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CeCl3 promoted asymmetric cycloaddition of isocyanates
with 2-vinylaziridines
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Abstract—The enantioselective ring-opening cyclization of 2-vinylaziridines with various isocyanates, using Pd2(dba)3ÆCHCl3, (S)-
BINAP and CeCl3 as the catalytic system, afforded chiral imidazolidinones in 58–89% yield and in up to 83% ee.
� 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Palladium catalyzed ring expansion reactions of het-
erocyclic compounds have attracted considerable
attention in recent years.1 Success has been attained in
the regioselective formation of five, six and seven-
membered ring heterocycles by palladium catalyzed
cycloaddition reaction of oxiranes,2 oxetanes,3 azet-
idines4 as well as pyrrolidines5 with heterocumulenes.
Recently we have shown that 2-vinylaziridines can un-
dergo cycloaddition reactions at room temperature with
various heterocumulenes in the presence of Pd(OAc)2
and PPh3, regioselectively affording five-membered ring
products in high yield (Scheme 1).6

The ability to effect this cycloaddition reaction in an
asymmetric manner would be significant, since it would
provide a one step preparation of chiral imidazolidi-
nones, some of which have potential biological activity.7

To initiate this study, we chose isocyanates as the
heterocumulenes in reaction with 2-vinylaziridines.
During the preparation of this paper, Trost and Fand-
rick8 reported the asymmetric cycloaddition of isocya-
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nates to 2-vinylaziridines using the Trost ligand,
affording imidazolidinones in good yield and ee value.

Readily available (R) or (S)-BINAP and its derivatives
are excellent chiral ligands for many organic reactions.9

The use of (R)-BINAP as a ligand for ring-opening
reactions has been well documented in the literature.
For example, we previously described the enantioselec-
tive synthesis of 4-vinyl-1,3-oxazolidine-2-imine in high
yields and in up to 95% ee by using palladium complexes
and either (R) or (S)-Tol-BINAP.10 We envisioned that
BINAP should be a good chiral ligand to promote the
enantioselective ring-opening cycloaddition of isocya-
nates to vinylaziridines. Herein we now report the
results of this investigation.
2. Results and discussion

In order to determine optimal reaction conditions for
the asymmetric cyclization reaction, 1-cyclohexyl-2-
vinylaziridine 1a was treated with phenyl isocyanate 2a
using 2.5mol% of Pd2(dba)3ÆCHCl3 and 10mol% (S)-
BINAP in 3mL THF at room temperature for 4 h. The
product, 1-cyclohexyl-3-phenyl-4-vinyl- tetrahydro-2H-
imidazolidin-2-one 3a, was obtained in 85% yield and
40% ee (Table 1). The enantioselectivity of the reaction
could be significantly improved when catalytic amount
of the Lewis acid, CeCl3, was added to the reaction.
When the reaction was repeated in the presence of
5mol% CeCl3, the ee increased to 75% (Table 1, entry
5). The reaction may proceed by a pathway involving
intermediates 4a and 4b interconverting via a g1-species
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Table 1. Enantioselective cycloaddition of 1-cyclohexyl-2-vinyl-aziridine 1a with phenyl isocyanate 2f catalyzed by Pd2(dba)3ÆCHCl3/(S)-BINAPa

N N C OPh N

N
O

Ph

+
Pd2(dba)3CHCl3/(S)-BINAP

1a 2f 3f

Entry Solvent (S)-BINAP (%) CeCl3 (%) Yield (%)b Ee (%)c

1 THF 10 0 85 40

2 THF 2.5 0 80 33

3 THF 2.5 5 65 54

4 THF 5 5 68 71

5 THF 10 5 65 75

6 THF 10 10 70 75

7 THF 10 20 55 74

8 CH2Cl2 10 10 80 50

9 Toluene 10 10 85 57

10 Ether 10 10 45 54

11 THF 10 10 73 71d

12 THF 10 10 80 47e

aReaction conditions: 1-cyclohexyl-2-vinylaziridine (1.0mmol), phenyl isocyanate (1.0mmol), Pd2(dba)3 ÆCHCl3 (0.025mmol), (S)-BINAP

(0.1mmol), solvent, rt 4 h.
b Isolated yield.
c The % ee was determined by HPLC using a chiral OJ column.
d (R)-BINAP was used.
e (S,S)-Trost ligand was used.
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(Scheme 2). The presence of CeCl3 may possibly increase
the rate of equilibration of the p-allyl palladium inter-
mediates, leading to the formation of the enantiomeric
products.
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2a R2= p-ClC6H4
2b R2= o-ClC6H4
2c R2= m-ClC6H4
2d R2= p-BrC6H4
2e R2= p-MeC6H4
2f R2= C6H5
2g R2= p-MeOC6H4

