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Xin Hong,†,∥ Hatice Basp̧ınar Kücü̧k,‡,∥ Modhu Sudan Maji,‡ Yun-Fang Yang,† Magnus Rueping,*,‡

and K. N. Houk*,†

†Department of Chemistry and Biochemistry, University of California, Los Angeles, California 90095, United States
‡Institute of Organic Chemistry, RWTH Aachen University, Landoltweg 1, 52074 Aachen, Germany

*S Supporting Information

ABSTRACT: Brønsted acid catalyzed (3+ + 2) cycloadditions
between hydrazones and alkenes provide a general approach to
pyrazolidines. The acidity of the Brønsted acid is crucial for the
catalytic efficiency: the less acidic phosphoric acids are
ineffective, while highly acidic chiral N-triflylphosphoramides
are very efficient and can promote highly enantioselective
cycloadditions. The mechanism and origins of catalytic
efficiencies and selectivities of these reactions have been
explored with density functional theory (M06-2X) calcu-
lations. Protonation of hydrazones by N-triflylphosphoramide
produces hydrazonium−phosphoramide anion complexes. These ion-pair complexes are very reactive in (3+ + 2) cycloadditions
with alkenes, producing pyrazolidine products. Alternative 1,3-dipolar (3 + 2) cycloadditions with the analogous azomethine
imines are much less favorable due to the endergonic isomerization of hydrazone to azomethine imine. With N-
triflylphosphoramide catalyst, only a small distortion of the ion-pair complex is required to achieve its geometry in the (3+ + 2)
cycloaddition transition state. In contrast, the weak phosphoric acid does not protonate the hydrazone, and only a hydrogen-
bonded complex is formed. Larger distortion energy is required for the hydrogen-bonded complex to achieve the “ion-pair”
geometry in the cycloaddition transition state, and a significant barrier is found. On the basis of this mechanism, we have
explained the origins of enantioselectivities when a chiral N-triflylphosphoramide catalyst is employed. We also report the
experimental studies that extend the substrate scope of alkenes to ethyl vinyl ethers and thioethers.

■ INTRODUCTION

Pyrazolidines are very important and valuable compounds for
their widespread natural occurrence,1 important biological
properties,2 and applications in material science.3 The Lewis-
acid catalyzed reactions between hydrazones and alkenes
provide atom- and step-economic access to pyrazolidines,4

and extensive effort has been devoted to the development of
enantioselective catalysts for this transformation.5,6 These
reactions are found to involve formations of intermediates
that undergo cycloadditions. Kobayashi discovered that chiral
zirconium/BINOL complexes are efficient enantioselective
Lewis acid catalysts for both inter- and intramolecular (3 +
2) cycloadditions between hydrazones and alkenes (Scheme
1a).5a,c In addition, Leighton and Tsogoeva individually
reported that chiral silanes could serve as an alternative chiral
Lewis acid for similar reactions (Scheme 1a).5d,6c Müller and
List have also developed a chiral Brønsted-acid catalyzed
asymmetric 6π electrocyclization reaction of hydrazones to
obtain enantiopure pyrazolidine derivatives.6h Although Huis-
gen’s definition of cycloadditions does not strictly apply to the
overall reactions, we will follow common literature usage here.
The Rueping laboratory recently discovered a general and
highly enantioselective N-triflylphosphoramide catalyst for the
intermolecular (3 + 2) cycloaddition between hydrazones and

alkenes (Scheme 1b).7 Several pyrazolidine derivatives were
synthesized in excellent yields and enantioselectivities. A [H8]-
BINOL-based N-triflylphosphoramide catalyst8 was suitable for
this transformation. In the process of exploring the generality of
this significant cycloaddition reaction, we were interested in
finding other readily available dipole acceptors. In this context,
we found that the more electron-rich and hence more reactive
dipole acceptor ethyl vinyl thioether is an interesting choice.
We present our results on the asymmetric (3 + 2) cycloaddition
reaction of hydrazones with ethyl vinyl thioether using a
SPINOL-derived N-triflylphosphoramide catalyst9 (Scheme
1c).
The acidity of Brønsted acid catalysts is crucial to induce

