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1. Introduction

Although 1,3-dipoles have been known for more than a
century, intensive research in this area was initiated in
the 1960s. Since then, numerous methods have been
developed for the generation of various types of these
reactive species. Their cycloaddition reactions have
become powerful synthetic tools, providing access to
highly functionalised O-, S- and N-containing heterocy-
cles. The synthetic utility of these cycloadditions has
been expanded further by developing tandem processes,
which allow the preparation of complex molecules start-
ing from relatively simple starting materials.1
- see front matter � 2005 Elsevier Ltd. All rights reserved.
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In recent years, azomethine ylides have become one of
the most investigated classes of 1,3-dipoles. Based on
their cycloaddition chemistry, various methods for the
synthesis of pyrrolidine derivatives have been developed.
In addition, the most recent advances, particularly, in
the area of metallo-azomethine ylides provide highly
stereoselective methodologies for the preparation of this
important class of compounds.
2. Azomethine ylides

Azomethine ylides, represented by the general structure
1, are planar 1,3-dipoles composed of one nitrogen and
two terminal sp2 carbon atoms. Their cycloaddition
reactions, to olefinic dipolarophiles, provide a direct
and general way for the synthesis of pyrrolidine deriva-
tives (Scheme 1).2 This cycloaddition approach to the
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pyrrolidine synthesis allows the formation of two
bonds and up to four stereogenic centres in a single
operation.

Although there are examples of stable, isolable azome-
thine ylides,3 they are normally generated in situ and
trapped by almost any multiple C–C or C–X (X = hetero-
atom) bond. Since the first report4 on these reactive
intermediates, a number of methods have been devel-
oped for their generation. These include processes such
as ring opening of aziridines,5 desylylation of various
silylamino derivatives,6 1,2-prototropy/metallo-azome-
thine ylides of amino acids derived imines,7 decarboxyl-
ative condensation of amino acids,8 deprotonation of
iminium salts9 and others.10 Advances made in this area
over the last few decades have made cycloaddition reac-
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Scheme 2.
tions of azomethine ylides a powerful synthetic tool,
extensively used in the synthesis of natural products as
well as other products.11
3. 1,2-Prototropy and metallo-azomethine ylides

Amino acid derived imines undergo 1,2-prototropy
under thermal conditions to produce, in a kinetically con-
trolled process, E,E-azomethine ylide 4 (Scheme 2).12 In
the presence of the dipolarophile, this ylide takes part in
the cycloaddition reaction, which may or may not be the
rate determining step, to often afford a mixture of cyclo-
adducts 5 and 6, obtained via an endo and an exo tran-
sition state, respectively. Formation of azomethine
ylides is sensitive to the pKa of the a-hydrogen and the
basicity of the imine nitrogen, which in turn depend
on the imine structure.13 The initially formed E,E-ylide,
although rarely, may undergo stereomutation to pro-
duce either E,Z-7 or Z,E-8 ylides, which then undergo
the cycloaddition reaction. Further progression of the
kinetic ylide 4 is generally controlled by a number of fac-
tors such as the imine structure, solvent, reaction tem-
perature and reactivity of the dipolarophile used in the
subsequent cycloaddition step.13,14
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Related to the 1,2-prototropy processes, which lead to
the formation of azomethine ylides, are processes in
which metallo-azomethine ylides are formed.15 Essen-
tially, in these transformations the hydrogen atom in
the above processes is replaced by a metal ion. One of
the first examples of transformations potentially involv-
ing metallo-azomethine ylides was reported in the �70s.16

It was shown that the metal complexes of imines, derived
from the a-amino acids and ketones possessing an addi-
tional coordinating group, reacted with activated alkenes
to afford the pyrrolidine products. Although a mixture of
diastereoisomers was formed in this reaction, suggesting
a stepwise mechanism such as double Michael reactions,
further investigation in this area supported a concerted
4p + 2p process.16c Reports following these initial find-
ings demonstrated that a-amino esters or a-aminonitrile
derived imines produced pyrrolidine products in the
presence of activated alkenes when treated with strong
bases, such as NaOMe, BuLi, LDA, t-BuMgCl and
NaH.17 In addition, Lewis and Bronsted acids were
shown to promote the same process.18

All these efforts culminated in the development of a very
mild and efficient method for the generation of metallo-
azomethine ylides employing Lewis acids in conjunction
with a weak base.15 Reactions of amino acid derived
imines or related compounds and activated alkenes pro-
moted by Lewis acid/base afford pyrrolidine products
often in very high yields and with a high level of stereo-
selectivity. The proposed mechanism for this transfor-
mation is outlined in Scheme 3.19

The coordination of the metal ion by the imine/ester
moieties increases the acidity of the a-CH and facilitates
the deprotonation step promoted by a weak base. This
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Scheme 3.
leads to the initial formation of the kinetically favoured
E,E azomethine ylide. Various Lewis acids can be used
for this purpose, such as AgI, TlI, LiI, MgII, CoII, TiIV,
ZnII, CuII and SnIV in conjunction with bases such as
Hunig�s base, Et3N, DBU, TMEDA, guanidine derived
bases and phosphazanes.19 The reaction can proceed
without the presence of a base but is generally much
slower, even at higher temperatures. The regiochemistry
of the cycloaddition step can be controlled by Lewis
acid.20 The exact nature of the metallo-azomethine ylide
is not known. The coordination chemistry and proper-
ties of Lewis acids used vary widely, suggesting that dif-
ferent species are present and can contribute to the
metallo-azomethine ylide structure.

