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Abstract—The enantioselective Diels–Alder reactions of 1-phenoxycarbonyl-1,2-dihydropyridine with 1-alkylated acryloyl-pyrazol-
idin-3-ones using chiral cationic palladium–phosphinooxazolidine (Pd–POZ) catalyst afforded chiral isoquinuclidines with excellent
enantioselectivity (up to 97% ee).
� 2005 Elsevier Ltd. All rights reserved.
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The 2-azabicyclo[2.2.2]octanes (isoquinuclidines) are
found widely in natural products, particularly among
the iboga-type indole alkaloids, members of which have
varied and interesting biological properties.1 In particu-
lar, there are pharmacologically important vinca alka-
loids such as vinblastine and vincristine, which are
created through the coupling of catharanthine 1, which
possesses isoquinuclidines, with the aspidosperma por-
tion (Fig. 1).2 Most recently, it was also indicated that
ibogaine 2 reduces cravings for alcohol and other drugs
of abuse by its ability to boost levels of a growth factor
known as glial cell line-derived neurotrophic factor
(GDNF) (Fig. 1).3 Furthermore, isoquinuclidines are
also valuable intermediates in the synthesis of other
alkaloids4 and in medicinal chemistry.5 Therefore, it is
meaningful to establish an effective asymmetric synthetic
methodology of chiral isoquinuclidines. A well-estab-
lished route to this ring system is through the Diels–Al-
der (DA) reaction of 1,2-dihydropyridines with
dienophiles. However, there has been little work to date
on the asymmetric version of this reaction and almost all
examples of asymmetric DA reactions of 1,2-dihydro-
pyridines are a diastereoselective version in which a
diene or dienophile has a chiral auxiliary.6 Despite its
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obvious advantages, to the best of our knowledge,
only one example employing a Cr–BINAM catalyst
has been reported to date by Rawal et al. for the cata-
lytic enantioselective version of the DA reaction, but
nevertheless, this afforded only modest asymmetric
induction (up to 85% ee).7 Recently, we reported that
the cationic Pd–POZ complex A is an effective catalyst
in the DA reaction of cyclic or acyclic dienes with oxaz-
olidone dienophiles.8 Therefore, we applied cationic
Pd–POZ catalysts to the enantioselective DA reactions
of 1,2-dihydropyridines with imide dienophiles such
as acryloyl-1,3-oxazolidin-2-one and 1-substituted acry-
loyl-pyrazolidin-3-ones (Fig. 1).
N O

PPh
Ph

Pd
+2X-

A

Figure 1. Cationic Pd–POZ catalyst.
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Herein, we wish to report the successful enantioselective
DA reaction of 1,2-dihydropyridine as a diene, giving
chiral isoquinuclidines at synthetically useful levels of
enantiomeric excess (ee). Thus, the DA reaction of 1-
phenoxycarbonyl-1,2-dihydropyridine 5 with 1-benzyl-
2-acryloyl-pyrazolidin-3-one 8a using chiral cationic
Pd–POZ catalyst 4a afforded chiral isoquinuclidines
with a good chemical yield (80%) and excellent enantio-
selectivity (97% ee).

For the catalytic enantioselective version of the DA
reaction, we first tested the reaction of common acry-
loyl-1,3-oxazolidine-2-one 6 with 1-phenoxycarbonyl-
1,2-dihydropyridine 5. The cationic Pd–POZ catalysts
4a–d were prepared by the reactions of PdCl2–POZ 3
and the corresponding AgX (X = SF6, ClO4, BF4,
OTf) in dry CH2Cl2 using our previously reported pro-
cedure (Scheme 1).8 The DA reaction of diene 5 with
dienophile 6 was carried out at 0 �C in CH2Cl2 in the
presence of 10 mol % of the prepared cationic Pd–POZ
catalysts 4a–d to give DA adduct 7. The results are sum-
marized in Table 1. The obtained DA adduct 7 was
exclusively the endo-form.7 The reaction catalyzed by
the antimonate complex 4a gave DA adduct 7 in excel-
a: X=SbF6
b: X=ClO4
c: X=BF4
d: X=OTf

2+

+2X-

4a-d3

1) PdCl2

2) AgX
CH2Cl2
rt

N O

Ph
Ph

PPh

Ph

Pd
N O

Ph
Ph

PPh

Ph

Pd
Cl

Cl

Scheme 1.