reactions between hydrazones and alkenes. Less acidic
phosphoric acids (pKa = 13−14 in acetonitrile) give low yields
of product irrespective of the reaction conditions, while the
more acidic N-triflylphosphoramides8 (pKa = 6−7 in
acetonitrile) are much more reactive catalysts, with good to
excellent enantioselectivities.7,10 Because of the necessity to use
highly acidic Brønsted acid catalysts, we surmise that
phosphoramides may not play a role like the classical Lewis
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acid catalysts in activating the 1,3-dipole.5e,11 Instead, the
Brønsted acid catalyst could protonate hydrazone and form an
ion-pair complex A, as shown in Scheme 2. The ion-pair
complex A has a reactive monopolar hydrazonium and a
chirality-controlling phosphoramide anion. We use the word
“monopole” to describe the cationic intermediate, to contrast to
the variable 1,3-dipoles, neutral species bearing plus and minus
charges, in favorable Lewis structures. The reaction of the

monopole with alkenes or alkynes is referred to as a 1,3-
monopolar cycloaddition. The (3+ + 2) cycloaddition of the
ion-pair complex A is mild and selective via TSB, generating the
pyrazolidine−phosphoramide complex C. Subsequently, com-
plex C releases the pyrazolidine product, regenerating the
complex A with another molecule of hydrazone. Although
monopolar (3+ + 2) cycloadditions with hydrazonium cations
have been documented since the 1970s, the synthetic
applications and especially the catalytic reactions are rare.12

Does the N-triflylphosphoramide really protonate hydrazones
and enable the (3+ + 2) cycloadditions with alkenes? How does
the chiral phosphoramide control the regio- and enantiose-
lectivity? In order to answer the above questions and provide
the mechanistic basis for designing future Brønsted acid
catalyzed (3+ + 2) cycloadditions with hydrazones, we have
carried out density functional theory (DFT) calculations to
explore the mechanism and selectivity of the N-triflylphosphor-
amide catalyzed (3 + 2) cycloadditions between hydrazones
and alkenes.

■ RESULTS AND DISCUSSION
Experimental Results. We started our investigation by

using 1.0 equiv of hydrazone and 3.0 equiv of vinyl ethyl
thioether and applying our previously reported best catalyst.5a

First, the effect of the hydrazone protecting group on the
outcome of the reaction was studied (Table 1, entries 1−3). In
this regard, hydrazone 3a with a simple benzoyl protecting
group was suitable for this reaction, and cycloadduct 8a was
isolated along with its minor diastereomer in 41% yield and
40% ee (Table 1, entry 3). After intensive screening of different
aromatic, oxygenated, and chlorinated solvents, 1,2-dichloro-
ethane (DCE) was found to be the best solvent for this
transformation (Table 1, entry 4). Screening of various BINOL-
and [H8]-BINOL-based N-triflylphosphoramides and phos-
phoric acids did not improve these results, and we turned our
attention to discover a more effective catalyst. SPINOL-derived
N-triflylphosphoramides have not been reported so far in any
asymmetric transformation.9 In the reaction studied here, the
enantioselectivity of the reaction increased to 84% ee with the
new SPINOL-derived catalyst 5c (Table 1, entry 5).13 The
enantioselectivity and yield were both further improved by
lowering the reaction temperature to 0 °C (91% ee, 48%, Table
1, entry 6). The yield of the reaction could be improved further
by increasing the concentration or by using 7.0 equiv of vinyl
ethyl thioether (Table 1, entries 7 and 8). Finally, 3.0 equiv of
the parent aldehyde employed for the hydrazone preparation as
an additive was beneficial for the yield without affecting the
enantioselectivity (Table 1, entry 9). Under these optimized
conditions (Table 1, entry 9), hydrazone 1a also reacted
smoothly to provide the pyrazolidine derivative 6a with
excellent results (92% ee vs 25% ee, Table 1, entry 10 vs
entry 1). The diastereoselectivity of the reaction was found to
be 7:1, which is significantly better than the previously reported
one (up to 3:1).5c

