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Direct Catalytic Asymmetric Synthesis of Pyrazolidine Derivatives
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Armando C�rdova*[a, b, d]

The importance and increased demand of pharmaceutically
active azaheterocycles has urged the development of inexpen-
sive and environmentally benign catalytic asymmetric technol-
ogies.[1, 2] In this context, the pyrazolidine and pyrazoline struc-
tural motif is present in several compounds with significant
bioactivities, such as anti-inflammatory, antidepressant, anti-
cancer, antibacterial and antiviral activities.[3, 4] These types of
compounds are also important starting materials for the syn-
theses of azaprolines and diamines.[5]

In their seminal 1887 work, Fisher and Knçvenagel reported
that the reaction between acrolein and phenylhydrazine gave
the corresponding pyrazoline under acidic conditions
(Scheme 1).[6, 7] However, it was not until 2000 that the first
enantioselective synthesis of pyrazolines from acrylamides by
means of metal-catalyzed enantioselective [1,3]-dipolar cyclo-
addition was disclosed.[8] The subsequent asymmetric synthe-

ses were also predominantly based on metal-catalyzed [1,3]-di-
polar cycloadditions using dipoles and dipole precursors such
as diazoalkanes and nitrile imines, respectively, as starting ma-
terials.[9] The synthesis of 3-pyridyl-4-aryl pyrazolines was also
accomplished by a metal-mediated aza-Michael cycloconden-
sation cascade transformation with moderate enantioselectivi-
ty.[10] Simultaneously, Sibi and coworkers reported an elegant
pyrazilidinone synthesis using a metal-catalyzed enantioselec-
tive aza-Michael/cyclization cascade transformation.[11] In the
realms of metal-free catalysis, List and M�ller recently reported
the first catalytic asymmetric Fischer synthesis of pyrazolines
through a chiral phosphoric acid-catalyzed 6p-electrocycliza-
tion of a,b-unsaturated hydrazones.[12] Shortly after, Briere and
coworkers reported an elegant enantioselective synthesis of
pyrazolines using b-aryl enones as starting materials by means
of phase-transfer catalysis.[13] This was recently expanded by
Deng and coworkers to aliphatic-substituted enones.[13b] Chiral
substituted pyrazolidines can also be synthesized by metal and
metal-free catalysis.[14] Based on the importance of diazahetero-
cycles and our research interest in asymmetric synthesis,[15] we
decided to embark on the development of a direct enantiose-
lective route to pyrazolidines by metal-free catalysis. The retro-
catalytic analysis suggested that a possible asymmetric synthe-
sis of these compounds would be through a chiral amine-cata-
lyzed[16] Michael/hemiaminal cascade reaction between a suita-
ble hydrazine compound and an a,b-unsaturated aldehyde
that would favor 1,4-addition over 1,2-addition (Scheme 2).
Moreover, we envisioned that the subsequent hemiaminal for-
mation would push the equilibrium of the reversible azaconju-
gate addition step towards product formation.[17] During our
studies one elegant report appeared on the direct catalytic
synthesis of pyrazolidines derivatives based on this strategy.[18]

Interestingly, this reaction did not work for b-arylsubstituted
enals.

Herein, we present a highly enantioselective entry to pyrazo-
lidine derivatives with 98–99 % ee, which proceeds via a metal-
free, catalytic 1,4-specific cascade transformation between di-
1,2-N-protected hydrazine and a,b-unsaturated aldehydes.

We began our studies by investigating the reaction between
cinnamic aldehyde 1 a and di-1,2-N-tert-butoxycarbonyl (Boc)-
protected hydrazine 2 a using different catalysts and conditions
(Table 1). To our delight, the cascade reaction gave the corre-
sponding 3-hydroxypyrazolidine 3 a as the only product with
high enantioselectivity when bulky, chiral pyrrolidine derivative
4 was used as the catalyst. Notably, the employment of chiral
amines 4 a–c[19] as catalysts delivered 3 a with high to excellent
enantioselectivities in toluene, trifluoromethyl benzene (PhCF3)
and tetrahydrofuran (THF), respectively (Entries 2, 4, 7–17).[20]

For example, protected prolinol 4 a catalyzed the assembly of
3 a in an asymmetric fashion in 54 % yield with 98 % ee at