The major difference and advantage of the metallo-
azomethine over the related 1,2-prototropy route
towards pyrrolidine derivatives lies in its stereoselectivity.
The kinetic E,E ylide 4, generated via thermally induced
1,2-prototropy, may undergo stereomutation processes,
while two modes of the cycloaddition step, endo and
exo, contribute further to the complexity of the reaction
sequence (Scheme 2). As a result, in many transforma-
tions of this type, a mixture of products is obtained. This
is not the case in the cycloaddition reactions involving
metallo-azomethine ylides. They are generated under
milder conditions and often the only species formed, par-
ticularly from imines of aromatic aldehydes and amino
ester derivatives, is E,E-ylide 11. The following cyclo-
addition step is highly endo selective but can be influenced
by the dipolarophile structural properties. The stereomu-
tation of ylide 11 is observed in case of the metallo-ylides
generated from imines of aliphatic aldehydes.21 These
processes can be suppressed by a Lewis acid and sol-
vent selection. Very mild conditions used to generate
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metalloazomethine ylides provide the opportunity to
use imines obtained from aliphatic aldehydes. These imi-
nes under the thermal conditions of the 1,2-prototropy
method undergo the imine–enamine isomerisation and
often afford the final product in low yields.
NOH

18

Scheme 5.

Table 1. Enantioselective 1,3-dipolar cycloadditions in the presence of

CoCl2 and (1R,2S)-18a

Entry R Solvent Time

(h)

Yield,

19 (%)

ee,

19 (%)b

1 MeCN 16 55 84

2 Methylacrylate 0.7 84 96

3

Br

MeCN 24 45 80

4

Br

methylacrylate 0.5 67 96

5

O

MeCN 24 —

6

O

Methylacrylate 0.7 83 96

a CoCl2, 1 mol; ligand 18, 2 mol, reactions carried out at 25 �C.
b Ee determined by 1H NMR and HPLC.
4. Metallo-azomethine ylides in the stereoselective
synthesis of pyrolidine derivatives

Stereoselectivity in the 1,3-dipolar cycloaddition reac-
tions of metallo-azomethine ylides can be achieved in
various ways.17b,20b,22 The chiral auxiliary approach is
based on the presence of a removable chiral moiety as
part of either the azomethine ylide or the dipolarophile
structure. Both of these strategies were extensively inves-
tigated, with the reactions being performed under both
1,2-prototropy and the metallo-azomethine ylide condi-
tions.22 An alternative and perhaps more desirable
methodology employs chiral Lewis acids, in most cases
generated in situ, which promote reactions between pro-
chiral reactants to afford the final product in a stereo-
selective manner. Although this is a well established and
widely applied strategy, only in recent years has this
approach been investigated in the area of azomethine
ylide cycloadditions. The current status in this field will
be discussed further in this text.

4.1. CoII catalysed reactions

The first example of stereoselective cycloadditions of the
azomethine ylides mediated by a chiral Lewis acid com-
plex appeared in the literature in 1991.23 It was reported
that the reaction of imine 13 and acrylate 14 in the pres-
ence of CoCl2 and ephedrine derived ligand 15 afforded
pyrrolidine product 16 in 45% yield with 80% ee (Scheme
4). The product was isolated as a single diastereo-
isomer, arising from E,E-dipole via an endo transition
state.

The moderate yield was likely to be caused by the imine
hydrolysis promoted by Lewis acid or Bronsted acid
generated from the metal salt. Neither the reaction time
(16 h) nor the enantioselectivity was significantly
affected by other solvents (CH2Cl2, MeCN, PhCN and
THF), but further improvement of the ee was achieved
by using the dipolarophile as a solvent (Scheme 5, Table
1). All pyrrolidine products, under the conditions using
methyl acrylate 14 as a solvent, were isolated as a single
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COOMe

H
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Scheme 4.
diastereoisomers in good yields and with excellent ee
(Table 1, entries 2, 4 and 6). As in the case above, they
were obtained from E,E-ylide via an endo transition
state.

Furthermore, under the above conditions, the reaction
time was significantly decreased (Table 1, entry 1 vs
entry 2). Performing the reaction in MeCN and replacing
CoCl2
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CoCl2 with CoBr2 resulted in a shorter reaction time
(4 h) but lower ee (45%), whilst the use of CoF2 resulted
in a very slow reaction and little chiral induction.