We next evaluated the scope of the reaction. Several
hydrazones were prepared from the corresponding aldehydes
and reacted under our standard reaction conditions. In general,
the reactions worked with high diastereoselectivities and the
major syn diastereomer was isolated along with its minor anti
diastereomer (Table 2). Hydrazones 3a−e derived from
saturated long chain and branched aldehydes reacted smoothly
to provide cycloadducts 8a−e in good yields, with high
diastereoselectivities and excellent enantioselectivities (50−

Scheme 1. Lewis Acid and Brønsted Acid Facilitated
Enantioselective (3 + 2) Cycloadditions between
Hydrazones and Alkenesa

aLA, Lewis acid; BA, Brønsted acid.

Scheme 2. Proposed Monopolar (3+ + 2) Pathway of
Brønsted Acid Catalyzed Cycloaddition between
Hydrazones and Alkenes
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75%, 87−92% ee, Table 2). Hydrazones 3f,g with heteroatoms
in the long chain were also suitable substrates, and products
8f,g were isolated with excellent enantioselectivities (43−62%,
88−90% ee). Hydrazone 3h with a methyl ester moiety in the
alkyl chain provided product 8h with good results (42%, 83%
ee). Several hydrazones 3i−k with a C−C double bond in the
alkyl chain reacted smoothly, and cycloadducts 8i−k were
isolated with excellent results (42−60%, 85−92% ee).
Hydrazone 3l with an alkyne moiety also reacted smoothly to
provide adduct 8l. More functionalized thioethers do not give
the desired yields or enantioselectivities as good as observed
with ethyl vinyl thioether.14

We also investigated the more reactive vinyl ether substrates.
After some initial optimizations, we found that [H8]-BINOL-
derived N-triflylphosphoramide catalyst 5b is suitable for the
reaction (Scheme 3). The reactions were conducted in THF as
solvent, and the best results were obtained at −10 °C using 10
mol % catalyst loading. The aldehyde (3.0 equiv) used for the
hydrazone preparation was found to be an important additive
to obtain a good yield for the cycloaddition reaction. The
reaction tolerates various alkyl substituents on vinyl ethers with

Table 1. Optimization of the Reaction Conditions for the [3
+ 2] Cycloaddition Reaction with Ethyl Vinyl Thioethera

entry R, 1−3 BA* solvent
temp
(°C) product 6−8

yield
(%)b

ee
(%)c

1 NO2,
1a

5a CHCl3 rt 6a 42 25

2 CF3, 2a 5a CHCl3 rt 7a 40 11
3 H, 3a 5a CHCl3 rt 8a 41 40
4 H, 3a 5a DCE rt 8a 55 63
5 H, 3a 5c DCE rt 8a 34 84
6d H, 3a 5c DCE 0 8a 48 91
7d,e H, 3a 5c DCE 0 8a 55 90
8d,f H, 3a 5c DCE 0 8a 68 87
9d,g H, 3a 5c DCE 0 8a 75 91
10d,g NO2,

1a
5c DCE 0 6a 65 92

aUnless otherwise noted, the reactions were carried out for 18 h using
5 mol % of catalyst and 3.0 equiv of vinyl ethyl thioether in a 0.05 M
solution of hydrazone with the solvent and the temperature as
indicated in the table. 6a, R = NO2; 7a, R = CF3; 8a, R = H. bThe syn
product was isolated along with its anti diastereomer in a 3:1 (at rt) to
7:1 (at 0 °C) ratio as determined by 1H NMR analysis. cThe
enantioselectivity was determined by chiral HPLC analysis. dReaction
was performed for 4 days. eReaction was conducted in 0.1 M
hydrazone concentration. fVinyl ethyl thioether (7.0 equiv) was used.
gIsovaleraldehyde (3.0 equiv) was used as additive.