Table 1. Enantioselective DA reaction of 5 with 6
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Entry Catalyst Temperature

(�C)
Time

(h)

Yielda

(%)

eeb

(%)

1 4a 0 24 98 76

2 4a �25 48 84 82

3 4b 0 24 90 84

4 4b �25 48 73 82

5 4c 0 24 46 88

6 4d 0 24 37 74

a Isolated yields.
b ee of endo isomer was Determined by HPLC analysis using a Daicel

Chiralcel AD column.7
lent isolated yield (98%) and with moderate enantio-
selectivity (76% ee, entry 1). Cooling to �25 �C led to
a slight increase in enantioselectivity (82% ee), but the
chemical yield decreased to 84% (entry 2). The use of
perchlorate complex 4b brought about a slight decrease
in chemical yield (90%), but DA adduct 7 was obtained
at 84% ee (entry 3). Unfortunately, the reaction at
�25 �C did not show an increase in enantioselectivity
(entry 4). On the other hand, tetrafluoroborate complex
4c afforded the highest enantioselectivity (88% ee), but
chemical yield was poor (46%, entry 5). Triflate complex
4d did not show satisfactory catalytic activity (37%, 74%
ee, entry 6).

In order to improve enantioselectivity in the reaction, we
explored the possibilities presented in a report by Sibi
et al.,9 who examined a novel 1-substituted 2-crotonyl-
pyrazolidin-3-one as a dienophile based on the concept
of �chiral relay�, and reported that the combination of
this dienophile and nonoptimized Cu-bis-oxazoline cat-
alyst can bring about an excellent asymmetric induction
in the DA reaction with cyclopentadiene as a diene. We
applied the 1-substituted 2-crotonyl-pyrazolidin-3-one
dienophile to the DA reaction of 1,2-dihydropyridine 5
using cationic Pd–POZ catalysts 4a–d. New 1-substi-
tuted 2-crotonyl-pyrazolidin-3-ones 8a–c were prepared
following the procedure reported by Sibi et al.9

First, we examined the effectiveness of dienophiles 8a–c
using superior antimonate catalyst 4a. The reactions of
diene 5 with dienophiles 8a–c were carried out at 0 �C
in the presence of 10 mol % of the prepared Pd–POZ
catalysts 4a–d to give the corresponding endo-DA ad-
ducts 9a–c.10 The results are summarized in Table 2. A
significant difference was observed in chemical yield
and enantioselectivity corresponding to the different
substituent groups on the nitrogen at the 1-position.
When 1-benzyl substituted derivative 8a was used, a dra-
matic increase in enantioselectivity to 97% ee was ob-
served with good chemical yield (80%, entry 1).
Despite our expectations, the reaction with the bulkier
1-naphthylmethyl derivative 8b was slow and brought
about a decrease in both chemical yield and enantio-
selectivity (entry 2). Similarly, the reaction with 1-ethyl
substituted derivative 8c was also sluggish and did not
give satisfactory results, although the reasons for this
remain unclear (entry 3).

Next, we examined the effects of other counterions in the
reaction with superior dienophile 8a. Cationic perchlo-
rate catalyst 4b gave DA adduct 9a in good chemical
yield (87%) and with fairly good enantioselectivity
(94%, entry 4). Tetrafluoroborate catalyst 4c afforded
the best enantioselectivity (97% ee) with good chemical
yield (76%, entry 5) in results almost identical to those
achieved with antimonate catalyst 4a. However, triflate
catalyst 4d did not give satisfactory reactivity or enantio-
selectivity (60%, 89% ee, entry 6). The reactions with
superior cationic catalysts 4a and 4c at �25 �C did not
afford better results for chemical yields and enantioselec-
tivities than the results at 0 �C (entries 7 and 8). Further-
more, the effect of reducing the molar ratio of catalyst 4a
was examined. At low catalytic loading to 5 mol % of



Table 2. Enantioselective DA reaction of diene 5 with 8a–ca

[7R ]-9a-ca
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N
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+ N

N

OO
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N

N
O

N

O

PhO2C

8a-c

a: R=Ph
b: R=1-Naph
c: R=Me

R
R

a: R=Ph
b: R=1-Naph
c: R=Me

7

Entry Dienophile Catalyst Ligand (mol %) Temperature (�C) Time (h) Yieldb (%) eec (%)