Scheme 1. Acrolein and phenylhydrazine give the corresponding pyrazoline
under acidic conditions.[6, 7]
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room temperature (Entry 7). In all cases, product 4 a was
formed exclusively as its a-anomer as determined by 1H NMR
analysis of the crude reaction mixture. Moreover, our results in-
dicate that the conversion did not significantly increase after
prolonged reaction times. The addition of acid or base did not
significantly effect the reaction (Entries 8 and 9). However, de-

creasing the temperature to 4 8C
increased the yield and ee of 3 a
(64 % yield, >99 % ee, Entry 15).
Thus, nearly enantiomerically
pure 3 a can be synthesized
under these reaction conditions,
however, the reaction rate de-
creases.

With these results in hand, we
decided to probe the metal-free
catalytic 1,3-diaminations of
enals 1 (0.25 mmol) with 2 a
(0.3 mmol) as the amine source,
4 a (20 mol %) as the amine cata-
lyst and toluene (0.5 mL) as the
solvent at 4 8C. The catalytic cas-
cade reactions were highly che-
moselective and gave the corre-
sponding 3-hydroxypyrazolidines
3 a–k as the only products in
moderate to high yields with ex-
cellent ee values (98–99 %;
Table 2). Thus, the aza-addition
step was 1,4-specific. Moreover,
all 3-hydroxypyrazolidines were
formed exclusively as their a-
anomers as determined by
1H NMR analysis of the crude re-
action mixture. In comparison,
the a-anomer is also the most
stable conformer in the forma-
tion of other hydroxy-substitut-
ed, heterocyclic five-membered
hemiaminals and hemiacetals,
such as 5-hydroxypyrrolidines
and 5-hydroxyoxazolidines, re-
spectively.[17a–e] We next decided
to investigate the effect of the
N-protective group. This was ac-
complished by selecting di-1-N-
Boc-2-N-benzyloxycarbonyl
(Cbz)-protected hydrazine 2 b as
the dinitrogen source for the re-
action with cinnamic aldehyde
1 a (Scheme 3). The 4 a-catalyzed
cascade reaction gave corre-
sponding 3-hydroxypyrazolidines
5 a and 5’a in a 58:42 ratio and
66 % combined yield with 94 %
and 98 % ee, respectively. More-
over, if a highly regioselective re-

action is desired, a di-1,2-N-Boc-N-para-toluenesulfonyl (Tosyl)-
protected hydrazine derivative should be employed as the nu-
cleophile, since only the Boc-protected nitrogen will attack the
b-aryl-substituted enal, as demonstrated above.

The 3-hydroxypyrazolidines 3 were also versatile synthons
for the asymmetric synthesis of other pyrazolidine derivatives.

Scheme 2. Michael/hemiaminal cascade reaction between a suitable hydrazine derivative and an a,b-unsaturated
aldehyde that would favor 1,4-addition over 1,2-addition.

Table 1. Conditions used for screening.[a]

Entry Catalyst Solvent Time [h] T [8C] Yield [%][b] ee [%][c]

1 4 a CHCl3 113 RT 33 76
2 4 a THF 113 RT 23 99
3 4 a CH3CN 113 RT 24 63
4 4 a PhCF3 48 RT 46 95
5 4 a DMF 94 RT 18 83
6 4 a MeOH 93 RT 33 18
7 4 a toluene 42 RT 54 98
8 4 a toluene 42 RT 54[d] 98[d]

9 4 a toluene 42 RT 42[e] 98[e]

10 4 a toluene 20 RT 43[f] (53)[g] 99[f]

11 4 a toluene 52 RT 48[f] (59)[g] 98[f]

12 4 a toluene 53 40 27 86
13 4 a toluene 119 4 56[f] 98[f]

14 4 a toluene 72 4 57 (60)[g] >99
15 4 a toluene 144 4 64 (68)[g] >99

16 4 b toluene 66 RT 44 98

17 4 c toluene 67 RT 26 99

18 4 d toluene 66 RT traces n.d.