Several additional ligands, compounds 20–23, were
investigated in this transformation but were shown to
be less efficient than ligand 18 (Fig. 1).

To address the origin of the observed enantioselectivity,
a model of the transition state was proposed (Fig. 2). It
was assumed that CoII forms an octahedral complex,
involving both the ligand and the imine, in which one
face of the imine was effectively blocked by the phenyl
group of the ligand. The proposed arrangement around
the metal may be additionally stabilised by the p–p
interactions of the aromatic substituents. It is likely that
the acrylate dipolarophile is coordinated to the metal
centre during the cycloaddition step.
H
N

Co
N

O

O

MeO

Figure 2.
Although highly enantioselective, this method suffers
from several drawbacks. As shown, in order to obtain
a synthetically useful ee, the use of a dipolarophile as
a solvent is essential. Application of a large excess of
the reactant may not always be convenient, particularly
in case of complex dipolarophiles which require a multi-
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Scheme 6.
step synthesis. In addition, Lewis acid is used in an equi-
molar amount and for optimal results requires 2 equiv
of the ligand. Even so, this first example of the enantio-
selective cycloaddition reactions of azomethine ylides
demonstrated the potential of this methodology and
opened a new field in the synthesis of pyrrolidine
derivatives.

4.2. MnII catalysed reactions

Attempts have been made to use MnBr2 in the processes
discussed above, but this Lewis acid was shown to be
less efficient than CoII salts.23 Under the same condi-
tions, using an equimolar amount of MnBr2 and 4 equiv
of ligand 15, pyrrolidine product 16 was isolated in 64%
yield with 60% ee (Scheme 6). As before, the product
was obtained from the E,E-dipole via an endo transition
state. The use of other investigated ligands 20–23 in con-
junction with MnII salts did not result in improvement
of this initial result.

4.3. AgI catalysed reactions

The most effective Lewis acids in the cycloaddition reac-
tions of metallo-azomethine ylides are arguably AgI

salts. The reaction times in these cases are generally
short, requiring no more than a few hours, and the prod-
ucts are normally isolated in very high yields. A further
benefit of the short reaction time is that the imine hydro-
lysis, often observed in the reactions catalysed by some
other Lewis acids, is not a significant side reaction.

Based on the reactivity and stability of its complexes, the
AgI ion was characterised as a �soft� acid for which the
following ligand stability order is observed
N � P > As > Sb; O� S.24 One of the first examples
of stereoselective cycloaddition reactions of azome-
thine ylides in the presence of an AgI salt employed
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bisphosphine ligand 25.25 Results from the initial set of
experiments are outlined in Scheme 7, Table 2.

The reactions were performed with 1 equiv of AgOTf
and an equimolar amount of the ligand, using an excess
of Et3N as a base in CH2Cl2 as a solvent. Various
aminoester derived imines were used to afford the pyr-
rolidine products in good yields with a moderate level
of enantioselectivity (49–71%). The cycloadducts were
derived from E,E-dipole via an endo transition state.
Incorporation of the a-substituent in the imine structure
had a moderate impact on the enantioselectivity (Table
2, entry 1 vs entry 2). Surprisingly, variation of this sub-
stituent did not influence the ee further (Table 2, entries
2/3, 4 and 5). These puzzling similarities between the
imines possessing different a-substituents suggest that
Table 2. Enantioselective 1,3-dipolar cycloadditions in the presence of

AgOTf and (3R,4R)-25a

Entry R Temperature

(�C)
Yield, 26 (%) ee, 26 (%)b

1 H rt 69 49

2 Me rt 72 64

3 Me �20 78 71

4 CH2Ph rt 80 66

5

N
H

rt 80 67

a AgOTf, 1 mol; ligand 25, 1 mol; Et3N 1.5 mol; reactions carried out

at 25 �C.
b Ee determined by 1H NMR using Eu(hfc)3.
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Scheme 8.
this moiety is not directly involved in factors controlling
the enantioselectivity but its precise role is unclear.

Performing the reaction at a lower temperature
improved enantioselectivity but by only a small amount
(Table 2, entry 2 vs entry 3). Further study focused on
the base showed that under the same conditions, the
use of a stronger base than Et3N, such as DBU or a
substituted guanidine, produced lower levels of enantio-
selectivity (ee � 57%).

Replacing methylacrylate with N-methyl maleimide 27,
under otherwise the same conditions, afforded the cyc-
loadducts in good yields but with a poor ee (Scheme
8). The absolute stereochemistry of the product 28 was
not established but was assumed to be the outcome, as
in the previous cases, of the cycloaddition involving
E,E-ylide via an endo transition state.

