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A new class of C2-symmetric 3,3 -dialkoxy-2,2 -bipyrrolidines have been designed and developed for
asymmetric organocatalytic Diels–Alder reactions of a,b-unsaturated aldehydes. The bipyrrolidines com-
bined with HClO4 were found to be effective organocatalysts for enantioselective Diels–Alder reactions.
The catalysis mode has been demonstrated by NMR and X-ray crystallographic studies for diiminium
intermediate.

� 2009 Elsevier Ltd. All rights reserved.
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In the last decade organocatalysis has been witnessed a tremen-
dous growth in the field of asymmetric synthesis.1 The develop-
ment of new chiral organocatalysts to carry out efficient
asymmetric transformations plays a crucial role in this area. Since
the great success of proline-catalyzed asymmetric reactions,2 a
large number of chiral pyrrolidine-type organocatalysts have been
developed to achieve various asymmetric transformations.3 The
majority of catalyst design strategies rely on the introduction of
various proton-donor groups, Lewis-bases or bulky groups at the
2-position of pyrrolidine ring. In our search for the new highly
effective chiral organocatalysts, we were interested in C2-symmet-
ric bipyrrolidine 1 (see Fig. 1),4 which has no application in organ-
ocatalysis as a catalyst.5 It is well known that the C2-symmetric
chiral ligands have played a significant role in the advancement
of transition-metal-catalyzed asymmetric reactions.6 However,
C2-symmetric organocatalysts have rarely been reported.7 Herein,
we present our newly designed C2-symmetric organocatalysts,
3,30-disubstuted 2,20-bipyrrolidines 2, which are successfully ap-
plied in asymmetric Diels–Alder reaction of a,b-unsaturated
aldehydes.

The enantioselective Diels–Alder reaction is one of the most pow-
erful synthetic methods for the construction of cyclohexane frame-
works, and is a versatile synthetic tool for the preparation of
various important chiral building blocks and total synthesis of bioac-
tive natural products.8 Since the first report by MacMillan and co-
workers on metal-free organocatalytic asymmetric Diels–Alder
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reactions,9 several efforts have been devoted to develop new organ-
ocatalytic systems to achieve this important transformation.10,11 Re-
cently, several diamine salts have also been used to catalyze
Diels–Alder reaction.11 Ha and co-workers reported bisammonium
salts derived from 1,2-diamino-1,2-diphenylethane (DPEN) as cata-
lysts for asymmetric Diels–Alder reaction of a,b-unsaturated alde-
hydes with cyclopentadiene.11a The catalysts showed high
catalytic activity, but moderate enantioselectivities were observed
in the reaction. Most recently, Maruoka and co-workers reported
asymmetric Diels–Alder reactions using C2-symmetric binaphthyl-
based diamines as catalysts.11b,f However, low reaction temperature
(�20 �C) and long reaction time (40–160 h) are necessary to obtain
good yields and high levels of enantiomeric enrichment.

It has been demonstrated that the rate-determining step of
organocatalytic Diels–Alder reaction is an iminium ion formation.
Additionally, the geometry of iminium intermediate plays a crucial
role in the enantioselection. Our hypothesis is that the C2-symmet-
ric bipyrrolidines 2 could form diiminium intermediate 4 with cin-
namaldehyde (Fig. 2), which can potentially accelerate the reaction
rate by providing two identical reaction sites. In addition, as
revealed in Newman projection of intermediate 4, the two
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Figure 1. Structure of C2-symmetric bipyrrolidines catalysts.
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Figure 2. Proposed diiminium intermediate 4 formed from 2 and cinnamaldehyde.