[a] Reagents and conditions : hydrazine 2 a (0.3 mmol), aldehyde 1 a (0.25 mmol), catalyst 4 (20 mol %), solvent
(0.5 mL). The reaction was stirred for the given time and temperature. [b] Isolated yield after silica-gel column
chromatography. [c] Determined by chiral HPLC analysis. The a :b ratio of 3 a was always >20:1 as determined
by 1H NMR analysis of the crude reaction mixture. [d] 20 mol % AcOH was added. [e] NaOAc (1.1 equiv) was
added. [f] toluene (0.3 mL). [g] Conversion as determined by 1H NMR analysis of the crude reaction mixture.
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This was exemplified by the syntheses of pyrazolidines 6 a and
7 a (Scheme 4). Thus, highly diastereoselective Lewis acid-medi-
ated allylation of 3 a with allyltrimethylsilane gave pyrazolidine
6 a with >19:1 d.r.

We also investigated the Fischer-type reaction between enal
1 a and N-Boc-hydrazine 2 c in the presence of chiral amine 4 a
(Scheme 5). After 18 h, the reaction was quenched and hydra-
zone 8 a and dimer 9 a (>19:1 d.r.) were isolated in 73 and
13 % yield, respectively. Thus, the initial 1,2-addition of the un-
protected nitrogen of 2 c to the enal 1 a was the predominant
pathway (Scheme 2). The experiment also shows the impor-
tance of having a di-1,2-N-protected hydrazine derivative in
order to achieve excellent 1,4-selectivity. The highly diastereo-
selective formation of dimer 9 a might occur via an initial chiral
amine-catalyzed stereoselective aza-Michael/cyclization se-
quence (Scheme 2) that would give intermediates 10 a and

Table 2. Metal-free catalytic 1,3-diamination of enals 1.[a]

Entry Pyrazolidine
product 3

Yield
[%][b]

ee
[%][c]

1 3 a 64 >99

2 3 b 48 98

3 3 c 47 >99

4 3 d 62 99

5 3 e 59 >99

6 3 f 59 99

7 3 g 77 >99

8 3 h 45 >99

9 3 i 68 99[d]

10 3 j 58 99[d]

Table 2. (Continued)

Entry Pyrazolidine
product 3

Yield
[%][b]

ee
[%][c]

11 3 k 66 99[d]

[a] Reagents and conditions: 2 a (0.3 mmol), 1 (0.25 mmol), 4 a (20 mol %),
toluene (0.5 mL), 4 8C, 144 h. [b] Isolated yield after silica-gel column chro-
matography. [c] Determined by chiral HPLC analysis. The a :b ratio of 3
was always >20:1 as determined by 1H NMR analysis of the crude reac-
tion mixture. [d] Reaction time was 92 h.

Scheme 3. Reagents and conditions: a) 4 a (20 mol %), toluene, 4 8C, 88 h,
66 %, 58:42 ratio 5 a :5’a.

Scheme 4. Reagents and conditions: a) BF3*Et2O, N2, CH2Cl2, �48 8C.
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11 a, respectively, which then could dimerize to form 9 a. Al-
though dimer 9 a was optical active, we were not able to de-
termine the ee by chiral HPLC analysis. Prolonged reaction
times or heating did not significantly improve the yield of 9 a.

The absolute and relative configuration of 3-hydroxypyrazo-
line derivatives 3 were determined by X-ray analysis of 3 i
(CCDC 855991),[21] which established that the (3R,5S) enantio-
mer had been formed (Figure 1). Thus, performing the enantio-
selective cascade transformation with (S)-4 a as the catalyst de-
livers the corresponding 3-hydroxypyrazoline derivatives
(3R,5S)-3.

Based on the absolute configuration of pyrazolidine deriva-
tives 3, we propose the reaction mechanism shown in
Scheme 6 to account for the observed stereochemistry. In ac-
cordance, iminium formation between chiral amine 4 and enal
1 delivers iminium intermediate I.[22] Next, a nucleophilic aza-
Michael attack on the si-face of iminium intermediate I by hy-
drazine 2 delivers enamine intermediate II. Subsequent proto-
nation and hydrolysis of iminium intermediate III regenerates
chiral amine catalyst 6 and provides Michael-aldehyde inter-
mediate 7, which undergoes an intermolecular 5-exo-trig cycli-
zation by its NHBoc group at the re-face of the aldehyde
moiety to form the corresponding 3-hydroxypyrazolidine deriv-
ative 3. The final hemiaminal formation pushes the equilibrium
of the aza-Michael reaction towards product formation.

