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Nitrogen-containing heterocycles constitute common struc-
tural motifs in a wide range of complex natural products.
Among them, pyrazoline and pyrazolidine derivatives are
highly important organic molecules because of their broad
spectrum of biological activity and widespread natural
occurrence.[1] They are often used as anticancer, antidepres-
sant, anti-inflamatory, antiviral, and antibacterial agents as
well as acyltransferase inhibitors.[2] Apart from these impres-
sive biological properties, which make them privileged
structures in medicinal chemistry and pharmacology, these
structures recently also attracted attention in materials
science.[3] Moreover, differently substituted enantiopure pyr-
azolidine derivatives can be used as precursors for the
preparation of chiral 1,3-diamine derivatives through cleav-
age of the N�N bond of the pyrazolidine moiety. In addition
to their broad application as chiral ligands in asymmetric
synthesis,[4] 1,3-diamines are also significant for the prepara-
tion of cytostatic cisplatin analogues for cancer therapy.[5]

Furthermore, they are also used as anti-influenza agents
(Scheme 1).[6]

The [3+2] cycloaddition between hydrazones and alkenes
represents a convenient access to pyrazolidines.[7–14] These
cycloadditions are generally achieved by using stoichiometric
amounts of achiral Brønsted acids[8] with strong heating,[9] or

employ Lewis acid catalysts.[10–14] Given the usefulness of this
class of compounds, considerable effort has been devoted to
the development of improved methods for their synthesis. To
date, several efficient protocols are available for their
formation in a diastereoselective fashion.[10] In contrast, the
enantioselective synthesis of pyrazolidines from hydrazones is
a great challenge and there are only a few reports of this.
Kobayashi et al. showed that chiral zirconium/binol com-
plexes are efficient Lewis acid catalysts for both the intra-
molecular as well as intermolecular [3+2] cycloaddition of
hydrazones with alkenes.[11] Leighton and co-workers later
reported a related intermolecular cycloaddition between enol
ethers and acylhydrazones by using 1.5 equivalents of a chiral
silane Lewis acid.[12] Zamfir and Tsogoeva reported an
interesting approach, wherein a chiral silane derived from
a binol phosphate acted as the Lewis acid, and good
enantioselectivity was obtained for one example.[13] The
authors also described an example in which a chiral phos-
phoric acid diester was used.

Herein we describe a general and highly enantioselective
Brønsted acid catalyzed cycloaddition[15, 16] between various
alkenes and N-benzoylhydrazones that leads to valuable
optically active pyrazolidine derivatives.

We started our investigation with the examination of
different binol phosphoric acid catalysts. However, low yields
of product were observed, irrespective of the reaction
conditions used. The low acidity of phosphoric acid
(pKa 13–14 in MeCN) accounted for this low reactivity.
Recent studies showed that binol-based N-triflylphosphor-
amides are not only more acidic (pKa 6–7 in MeCN), but also
more reactive catalysts.[17] From the various N-triflylphos-
phoramides tested, 4 turned out to be the best catalyst for the
[3+2] cycloaddition of hydrazones with cyclopentadiene
(Table 1). The use of hydrazones with different acyloyl
protecting groups 1a–3a had an impact on the enantioselec-
tivity of the cycloaddition (Table 1, entries 1–3). The best
result was obtained with benzoyl-protected hydrazone 3a,
with pyrazolidine 7a being isolated in a quantitative yield and
with excellent enantioselectivity (99%, 92% ee ; Table 1,
entry 3).