1 8a 4a 10 0 24 80 97

2 8b 4a 10 0 72 47 33

3 8c 4a 10 0 72 42 43

4 8a 4b 10 0 24 87 94

5 8a 4c 10 0 24 76 97

6 8a 4d 10 0 24 60 89

7 8a 4a 10 �25 48 76 95

8 8a 4c 10 �25 48 76 89

9 8a 4a 5 0 24 78 95

10 8a 4a 2.5 0 24 59 84

a After conversion to benzyl ester [7R]-10, the absolute configuration were determined.
b Isolated yields.
c ee of endo isomer was determined by HPLC analysis using a Daicel Chiralcel AD column.
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4a, equally satisfactory results (78%, 95% ee) were ob-
tained, but the use of 2.5 mol % greatly decreased
both the chemical yield and enantioselectivity (59%
and 84% ee, entries 9 and 10). These results indicate
that the antimonate POZ catalyst 4a and 1-benzyl-
pyrazolidin-3-one dienophile 8a were most effective in
obtaining chiral isoquinuclidines 9a with excellent
enantioselectivity.

For the absolute stereochemistry assignments of the new
DA adducts, both the obtained 9a–c and the known
(7R)-7 were converted to benzyl ester 10 (Scheme 2).
Thus, the reactions of 9a–c or (7R)-7 with BnOH using
n-BuLi as a base in THF afforded (7R)-benzyl ester 1011

in moderate yields (9a: 60%; 9b: 64%; 9c: 64%; 7: 38%).
The obtained 10 is expected to serve as an effective chiral
synthetic intermediate.
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Scheme 2.
Finally, we also examined the effectiveness of four kinds
of chiral catalysts (Cu–bis-oxazoline–11,9 Pd–BINAP–
12,12 Pd–POZ–1313 and 2-azanorbornane-based Pd–
POZ–148 complexes) in the DA reaction of 1-phenoxy-
carbonyl-1,2-dihydropyridine 5 with 1-benzyl-2-pyraz-
olidin-3-one dienophile 8a. The reactions were carried
out at 0 �C in the presence of 10 mol % of catalysts
11–14 to give the corresponding DA adduct 9a. The re-
sults are shown in Table 3. The effective complex 11 in
Sibi�s experiment9 did not show catalytic activity (entry
1). Complex 11, acting as superior catalyst in many reac-
tions, had low reactivity and afforded only moderate
chemical yield (57%) even at 72 h of reaction time,
although it gave excellent enantioselectivity (96% ee,
entry 2). Furthermore, catalyst 13 gave DA adduct 9a
in low chemical yield (35%), but with 85% ee (entry 3).
Unfortunately, our developed norbornane-based POZ
catalyst 14 did not work well in this reaction (entry 4).

In conclusion, we have developed the high enantioselec-
tive Diels–Alder reaction of 1,2-dihydropyridine that
provides an efficient methodology for obtaining phar-
macologically important chiral isoquinuclidines. In the
reaction, the combination of cationic Pd–POZ catalyst
4a with SbF6 counterion and 1-benzyl-2-acryloyl-pyraz-
olidin-3-one dienophile 8a as a dienophile is most effec-
tive, affording the corresponding DA adduct 9a at 97%
ee. These results indicate that the combination of Pd–
POZ catalyst 4 with 1-substituted pyrazolidin-3-one
dienophile 8 is useful not only in the DA reaction of
1,2-dihydropyridine but also in other DA reactions with



Table 3. Catalyst screen

5þ 8a ���������!catalysts ð10 mol%Þ

CH2Cl2 0�C
9a

Entry Catalyst Time (h) Yielda (%) eeb (%) Config.c

1 11 72 No reaction — —

2 12 72 57 96 7R

3 13 24 31 85 7S

4 14 24 54 10 7S

a Isolated yields.
b ee of endo isomer was determined by HPLC analysis using a Daicel Chiralcel AD column.
c After conversion to benzyl ester [7R]-10, the absolute configuration were determined.
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other dienes and in other asymmetric processes. Further
studies to examine the scope and limitations of this com-
bination system for the catalytic asymmetric version of
the DA reactions of 1,2-dihydropyridines are now in
progress.
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