In summary, we have developed a highly chemo- and enan-
tioselective 1,3-diamination of a,b-unsaturated aldehydes with
diprotected hydrazine derivatives as the dinitrogen source. The

transformation was catalyzed by readily available chiral amines
and proceeds via a direct catalytic metal-free aza-Michael/
hemiaminal cascade sequence and delivers functional 3-hy-
droxypyrazolidine derivatives with 98–99 % ee in one step.
Moreover, the transformation is a direct entry to other pyrazoli-
dine derivatives in two steps. In this context, a subsequent
Lewis acid-mediated allylation reaction gave access to 5-allyl-
substituted pyrazolidines with excellent diastereoselectivity. It
is noteworthy that the use of a monoprotected hydrazine as
the dinitrogen source led predominantly to hydrazone forma-
tion (1,2-selective). Thus, the use of a di-1,2-N-protected hydra-
zine derivate was essential to switch the chemoselectivity and
make the reaction 1,4-selective.

Experimental Section

Typical experimental procedure for the catalytic asymmetric
synthesis of 3-hydroxypyrazolidine derivatives 3 : Nucleophile 2
(0.30 mmol) was added to a stirred solution of aldehyde
1 (0.25 mmol, 1.0 equiv) and catalyst 4 a (0.05 mmol, 20 mol %) in
toluene (0.5 mL) at 4 8C. The reaction was vigorously stirred at this
temperature for the reported time. The crude reaction mixture was
directly loaded on and purified by silica-gel chromatography (pen-
tane/EtOAc or toluene/EtOAc) to afford the corresponding pyrazoli-
dine derivative 3.

CCDC 855991 (3 i) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge

Scheme 5. Reagents and conditions: a) 4 a (20 mol %), toluene, RT, 18 h.

Figure 1. Chemical structure and ORTEP image of crystalline compound 3 i.

Scheme 6. Proposed reaction mechanism.
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from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Full experimental procedures, NMR, HPLC and HRMS spectra for all
newly described compounds can be found in the Supporting Infor-
mation.

Acknowledgements

The Berzelii Center EXSELENT is financially supported by the
Swedish National Research Council (VR) and the Swedish Govern-
mental Agency for Innovations Systems (VINNOVA). We also
thank the European Union for financial support.

Keywords: 1,4-selectivity · asymmetric catalysis · cascade
reactions · hemiaminals · metal-free catalysis · pyrazolidines

[1] a) V. Farina, J. T. Reeves, C. H. Senanayake, J. J. Song, Chem. Rev. 2006,
106, 2734; b) J. S. Carey, D. Laffan, C. Thomson, M. T. Williams, Org.
Biomol. Chem. 2006, 4, 2337; c) Asymmetric Synthesis of Nitrogen Hetero-
cycles (Ed. : J. Royer), Wiley-VCH, Weinheim, 2009.

[2] For selected reviews on asymmetric synthesis of N-hetrocyclic com-
pounds by metal-free catalysis see: a) R. Rios, A. C�rdova, Curr. Opin.
Drug Discovery Dev. 2009, 12, 824; b) A. Moyano, R. Rios, Chem. Rev.
2011, 111, 4703; c) D. Enders, C. Wang, J. X. Liebich, Chem. Eur. J. 2009,
15, 11058.

[3] For reviews on pyrazoline and pyrazolidine synthesis see: a) A. L�vai,
Chem. Hetrocycl. Comp. 1997, 33, 647; b) M. Kissane, A. R. Maguire,
Chem. Soc. Rev. 2010, 39, 845; c) C. H. K�chental, W. Maison, Synthesis
2010, 719; d) S. Kumar, S. Bawa, S. Drabu, R. Kumar, H. Gupta, Recent
Pat. Anti-Infect. Drug Discovery 2009, 4, 154.

