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1. Introduction

The preparation of chiral compounds is an important and
challenging area of contemporary synthetic organic chemis-
try.! The 1,3-dipolar cycloaddition, also known as the Huis-
gen cycloaddition,? is a classic reaction in organic chemistry
consisting of the reaction of a dipolarophile with a 1,3-dipo-
lar compound that allows the production of various five-
membered heterocycles. This reaction represents one of
the most productive fields of modern synthetic organic
chemistry. Most of dipolarophiles are alkenes, alkynes and
molecules possessing related heteroatom functional groups
(such as carbonyls and nitriles). The 1,3-dipoles can be basi-
cally divided into two different types: the allyl anion type
such as nitrones, azomethine ylides, nitro compounds, bear-
ing a nitrogen atom in the middle of the dipole, carbonyl
ylides, or carbonyl imines, bearing an oxygen atom in the
middle of the dipole and the linear propargyl/allenyl anion
type such as nitrile oxides, nitrilimines, nitrile ylides, diazo-
alkanes, or azides. Two m-electrons of the dipolarophile and
four electrons of the dipolar compound participate in a con-
certed, pericyclic shift. The addition is stereoconservative
(suprafacial), and the reaction is therefore a [25+4] cycload-
dition (Scheme 1).
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Scheme 1. General concerted 1,3-dipolar cycloaddition.

However, the dipole might be stabilised by the adjacent
central heteroatom X (nitrogen, oxygen, or sulfur) through
resonance, and a non-concerted reaction pathway might also
occur. Consequently, in some cases, the original stereochemi-
stry of the alkene is not necessarily conserved, as depicted
in Scheme 2.
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Scheme 2. Non-concerted 1,3-dipolar cycloaddition.

The transition state of the concerted 1,3-dipolar cycloaddition
reaction is controlled by the frontier molecular orbitals of
the substrates. Hence, the reaction of dipoles with dipolaro-
philes involves either a LUMO-dipole/HOMO—dipolaro-
phile reaction or a HOMO-dipole/LUMO-dipolarophile

interaction, depending on the nature of the dipole and the
dipolarophile. In some cases, when the frontier molecular
orbital energies of the dipole and the dipolarophile are very
similar, a combination of both modes of interactions can oc-
cur. These interactions can also be referred to as either exo or
endo, where the endo transition state is stabilised by small
secondary T-orbital interactions or via an exo-transition
state lacking such a stabilisation. However, steric effects
can also be important factors for the endo/exo selectivity
and override the secondary orbital interactions.> Depending
on the substitution pattern in the reacting partners, the
stereochemical outcome of the process gives rise to either
the endo- or exo-cycloadducts. Moreover, the presence of a
metal, such as a Lewis acid, in 1,3-dipolar cycloaddition reac-
tions can alter both the orbital coefficients of the reacting
atoms and the energy of the frontier orbitals of both the 1,3-
dipole or the dipolarophile, depending on the electronic
properties of these reagents or the Lewis acid. In particular,
the coordination of a Lewis acid to one of the two partners
of the cycloaddition is of fundamental importance for asym-
metric 1,3-dipolar cycloadditions, since the metal can catal-
yse the reaction. Furthermore, the Lewis acid may also have
influence on the selectivity of the cycloaddition reaction,
since the regio-, diastereo- and enantioselectivity can all
be controlled by the presence of a metal-ligand complex. In
recent years, asymmetric 1,3-dipolar cycloadditions have
become one of the most powerful tools for the construction
of enantiomerically pure five-membered heterocycles. Up
to four stereocentres can be introduced in a stereoselective
manner in only one single step. In addition, a range of
different substituents can be included in the dipole and the di-
polarophile, resulting in a broad range of possible cycload-
ducts, which can serve as useful synthetic building blocks.
The enantioselectivity can be controlled by choosing a chiral
1,3-dipole, a chiral dipolarophile, or a chiral catalyst, of
which the latter probably has the greatest potential. This re-
view is an update of the recent developments in asymmetric
1,3-dipolar cycloaddition reactions involving a variety of
different heteroylides, dipolarophiles and catalysts, covering
the literature from 2001 to 2006. The asymmetric 1,3-dipolar
cycloadditions were most recently reviewed in 2001 by
Karlsson and Hogberg.* Prior to that survey, these reactions
had been reviewed in 1998 by Jorgensen and Gothelf.’
Moreover, the asymmetric metal-catalysed 1,3-dipolar
cycloaddition reactions were reviewed by Kanemasa® and
Gothelf,” covering the literature until the beginning of
2001, whereas the more general transition metal complexa-
tion in 1,3-dipolar cycloadditions was updated in 2003 by
Zecchi et al.® It should also be noted that an in-depth account
of stereoselective intramolecular 1,3-dipolar cycloadditions
was reported in 2001 by Namboothiri and Hassner.’