A proposed transition state for the above cycloaddition
reactions mediated by AgI is shown in Figure 3 (the pyr-
rolidine rings of the ligand are omitted for clarity). d10,
AgI ion is assumed to adopt a square planar geometry
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with the ligand and the imine occupying the coordina-
tion sphere of the metal. The dipolarophile orientation
to the metallo-azomethine ylide is controlled by the reg-
iochemistry of the cycloaddition step while the chiral
ligand controls the facial selectivity. Access to the Re face
of the ylide via an endo transition state is less favoured
due to the development of steric interactions between
the pseudo-axial phenyl group on the phosphorus and
the ester group on the dipolarophile. The Si face
of the ylide is less shielded due to pseudo-equatorial
orientation of the phenyl group. To challenge this model
further, it would be of interest to study, for example, the
effect of the steric factors controlled by the dipolarophile
ester moiety on the enantio- and the exo/endo-selectivity.

Further advances in the stereoselective AgI catalysed
cycloaddition reactions of azomethine ylides were
reported recently.26 It was shown that a very efficient
catalyst for the cycloaddition reactions of azomethine
ylides is AgOAc (1 mol %) in combination with PPh3
(2 mol %). Although AgOAc is insoluble in most organic
solvents, addition of phosphine promotes the formation
of a highly soluble and efficient catalyst. As a result, a
number of chiral bisphosphine ligands were screened
with the intention of developing an enantioselective pro-
cess (Fig. 4). The most efficient amongst them was
shown to be ligand 29.

The reaction between imine 34 and methyl maleate, car-
ried out in toluene using AgOAc (3 mol %), ligand 29a
(3.3 mol %) and Hunig�s base (10 mol %) at room tem-
perature afforded pyrrolidine 36 as a single diastereoiso-
mer in 94% yield with 76% ee (Scheme 9). Further
improvement in the enantioselectivity, to 86%, was
achieved with ligand 29b. The isomerisation maleate–
fumarate, which is often observed and leads to a mixture
of products under the thermal 1,2-prototropy condi-
tions, was not promoted by the conditions used.

All other ligands were less efficient, affording the prod-
uct with significantly lower ee and often as a mixture
of diastereoisomers.
N
H

N
H

PAr2 Ar2P

O O

Fe

Fe

PP

29 a.(S,S,Sp)FAP, Ar = phenyl
b. (S,S,Sp)xylyl-FAP,  Ar = 3,5-dimethylphenyl

30 (R)-B

32 (R,R)-Me-DuPhos

Figure 4.
In order to investigate the scope of this transformation a
range of imines were used under the above-described
conditions (Scheme 10, Table 3).

As in the above discussed cases, all products were iso-
lated as single diastereoisomers in good yields and were
obtained from the E,E-dipole via an endo transition
state. Generally, arylidene imines afforded the products
with better enantioselectivity than alkylidene (Table 3,
entries 12 and 13), which also required longer reaction
times. The best results were obtained with 2-naphthylid-
ene imine (Table 3, entry 10), which yielded the product
in an almost quantitative yield and excellent enantiose-
lectivity (ee 97%). Small variations in ee were observed
in the case of substituted benzylidene imines although
the origin of it is not clear at the moment (Table 3,
entries 3–8).

The authors further studied various dipolarophiles with
the results summarised in Table 4. They showed that
there were significant differences between the maleate/
fumarate and between tert-butyl acrylate/methyl acryl-
ate. The maleate and tert-butyl acrylate afforded the
products with significantly better ees (Table 3, entry 1,
PPh2

PPh2

N
H

N
H

O O

PPh2 Ph2P

H

H
PPh2 PPh2

INAP 31 (R,R)-Trost ligand

33 (R,R,R,R)-BICP



Table 3. Enantioselective 1,3-dipolar cycloadditions in the presence of

AgOAc and (S,S,Sp)-xylyl-FAP 29ba

Entry R Time (h) Yield, 37 (%) ee, 37 (%)b

1 7 87 87

2 7 93 88

3

O
7 98 92

4

Cl
7 96 92

5

F
7 96 90

6

NC
7 96 96

7

Cl
7 92 86

8 7 97 90

9 7 73 85

10 14 98 97

11

N
7 98 84

12 48 82 70

13 48 82 71

a AgOAc, 3 mol %; ligand 29b, 3.3 mol % 1 mol; i-PrNEt2 10 mol %;

reactions carried out at room temperature.
b Ee determined by HPLC.
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87% ee vs Table 4, entry 1, 52% ee and Table 4, entry 3,
60% ee vs 4, 93% ee).

The transition state model for the reactions involving
AgI and ligand 29b may be related to the model pro-
posed in Figure 3, but an additional steric factor was
introduced by the ferocene moiety of ligand 29b. As a
result, the use of dipolarophiles with sterically more
demanding substituents, such as tert-butyl acrylate,
may result in a better enantiodiscrimination. This may
also explain an improved enantioselectivity obtained
with ligand 29b compared to that of 29a, which pos-
sesses bulkier P-substituents.

A study was carried out with (S)-QUINAP ligand 39
which is related to the above investigation.27 The results
showed that this ligand performed in a comparable
manner to ligand 29b, showing a high degree of diaste-
reo (>20:1) and enantioselectivity (>89%) (Scheme 11,
Table 5). The reactions were performed with 3 mol %
catalyst loading at �45 �C and all products were iso-
lated in excellent yields. Once again, the electronic
effects controlled by the phenyl substituents of the
arylidene imine did not affect the enantioselectivity sig-
nificantly (Table 5, entries 2–4).