Table 2. Substrate Scope of the Organocatalytic
Enantioselective [3 + 2] Cycloaddition Reaction with Vinyl
Ethyl Thioethera

aDiastereomeric ratio was determined by 1H NMR analysis.
Enantiomeric excesses were determined by HPLC analysis.

Scheme 3. Organocatalytic Enantioselective [3 + 2]
Cycloaddition Reaction with Ethyl Vinyl Ethera

aGreater than 95:5 dr (the second diastereomer was not observed in
the 1H NMR analysis). Enantiomeric excesses were determined by
HPLC analysis. bThe reaction was conducted by using 5 mol %
catalyst loading.
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good to high enantioselectivities, and the ethyl vinyl ether gives
the highest yield.15 This cycloaddition reaction can also be
performed with different aliphatic aldehyde derived hydrazones
with good yields and high enantioselectivities (50−65%, 80−
85% ee, Scheme 3). Decreasing the catalyst loading to 5 mol %
afforded cycloadduct 10a in 54% yield and 87% ee under
similar conditions. Further attempts with enamides only give
racemic products or no desired cycloadducts.16

Computational Results. Computational Methods. All DFT
calculations were performed with Gaussian 09.17 Geometry
optimization was carried out with the M06-2X18 level of theory and
the 6-31G(d) basis set. The vibrational frequencies were computed at
the same level to check whether each optimized structure is an energy
minimum or a transition state and to evaluate its zero-point vibrational
energy (ZPVE) and thermal corrections at 298 K. The single-point
energies and solvent effects in chloroform were computed with M06-
2X method and the 6-311+G(d,p) basis set, based on the gas-phase

optimized structures. Solvation energies were evaluated by a self-
consistent reaction field (SCRF) using the CPCM model19 (UFF
radii). Fragment distortion and interaction energies and bond
dissociation energies were computed at the M06-2X/6-311+G(d,p)
level using the M06-2X/6-31G(d) geometries in the gas phase.
Extensive conformational searches for the hydrazone, phosphoramide,
and hydrazone−phosphoramide/phosphate complexes have been
conducted, and only the most stable conformers and isomers are
discussed.

Complexation between Hydrazone and Phosphoramide. We
explored first the nature of complexes formed between the model
hydrazone 11 and the achiral model phosphoramide 12. The
optimized structures and Gibbs free energies of these complexes are
shown in Figure 1.20 The complexation between hydrazone and
phosphoramide can occur with or without proton transfer. When
proton transfer occurs, there are three possible hydrogen-bonding
complexes; these complexes (13, 14, and 15) are shown in Figure 1.
The N−H distances of hydrazonium in the ion-pair complexes are
generally smaller than 1.1 Å, and the distances between phosphor-
amide anion and hydrogens from hydrazonium are at least 1.6 Å. The
proton transfer complexes support the hypothesis that the Brønsted
acid facilitates the (3+ + 2) cycloaddition by generating the
hydrazonium cation. Alternatively, only hydrogen-bonding complex-
ation occurs in complex 16.21 The N−H distances are similar to those
of the separate hydrazone and phosphoramide. Although the ion-pair
and hydrogen-bonded complexes are quite different, the complexation
reactions are all exergonic, and the four complexes have similar
stabilities, 2 to 4 kcal/mol more stable than separate reactants.