2. Nitrones

The reactions of nitrone dipoles play an important part in the
history of cycloaddition reactions. The 1,3-dipolar cycload-
dition reaction of nitrones with dipolarophiles such as
alkenes has received considerable attention in asymmetric
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synthesis over the past 20 years.**!9 Regio- and stereoselec-
tive nitrone cycloaddition, followed by reduction of the N-O
bond to produce both an amino and a hydroxyl function,
allows the synthesis of many products of potential interest.
One of the reasons for the success of the synthetic applica-
tions of nitrones is that, contrary to the majority of the other
1,3-dipoles, most nitrones are stable compounds that do not
require an in situ formation. Another synthetic utility of this
reaction is the variety of attractive nitrogenated compounds,
which are available from the thus-formed isoxazolidines. In
particular, these latter products can be easily reduced under
mild conditions to give the corresponding chiral 1,3-amino-
alcohols. The absolute majorities of the 1,3-dipolar cycload-
dition reactions are diastereoselective and involve chiral
alkenes or nitrones, among which are the intramolecular ver-
sions. In addition, the catalytic enantioselective 1,3-dipolar
cycloaddition reaction of nitrones has gone through rapid
developments during the last 12 years.!!

2.1. Chiral nitrones

2.1.1. Acyclic chiral nitrones. In contrast to the cyclic di-
poles, acyclic dipoles can undergo Z/E isomerisation around
a double bond. In some cases, this makes it difficult to realise
a direct correlation between the product distribution and the
E/Z isomer equilibrium distribution of the starting dipole,
since one of the Z/E isomers can react faster under kinetic
control. Various acyclic chiral nitrones have recently
been involved in 1,3-dipolar cycloaddition reactions. As an
example, Alcaide et al. reported in 2002 an efficient entry
to highly functionalised chiral B-lactams by regio- and ste-
reoselective 1,3-dipolar cycloaddition reactions of optically
active 2-azetidinone-tethered nitrones with electron-deficient
alkenes such as dimethyl fumarate, dimethyl maleate, or
N-phenylmaleimide (Scheme 3).!? The stereoselectivity of
the reactions was highly dependent on the bulkiness of the
N-substituent of the nitrone. Thus, a single diastereoisomer
was formed using N-benzyl nitrones, whereas the less-
hindered N-methylhydroxylamine-derived nitrones led to
mixtures of diastereoisomers.

CO;Me MeO,G,  COpMe

95%; de = 100%
_ COMe

95%; de = 100%

Scheme 3. 1,3-Dipolar cycloadditions of 2-azetidinone-tethered nitrones.

With the goal of developing a simple route for the synthesis
of biologically active non-proteinogenic y-substituted ,y-

diamino acids, Fisera et al. have studied the 1,3-dipolar
cycloaddition of chiral nitrones derived from L-valine with
methyl acrylate, affording the corresponding diastereomeric
3,5-disubstituted isoxazolidines (Scheme 4).! The stereo-
selectivity of the reaction was dependent on the steric
hindrance of the nitrone and the reaction conditions. The
major products were found to have the C3/C6 erythro and
C3/C5 trans relative configuration. These latter products
were further converted into the corresponding chiral diami-
nodiols through an N-O cleavage/deprotection sequence.

1R2 -
RRN O, + _ COMe
iPr >N =
NR'R? NR'R?
i—PI'/\(\_.-/COZMe + I‘-Pr/\:_/YCOZMe
N-O N-O
Bn major Br’
NR'R? NR'R?
+ f-PF/WCOZMe " i-PF/\':/\E/002Me
N-0 N-0
Bn Bn minor

R" = R? = Bn: 82% (59:22:12:7)
R' = Cbz, R? = H: 91% (62:34:4:0)
R' = Boc, R? = H: 90% (58:37:5:0)

Scheme 4. 1,3-Dipolar cycloaddition of L-valine-derived nitrones.