Table 1
Asymmetric Diels–Alder reaction between cinnamaldehyde and cyclopentadiene
catalyzed by bipyrrolidinesa

Ph
CHO +

CHO

Ph

Ph

CHO

+

bipyrrolidine
(10 mol%)

HX (20 mol%)

MeOH-H2O (19:1)
rt, 12 h

Entry Cat. HX Yieldb (%) exo:endoc exo eed (%) endo eed (%)

1 2c TfOH 95 2.3:1 88 78
2 2c HCl 95 2.9:1 88 80
3 2c TsOH 75 2.9:1 89 83
4 2c HClO4 93 2.5:1 91 83
5e 1 HClO4 10 2.1:1 79 60
6f 3c HClO4 32 2.6:1 63 48
7 2a HClO4 94 2.5:1 90 83
8 2b HClO4 84 2.4:1 89 82
9 2d HClO4 84 2.5:1 90 85

10 2e HClO4 66 2.6:1 89 80
11 2f HClO4 93 2.3:1 90 88

a All the reactions were carried out with 0.25 mmol of cinnamaldehyde,
0.75 mmol of cyclopentadiene, 0.025 mmol of bipyrrolidine, and 0.05 mmol of acid
at room temperature in MeOH–H2O (19:1, 0.25 M) for 12 h.

b Isolated yield of a mixture of exo and endo isomers.
c Determined by 1H NMR.
d The ee was determined by chiral HPLC analysis.
e The reaction time is 17 h.
f The reaction time is 20 h.

Table 2
Asymmetric Diels–Alder reactions between various dienophiles and dienes catalyzed
by bipyrrolidine 2ca

R
CHO +

2c (10 mol%)
HClO4 (20 mol%)

MeOH-H O (19:1)
stcuddaredlA-sleiDeneid
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conjugated iminiums faced each other in a parallel fashion, and
two Si faces of the diiminium are facing each other with the two
Re faces exposed for cycloaddition resulting in high enantiofacial
discrimination. The OR groups at 3,30-positions may additionally
influence the conformational flexibility of intermediate 4 through
a gauche steric interaction.

With these design concepts in hand, bipyrrolidines 2 have been
readily synthesized from chiral diimine 5 (Scheme 1). Diastereose-
lective addition of propenylzinc reagent to diimine 5 led to optically
pure diamino diol compound 6 in accordance with a previous litera-
ture report.12 Protection of diol 6 with benzyl bromide, hydrobora-
tion of terminal alkenes with 9-BBN followed by mesilation in the
presence of excess triethylamine gave cyclized bipyrrolidine 7 in
80% yield over three steps. Interestingly, hydrogenolysis of 7 with
Pd(OH)2/C under 20 bar hydrogen pressure only afforded N-deben-
zylated product 2c in quantitative yield. However, under the
hydrogenolysis reaction conditions, addition of Boc anhydride fur-
nished O-debenzylated, N-Boc protected product 8 in 96% yield.
Direct deprotection of compound 8 gave (3R,2S,20S,30R)-3,30-dihy-
droxy-2,20-bipyrrolidine (2a) in 95% yield. To test our hypothesis
in catalyst design, a number of substituents on oxygen were intro-
duced. O-Alkylation or silylation of compound 8 with NaH and alkyl
halide or silyl chloride in DMF followed by deprotection afforded
bipyrrolidine catalysts 2b–f in 70–86% yields. In order to examine
the configuration effect, the diastereomer (3S,2S,20S,30S)-3,30-diben-
zyloxy-2,20-bipyrrolidine (3c) was also synthesized by Mitsunobu
inversion of diol 8.

A model experiment was conducted with (E)-cinnamaldehyde
and cyclopentadiene in the presence of 10 mol % bipyrrolidine 2c
and 20 mol % TfOH cocatalyst in aqueous MeOH at room tempera-
ture for 12 h. As expected, the catalyst showed high catalytic activity
giving the cyclic adduct in 95% isolated yield with good enantioselec-
tivity and moderate exo-selectivity (Table 1, entry 1). The Brønsted
acid cocatalysts had little effect on the reaction (entries 2–4). The
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2a: R = H
2b: R = Me
2c: R = Bn
2d: R = 2'-phenylbenzyl
2e: R = 1-naphthylmethyl
2f: R = TBS