(3 + 2) Cycloaddition with Hydrazone−Phosphoramide Com-
plex. The (3 + 2) cycloaddition between the hydrazone−
phosphoramide complexes and ethylene was explored, and the
optimized structures and Gibbs free energies of transition states
(compared with the most stable complex 13) are shown in Figure 2.
TS17, TS18, and TS19 are the transition states with the ion-pair
complexes (13, 14, and 15), and TS20 is the transition state with the
hydrogen-bonded complex 16. The ion-pair complexes are much more
reactive than the hydrogen-bonded complex in the (3 + 2)
cycloaddition with ethylene. The reaction barriers of the ion-pair
complexes (TS17, TS18, and TS19) are around 30 kcal/mol, while
the hydrogen-bonded complex has a significantly higher barrier via
TS20 (51.3 kcal/mol).22 Only the ion-pair complexes are reactive in
the (3 + 2) cycloaddition with alkenes, and the ion-pair complexes
have similar reactivities to the hydrazonium cation that we investigated
earlier.23 The N-triflylphosphoramide catalyzed cycloaddition between
hydrazones and alkenes is, indeed, a (3+ + 2) cycloaddition. Among
the transition states with the ion-pair complexes, TS19 is the most
favorable one with a barrier of 28.6 kcal/mol, while TS17 and TS18
are at least 2 kcal/mol higher in terms of Gibbs free energy. This
suggests that the phosphoramide anion uses the two terminal oxygens
(one adjacent to phosphine, the other adjacent to sulfur) to bind the
hydrazonium cation in the (3+ + 2) cycloaddition transition state.

Monopolar (3+ + 2) vs Dipolar (3 + 2) Cycloadditions. We also
studied the whole catalytic cycle of the (3+ + 2) cycloaddition and the
competing 1,3-dipolar (3 + 2) cycloaddition pathway with the model
hydrazone 11 and phosphoramide 12 (Figure 3). From hydrazone 11,
the complexation with phosphoramide 12 is exergonic by 3.9 kcal/
mol, giving the ion-pair complex 13. Subsequent (3+ + 2)
cycloaddition with ethylene requires a barrier of 28.6 kcal/mol via
TS19, giving the pyrazolidine−phosphoramide complex 21. The
pyrazolidine product 22 is less basic than the hydrazone 11, so the
product extrusion from complex 21 to regenerate the ion-pair complex
13 is exergonic, making the overall reaction exergonic by 11.0 kcal/
mol. The ion-pair complex 13 is the resting state of the whole catalytic
cycle, and the overall barrier is 28.6 kcal/mol via transition state
TS19.25 Alternatively, the hydrazone can isomerize to the less stable
azomethine imine 23 and undergo the 1,3-dipolar (3 + 2)
cycloaddition with ethylene. Although the azomethine imine is a
reactive dipole and the cycloaddition barrier with ethylene is only 26.8
kcal/mol, the overall barrier of the 1,3-dipolar cycloaddition pathway is
38.5 kcal/mol because of endergonic isomerization. Therefore, the

Figure 1. Optimized structures and Gibbs free energies of complexes
between hydrazone 11 and phosphoramide 12.
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phosphoramide catalyzed (3+ + 2) cycloaddition pathway is much
more favorable than the 1,3-dipolar cycloaddition pathway.
Catalytic Activities of Phosphoramide and Phosphoric Acid.

Recent experiments have shown that the N-triflylphosphoramide is a
much more effective catalyst than phosphoric acid for the cyclo-
addition between hydrazones and alkenes. We have used DFT
calculations to explain the different catalytic activities of the two
Brønsted acids, and the results are shown in Figure 4. As described
above, the N-triflylphosphoramide catalyzed (3 + 2) cycloaddition
between hydrazone 11 and ethylene requires a 28.6 kcal/mol barrier
via TS19. In contrast, the same reaction catalyzed by the less acidic
phosphoric acid, modeled by the dimethyl phosphate 25, is much
more difficult. From the hydrazone 11, the complexation with

phosphate is exergonic by 4.4 kcal/mol, generating the hydrazone−
phosphate complex 26. The subsequent (3 + 2) cycloaddition with
ethylene via TS27 requires a barrier of 36.8 kcal/mol, which is
substantially higher than the barrier of the N-triflylphosphoramide
catalyzed pathway.