In 2004, Nagasawa et al. reported the synthesis of novel
vitamin D3 analogues on the basis of an asymmetric 1,3-di-
polar cycloaddition reaction of a chiral nitrone derived from
vitamin D, with methyl methacrylate, providing the corre-
sponding isoxazolidine as a mixture of four diastereomers
at C3 and C25 (Scheme 5).'* The subsequent reduction of
these latter compounds gave the corresponding lactams,
which led to the formation of a novel series of 1e,25-di-
hydroxyvitamin D3 antagonists.

toluene
CO,Me - 5
| =/ 110 °C
TBDMSO H
CO;Me
TBDMSO H

74% (23S,255):(23R,25R):(23S,25R):(23R,25S) =
35:38:13.5:13.5

Scheme 5. 1,3-Dipolar cycloaddition of a vitamin D,-derived nitrone.

In 2005, the 1,3-dipolar cycloaddition reaction of a chiral ni-
trone with butyl acrylate was reported as the key step of the
synthesis of a novel 5-imidazolyl-substituted isoxazolidine
having high antimicrobial activity (Scheme 6).!°

The stereoselective 1,3-dipolar cycloaddition between
D-glyceraldehyde nitrones and acrylates was studied by
Merino et al., and applied to a diastereoselective approach to
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Scheme 6. 1,3-Dipolar cycloaddition of an imidazolyl-N-phenyl nitrone.

4-hydroxypyroglutamic acid derivatives (Scheme 7).'° In ad-
dition, a double chiral induction experiment was performed
in the presence of a chiral acrylate, such as Oppolzer’s sultam
acrylamide, and 2,3-O-isopropylidene-p-glyceraldehyde ni-
trone, providing a higher diastereofacial selectivity [yield=
94% (anti-trans/anti-cis/syn-cis/syn-trans)=60:20:20:0].
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o] | = g

N 110 °C
-0 R
\\/3\/} 4/0
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N COR © \—COR?
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R' = Bn, R2 = OMe: 95%
(anti-trans:anti-cis:syn-cis:syn-trans) = 63:23:11:3
R' = Bn, R? = Ot-Bu: 66%
(anti-trans:anti-cis:syn-cis:syn-trans) = 53:20:16:11
R' = (R)-CH(Me)Ph, R? = OMe: 94%
(anti-trans:anti-cis:syn-cis:syn-trans) = 75:15:8:2
R' = (S)-CH(Me)Ph, R% = OMe: 93%
(anti-trans:anti-cis:syn-cis:syn-trans) = 25:25:25:25

Scheme 7. 1,3-Dipolar cycloaddition of p-glyceraldehyde nitrones.

In 2003, ynolates were involved, for the first time, in 1,3-di-
polar cycloaddition reactions in the presence of chiral
nitrones, such as N-benzyl-2,3-O-isopropylidene-p-glycer-
aldehyde nitrone, by Shindo et al.!” The corresponding
5-isoxazolidinones were produced with good diastereoselec-
tivity, and could be readily converted into optically pure
B-amino acids and chiral y-butyrolactones (Scheme 8).

The same methodology was successfully applied to a chiral
nitrone derived from L-serine, leading to the corresponding
cycloadducts with good yields and good to excellent diaste-
reoselectivities.'® A further alkylation of the intermediate
5-isoxazolidinone enolates was also achieved with high
selectivity, providing the corresponding 2,2-disubstituted
products (Scheme 9).

A stereoselective approach towards novel isoxazolidinyl nu-
cleosides was designed by Chiacchio et al., on the basis of a
1,3-dipolar cycloaddition of a chiral nitrone with purine and

o
R Nl
i Bn
oxb
(3R4S) (3RAR) (3S.4R)

R = Me: 91% [(3R,4S):(3R.4R):(3S,4R)] = 84:10:6
R = n-Bu: 92% [(3R,4S):(3R,4R):(3S,4R)] = 88:6:6
R = i-Pr: 93% [(3R,45):(3R,4R):(3S,4R)] = 90:5:5

R = Ph: 55% [(3R,4S):(3R4R):(3S,4R)] = 85:15:0

Scheme 8. 1,3-Dipolar cycloaddition of a p-glyceraldehyde nitrone to
ynolates.
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Scheme 9. 1,3-Dipolar cycloaddition of an L-serine-derived nitrone to
ynolates.

pyrimidine nucleobases, providing the corresponding chiral
thymidine and adenine N,O-nucleosides.'® In particular, the
reaction of ethyl 3-(9-adenyl)acrylate displayed complete
regio- and stereoselectivities, affording exclusively the
single trans cycloadduct in good yield (Scheme 10).