1a R1= Cy
1b R1= t-Bu
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Scheme 3.
Increasing the amount of CeCl3 had no beneficial
influence on the enantioselectivity of the product (Table
1, entries 5–7). For example, when 20% CeCl3 was used,
almost the same enantioselectivity (74% ee) was ob-
tained for the cyclization reaction. The reaction was
optimized by varying the ligand loading and the solvent.
The amount of (S)-BINAP affects the ee values. When
2.5mol% of (S)-BINAP was used, the product was
formed in 54% ee (entry 3). When 5mol% of (S)-BINAP
was used, the enantiomeric excess increased to 71%
(entry 4). Further increasing the ligand loading has no
substantive impact on the ee. Tetrahydrofuran is the
best solvent, with dichloromethane, toluene or ether,
affording 3f in modest ees [compare entry 6 (75% ee)
with entries 8–10 (50–57% ee)]. Trost and Fandrick8

reported the asymmetric cycloaddition of isocyanates to
2-vinylaziridines using the Trost ligand and acetic acid
was needed in the reaction. However, under our reaction
conditions, the Trost ligand only gave 47% ee in the
reaction of 1a with 2f (entry 12) compare with entry 6
(75% ee). Also we repeated the reaction of 1a with 2a by
using the Trost ligand instead of BINAP, 3a was formed
in 71% ee, while 81% ee was obtained by using our
catalyst system. Consequently, the Pd2(dba)3Æ(S)-BI-



Table 2. Asymmetric cycloaddition of 1-alkyl-2-vinylaziridines with various isocyanates in the presence of Pd2(dba)3ÆCHCl3/(S)-BINAP/CeCl3
a

Entry Aziridine Isocyanate Product Yield (%)b Ee (%)c

1 1a 2a 3a 74 81

2 1a 2b 3b 75 83

3 1a 2c 3c 73 75

4 1a 2d 3d 75 75

5 1a 2e 3e 78 75

6 1a 2f 3f 70 75

7 1b 2a 3g 78 48

8 1b 2b 3h 83 51

9 1b 2c 3i 85 66

10 1b 2d 3j 75 60

11 1b 2e 3k 84 60

12 1b 2f 3l 89 66

13 1b 2g 3m 58 70

aReactions conditions: 2-vinylaziridine (1.0mmol), isocyanate (1.0mmol), Pd2(dba)3ÆCHCl3 (0.025mmol), (S)-BINAP (0.1mmol), CeCl3 (0.1mmol)

THF 2.5mL, rt 4 h.
b Isolated yield.
c% Ee was determined by chiral HPLC using a chiral OJ column or a chiral AS column.
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NAP/CeCl3 system may be an effective alternative to the
method described by Trost and Fandrick.

The cycloaddition of 1-alkyl-2-vinylaziridines 1a and 1b
with various isocyanates 2a–g, catalyzed by
Pd2(dba)3ÆCHCl3/(S)-BINAP/CeCl3, was effected under
the optimized conditions (Scheme 3 and Table 2),
affording products in up to 89% yield and 83% ee.11

Using 1-cyclohexyl-2-vinylaziridine 1a and 4-chloro-
phenyl isocyanate 2a as reactants gave 3a in 74% iso-
lated yield and 81% ee (Table 2, entry 1). Similar results
were obtained using 2b–f in reaction with 1a, with the
highest % ee obtained for 3b (entries 2–6).

In contrast, reaction of 1-t-butyl-2-vinylaziridine 1b
with 2a–f afforded 3g–l in higher yields than those
obtained using 1a as the aziridine reactant (entries
7–12). However, the ees of the products were lower.
p-Methoxylphenyl isocyanate 2g was less active in
reaction with 1b, with 3m being formed in 58% yield and
70% ee (entry 13).
3. Conclusion

In summary, we have demonstrated that the readily
available BINAP ligand, in combination with
Pd2(dba)3ÆCHCl3 and CeCl3, is a good catalyst system
for the cycloaddition reaction of 2-vinylaziridines with
various isocyanates. This simple catalyst system is
practical for the asymmetric synthesis of nonracemic
chiral imidazolidinones.
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11. Representative procedure for the asymmetric cycloaddi-
tion of 2-vinylaziridines with isocyanates: A mixture of
Pd2(dba)3ÆCHCl3 (0.025mmol), (S)-BINAP (0.1mmol)
and THF (2mL) was stirred at room temperature for
30min. Then CeCl3 (0.1mmol) was added, and after
10min, 2-vinylaziridine (1.0mmol) and isocyanate
(1.0mmol) were added and the mixture was then stirred
under a nitrogen atmosphere at room temperature, until
the conversion of isocyanate was complete (4h). The
solution was subjected to rotary evaporation and the
residue was purified by preparative silica gel TLC (ether/
hexane¼ 1:2).
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