In order to understand the different catalytic efficiencies of
phosphoric acid and N-triflylphosphoramide, we applied the
distortion/interaction model26−28 on the cycloaddition transition
states (TS19 and TS27). Both transition states were separated into
two fragments (the distorted complex and ethylene), followed by
single point energy calculations on each distorted fragment. The
energy differences between the distorted structures and optimized
ground state structures are the distortion energies of the ion pair

Figure 2. Optimized structures and Gibbs free energies of (3 + 2) cycloaddition transition states between the hydrazone−phosphoramide complexes
and ethylenes (the free energies changes are compared with the most stable complex 13; the phenyl group from hydrazone and the methyl groups
and fluorines from phosphoramide are hidden for simplicity).24

Figure 3. Free energy profile of the phosphoramide 12 catalyzed 1,3-monopolar (3+ + 2) cycloaddition pathway and the 1,3-dipolar (3 + 2)
cycloaddition pathway between hydrazone 11 and ethylene. Gibbs free energies are shown in kcal/mol.
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complex (ΔEdist‑cpx) and ethylene (ΔEdist‑ethylene), respectively. The
interaction energy (ΔEint) is the difference between the activation
energy and the total distortion energy (ΔEdist‑cpx + ΔEdist‑ethylene).

We find that the distortion of complex (ΔEdist‑cpx) is the
determining factor for the barrier differences. Both transition states
have similar ΔEdist‑ethylene and ΔEint, while the ΔEdist‑cpx of phosphoric
acid (31.5 kcal/mol) is 6.8 kcal/mol higher than that of
phosphoramide (24.7 kcal/mol). The difference of ΔEdist‑cpx is the
major contribution to the 10.1 kcal/mol difference of the electronic
barriers (11.3 kcal/mol of TS19 and 21.4 kcal/mol of TS27). The high
ΔEdist‑cpx with dimethylphosphate means that the ground state
structure of the phosphoric acid complex is very different from its
structure in the transition state (TS27), and a large energy penalty is
required for that structural change. The large structural difference
arises from the low acidity of phosphoric acid. In the hydrazone−
dimethylphosphate complex 26, the hydrazone is not protonated, and
the O−H bond of dimethylphosphate is 1.02 Å. Thus, the complex 26
is a hydrogen-bonded complex instead of an ion-pair complex. While
in TS27, in order to undergo the facile (3+ + 2) cycloaddition, the
complex is distorted to an “ion pair” structure and the same O−H
bond of dimethylphosphate is stretched to 1.61 Å (Figure 4).
Therefore, significant distortion is required for the hydrazone−
phosphoric acid complex to achieve its structure in the (3+ + 2)
cycloaddition transition state with alkenes.

Different from the phosphoric acid, N-triflylphosphoramide is acidic
enough to protonate the hydrazone. Spontaneously, it requires much

Figure 4. Free energy changes and distortion/interaction analysis of phosphoramide (12) and phosphoric acid (25) catalyzed (3 + 2) cycloadditions
between hydrazone 11 and ethylene (the phenyl group from 11, the methyl groups and fluorines from 12, and the methyl groups from 25 are hidden
for simplicity).

Scheme 4. Experimental Results and Computational Models
of Selectivities of Chiral Phosphoramide 5a Catalyzed
Cycloaddition between Hydrazone 29 and α-Methylstyrene
30

Figure 5. Transition states and relative Gibbs free energies of phosphoramide 12 catalyzed cycloaddition between hydrazone 11 and α-
methylstyrene.
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Figure 6. Optimized structures and relative stabilities of chiral N-triflylphosphoramide 32 anion and anion−hydrazonium complex.
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less energy to distort the ion-pair complex 13 to the similar geometry
in the transition state TS19, and a smaller barrier is found. In addition,
to directly compare the acidity of the model phosphoric acid and N-
triflylphosphoramide, we also calculated the free energy change of
proton transfer from the N-triflylphosphoramide 12 to dimethylphos-
phate anion. The reaction is exergonic by 11.7 kcal/mol, which is
consistent with the difference of ΔEdist‑cpx as well as the experimental
pKa difference of similar compounds measured by Rueping and co-
workers.10