Nitrones, which are derived from, or tethered to, carbohy-
drates, have proved to be particularly useful for stereoselec-
tive entry to stereochemically complex carbocycles and
heterocycles. In 2002, Osborn et al. published a review,
which detailed the synthesis of 1,3-dipolar cycloaddition re-
actions of carbohydrate-derived 1,3-dipoles.?’ With the goal
of developing a simple route for the synthesis of polyhy-
droxylated derivatives of pyrrolizidines displaying antiviral
activities, Fisera et al. have developed 1,3-dipolar cycloaddi-
tions of D-erythrose- and D-threose-derived nitrones with
methyl acrylate (Scheme 11).2! The reactions proceeded in
a regiospecific manner to afford the corresponding 3,5-di-
substituted diastereomeric isoxazolidines in good yields.
The stereoselectivity was dependent on the steric hindrance
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Scheme 10. 1,3-Dipolar cycloaddition of a borneol-derived nitrone to vinyl
nucleobases.

CO,Me CO;Me

R = H: 85% (48:18:29:5) erythro:threo = 77:23 cis:trans = 66:34
R = Ac: 77% (73:3:24:0) erythro:threo = 97:3 cis:trans = 76:24
R = TBDMS: 82% (87:5:6:2) erythro:threo = 93:7 cis:trans = 92:8
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R =H: 68% (62:11:19:8) erythro:threo = 81:19 cis:trans = 73:27
R = TBDMS: 65% (96:1:3:0) erythro:threo = 99:1 cis:trans = 97:3

Scheme 11. 1,3-Dipolar cycloadditions of p-erythrose- and D-threose-
derived nitrones.

of the nitrone. In all cases, the major products were found to
have the C3/C4’ erythro- and C3/C5 cis-relative configura-
tion. Their formation could be rationalised by a less-hin-
dered endo attack of the Z-nitrone in an antiperiplanar

manner with respect to the largest group of the cyclic acetal.
This methodology was applied for the synthesis of a trihy-
droxylated pyrrolizidine alkaloid via a sequence involving
the cycloaddition of a p-erythrose-derived nitrone followed
by an N-O cleavage and recyclisation.?

The extension of this methodology to other dipolarophiles
such as Baylis—Hillman adducts (B-hydroxy-o-methylene
esters) was reported in 2004, affording with complete
regioselectivity the corresponding diastereomeric 3,5,5-
trisubstituted isoxazolidines.>*> A good stereoselectivity
was obtained giving the corresponding C3/C5 cis-, C4'/C3
erythro-isoxazolidines as the major products. In order to
develop a simple route to the synthesis of isoxazolidinyl
nucleosides, the same group reported, in 2002, the regiose-
lective 1,3-cycloaddition of new chiral nitrones, readily
available from p-xylose, with N-vinylated bases derived
from uracil and adenine.?* The attack of the dipolarophile
on the Z-configuration of the nitrone through exo and endo
transition states from the si face of the nitrone (C1’/C3
erythro) afforded the C3/C5-cis (exo) and C3/C5-trans
(endo) isoxazolidines, respectively, as the two major iso-
mers. These latter products were further converted into novel
azanucleosides, possessing an ethylene bridge between the
anomeric carbon and the nitrogen atom. Natural psicofura-
nosyl nucleosides, carrying a CH,OH group at the anomeric
carbon atom, are endowed with interesting biological activ-
ities. On this basis, Chiacchio et al. have designed an easy
route towards chiral modified N,O-psiconucleosides in
which the sugar unit was replaced by an isoxazolidine ring
(Scheme 12).2° The reaction of a p-glyceraldehyde-derived
nitrone with ethyl 2-acetyloxyacrylate proceeded with a good
control of cis/trans diastereoselectivity (5:1) and a moderate
anti/syn diastereofacial selectivity (2.6:1). The major cyclo-
adducts arose from the reaction of the Z nitrone through an
endo transition state. A further Vorbriiggen nucleosidation,
followed by removal of the chiral auxiliary, furnished the
corresponding -p and B-L N,O-psiconucleosides.