Apart from the tert-butyl acrylate, some other dipolaro-
philes were also studied (Scheme 12, Table 6). While
maleate (Table 6, entry 1) and crotonate (Table 6, entry
2) esters showed excellent levels of diastereoselectivity,
cinnamate (Table 6, entry 3) afforded a 2:1 mixture of
the endo and exo cycloadducts. On the other hand,
enantioselectivity in the reaction with maleate was con-
siderably lower than that with the other two
dipolarophiles.

Comparison of the results obtained for ligands (S,S,Sp)-
xylyl-FAP 29b and (S)-QUINAP 39 shows that 29b is
much more efficient in the cycloaddition reactions
employing maleate esters (87% ee, Table 3, entry 1 and
60% ee, Table 6, entry 1) while results obtained with
acrylate are comparable (93% ee, Table 4, entry 4 and
91% ee, Table 5, entry 1).

Further study of the (S)-QUINAP ligand was per-
formed using substituted imine derivatives (Scheme 13,
Table 7). Interestingly, the enantioselectivity (77–81%
ee) was not significantly influenced by varying the a-sub-
stituent although conversion/yields were very much
dependent on this moiety. In addition, it seems that
the absence of this group is crucial for achieving a high
level of enantioselectivity (compare Table 5, entry 1 and
Table 7, entry 1).

It was further demonstrated that the methodology based
on the application of the AgI/(S)-QUINAP catalytic sys-
tem could be efficiently performed on polystyrene
macrobeads. The pyrrolidine product was isolated in
79% overall yield (over three steps), >20:1 de and 90%
ee.

4.4. CuII catalysed reactions

Methodologies utilising Cu-based reagents or Lewis
acids are valuable synthetic tools with a wide applica-
tion in the synthesis of complex molecules. It is not just
the efficiency, but also the diversity of these methods
that make copper one of the most important transition
metals in organic synthesis. In recent years, Cu-Lewis
acids in combination with some bis-phosphine ligands
have been evaluated in the stereoselective cycloadditions
of azomethine ylides.28

The studied ligands, outlined in Figure 5, have been
used in conjunction with Cu(OTf)2 and the reactions
performed in CH2Cl2 at �40 �C, using Et3N as a base
(Scheme 14, Table 8). It is worth noting that the major
products of the reactions were obtained from the E,E-
dipol, as in all the above discussed processes, but via an



Table 4. Enantioselective 1,3-dipolar cycloadditions in the presence of AgOAc and (S,S,Sp)-xylyl-FAP 29ba (study of dipolarophiles)

Entry Imine Dipolarophile Product Yield (%) ee (%)b

1 34

MeOOC

COOMe

COOMe

N
H

MeOOC

COOMePh

88 52

2 34
i-PrOOC COOi-Pr

N
H

i-PrOOC

COOMePh

COOi-Pr

85 87

3 34 MeOOC

N
H

MeOOC

COOMePh

90 60

4 34
t-BuOOC

N
H

COOMePh

t-BuOOC

85 93

5 34 N
OO

N

N
H

COOMePh

OO

87 79

a AgOAc, 3 mol %; ligand 29b, 3.3 mol % 1 mol; i-PrNEt2 10 mol %; reactions carried out at room temperature.
b Ee determined by HPLC.

N COOMeR

AgOAc

N
H

R COOMe

N

PPh2

+

THF

-45oC, 20h

17 38

40

39

39

i-Pr2NEt

COOt-Bu t-BuOOC

Scheme 11.

Table 5. Enantioselective 1,3-dipolar cycloadditions in the presence of

AgOAc and (S)-QUINAP 39a

Entry R Yield, 40 (%) ee, 40 (%)b

1 84 91

2

O

93 95

3

Br

89 95

4

NC

92 96

5 89 94

6 95 89

a Catalyst loading 3 mol %.
b Ee determined by HPLC.
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exo mode of the cycloaddition step. As discussed previ-
ously and suggested by the above examples, the cycload-
dition reactions of metallo-azomethine ylides usually
yield the product via an endo transition state. This
endo/exo switch using different catalysts may allow fur-
ther rational control of the stereochemistry of the final
product, providing wider synthetic utility of the cycload-
dition reactions of azomethine ylides. The best initial
enantioselection for the exo cycloadduct was obtained
with (R)-SEGPHOS 47 (Table 8, entry 4 vs entries 1–3).
Further study was carried out only with two ligands
46a (R)-BINAP and 47 (R)-SEGPHOS and Cu(OTf)2
as Lewis acid, which were used in the reactions of
various imines under the same conditions.