[4] a) C. D. Cox, M. Torrent, M. J. Breslin, B. J. Mariano, D. B. Whitman, P. J.
Coleman, C. A. Buser, E. S. Walsh, K. Hamilton, M. D. Schaber, R. B.
Lobell, W. Tao, V. J. South, N. E. Kohl, Y. Yan, L. C. Kuo, T. Prueksaritanont,
D. E. Slaughter, C. Li. , E. Mahan, B. Lu, G. D. Hartman, Bioorg. Med.
Chem. Lett. 2006, 16, 3175; b) F. Manna, F. Chimenti, A. Bolasco, M. L.
Genicola, M. D’Amico, C. Parillo, F. Rossi, E. Marmo, Eur. J. Med. Chem.
1992, 27, 633; c) E. Palaska, D. Erol, R. Demirdamar, Eur. J. Med. Chem.
1996, 31, 43; d) F. Chimenti, A. Bolasco, F. Manna, D. Secci, P. Chimenti,
O. Befani, P. Turin, V. Giovannini, B. Mondovi, R. Cirili, F. La Torre, J. Med.
Chem. 2004, 47, 2071; e) Y. Rajendra Prasad, A. L. Rao, L. Prsoona, K.
Murali, P. R. Kumar, Bioorg. Med. Chem. Lett. 2005, 15, 5030; f) N.
Gçkhan-KelekÅi, S. Koyunoglu, S. Yabanoglu, K. Yelekci, �. �zgen, G.
Ucar, K. Erol, E. Kendi, A. Yesilanda, Bioorg. Med. Chem. 2009, 17, 675;
g) C. D. Cox, M. J. Breslin, B. J. Mariano, P. J. Coleman, C. A. Buser, E. S.
Walsh, K. Hamilton, H. E. Huber, N. E. Kohl, M. Torrent, Y. Yan, L. C. Kuo,
G. D. Hartman, Bioorg. Med. Chem. Lett. 2005, 15, 2041; h) F. Chimenti, B.
Bizzarri, F. Manna, A. Bolasco, D. Secci, P. Chimenti, A. Granese, D. Riva-
nera, D. Lilli, M. M. Scaltrio, M. I. Brenciaglia, Bioorg. Med. Chem. Lett.
2005, 15, 603; i) J. R. Goodell, F. Puig-Basagoiti, B. M. Forshey, P.-Y. Shi,
D. M. Ferguson, J. Med. Chem. 2006, 49, 2127; j) M. E. Camacho, J. Leon,
A. Entrena, G. Velasco, M. D. Carrion, G. Escames, A. Vivo, D. AcuÇa-Cas-
troviejo, M. A. Gallo, A. Espinosa, J. Med. Chem. 2004, 47, 5641; k) P.-L.
Zhao, F. Wang, M.-Z. Zhang, Z. M. Liu, W. Huang, G.-F. Yang, J. Agric.
Food Chem. 2008, 56, 10767.

[5] a) S. Hanessian, G. McNaughton-Smith, H.-G. Lombart, Tetrahedron
1997, 53, 12789 and references therein; b) H.-O. Kim, C. Lum, M. S. Lee,
Tetrahedron Lett. 1997, 38, 4935; c) M. R. Mish, F. M. Guerra, E. M. Car-
reira, J. Am. Chem. Soc. 1997, 119, 8379; d) K. Weinhardt, M. B. Wallach,
M. Marx, J. Med. Chem. 1985, 28, 694; e) A. Kaiser, P. Bielmeier, W. Wie-
grebe, Monatsh. Chem. 1997, 128, 1247; f) P. Bielmeier, A. Kaiser, R. Gust,
W. Wiegrebe, Monatsh. Chem. 1996, 127, 1073.

[6] E. Fischer, O. Knçvenagel, Justus Liebigs Ann. Chem. 1887, 239, 194.
[7] For an excellent review on this topic see Ref. [3 a].
[8] S. Kanemasa, T. Kanai, J. Am. Chem. Soc. 2000, 122, 10710.
[9] For [3+2] cycloadditions with nitrilimines see: a) M. P. Sibi, L. M. Stanley,

C. P. Jasperse, J. Am. Chem. Soc. 2005, 127, 8276; b) M. P. Sibi, L. M. Stan-

ley, T. Soeta, Adv. Synth. Catal. 2006, 348, 2371; For [3+2] cycloadditions
with diazoesters see: c) T. Kano, T. H. Hashimoto, K. Maruoka, J. Am.
Chem. Soc. 2006, 128, 2174; d) M. P. Sibi, L. M. Stanley, T. Soeta, Org.
Lett. 2007, 9, 1553; e) L. Gao, G.-S. Hwang, M. Y. Lee, D. H. Ryu, Chem.
Commun. 2009, 5460; For [3+2] cycloadditions with hydrazones see:
f) Y. Yamashita, S. Kobayashi, J. Am. Chem. Soc. 2004, 126, 11279. For
[3+2] cycloadditions with azomethine to form bipyrazolidin-3-one de-
rivatives see: g) W. Chen, X.-H. Yuan, R. Li, W. Du, Y. Wu, L.-S. Ding, Y.-C.
Chen, Adv. Synth. Catal. 2006, 348, 1818.