H +/
/—8: .
O OAc 20 °C
o e} + :< —_—

){ CO,Et
O><O + O><O

H H"7™\ «co,et H
CoEt T\ \.CO2 N

~ o OAc

X

+

.CO,Et

~ ", Py
“0" "oAc 0" YoAc

50% 25% 15%

Scheme 12. 1,3-Dipolar cycloaddition of a p-glyceraldehyde nitrone.

In 2001, Dhavale et al. reported the stereocontrolled 1,3-cy-
cloaddition reaction of a silyl ketene acetal to a p-glucose-
derived nitrone, leading to a diastereomeric mixture of the
corresponding O-silyloxy-f-amino esters with excellent
yield and good diastereoselectivity in favour of the L-ido iso-
mer (D-glucolL-ido=23:77).?° These latter compounds were
successfully used in the synthesis of the glycosidase inhibi-
tors, D-gluco-homo-1-deoxynojirimycin and L-ido-homo-
1-deoxynojirimycin. The applicability of this methodology
was demonstrated, in 2005, during the synthesis of
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biologically important polyhydroxylated indolizidine
alkaloids such as castanospermine derivatives.?” The key
step of the synthesis involved the 1,3-dipolar cycloaddition
of a p-glucose-derived nitrone with allyl alcohol followed
by tosylation, affording the corresponding tosyloxylated
isoxazolidines with complete regioselectivity in high yield
(Scheme 13).

l|3n
'O—N\ g
| = 70°C
H + T NOH ——
O :anti = 3:
Brnd OY syn:anti = 3:1
o ,Bn
Ha Y oH
He + +
OTs o
BnO o;( BnO OA(
49% 17%
syn, re-face attack syn, si-face attack
o N,Bn .Bn
H.[ 3uH Hel NH
O + $ (@)
H H™
OTs o OTs 0
BnO og( BnO O
14% 7%

anti, si-face attack anti, re-face attack

Scheme 13. 1,3-Dipolar cycloaddition of a p-glucose nitrone.

On the other hand, complete regio- and stereoselectivities
were observed by Gomez-Guillen et al. in the reaction of
a p-galactose-derived nitrone with methyl acrylate, yielding
only one of the four possible diastereomeric cycloadducts,
which arose from the endo attack of methyl acrylate to the
re face of the nitrone (Scheme 14).2% The sole isoxazolidine
derivative thus formed was further converted into various
enantiomerically pure hexahydroxy- and pentahydroxy-per-
hydroazaazulenes, ring homologues of castanospermine. In
the same way, protected C7 and C8 aminodialdoses were
stereoselectively prepared from the readily available CS5
and C6 monosaccharide N-benzyl nitrones, by regio- and
diastereoselective 1,3-dipolar cycloaddition reactions with
vinyltrimethylsilane, followed by acetyl chloride-mediated
cleavage of the 5-(trimethylsilyl)isoxazolidines formed.?
As shown in Scheme 14, a total endo preference was ob-
served for the reaction of the p-galactose-derived nitrone,
while a high endo preference for the p-ribo analogue, and
an exo preference for the p-xylo-configured substrate were
observed. However, the attack on the re face of the nitrone
was predominant in all cases.

71%; de = 100%

Scheme 14. 1,3-Dipolar cycloaddition of a p-galactose nitrone.

In 2002, Cavaleiro et al. developed the stereoselective
synthesis of glycoconjugated isoxazolidine-fused clorins,
potential photosensitisers in the photodynamic therapy of
cancer, by 1,3-dipolar cycloaddition reactions of meso-tetra-
kis(pentafluorophenyl)porphyrin with glycosyl nitrones.*°
In all cases of sugar moieties, the configuration of the major
products indicated an endo addition, as shown in Scheme 15.

CeF.
° Bn +

CeFs CgFs

CeFs

CeFs

sugar = galactosyl: 74%
sugar = ribosyl: 30% )
sugar = xylosyl: 37% CgFs  major

Scheme 15. 1,3-Dipolar cycloaddition of sugar nitrones to a porphyrin.