Scheme 1. Synthesis of bipyrrolidines 2. Reagents and conditions: (a) Ref. 12; (b) (i)
BnBr, NaH, DMF, 98%; (ii) 9-BBN, THF, NaOH/H2O2, 95%; (iii) MsCl, Et3N, CH2Cl2,
86%; (c) Pd(OH)2/C, H2, MeOH/CH2Cl2, 99%; (d) Pd(OH)2/C, H2, Boc2O, MeOH, 96%;
(e) (i) RX, NaH, DMF; (ii) AcCl, EtOH, and then NaOH, 70–86%.
reaction using HClO4 gave Diels–Alder adduct in 93% yield with
the best enantioselectivity (exo 91% ee, endo 83% ee, exo:endo = 2.5:1,
and entry 4). Using bipyrrolidine 1 in combination with HClO4 as a
catalyst resulted in low conversion and poor enantioselectivity (en-
try 5). This result demonstrates the importance of 3,30-dialkoxy
groups for reactivity and enantioselectivity. To evaluate configura-
tional effects of the catalyst, diastereomer 3c was tested in the reac-
tion. However, lower yield and stereoselectivity were observed
(entry 6) which indicates that the configuration of catalysts 2 is
matched in this Diels–Alder reaction. The effect of the O-substituent
2
rt

Entry R Diene T (h) Yieldb (%)
(exo:endo)c

eed (%) exo,
endo

1 Ph CP 12 93 (2.5:1) 91, 83
2 2-NO2–Ph CP 24 75 (0.9:1) 85, 91
3 4-NO2–Ph CP 12 94 (2.0:1) 83, 77
4 4-OMe–Ph CP 12 55 (2.7:1) 89, 83
5 4-Cl–Ph CP 7 95 (2.2:1) 89, 88
6 4-Br–Ph CP 7 95 (2.1:1) 84, 83
7 n-Pr CP 12 95 (1.1:1) 82, 85
8 COOEt CP 36 95 (1.5:1) 84, 83
9 COOEt CHD 12 95 (0.5:1) 85, 84

10 COOEt DMB 24 87 70

a All the reactions were carried out with 0.25 mmol of dienophile, 0.75 mmol of
diene, 0.025 mmol of catalyst 2c, and 0.05 mmol of HClO4 at room temperature in
MeOH–H2O (19:1, 0.25 M).

b Isolated yield of a mixture of exo and endo isomers.
c Determined by 1H NMR.
d The ee was determined by chiral HPLC analysis. CP: cyclopentadiene; CHD:

cyclohexadiene; DMB: 2,3-dimethylbutadiene.



Figure 3. X-ray structure of diiminium intermediate 4.
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was also investigated. However, it has almost no effect on enantiose-
lectivity and diastereoselectivity even though there is a small influ-
ence on reactivity (entries 7–11).

To explore the generality of the Diels–Alder reaction, the cyc-
loadditions between various dienophiles and dienes using 2c and
HClO4 cocatalyst have been investigated (Table 2). Substituted cin-
namaldehyde dienophiles were subjected to the cycloaddition
reaction with cyclopentadiene and Diels–Alder adducts were pro-
duced in good to excellent yields and selectivities (entries 1–6). Al-
kyl-substituted acrolein is also a suitable dienophile under the
reaction conditions giving the product in excellent yield and good
enantioselectivity (entry 7). The Diels–Alder reaction between (E)-
ethyl 4-oxo-2-butenoate and various dienes was also examinated.
The reaction with cyclopentadiene gave high yield with good
enantioselectivity (entry 8, 95% yield, exo 84% ee, and endo 83%
ee). The reaction with cyclohexadiene resulted primarily in the for-
mation of endo-product (entry 9). Acyclic diene, 2,3-dimethylbuta-
diene is also a suitable diene giving Diels–Alder adduct in high
yield with good enantioselectivity (entry 10).