[10] H. Yanigita, S. Kanemasa, Heterocycles 2007, 71, 699.
[11] M. P. Sibi, T. Soeta, J. Am. Chem. Soc. 2007, 129, 4522.
[12] S. M�ller, B. List, Angew. Chem. 2009, 121, 10160; Angew. Chem. Int. Ed.

2009, 48, 9975.
[13] a) O. Mah�, I. Dez, V. Levacher, J.-F. Bri�, Angew. Chem. 2010, 122, 7226;

Angew. Chem. Int. Ed. 2010, 49, 7072. During the writing of this manu-
script an article appeared describing the same reaction as in Ref. [13 a]
using a quinine-derived catalyst see: b) N. R. Campbell, B. Sun, R. P.
Sing, L. Deng, Adv. Synth. Catal. 2011, 353, 3123.

[14] a) T. Hashimoto, M. Omote, K, Maruoka, Angew. Chem. 2011, 123, 3551;
Angew. Chem. Int. Ed. 2011, 50, 3489; b) T. Hashimoto, Y. Maeda, M.
Omote, H. Nakats, K. Maruoka, J. Am. Chem. Soc. 2010, 132, 4076; c) H.
Suga, T. Arikawa, K. Itoh, Y. Okumura, A. Kakehi, M. Shiro, Hetrocycles
2010, 81, 1669; d) H. Suga, Y. Furihata, A. Sakamoto, K. Itoh, Y. Okumura,
T. Tsuchida, A. Kakehi, To. Baba, J. Org. Chem. 2011, 76, 7377. For the
synthesis by chiral auxiliaries or from chiral pyrazolines see, Ref. [5 c] ,
e) F. M. Guerra, M. R. Mish, E. M. Carreira, Org. Lett. 2000, 2, 4265; f) G. A.
Whitlock, E. M. Carreira, Helv. Chim. Acta 2000, 83, 2007; g) J. Barluenga,
F. Fernandez-Mari, A. L. Viado, E. Aguilar, B. Olano, S. Garcia-Granada, C.
Moya-Rubiera, Chem. Eur. J. 1999, 5, 883; h) A. Chauveu, T. Martens, M.
Bonin, L. Micouin, H. P. Husson, Synthesis 2002, 1885; i) J. Barluenga, F.
Fernandez-Mari, A. L. Viado, E. Aguilar, B. Olano, S. Garcia-Granada, C.
Moya-Rubiera, Tetrahedron Lett. 1998, 39, 4887; j) B. Stanovnik, B. Jelen,
C. Turk, M. ‘Zlicar, J. Svete, J. Heterocycl. Chem. 1998, 35, 1187;
k) F. P. J. T. Rutjes, N. M. Teerhuis, H. Hiemstra, W. N. Speckhamp, Tetrahe-
dron 1993, 49, 8605; l) J. K. Gallos, A. E. Koumbis, N. E. Apostolakis, J.
Chem. Soc. Perkin Trans. 1 1997, 2457; m) T. H. Chuang, K. B. Sharpless,
Helv. Chim. Acta 2000, 83, 1734; n) J. Svete, B. Preseren, B. Stanovnik, L.
Golic, S. Golic-Grdadolnik, J. Heterocycl. Chem. 1997, 34, 1323.