Despite their synthetic potential to build up nitrogenated
quaternary centres, the use of ketonitrones has been rare,
compared with the extensive studies and broad synthetic
applications described for nitrones derived from aldehydes.
Cyclic as well as acyclic ketonitrones were reacted with
a variety of dipolarophiles such as ethyl vinyl ether, acetyl-
enedicarboxylate, or phenylacetylene, providing the corre-
sponding cycloadducts with moderate to complete
stereoselectivities (Scheme 16).3!

#’O H Me0,C—==—CO,Me

60%; de = 70%

Scheme 16. 1,3-Dipolar cycloadditions of sugar ketonitrones.

In 2003, Goti et al. demonstrated the great potential of cyclo-
addition reactions applied to C-phenyl-N-glycosylnitrones.
Indeed, N-glycosylnitrones underwent highly stereoselec-
tive 1,3-dipolar cycloadditions with dimethyl maleate, pro-
viding the corresponding 3,4,5-trisubstituted isoxazolidines
(Scheme 17).3?

N-Glycosylnitrones have been exploited as versatile build-
ing blocks in the preparation of modified nucleosides.®* A
chiral nitrone, as a not-isolated intermediate, was prepared
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Scheme 17. 1,3-Dipolar cycloadditions of N-glycosylnitrones with di-
methyl maleate.

in situ by treatment of the corresponding ribosyl hydroxyl-
amine with formaldehyde, the further reaction of which,
with vinyl bases, afforded, regioselectively, a mixture of
the two corresponding homochiral isoxazolidines with a
modest diastereoselectivity (60:40) and 40% yield. A differ-
ent synthetic approach to these latter chiral isoxazolidinyl
nucleosides was based on the 1,3-dipolar cycloaddition of
the same transient nitrone with vinyl acetate, followed by
a Vorbriiggen nucleosidation with silylated nucleobases,
providing the same diastereoselectivity, but improved yields
(Scheme 18).

2.1.2. Cyclic chiral nitrones. 1,3-Dipolar cycloaddition re-
actions of chiral cyclic nitrones give generally a higher
stereoselectivity than their acyclic counterparts, due to a
more rigid skeleton, where one face of the molecule is often
effectively shielded from attack by the chiral substituent.
Moreover, in contrast to the acyclic dipoles, small-ring cy-
clic dipoles do not suffer from E/Z isomerism, since one of
the isomers is much more thermodynamically stable than the
other. Chiral cyclic pyrroline N-oxides have been amongst
the most-used chiral cyclic nitrones in 1,3-dipolar cycload-
dition reactions. As an example, a highly stereoselective
synthesis of (S)-3,4-dihydro-2-pivaloyloxymethyl-2H-pyr-
role 1-oxide was reported, in 2002, by Font et al., starting
from a chiral nitrone derived from (+)-ethyl L-pyroglutamate
and DMAD (Scheme 19).** Similarly, the 1,3-dipolar
cycloaddition of (35)-3-fert-butoxypyrroline N-oxide, ob-
tained from L-malic acid, with 5-hydroxypentenoate was
performed by Cordero et al. with complete regio- and stereo-
selectivity, since the corresponding chiral hydroxyindolizi-
dine was isolated as the sole product (Scheme 19).3> This
methodology was applied to the stereoselective synthesis
of new chiral bicyclic N,O-iso-homonucleoside analogues
by the reaction between (§)-3,4-dihydro-2-benzyloxy-2H-
pyrrole 1-oxide and allyl alcohol.>® In this case of pyrroline
N-oxide, a lower diastereoselectivity was observed, since
a mixture of three diastereomers was quantitatively obtained
in a 65:22:13 ratio. In addition, a solid-phase access to chiral
polyhydroxypyrrolizidines was achieved by the same group
on the basis of a 1,3-dipolar cycloaddition between an
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Scheme 18. 1,3-Dipolar cycloadditions of N-glycosylnitrones with vinyl
acetate.

.

immobilised maleate or 4-hydroxycrotonate and a chiral
3-alkoxypyrroline N-oxide.*’
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Scheme 19. 1,3-Dipolar cycloadditions of pyrroline N-oxides.