To elucidate the origin of the rate acceleration and stereoselec-
tivity in the bipyrrolidine-catalyzed Diels–Alder reaction, we tried
to make iminium intermediate by mixing catalyst 2c with 2 equiv
HClO4 and 2 equiv cinnamaldehyde in MeOH. After stirring for
10 min, we observed that a substantial amount of cinnamaldehyde
was consumed and diiminium intermediate 4 was formed on the
basis of 1H NMR spectroscopic studies. To gain further evidence
for the catalytic mode of the Diels–Alder reaction, a single crystal
of diiminium intermediate 4 was grown from methanol and ethyl
acetate (20:1, v/v) and submitted for X-ray analysis. As we pro-
posed, two conjugated iminiums faced each other in nearly a par-
allel fashion, and two Si faces of the diiminium are facing each
other giving each other the same enantiofacial discriminations
(Fig. 3). The crystal structure shows the two benzyloxy groups
pointing away from two pyrrolidine rings. This fact may explain
why modifying alkoxy groups at the 3,30-positions did not have
much influence on the enantioselectivity in the Diels–Alder reac-
tion. However, the 3,30-dialkoxy or dihydroxy groups of catalysts
2 likely have a positive effect on conformation of the reaction inter-
mediate to give better reactivities and enantioselectivities when
compared to the result of the cyclization reaction using catalyst 1.

In summary, we have designed and developed a new class of C2-
symmetric 3,30-dialkoxy-2,20-bipyrrolidine catalysts for asymmet-
ric organocatalytic Diels–Alder reactions of a,b-unsaturated alde-
hydes. The catalysts 2 showed excellent reactivity in the
cyclization reactions giving Diels–Alder adducts with high enanti-
oselectivities. The catalytic mode has been demonstrated by NMR
and X-ray crystallographic studies for diiminium intermediate 4.
Further studies on modification of catalyst structure based on the
crystal structure of diiminium intermediate 4 and other asymmet-
ric transformations using C2-symmetric bipyrrolidine catalysts will
be described shortly.
Acknowledgments

This research was supported by the National Natural Science
Foundation of China, and Shanghai Jiao Tong University (Chenxing
Program).
References and notes

1. For recent reviews on asymmetric organocatalysis, see: (a) Berkessel, A.;
Groger, H. Asymmetric Organocatalysis: From Biomemetic Concepts to
Applications in Asymmetric Synthesis; Wiley-VCH: Weinheim, 2005; (b) Dalko,
P. I. Enantioselective Organocatalysis; Wiley-VCH: Weinheim, 2007; (c) List, B.;
Yang, J. W. Science 2006, 313, 1584; (d) MacMillan, D. W. C. Nature 2008, 455,
304; (e) Dondoni, A.; Massi, A. Angew. Chem., Int. Ed. 2008, 47, 463.

2. (a) Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615; (b) List, B.; Lerner, R.
A., ; Barbas, C. F., III J. Am. Chem. Soc. 2000, 122, 2395; (c) List, B. J. Am. Chem. Soc.
2000, 122, 9336; (d) Sakthivel, K.; Notz, W.; Bui, T.; Barbas, C. F., III J. Am. Chem.
Soc. 2001, 123, 5260; (e) List, B.; Pojarliev, P.; Martin, H. J. Org. Lett. 2001, 3,
2423.

3. For recent reviews, see: (a) Mukherjee, S.; Yang, J. W.; Hoffmann, S.; List, B.
Chem. Rev. 2007, 107, 5471; (b) Erkkilä, A.; Majander, I.; Pihko, P. M. Chem. Rev.
2007, 107, 5416.

4. Alexakis, A.; Tomassini, A.; Chouillet, C.; Roland, S.; Mangeney, P.;
Bernardinelli, G. Angew. Chem., Int. Ed. 2000, 39, 4093.

5. N-i-Pr-2,20-Bipyrrolidine was successfully used in asymmetric Michael
addition, see: (a) Sulzer-Mosse, S.; Tissot, M.; Alexakis, A. Org. Lett. 2007, 9,
3749; (b) Mosse, S.; Alexakis, A. Org. Lett. 2005, 7, 4361; (c) Andrey, O.;
Alexakis, A.; Tomassini, A.; Bernardinelli, G. Adv. Synth. Catal. 2004, 346, 1147;
(d) Andrey, O.; Alexakis, A.; Bernardinelli, G. Org. Lett. 2003, 5, 2559; (e)
Alexakis, A.; Andrey, O. Org. Lett. 2002, 4, 3611.