To improve the reaction further, we studied the effect of
different solvents and catalyst loadings. Chlorinated solvents
were generally found to be superior for our reaction (Table 1,
entries 3–6), with 1,2-dichloroethane giving the best results in
terms of both yield and selectivity (99 %, 95% ee ; Table 1,
entry 6). Furthermore, the reaction can be performed by using

Scheme 1. Bioactive molecules based on pyrazolines and 1,3-diamines.
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just 2.5 mol% catalyst at room temperature without affecting
either the yield or the enantioselectivity (Table 1, entry 7).
More pleasingly, the catalyst loading could be decreased
remarkably to 1 mol%, with product 7 a being isolated in only
a slightly lower yield and enantiomeric excess (94%, 93 % ee ;
Table 1, entry 8). Finally, the effect of temperature on the
reaction outcome was also investigated. Cycloadduct 7a was
isolated in quantitative yield and with an improved enantio-
selectivity of 98 % ee when the reaction was conducted at 0 8C
by using 5 mol% of the catalyst (Table 1, entry 9). Decreasing
the catalyst loading to 2.5 mol% at 0 8C resulted in the
product being isolated with the same enantioselectivity
(Table 1, entry 10). Hence, we decided to apply these
conditions (Table 1, entry 10) to reactions involving reactive
hydrazones. Reactions involving less-reactive hydrazones
were performed under the conditions described in Table 1,
entry 7.

To investigate the scope of this newly developed protocol
we prepared several hydrazones derived from aliphatic,
aromatic, and heteroaromatic aldehydes and evaluated
them under the optimized reaction conditions. The results
are summarized in Scheme 2. The reaction generally occurred
with excellent diastereoselection and the major syn diaste-
reomer was isolated along with the minor anti diastereomer.
Firstly, several hydrazones prepared from different aliphatic
aldehydes were tested. Excellent results were obtained with
the a-methylene-substituted hydrazones 3a–e, and adducts
7a–e were isolated in excellent yields and enantioselectivities
(87–99%, 96–98% ee ; Scheme 2). Ethyl glyoxalate derived
hydrazone 3 f underwent a smooth reaction with cyclopenta-
diene to afford cycloadduct 7 f as a single diastereomer in

87% yield and 92 % ee. Hydrazones 3g,h with alkyl substi-
tutents are also suitable substrates for the reaction, with
products 7g,h isolated in good to high yields and ee values.
Next we turned our attention to hydrazones 3 i–p, which are
derived from aromatic aldehydes. We were pleased to find
that these hydrazones are also appropriate substrates for our
cycloaddition. Cycloadduct 7 i was isolated from the reaction
of benzaldehyde-derived hydrazone 3 i in 69 % yield and
90% ee. Hydrazones bearing either electron-donating or
-withdrawing substituents on the benzene ring reacted
efficiently, and products 7j–o were isolated in good to high
yields and enantioselectivities. Importantly, substrate 3p
bearing a heteroaromatic ring also furnished the correspond-
ing adduct 7p in good yield and with an excellent enantio-
meric excess of 96% ee. The absolute configuration of
product 7 l was determined as S,S,S by single-crystal X-ray
analysis (see the Supporting Information).[22]

Table 1: Optimization of the reaction conditions.[a]

Entry R Solvent T [8C] 4 [mol%] Yield [%][b] ee [%][c]

1 NO2, 1a CH2Cl2 RT 5 95 73
2 CF3, 2a CH2Cl2 RT 5 44 77
3 H, 3a CH2Cl2 RT 5 99 92
4 H, 3a toluene RT 5 99 81
5 H, 3a CHCl3 RT 5 99 91
6 H, 3a (CH2Cl)2 RT 5 99 95
7 H, 3a (CH2Cl)2 RT 2.5 99 95
8 H, 3a (CH2Cl)2 RT 1 94 93
9 H, 3a (CH2Cl)2 0 5 99 98
10[d] H, 3a (CH2Cl)2 0 2.5 90 98
11[e] H, 3a CH2Cl2 RT 0 0 –

[a] Unless otherwise noted, the reactions were carried out for 18 h in the
presence of 5 mol% catalyst in a 0.05m solution of hydrazone using the
solvent and the temperature as indicated; 5a : R =NO2, 6a : R = CF3, 7a :
R = H. [b] The syn product was isolated along with its anti diastereomer
in a 96:4 ratio, as determined by 1H NMR spectroscopy. [c] The
enantioselectivity was determined by HPLC analysis on a chiral
stationary phase. [d] Reaction time 48 h. [e] Without any catalyst.