Regio- and Enantioselectivity. Because all three experimental chiral
phosphoramides (5a, 5b, and 5c) bear similar chiral skeletons and
prefer the same enantiomer product, we chose to study the chiral N-
triflylphosphoramide 5a. This catalyst gives high regio- and

enantioselectivity of the cycloaddition between hydrazones and
styrenes experimentally. The achiral phosphoramide 12 was used to
explore the regioselectivity, and the chiral phosphoramide 32 was
employed for the computations of enantioselectivity (Scheme 4).

With the model phosphoramide 12, we have studied the
regioselectivity of cycloaddition between hydrazone 11 and α-
methylstyrene 30 (Figure 5). TS33 has the phenyl group of α-
methylstyrene proximal to the forming C−N bond, generating the
product that has been found in experiment.20 Computationally, we
also found that TS33 is 12.4 kcal/mol more stable than TS34. The
regioselectivity mainly arises from the different orbital interactions
between the hydrazonium and alkene in the transition states. The
hydrazonium is electrophilic, and styrene is nucleophilic; thus stronger

Figure 7. Optimized structures and relative stabilities of chiral N-triflylphosphoramide 32 catalyzed (3 + 2) cycloaddition transition states between
hydrazone and α-methylstyrene.
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interaction can be generated when the more electrophilic terminus
(carbon) of hydrazonium is proximal to the more nucleophilic
terminus (terminal carbon) of styrene. This frontier molecular orbital
(FMO) control leads to the strong regioselectivity.
We also studied the enantioselectivity of (3 + 2) cycloaddition

between hydrazone 11 and α-methylstyrene 30 with the model chiral
N-triflylphosphoramide 32 (Scheme 4).29 Anion 35 has three major
conformations by rotating the substituents of sulfur (Figure 6). The
35-C1 has the CF3 group pointing away from the two bulky 2,4,6-
(iPr)3C6H2 substituents, and this conformer is the most stable. The
other two conformers (35-C2 and 35-C3) have the CF3 group closer
to the bulky aryl substituents and are higher in energy.
As discussed above, we showed that the phosphoramide anion uses

the two terminal oxygens to bind the hydrazonium in the (3 + 2)
cycloaddition transition state with alkenes. Using the same binding
mode, we studied the ion-pair complexes with the three conformers of
35 (Figure 6). From 35-C1, only one pair of oxygens (with the
distance of 3.51 Å) is able to form a stable complex with hydrazonium
because of the distance between the oxygens, and the formed complex
is 36-C1. Similarly, 36-C2 and 36-C3 are found with the
corresponding conformers of 35. Interestingly, all three conformers
of the ion-pair complex (36-C1 to 36-C3) have only one face available
for alkenes to approach. Complex 36-C1 has the top of the
hydrazonium protected by the bulky aryl substituent; the alkene can
only approach from the bottom. Complex 36-C3 also has the bottom
face available; thus 36-C1 and 36-C3 give the same cycloaddition
product. Alternatively, 36-C2 has the bottom of the hydrazonium
hindered, and this conformer leads to the minor enantiomer in

experiment. Because the binding between hydrazonium and
phosphoramide anion is very similar in the three conformers, 36-C1
is the most stable.

The (3 + 2) cycloaddition transition states between the three
conformers of ion-pair complex and α-methylstyrene were located.
The computational selectivity is consistent with the experimental
results (Figure 7). We find TS37-C1 is more favorable than TS37-C2,
and the preference is similar to the relative stabilities of the
corresponding conformers of ion-pair complex (36) and phosphor-
amide anion (35). Therefore, the two bulky aryl substituents of the
chiral N-triflylphosphoramide differentiate the stabilities of the anion
conformers, and the ion-pair complexation with hydrazonium transfers
the chirality of the catalyst to the cycloaddition transition state,
generating the enantioselectivity.

