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Stereocontrolled cycloaddition reactions give efficient access
to bioactive[1] cyclic molecules[2, 3] through concerted forma-
tion of two bonds and several stereocenters in one step. In
particular, the reaction of activated alkenes with azomethine
ylides derived from amino acids and aldehydes is a powerful
method for the highly stereoselective synthesis of substituted
pyrrolidines [Eq. (1)][3–5] bearing up to four stereogenic

centers. In contrast, catalytic enantioselective higher-order
cycloadditions have been explored in only a few cases.[6]

Recently, a related approach to racemic pentasubstituted
piperidines that employed azomethine ylides in a [6+3]
cycloaddition was reported by Hong et al. [Eq. (2)].[7] Herein,

we report the first catalytic enantioselective [6+3] cyclo-
addition of azomethine ylides with fulvenes to provide
piperidine derivatives having four stereocenters with high
regio- and enantioselectivity.[8] We demonstrate that the
enantioselective [6+3] cycloaddition can be combined with
a [4+2] cycloaddition in one pot to yield complex annulated
piperidines with eight stereocenters.

To establish the method we investigated the [6+3] cyclo-
addition of azomethine ylide 1a with fulvene 2a in detail. Use
of substoichiometric amounts of copper(I) salt in the presence
of a stereodirecting ligand and base, led to formation of two
diastereomeric [6+3] cycloaddition products, 3aa and 4aa
(Table 1). [3+2] cycloaddition products or regioisomeric

[6+3] cycloaddition products were not detected. Initial
investigations to establish an enantioselective cycloaddition
involved the use of commercially available chiral ligands with
[Cu(CH3CN)4]PF6 (5 mol %) in toluene (Table 1, entries 1–6).
Application of chiral P,P-ligands, such as paracyclophanes 5a
and 5b, led to product 3aa with low diastereoselectivity but
with moderate to good enantioselectivity (Table 1, entries 1–

Table 1: Screen of reaction conditions.[a]

Entry Catalyst 5 Solvent t
[h]

d.r.[b] Yield
[%][c]

ee
[%][d]

1 [Cu(CH3CN)4]PF6 5a toluene 23 56:44 38 52
2 [Cu(CH3CN)4]PF6 5b toluene 23 70:30 45 88
3 [Cu(CH3CN)4]PF6 5c toluene 20 60:40 51 15
4 [Cu(CH3CN)4]PF6 5d toluene 20 50:50 35 22
5 [Cu(CH3CN)4]PF6 5e toluene 48 n.d. trace n.d.
6 [Cu(CH3CN)4]PF6 5 f toluene 4 81:19 63 90
7 [Cu(CH3CN)4]BF4 5 f toluene 0.5 87:13 70 93
8 CuOTf·PhMe 5 f toluene 6 62:38 42 93
9 AgOAc 5 f toluene 4 55:20[e] 53 68
10 CF3COAg 5 f toluene 4 46:22[e] 43 62
11 AgOSO2CF3 5 f toluene 4 49:17[e] 32 68
12 AgSbF6 5 f toluene 4 46:14[e] 42 70
13 [Cu(CH3CN)4]BF4 5 f THF 0.5 75:25 72 91
14 [Cu(CH3CN)4]BF4 5 f CH2Cl2 0.5 71:29 67 88
15 [Cu(CH3CN)4]BF4 5 f CHCl3 0.5 86:14 76 93
16 [Cu(CH3CN)4]BF4 5 f Et2O 0.5 78:22 72 94
17 [Cu(CH3CN)4]BF4 5 f 1,4-dioxane 0.5 87:13 80 92
18[f ] [Cu(CH3CN)4]BF4 5 f 1,4-dioxane 0.5 83:17 75 92
19[g] [Cu(CH3CN)4]BF4 5 f 1,4-dioxane 1 81:19 71 91
20[h] [Cu(CH3CN)4]BF4 5 f 1,4-dioxane 5 n.d. trace n.d.