Preferences for the exo mode of the cycloaddition step
were observed in all reactions with both ligands, while
(R)-BINAP 46a generally afforded the products with
better enantioselectivity (Table 8). However, in the case
of p-chlorobenzylidene imine (Table 8, entries 9 and 10)
the reaction involving (R)-SEGPHOS 47 proceeded in
higher yield and with better enantioselectivity.



Table 6. Enantioselective 1,3-dipolar cycloadditions in the presence of AgOAc and (S)-QUINAP 39a (study of dipolarophiles)

Entry R1 R2 R3 Temp (�C) Time (h) endo (43)/exo (42) Yield, 43 (%) ee, 43 (%)c

1a COOMe H COOMe �60 48 >20:1 88 60

2b COOt-Bu Me H �20 85 >20:1 97 84

3b COOt-Bu Ph H �20 85 2:1 62 81(50d)

a Catalyst loading 3 mol %.
b Catalyst loading 10 mol%.
c Ee determined by HPLC.
d Ee of exo product 50%.

Table 7. Enantioselective 1,3-dipolar cycloadditions in the presence of

AgOAc and (S)-QUINAP 39a (study of substituted iminesa)

Entry R Time (h) Yield, 45 (%) ee, 45 (%)b

1 Me 24 98 80

2 i-Bu 48 77c 80

3 Benzyl 48 93 77

4

N
H

96 47d 81

a Catalyst loading 10 mol %.
b Ee determined by HPLC.
c Conversion 85%.
d Conversion 50%.

N COOMePh

R
1

R
2

R
3

AgOAc

N
H

R

COOMePh

R3

R
2

N
H

COOMePh

R3

R
2

R

+
+

THF

34

41
42 43

39

i-Pr2NEt

1
1

Scheme 12.

N COOMePh

R
COOt-Bu

AgOAc

N
H

COOMePh

R+

THF
-20oC

44 38
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39

i-Pr2NEt

t-BuOOC

Scheme 13.
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The investigation of other dipolarophiles showed similar
results (Table 9). N-Methyl maleimide (Table 9, entries 3
and 4) showed preferences for exo selectivity, although
PAr2

PAr2

O

O

O

O

a. (R)-BINAP, Ar = Ph
b. (R)-tol-BINAP, Ar = p-tolyl

46 47 (R)-S

Figure 5.
this selectivity is lower compared to the N-phenyl deriv-
ative (Table 9, entries 1 and 2 vs entries 3 and 4). In the
case of maleimides, the enantioselectivity was generally
moderate, with (R)-SEGPHOS 47 giving slightly better
selectivity. The situation is more complex with trans
dipolarophiles such as fumarates, where there are two
possible but related modes of the cycloaddition step.
When diethyl fumarate was used as dipolarophile (Table
9, entries 5 and 6) cycloadducts were obtained only
when (R)-BINAP 46a was used as a ligand. Two diaste-
reoisomeric products 52 and 53 were obtained in a �1:2
ratio and 81% and 77% ee, respectively. The major prod-
uct was the compound with cis orientation of the phenyl
at C(5) and ester functionalities on C(4). These results
contradict previous observations that the dominant
interactions in the transition state of these cycloaddi-
tions employing fumarate ester are the ester–ester rather
than the phenyl–ester interactions.29

Contrary to ethyl fumarate, fumaronitrile afforded cyc-
loadducts 54 and 55 under the conditions employing
both ligands (Table 9, entries 7 and 8). Interestingly,
the ratio of two diastereoisomeric products is completely
opposite and ligand dependant while the reaction using
(R)-SEGPHOS 47 showed slightly better enantioselec-
tivity (Table 9, entry 8).

CuII/(R)-SEGPHOS 47 or (R)-BINAP 46a catalytic sys-
tem, as discussed above, showed preferences for the exo
mode of the cycloaddition step of metallo-azomethine
PPh2

PPh2 PPh2

PPh2

EGPHOS 48 (R)-H8-BINAP



N COOMeR

Cu(OTf)2

N
H

R COOEt

N OO

N
H

R COOEt

N OO
N OO

Ph

NEt3

CH2Cl2

Ph Ph

+ +

-40oC

17 49

50 51

ligand

Scheme 14.

Table 8. Enantioselective 1,3-dipolar cycloadditions in the presence of Cu(OTf)2 and ligands 46–48a

Entry R Ligand Time (h) exo-50/endo-51d Yield, 50 (%) ee, 50 (%)

1 46a 24 >95/5 71 64b

2 46b 24 >95/5 40 47b

3 48 48 >93/7 25 60b

4 47 48 >85/15 78 72b

5

O
46a 48 >95/5 83 87c

6

O
47 48 — 0 —

7
O2N

46a 24 >95/5 77 62c

8
O2N

47 24 >95/5 32 19c

9

Cl
46a 48 >95/5 83 65c

10

Cl
47 48 >95/5 94 75c

a Cu(OTf)2, 2 mol %; ligand, 2.2 mol %; Et3N 4 mol %.
bDetermined by HPLC.
c Determined by 1H NMR in the presence of Eu(hfc)3.
d Determined by 1H NMR.