[15] a) I. Ibrahem, P. Breistein, A. C�rdova, Angew. Chem. Int. Ed. 2011, 50,
12036; b) S. Lin, L. Deiana, A. Tseggai, A. C�rdova, Eur. J. Org. Chem.
2012, 398; c) S. Lin, L. Deiana, G. L. Zhao, J. Sun, A. C�rdova, Angew.
Chem. 2011, 123, 7766; Angew. Chem. Int. Ed. 2011, 50, 7624; d) I. Ibra-
hem, G.-L. Zhao, R. Rios, J. Vesely, H. Sund�n, P. Dziedzic, A. C�rdova,
Chem. Eur. J. 2008, 14, 7867; e) J. Vesely, I. Ibrahem, R. Rios, G.-L. Zhao,
Y. Xu, A. C�rdova, Tetrahedron Lett. 2007, 48, 2193; f) R. Rios, H. Sund�n,
I. Ibrahem, G.-L. Zhao, A. C�rdova, Tetrahedron Lett. 2006, 47, 8679.

[16] For selected reviews on the application of chiral pyrrolidine derivatives
as catalysts see: Ref. [2] , a) A. Erkkil�, I. Majander, P. M. Pihko, Chem. Rev.
2007, 107, 5416; b) S. Mukherjee, J. W. Yang, S. Hoffmann, B. List, Chem.
Rev. 2007, 107, 5471; c) A. Berkessel, H. Grçger, Asymmetric Organocatal-
ysis, Wiley-VCH, Weinheim, 2005.

[17] This strategy is applied in the synthesis of 5-hydroxyoxazolidines: a) I.
Ibrahem, R. Rios, J. Vesely, G.-L. Zhao, A. C�rdova, Chem. Commun.
2007, 849; b) I. Ibrahem, R. Rios, J. Vesely, G.-L. Zhao, A. C�rdova, Syn-
thesis 2008, 1153; c) G.-L. Zhao, S. Lin, A. Korotvicka, L. Deiana, M. Kull-
berg, A. C�rdova, Adv. Synth. Catal. 2010, 352, 2291. 5-hydroxy-pyrroli-
dines: d) R. Rios, I. Ibrahem, J. Vesely, H. Sund�n, A. C�rdova, Tetrahe-
dron Lett. 2007, 48, 8695; e) P. Breistein, J. Johansson, I. Ibrahem, S. Lin,
L. Deiana, J. Sun, A. C�rdova, Adv. Synth. Catal. 2012, 354, 1156. For the
subsequent application of this strategy in the synthesis of six-mem-
bered hemiaminals see: f) G. Valero, J. Schimer, I. Cisarova, J. Vesely, A.
Moyano, R. Rios, Tetrahedron Lett. 2009, 50, 1943; g) J. Franz�n, A. Fisch-
er, Angew. Chem. 2009, 121, 1377; Angew. Chem. Int. Ed. 2009, 48, 1351;
h) Z.-Q. He, Q. Zhou, L. Wu, Y. C. Chen, Adv. Synth. Catal. Adv. Synth. Cat.
2010, 352, 1904.

[18] M. Fern	ndez, E. Reyes, J. L. Vicario, D. Bad
a, L. Carrillo, Adv. Synth.
Catal. 2012, 354, 371.

[19] For a review on the use of protected diarylprolinols as catalysts see: A.
Mielgo, C. Palomo, Chem. Asian J. 2008, 3, 922.

[20] We also investigated the reactions with bis-1,2-N-tosyl protected hydra-
zine as the dinitrogen source. However, the aryl-substituted products

138 www.chemistryopen.org � 2012 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemistryOpen 2012, 1, 134 – 139