[a] Reaction conditions: chiral ligand 5 (5 mol%), catalyst (5 mol%),
Et3N (1 equiv), glycine ester imine 1a (1 equiv, 0.10 mmol), and
derivative of fulvene 2a (1.5 equiv) in solvent (0.1m) at ambient
temperature. [b] Determined by 1H NMR spectroscopy. [c] Yield of
isolated pure major diastereomer 3aa after chromatography on silica gel.
[d] Determined by HPLC analysis on a chiral stationary phase. [e] Addi-
tionally 20–30% of undefined isomers were formed. [f ] Using 3 mol% of
catalyst and ligand 5 f. [g] Using 2 mol% of catalyst and ligand 5 f.
[h] Using 1 mol% of catalyst and ligand 5 f. n.d. = not determined.
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2). Likewise, chiral P,N-ferrocene ligands 5c and 5e did not
induce high enantioselectivity (Table 1, entries 3–5). How-
ever, gratifyingly, use of the S,P-ferrocenyl ligand
(R)-Fesulphos[9] (5 f ; Table 1, entry 6) led to significantly
improved diastereo- and enantioselectivity. Subsequently,
various sources of copper(I) and silver(I) were screened as
catalysts (Table 1, entries 7–12). In the presence of Cu+

catalysts higher yields and enantioselectivity for 3aa were
achieved whereas the use of Ag+ led to the formation of four
diastereomers. The best catalyst for the cycloaddition was
[Cu(CH3CN)4]BF4 (Table 1, entry 7). Exploration of various
solvents resulted in moderate differences in enantioselectivity
(88–94%) and yield (67–80%) for 3aa (Table 1, entries 7, 13–
17). The highest yield (80 %) for the major diastereomer 3aa
was reached in 1,4-dioxane (Table 1, entry 17). Application of
N,N-diisopropylethylamine instead of triethylamine led to
a decrease of diastereoselectivity, and the use of 1,8-diazabi-
cycloundec-7-ene resulted in a lower yield of the [6+3]
cycloadduct. Remarkably, catalyst loading can be reduced to
2% without loss of enantioselectivity of 3aa (Table 1,
entries 17–20). However, we observed a decrease of yield
and diastereoselectivity depending on the amount of chiral
complex employed. Based on these results, we chose to use
5 mol% of [Cu(CH3CN)4]BF4 as catalyst, 5 mol% of
(R)-Fesulphos (5 f) as chiral ligand, and Et3N (1 equiv) as
base in 1,4-dioxane at ambient temperature (Table 1,
entry 17) for the subsequent experiments.

The initial products of the [6+3] cycloadditions are only
moderately stable, therefore we investigated further synthetic
transformations of the highly reactive cyclopentadiene func-
tionality of the [6+3] cycloadduct 3aa.[10] Compound 3aa
reacted smoothly with N-methylmaleimide at ambient tem-
perature to yield Diels–Alder adduct 6aa in good yield
(Table 2, entry 1). Only one diastereomer of the [4+2]
cycloadduct was detected, and the Diels–Alder reaction
proceeded with complete conservation of enantiomeric
purity of the chiral diene. The reaction has considerable
substrate scope, and various activated dienophiles reacted
with similar efficiency (Table 2, entries 2–4). The absolute
configuration of the [6+3] cycloaddition product 3aa and of
the resulting Diels–Alder adduct were unambiguously deter-

mined by crystal structure analysis of compound 6aa
(Scheme 1).

To rationalize the steric course of the reaction we propose
the formation of intermediate complex A (Scheme 1). In this
arrangement the copper is coordinated by both the chiral

ligand 5 f and the glycine ester imine 1 in a tetrahedral
arrangement. This proposal is in agreement with previous
findings of Carretero and co-workers that were based on
NOE experiments indicating interactions between the tert-
butyl group of ligand 5 f and the aromatic ring of glycine ester
imine 1.[9e] Deprotonation of complex A by the base results in
formation of the azomethine ylide, which undergoes
1,3-dipolar cycloaddition with fulvene 2. The attack takes
place from the less-hindered face, that is, in this case, from the
front to avoid unfavorable interactions with the bulky tert-
butyl group. The subsequent Diels–Alder reaction proceeds
via the favored exo-transition state (B) and yields the
[4+2] cycloaddition product 6 with high selectivity. To inves-
tigate whether the [6+3] cycloaddition and the Diels–Alder
reaction could be combined in a one-pot sequence, the
reaction of a-iminoester 1a with fulvene 2 a was initiated by
treatment with (R)-Fesulphos 5 f and [Cu(CH3CN)4]BF4 in
the presence of base in 1,4-dioxane at ambient temperature,
and after 30 minutes N-methylmaleimide was added. Gratify-
ingly, the desired cycloadduct 6aa bearing eight stereocenters
was obtained with an enantioselectivity of 92 % in a combined
yield of 70 % over two steps (Table 3, entry 1).