S. Husinec, V. Savic / Tetrahedron: Asymmetry 16 (2005) 2047–2061 2057
ylides. In an attempt to rationalise this observation, the
transition state shown in Figure 6 was proposed. The
endo approach of the dipolarophile to the Cu-complex
incorporating both the ligand and imine was less
favoured due to steric interactions caused by theN-phenyl
substituent of the dipolarophile and the ligand moiety.
Further support of this model was provided by the
results obtained for N-methyl maleimide. This dipolaro-
phile possesses a sterically less demanding N-methyl
functionality and consequently showed lower exo/endo
selectivity. Although a similar rationale can be used
for AgI catalysed reactions (see Fig. 3) this exo switch
was not observed, reflecting differences in the coordina-
tion chemistry of CuII and AgI. The results clearly show
potential to rationally control the stereochemical out-
come of these cycloadditions simply by a selection of
Lewis acid, and establish further synthetic potential of
the methodology.

The use of Cu(OTf)2 in combination with the chiral bis-
oxazoline ligands 56 was briefly investigated but did not
show any enantioselectivity.30 In addition, it was found
that the conversion is significantly dependant on the
ligand used.

4.5. ZnII catalysed reactions

Oxazoline derivatives are versatile and widely used
ligands in various metal-based stereoselective methodolo-
gies.31 They are easily accessible from amino alcohols, of
which many are commercially available or can be pre-
pared from a-amino acids.



Table 9. Enantioselective 1,3-dipolar cycloadditions in the presence of Cu(OTf)2 and ligands (R)-BINAP 46a and (R)-SEGPHOS 47a (study of

dipolarophiles)

N
H

COOEt

N OO

Ph

N OO

R RR

N
H

COOEt

COOEtEtOOC

Ph N
H

COOEt

COOEtEtOOC

Ph

EtOO C

COOEt

Et OOC

COOEt

NC

CN
NC

CN

O

N
H

COOEt

NO

Ph

N
H

CO OEt

NC CN

Ph N
H

CO OEt

CNNC

Ph

Entry Time (h) Yield (%) Ee exo (%)LigandDipolarophile Cycloadductd

1

2

3

4

R = Ph

R = Ph

R = Me

R = Me

24

48

24

24

95 :  5

89 : 11

72 : 28

86 : 14

71

78

64

64

64 (exo)b

72 (exo)b

55 (exo)b

62 (exo)b

 exo-50 endo-51

5

6

48

60

36 : 64

    

    -

80

0

81(52), 77(53)b

           

7

8

24

24

14 : 86

63 : 37

57

54

75(54), 82(55)c

92(54), 83(55)c

46a

47

46a

47

46a

47

46a

47

52 53

54 55

-

aCu(OTf)2, 2 mol %; ligand, 2.2 mol %; Et3N 4 mol %.
bDetermined by HPLC.
cDetermined by 1H NMR in the presence of Eu(hfc)3.
dDetermined by 1H NMR.
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The oxazoline ligands have been used in stereoselective
cycloadditions of the metallo-azomethine ylides in con-
junction with ZnII Lewis acids.30 Of the investigated
ligands (Fig. 7) the most efficient was shown to be 56a.



Table 10. Enantioselective 1,3-dipolar cycloadditions in the presence

of Zn(OTf)2 and (S)-t-Bu-BOX 56aa

Entry Imine Dipolarophile Product/yield (%) ee (%)b

1 34 14 60a(>95)c 78

2d 34 14 60a(80) 88

3 13 14 60b(93) 78

4d 13 14 60b(84) 91

5d,e 13 14 60b(86) 87

6 13 59a 60c(76) 68

7 13 59b 60d(12) <5

8 58 14 60e(89) 61

9d 58 14 60e(89) 94

10d 34 59c 60f(78) 76

11d 13 59c 60g(84) 90

12 58 59c 60h(87) 68

a Zn(OTf)2, 10 mol %, (S)-t-Bu-BOX 56a, 10 mol %, Et3N, 10 mol %.
b Determined by HPLC.
c Conversion.
d Reaction temperature �20 �C.
e No solvent.
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Reaction of imine 34 and methyl acrylate 14 in the pres-
ence of Zn(OTf)2, ligand 56a and Et3N (10 mol % each)
afforded cycloadduct 60a with 78% ee (Scheme 15, Table
10).

The reaction conditions were studied in more detail and
it was found that the use of a less polar solvent, such as
Et2O or toluene, resulted in a lower ee, �25%, while in
CH2Cl2 or MeCN the ee (�65%) was comparable to
that observed in THF. Performing the reaction at
�20 �C further improved the enantioselectivity (Table
10, entry 2 vs entry 1) while varying the amount of
Et3N did not have any influence.

