thus we studied the N-triflyldiphenylphosphoramide
(NTPA) catalyzed aza-Piancatelli rearrangement of furan-2-
yl(phenyl)methanol (1 a) with a series of aniline derivatives
(Scheme 2 and Table S1). Whereas the use of ortho-hydroxy-
and ortho-mercaptoanilines resulted in the corresponding

addition product 3a, the use of ortho-aminobenzoic acid 2a
provided the desired rearrangement product 4a in quantita-
tive yield with excellent diastereoselectivity (> 19:1 d.r.).
Encouraged by these results, a variety of chiral NTPAs were
surveyed. Gratifyingly, the sterically congested 3,3’-bis(2,4,6-
iPr3C6H2)-substituted NTPA C4 and [H8]-NTPA C6 gave
promising results in terms of reactivity and selectivity,
affording the desired product 4a in nearly quantitative yield
with 75 % ee and > 19:1 d.r. (Table S1, entries 8 and 10). Use
of the corresponding phosphoric acid C7 as the catalyst
delivered 4a in 91 % yield. However, this reaction required
a prolonged reaction time and suffered from low enantiose-

lectivity (opposite enantiomer, 30 % ee ; entry 11). Further
reaction optimization with regard to the use of different
solvents, concentrations, and temperatures led to further
improvement and revealed that the product could be isolated
in good yields and with high enantioselectivity provided that
the reaction was conducted in chloroform at 5 88C (96 % yield,
91% ee, > 19:1 d.r.; entry 17).

We first explored the generality of this reaction with
respect to ortho-aminobenzoic acids. To simplify the purifi-
cation process and HPLC analysis to determine the ee, all acid
products 4 were transformed into the corresponding methyl
esters 5 without loss of enantioselectivity using (trimethylsi-
lyl)diazomethane as the reagent.[13] As shown in Table 1, the
reaction of furylcarbinol 1a with a variety of ortho-amino-
benzoic acids, including those that bear electron-withdrawing
or -donating substituents at various positions on the aryl ring,
proceeded smoothly, affording the corresponding rearrange-
ment products 5a–5 i in moderate to good yields with high
levels of enantio- and diastereoselectivity (62–83%, 83–94%
ee, > 19:1 d.r.).

To further expand the substrate scope, we investigated the
generality of this rearrangement with various anilines as well
as carbinols (Table 2). In general, the rearrangements pro-
ceeded well, and the Brønsted acid rendered the asymmetric

Scheme 2. Optimization of the reaction conditions.

Table 1: Catalytic asymmetric aza-Piancatelli rearrangement of secon-
dary furylcarbinols with a-aminobenzoic acids.

[a] The reaction in step (a) was conducted at room temperature.
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4p electrocyclization[14] highly enantioselective, providing the
2,3-substituted cyclopentenones 7a–7z. First attempts to vary
the furan moiety in the 4-position did not result in the desired
rearrangement product.[15]

Additionally, we evaluated the generality of our aza-
Piancatelli rearrangement with regard to tertiary furylcarbi-
nols, which provide cyclopentenones with two consecutive
stereocenters, one of which being quaternary. Again, various
carbinols 8 as well as anilines 6 could be applied as substrates,
and the desired b-amino-a,a-substituted cyclopentenones
9a–9w were obtained in good yields and excellent enantio-
selectivities (Table 3). It is particularly noteworthy that under

the rather mild reaction conditions, different alkyl-substituted
tertiary furylcarbinols were tolerated. Compared to the
rearrangement of secondary furylcarbinols (Table 2), the use
of tertiary furylcarbinols generally delivered the correspond-
ing products with higher enantioselectivities (Table 3).

To highlight the synthetic utility of this approach, we
showed that the reactions of both secondary furylcarbinol 1a
and tertiary furylcarbinol 8a with aniline derivatives can be
scaled up to gram scale or preparative scale with comparable
yields and efficiency without compromising the enantiomeric
purity (5a : 1.01 g over two steps, 83 %, 90 % ee, > 19:1 d.r.;

Table 2: Catalytic asymmetric aza-Piancatelli rearrangement of secon-
dary furylcarbinols with anilines.

[a] At RT. [b] At 15 88C. [c] 13:1 d.r. [d] 1 (2 equiv). [e] 48 h.

Table 3: Catalytic asymmetric aza-Piancatelli rearrangement of tertiary
furylcarbinols with anilines.[a]

[a] Isolated yield of the major cis product. [b] The absolute configuration
of 9b was determined by X-ray crystallography as shown, and the
configurations of all other products were assigned by analogy. [c] 36 h.
[d] 8 (1.2 equiv), 5 88C.
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9b : 0.51 g, 86%, 96% ee, 15:1 d.r.; after one recrystallization:
72%, > 99 % ee, > 99:1 d.r.; Scheme S2).

The 1,2-trans-2,3-trans-4-aminocyclopentane-based scaf-
folds (see Scheme S1 b) were found to be comparable to
Aprepitant in structure–activity relationship (SAR) studies
with regard to hNK1 inhibition. In particular, the optically
pure molecules showed enhanced binding affinity.[7] There-
fore, we decided to apply our new method to the synthesis of
human NK1 antagonist 12. As shown in Scheme 3, the
optically active product 5a obtained with our method could
be successfully transformed into hNK1 antagonist 12 with
a high level of enantioselectivity in only three steps (Luche
reduction, alkene hydrogenation, and alkylation of the
hydroxy group). This clearly demonstrates the utility of this
enantioselective aza-Piancatelli reaction as an expedient
means to synthesize various chiral 4-aminocyclopentenones,
which are highly useful in synthetic and medicinal chemistry.

In summary, we have developed the first catalytic
asymmetric Piancatelli reaction. The Brønsted acid catalyzed
reaction shows broad substrate scope and proceeds well with
various amine nucleophiles, as well as secondary and tertiary
carbinols, to give a range of 4-aminocyclopentenones
(60 examples) in good yields and with excellent diastereo-
and enantiocontrol. Under the mild reaction conditions, even
alkyl-substituted tertiary furylcarbinols, which previously
proved to be challenging substrates for Piancatelli reactions,
were tolerated and provided the desired products with
a quaternary stereocenter. To demonstrate the value of our
new approach, the protocol was applied to the enantioselec-
tive synthesis of a cyclopentane-based hNK1 antagonist. The
aza-Piancatelli reaction reported here not only provides fast
access to valuable compounds but also constitutes a good
basis for the development of further Brønsted acid catalyzed
rearrangements and electrocyclization reactions.
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