Scheme 2. Substrate scope of the organocatalytic enantioselective
[3+2] cycloaddition with cyclopentadiene. The diastereomeric ratio was
determined by 1H NMR spectroscopy when the minor diastereomer
was observed in the 1H NMR spectrum; otherwise it is reported as
>98:2. The enantiomeric excess was determined by HPLC analysis.
[a] Reaction was performed with a 5 mol% catalyst loading.
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To show the synthetic applicability of our newly devel-
oped method, we carried out a reaction on a 0.3 g scale by
employing a catalyst loading of only 1 mol%. Pleasingly, the
reaction was highly efficient, and product 7a was isolated in
95% yield with 93 % ee after 1 day. Thus, scaling-up of this
procedure is feasible.

After proving the wide substrate scope with regard to the
structure of the hydrazone in the reaction with cyclopenta-
diene, our attention turned to different alkenes for the [3+2]
cycloaddition with hydrazones, and we examined the use of a-
methylstyrenes (Scheme 3). To the best of our knowledge, the
asymmetric [3+2] cycloaddition of a-methylstyrene with
hydrazones has not been reported, although valuable pyr-
azolidine derivatives bearing a quaternary and a tertiary
stereocenter at the 3- and 5-positions would be obtained.

After optimization of the reaction conditions, we found that
a-methylstyrene and analogues are also suitable substrates
for our cycloaddition, and we were able to isolate product 8a
in 72% yield and 90 % ee as a single diastereomer
(Scheme 3). In general, different alkyl-, aryl-, and hetero-
aryl-substituted styrene derivatives as well as para-nitro-
benzoyl-protected hydrazones could be applied in this new
Brønsted acid catalyzed [3+2] cycloaddition, and the desired
pyrazolidines 8a–r were obtained in good yields and with
excellent enantioselectivities. The absolute configurations of
products 8j and 8p were determined as R,R by X-ray crystal
structure analysis (see the Supporting Information).[22]

The cycloaddition products obtained can be further
functionalized to afford synthetically valuable products. To
demonstrate their usefulness, we performed several function-
alization reactions by using products 7a and 8a as model
substrates. As shown in Scheme 4, oxidation of the C�N bond

is of interest, as products having a pyrazoline core structure
show diverse biological activities.[1, 2] Treatment of 7a with
a stoichiometric amount of cupric chloride resulted in the
oxidation occurring smoothly, and product 9 was isolated
without any loss of enantiopurity.[18] In a similar fashion,
pyrazolidine 8a was also smoothly oxidized to 10.[19] Hydro-
genation was also easily performed, and product 11 was
isolated in 96% yield without affecting the ee value. Finally,
we focused on the more important N�N bond cleavage
reaction, as it provides valuable 1,3-diamine derivatives.
When a methanolic solution of 7 a was treated with SmI2 at
room temperature, N�N bond cleavage occurred smoothly
and product 12 with a core structure similar to that of the anti-
influenza agent peramivir (Scheme 1) was isolated.[20, 21]

Scheme 3. Substrate scope of the organocatalytic enantioselective
[3+2] cycloaddition with a-methylstyrenes. Ar= 4-NO2-Ph. The enantio-
meric excess was determined by HPLC analysis. Bn =benzyl, PMP=
p-methoxyphenyl. [a] Reactions were conducted with a 5 mol% catalyst
loading. [b] Reactions were performed at different temperatures (see
the Supporting Information).

Scheme 4. Derivatization of the [3+2] cycloaddition products.
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In conclusion, we have developed a general metal-free
highly enantioselective cycloaddition between hydrazones
and alkenes that affords pyrazolidine and pyrazoline deriv-
atives, which are valuable compounds with important biolog-
ical activity. In contrast to the less acidic binol-derived
phosphoric acids, the much more acidic N-triflylphosphor-
amide Brønsted acids proved to be very effective catalysts and
promoted the highly enantioselective cycloaddition. The
reaction can be performed with a broad range of hydrazones
and alkenes and leads to high yields and excellent diastereo-
and enantioselectivities. Notably, the resulting optically active
pyrazolidines can undergo many chemical transformations,
including the enantioselective synthesis of valuable 1,3-
diamines.
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