The potential of the ZnII/bis-oxazoline ligand was
explored in the reactions of various glycine derived imines
and several dipolarophiles. Under the above conditions,
in most cases, the cycloadducts were isolated in excellent
yields and with ees ranging from 61% to 94%. Interest-
ingly, it was found that the yield and enantioselectivity
were strongly dependant on the acrylate ester. Methyl
acrylate 14 in the reaction with naphthylidene imine 13
afforded the product in 93% yield with 78% ee (Table
10, entry 3 or entry 4, 91% ee at �20 �C). On the other
hand, when ethyl acrylate was used for the same reac-
NE

COOR3

R2
R

1 N COOMe

TH

+

Zn(O

R1 = Ph
R1 = Np
R1 = p-BrC6H4

14 R2 = H, R3 = Me
59 a. R2 = H, R3 = Et

b. R2 = H, R3 = Me
c. R2 = COOMe , R3 = Me

34
13
58

56

Scheme 15.
tion, the yield dropped to 76% and the ee to 68% (Table
10, entry 6), while tert-butyl acrylate proved completely
inefficient, yielding the product in only 12% yield with
<5% ee (Table 10, entry 7). These results are completely
opposite to the related AgI catalysed cycloadditions in
the presence of (S,S,Sp)-xylyl-FAP 29b or (S)-QUINAP
39 ligands. Dimethyl fumarate reacted highly diastereo-
and enantioselectively and again when the reaction was
carried out at �20 �C, it afforded the product with
improved ee (Table 10, entries 10–12).

The absolute stereochemistry of the product was estab-
lished by X-ray analysis and based on it a transition
state was proposed. To account for the observed stereo-
chemistry, ZnII was suggested to form the trigonal
bipyramid intermediate, which involves coordination
of the dipolarophile as well (Fig. 8). The dipolarophile
coordination was proposed based on the fact that acry-
lonitrile did not undergo the cycloaddition reaction,
whereas acrylate esters did.

In the proposed transition state, the Re face of the coor-
dinated dipolarophile approaches the Re face (lk
approach) of the metallo-ylide to afford the product. The
proposed transition state may provide an explanation
for the lower reactivity of the tert-butyl acrylate. In this
case, the coordination of the dipolarophile is likely to be
more difficult due to a steric clash between the tert-butyl
t3

N
H

R1 COOMe

OOC R2R3

F

Tf)2

a. R1 = Ph, R2 = H, R3 = Me
b. R1 = 2-Np, R2 = H, R3 = Me
c. R1 = 2-Np, R2 = H, R3 = Et
d. R1 = 2-Np, R2 = H, R3 = t-Bu
e. R1 = p-BrC6H4, R2 = H, R3 = Me
f. R1 = Ph, R2 = COOMe, R3 = Me
g. R1 = 2-Np, R2 = COOMe, R3 = Me
h. R1 = p-BrC6H4, R2 = COOMe, R3 = Me

60

a
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ester group and the tert-butyl group of the coordinated
ligand. Since, as it was demonstrated in this study, the
dipolarophile coordination is essential to obtain a good
yield of the cycloadduct, non-coordinated tert-butyl
acrylate does not afford the product in a synthetically
acceptable yield.

4.6. Summary and outlook32

Intensive research over the last few decades in the area
of the cycloaddition reactions of metallo-azomethine
ylides has resulted, in recent years, in the development
of a number of highly diastereo- and enantioselective
processes. From the atom economic point of view, of
particular interest are those employing catalytic quanti-
ties of chiral Lewis acid complexes. Indeed, several of
these have been developed allowing the synthesis of pyr-
rolidine derivatives in good yields with a high level of
stereoselectivity. The scope of these methodologies have
been investigated regarding both the 1,3-dipole (imine)
and the dipolarophile (alkene). The results suggested
quite good tolerance towards different structural proper-
ties of both the components. Currently, for the stereo-
selective synthesis of substituted pyrrolidine derivatives
via 1,3-dipolar cycloaddition reactions, the AgI based
processes stand out as more efficient, but other Lewis
acids certainly provide an additional synthetic value.
The AgI-methodologies are highly endo- and stereoselec-
tive, affording the products in excellent yields. An addi-
tional interesting feature of these processes is the
potential to control the endo/exo selectivity of the cyclo-
addition step by the choice of the catalytic system. As
discussed above and contrary to other related methods,
CuII-based catalysts allow access to the pyrrolidine cyc-
loadducts derived via an exo transition state.

Although significant progress has been made in this
area, further work is necessary to explore the full poten-
tial of the stereoselective synthesis of pyrrolidine deri-
vatives via metallo-azomethine ylide chemistry.
Investigation of other Lewis acids known to promote
the ylide formation and the subsequent cycloaddition
reactions may be of great importance, particularly those
identified to reverse the regioselectivtity of the cyclo-
addition step. Lewis acids/ligand complexes are also likely
to provide an opportunity to influence the stereochemis-
try of the ylide in a rational manner, which, in turn
would allow access to various pyrrolidine stereoisomers.

Based on the current results, it is likely that the stereo-
selective synthesis using metallo-azomethine ylides will
attract more attention in the near future and provide
further excitement in the synthesis of the pyrrolidine
derivatives.
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