Encouraged by this result, we investigated the scope of the
[6+3]/[4+2] cycloaddition one-pot sequence using various
glycine ester imines 1 and fulvenes 2 (Table 3). Regardless of
the electronic properties of the substituents on glycine ester

Table 2: Diels–Alder reaction of [6+3] cycloaddition product 3aa with
various dienophiles.[a]

Entry Product Dienophile t [h] exo/endo Yield [%][b]

1 6aa N-methylmaleimide 2 >95:5 72
2 7aa maleic anhydride 3 >95:5 79
3 8aa Benzoquinone 5 >95:5 68
4 9aa naphthalene-1,4-dione 5 >95:5 70

[a] Reaction conditions: [6+3] cycloaddition product 3aa (1 equiv,
0.10 mmol), and dienophile (1.5 equiv, 0.15 mmol) in CH2Cl2 (0.1m) at
ambient temperature. [b] Yield of isolated product after column
chromatography on silica gel.

Scheme 1. Proposed intermediates and transition states for the forma-
tion of 6 by enantioselective [6+3] cycloaddition and subsequent
Diels–Alder reaction. ORTEP plot of 6aa with the thermal ellipsoids
shown at 50 % probability.[11]
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imines 1, the products were obtained with enantioselectivities
of 87–94% ee (Table 3, entries 1–10).

a-Iminoesters with aryl substituents having electron-
withdrawing groups, such as fluorine and trifluoromethyl, in
the para position (Table 3, entries 2 and 5) gave the products
with slightly higher diastereoselectivity and higher yields than
unsubstituted 1,3-dipoles (Table 3, entry 6) and imines having
aryl substituents with electron-donating substituents, such as
a methyl- or a methoxy group (Table 3, entries 7 and 8). The
diastereoselectivity of the cycloaddition depends on the
position of the substituents on the aromatic ring, and was
lower for ortho-substituted than para-substituted phenyl
derivatives (Table 3, entries 2–4). Sterically demanding
groups are also tolerated leading to preparatively viable
yields and enantioselectivities (Table 3, entries 9 and 10). Use
of an a-iminoester obtained from 3-methylbutanal did not
lead to formation of the desired product (Table 3, entry 11).

To further explore the scope of the one-pot sequence,
a series of substituted fulvenes, which are readily available by
condensation of cyclopentadiene with various aldehydes, was
examined (Table 3, entries 12–20). Regardless of their elec-
tronic and steric properties, the substituents have no major
influence on the yield. However, the position of the sub-
stituent on the aromatic ring does influence the stereoselec-
tivity. The diastereoselectivity of the [6+3] cycloaddition is
lower when there is an ortho substituent than when there is
a para substituent but the enantiodifferentiation is not
effected (Table 3, entries 14–16). The cycloadducts obtained
from the different fulvenes 2 were obtained in viable yields
(62–96%) and with high enantioselectivities (up to 97 %).
Alkyl-substituted fulvenes react smoothly giving the corre-
sponding products in good to excellent yields, but with low
enantioselectivity (Table 3, entries 19–20). The minor isomers
10 are formed with lower enantioselectivity (Table 3,
entries 1, 2, 9).

In conclusion, we have reported the first catalytic
enantioselective [6+3] cycloaddition of azomethine ylides
with fulvenes to provide piperidine derivatives with four
stereocenters with high regio- and enantioselectivity.[8] This
enantioselective [6+3] cycloaddition was combined with
a [4+2] cycloaddition in one pot to yield complex annulated
piperidines with eight stereocenters.
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