We also computationally examined the low enantioselectivity of
ethyl vinyl thioether with the same chiral phosphoramide catalyst 32.
The optimized structures of cycloaddition transition states (TS38-C1
and TS38-C2) and their relative stabilities are shown in Figure 8. The
calculated enantioselectivity (ΔΔH = 1.6 kcal/mol and ΔΔG = 4.4
kcal/mol, Figure 8) is much lower compared with that of α-
methylstyrene (ΔΔH = 4.2 kcal/mol and ΔΔG = 5.9 kcal/mol, Figure
8), which is in agreement with the experiments. This low
enantioselectivity is because the thioethers are more reactive and
less sterically demanding, and thus the large binding pocket of the
[H8]-BINOL-based N-triflylphosphoramide catalyst does not provide
the same high enantioselectivity as the cases with α-methylstyrene.
The SPINOL-based N-triflylphosphoramide catalyst has a more rigid

Figure 8. Optimized structures and relative stabilities of chiral N-triflylphosphoramide 32 catalyzed (3 + 2) cycloaddition transition states between
hydrazone 2a and ethyl vinyl thioether.
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backbone and a smaller binding pocket and gives high enantiose-
lectivities even with the more reactive thioethers.30

■ CONCLUSIONS

We have developed a chiral Brønsted acid catalyzed highly
asymmetric (3 + 2) cycloaddition reaction of hydrazones with
ethyl vinyl thioether. The reaction can be performed with a
broad range of aliphatic aldehyde hydrazones to give valuable
pyrazolidine derivatives in good yields, with high diastereose-
lectivities and excellent enantioselectivities. Our results clearly
indicated that SPINOL-derived N-triflylphosphoramide cata-
lysts can also be a good choice for asymmetric Brønsted acid
catalysis, especially when the corresponding BINOL-derived
catalysts fail to provide good results. The cycloaddition reaction
was also performed with ethyl vinyl ether, and the
corresponding pyrazolidine derivatives were synthesized with
high enantioselectivities. The mechanism and origins of
catalytic efficiencies and selectivities of chiral N-triflylphosphor-
amide catalyzed (3 + 2) cycloaddition between hydrazones and
alkenes have been studied through DFT calculations. The
acidic N-triflylphosphoramide protonates the hydrazone, and a
hydrazonium−phosphoramide anion complex is formed. The
ion-pair complex is very reactive in the subsequent (3+ + 2)
cycloaddition with alkenes, generating the pyrazolidine product.
The alternative 1,3-dipolar (3 + 2) cycloaddition pathway with
azomethine imine is less favorable because of the endergonic
isomerization from hydrazone to azomethine imine. The
Brønsted acid catalyzed (3 + 2) cycloaddition with hydrazone
is essentially a (3+ + 2) cycloaddition with hydrazonium; thus
the protonation of hydrazone by the Brønsted acid is crucial for
the catalytic efficiency. The less acidic phosphoric acid does not
protonate the hydrazone, and a hydrogen-bonded complex is
formed. This leads to a large distortion for the hydrogen-
bonded complex to achieve the “ion-pair” geometry in the (3 +
2) cycloaddition transition state, resulting in a significant
reaction barrier. In addition, we have explained the origins of
enantioselectivities when the chiral bulky N-triflylphosphor-
amide is employed. The sterically demanding substituents of
phosphoramide catalyst can differentiate the stabilities of the
conformers of hydrazone−chiral phosphoramide complex. The
most favorable conformer only has one face of the hydrazonium
available for alkene approach, which transfers the chirality of
the catalyst to the (3+ + 2) cycloaddition transition state,
generating the high enantioselectivity.
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I.; Wölfling, J.; Schneider, G. New J. Chem. 2010, 34, 2671.
(k) Chaudhuri, T.; Banerjee, M. J. Luminescence 2012, 132, 1456.
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