6. (a) Ojima, I. Catalytic Asymmetric Synthesis, 2nd ed.; Wiley-VCH: New York,
2000; (b)Comprehensive Asymmetric Catalysis I–III; Jacobsen, E. N., Pfaltz, A.,
Yamamoto, H., Eds.; Springer: Berlin, 1999.

7. (a) Maruoka, K.; Ooi, T.; Kano, T. Chem. Commun. 2007, 1487. and references
cited therein; (b) Uyeda, C.; Jacobsen, E. N. J. Am. Chem. Soc. 2008, 130, 9228; (c)
Wen, Y.; Xiong, Y.; Chang, L.; Huang, J.; Liu, X.; Feng, X. J. Org. Chem. 2007, 72,
7715; (d) Kim, H.; Yen, C.; Preston, P.; Chin, J. Org. Lett. 2006, 8, 5239; (e) Kano,
T.; Tanaka, Y.; Maruoka, K. Org. Lett. 2006, 8, 2687; (f) Kano, T.; Tanaka, Y.;
Maruoka, K. Chem. Asian J. 2007, 2, 1161; (g) Sakakura, A.; Suzuki, K.; Nakano,
K.; Ishihara, K. Org. Lett. 2006, 8, 2229; (h) Marigo, M.; Bachmann, S.; Halland,
N.; Braunton, A.; Jørgensen, K. A. Angew. Chem., Int. Ed. 2004, 43, 5507.

8. For recent reviews of enantioselective Diels–Alder reactions, see: (a) Evans, D.
A.; Johnson, J. S.. In Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz,
A., Yamamoto, H., Eds.; Springer: New York, 1999; Vol. 3, p 1177; (b) Corey, E. J.
Angew. Chem., Int. Ed. 2002, 41, 1650; (c) Nicolaou, K. C.; Snyder, S. A.;
Montagnon, T.; Vassilikogiannakis, G. Angew. Chem., Int. Ed. 2002, 41, 1668; (d)
Hayashi, Y. In Cycloaddition Reactions in Organic Synthesis; Kobayashi, S.,
Jørgensen, K. A., Eds.; Wiley-VCH: Weinheim, 2002. Chapter 1.

9. (a) Ahrendt, K. A.; Borths, C. J.; Macmillan, D. W. C. J. Am. Chem. Soc. 2000, 122,
4243; (b) Northrup, A. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2002, 124, 2458.

10. (a) Lemay, M.; Ogilvie, W. W. Org. Lett. 2005, 7, 4141; (b) Ishihara, K.; Nakano,
K. J. Am. Chem. Soc. 2005, 127, 10504; (c) Bonini, B. F.; Capitò, E.; Comes-



Y. Ma et al. / Tetrahedron Letters 50 (2009) 7388–7391 7391
Franchini, M.; Fochi, M.; Ricci, A.; Zwanenburg, B. Tetrahedron: Asymmetry
2006, 17, 3135; (d) Langlois, Y.; Petit, A.; Rémy, P.; Scherrmann, M.-C.;
Kouklovsky, C. Tetrahedron Lett. 2008, 49, 5576; (e) Gotoh, H.; Hayashi, Y. Org.
Lett. 2007, 9, 2859; (f) Hayashi, Y.; Samanta, S.; Gotoh, H.; Ishikawa, H. Angew.
Chem., Int. Ed. 2008, 47, 6634; (g) He, H.; Pei, B.-J.; Chou, H.-H.; Tian, T.; Chan,
W.-H.; Lee, A. W. M. Org. Lett. 2008, 10, 2421.
11. (a) Kim, K. H.; Lee, S.; Lee, D.-W.; Ko, D.-H.; Ha, D.-C. Tetrahedron Lett. 2005, 46,
5991; (b) Biaggi, C.; Benaglia, M.; Rossi, S.; Proto, S.; Annunziata, R. Tetrahedron
Lett. 2007, 48, 8521; (c) Ishihara, K.; Nakano, K.; Akakura, M. Org. Lett. 2008, 10,
2893; (d) Refs. 7e–g.

12. Fiorelli, C.; Maini, L.; Martelli, G.; Savoia, D.; Zazzetta, C. Tetrahedron 2002, 58,
8679.