http://dx.doi.org/10.1021/cr040700c
http://dx.doi.org/10.1021/cr040700c
http://dx.doi.org/10.1039/b602413k
http://dx.doi.org/10.1039/b602413k
http://dx.doi.org/10.1021/cr100348t
http://dx.doi.org/10.1021/cr100348t
http://dx.doi.org/10.1002/chem.200902236
http://dx.doi.org/10.1002/chem.200902236
http://dx.doi.org/10.1039/b909358n
http://dx.doi.org/10.1016/j.bmcl.2006.03.040
http://dx.doi.org/10.1016/j.bmcl.2006.03.040
http://dx.doi.org/10.1016/0223-5234(92)90142-N
http://dx.doi.org/10.1016/0223-5234(92)90142-N
http://dx.doi.org/10.1016/S0223-5234(96)80005-5
http://dx.doi.org/10.1016/S0223-5234(96)80005-5
http://dx.doi.org/10.1021/jm031042b
http://dx.doi.org/10.1021/jm031042b
http://dx.doi.org/10.1016/j.bmcl.2005.08.040
http://dx.doi.org/10.1016/j.bmcl.2005.02.055
http://dx.doi.org/10.1016/j.bmcl.2004.11.042
http://dx.doi.org/10.1016/j.bmcl.2004.11.042
http://dx.doi.org/10.1021/jm051229y
http://dx.doi.org/10.1021/jm0407714
http://dx.doi.org/10.1021/jf802343p
http://dx.doi.org/10.1021/jf802343p
http://dx.doi.org/10.1016/S0040-4020(97)00476-6
http://dx.doi.org/10.1016/S0040-4020(97)00476-6
http://dx.doi.org/10.1016/S0040-4039(97)01083-6
http://dx.doi.org/10.1021/ja971708p
http://dx.doi.org/10.1021/jm00383a002
http://dx.doi.org/10.1007/BF00807256
http://dx.doi.org/10.1007/BF00807580
http://dx.doi.org/10.1021/ja002670a
http://dx.doi.org/10.1021/ja051650b
http://dx.doi.org/10.1002/adsc.200600307
http://dx.doi.org/10.1021/ja056851u
http://dx.doi.org/10.1021/ja056851u
http://dx.doi.org/10.1021/ol070364x
http://dx.doi.org/10.1021/ol070364x
http://dx.doi.org/10.1039/b910321j
http://dx.doi.org/10.1039/b910321j
http://dx.doi.org/10.1021/ja049498l
http://dx.doi.org/10.1002/adsc.200606102
http://dx.doi.org/10.1021/ja069312d
http://dx.doi.org/10.1002/ange.200905035
http://dx.doi.org/10.1002/adsc.201100447
http://dx.doi.org/10.1002/ange.201100331
http://dx.doi.org/10.1002/anie.201100331
http://dx.doi.org/10.1021/ja100787a
http://dx.doi.org/10.3987/COM-10-11967
http://dx.doi.org/10.3987/COM-10-11967
http://dx.doi.org/10.1021/jo201061f
http://dx.doi.org/10.1021/ol006873f
http://dx.doi.org/10.1002/1522-2675(20000809)83:8%3C2007::AID-HLCA2007%3E3.0.CO;2-5
http://dx.doi.org/10.1002/(SICI)1521-3765(19990301)5:3%3C883::AID-CHEM883%3E3.0.CO;2-0
http://dx.doi.org/10.1016/S0040-4039(98)00886-7
http://dx.doi.org/10.1002/jhet.5570350514
http://dx.doi.org/10.1016/S0040-4020(01)96267-2
http://dx.doi.org/10.1016/S0040-4020(01)96267-2
http://dx.doi.org/10.1039/a704207h
http://dx.doi.org/10.1039/a704207h
http://dx.doi.org/10.1002/1522-2675(20000809)83:8%3C1734::AID-HLCA1734%3E3.0.CO;2-E
http://dx.doi.org/10.1002/jhet.5570340438
http://dx.doi.org/10.1002/anie.201105458
http://dx.doi.org/10.1002/anie.201105458
http://dx.doi.org/10.1002/ejoc.201101296
http://dx.doi.org/10.1002/ejoc.201101296
http://dx.doi.org/10.1002/ange.201101966
http://dx.doi.org/10.1002/ange.201101966
http://dx.doi.org/10.1002/anie.201101966
http://dx.doi.org/10.1002/chem.200800442
http://dx.doi.org/10.1016/j.tetlet.2007.01.093
http://dx.doi.org/10.1016/j.tetlet.2006.10.028
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/cr068388p
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1021/cr0684016
http://dx.doi.org/10.1039/b613410f
http://dx.doi.org/10.1039/b613410f
http://dx.doi.org/10.1002/adsc.201000287
http://dx.doi.org/10.1016/j.tetlet.2007.10.028
http://dx.doi.org/10.1016/j.tetlet.2007.10.028
http://dx.doi.org/10.1002/adsc.201100911
http://dx.doi.org/10.1016/j.tetlet.2009.02.049
http://dx.doi.org/10.1002/adsc.201000291
http://dx.doi.org/10.1002/adsc.201000291
http://dx.doi.org/10.1002/asia.200700417
www.chemistryopen.org


were only formed in trace amounts under these reaction conditions.
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the 1,3-diamination of aliphatic enals. See also Ref. [18] .
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