In 2002, Nagasawa et al. accomplished the first total synthe-
sis of crambescidin 359, a novel biologically active penta-
cyclic guanidine alkaloid, on the basis of a 1,3-dipolar
cycloaddition reaction between (S)-3,4-dihydro-2-hydroxy-
2H-pyrrole 1-oxide and (2R)-2-tert-butyldimethylsilyloxy-
6-heptene, giving stereoselectively the corresponding isox-
azolidine as a single diastereomer in 67% yield.?® Similarly,
the stereoselective reaction of the corresponding TIPS-pro-
tected pyrroline N-oxide with 1-undecene was the key step
of the total syntheses of (+)-batzelladine A and (—)-batzella-
dine D (Scheme 20).3° On the other hand, the 1,3-dipolar cy-
cloaddition strategy was exploited, in 2005, by Figueredo
et al., in order to develop a new approach for the construction
of the azabicyclic core of the Stemona alkaloids.*® In this
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context, the 1,3-dipolar cycloadditions of a new chiral 5-
substituted pyrroline N-oxide derived from b-glycer-
aldehyde, to various dipolarophiles, were investigated,
with the aim of determining the scope of this chiral nitrone
as an asymmetric inductor (Scheme 20). Almost all of the
dipolarophiles used in this study led to a total diastereoselec-
tivity. In the same context, Chmielewski et al. have inves-
tigated the 1,3-dipolar cycloadditions of similar chiral
nitrones, derived from (S)-malic acid and tartaric acid,
with o, B-unsaturated 3-lactones, providing the correspond-
ing chiral cycloadducts with high stereoselectivity, accord-
ing to a sole exo approach of reactants, thus offering an
easy access to the swainsonine-related indolizidines.*! In ad-
dition, Goti et al. have observed total diastereoselectivities
and good yields (56—78%) in the 1,3-dipolar cycloadditions
of a new chiral trisubstituted pyrroline N-oxide with maleic
and acrylic acid derivatives, occurring according to an exclu-
sive anti—exo approach.*? The thus-formed cycloadducts
were further converted into potent glycosidase inhibitors
such as hyacinthacine A, and 7-deoxycasuarine.
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()7
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Scheme 20. Further 1,3-dipolar cycloadditions of pyrroline N-oxides.

In 2004, Baldwin and Long reported the cycloaddition
reactions of a new chiral imidazolone-derived nitrone with
a variety of alkenes, affording the corresponding chiral
isoxazolidine cycloadducts in high yields and with high
exo stereoselectivities (Scheme 21).** These latter products

O H \\Ra
S R pce \_UR2
AT %W reflux N N-§ “R?
t-Bu N R3 )/ O
L. t-Bu
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R'=R3 =H, RZ = Ph: 89%; de = 82%
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R'=R3 =H, R? = cy: 86%; de = 82%
R"=CO,Me, RZ = Me, R® = H: 98%; de = 90%
R'=H, R? = Me, R® = CO,Me: 98%; de = 90%

Scheme 21. 1,3-Dipolar cycloaddition of an imidazolone-derived nitrone.

were readily transformed into the corresponding o-amino-
v-lactones, which were then easily converted into the corre-
sponding y-hydroxy-o-amino acids.

Another class of chiral cyclic nitrones, chiral 3-substituted
3,4,5,6-tetrahydropyridine N-oxides, have been submitted
to the 1,3-dipolar cycloaddition reaction with dipolarophiles
such as N-allylquinazolone (Scheme 22). The process was
regio- and diastereoselective, leading to a single product
(NMR analysis did not allow the unambiguous assignment
of one carbon’s stereochemistry), which was further con-
verted into (+)-febrifugine, a potent antimalarial alkaloid.**
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Scheme 22. 1,3-Dipolar cycloaddition of 3-benzyloxy-3,4,5,6-tetrahydro-
pyridine N-oxide.

In 2001, some uncommon derivatives of homophenylalanine
were prepared via the cycloaddition of a chiral cyclic nitrone
glycine template with various styrene derivatives with good
yields and diastereoselectivities of up to 90% de (Scheme
23).% A subsequent one-step hydrogenolysis (three bonds)
afforded the corresponding chiral a-amino acids related to
homophenylalanine.

In 2001, a new and practical synthesis of both enantiomers
of protected 4-oxopipecolic acid was achieved through the
1,3-dipolar cycloaddition of C-ethoxycarbonyl N-(1R)-
phenylethyl nitrone to but-3-en-1-0l.*® Moreover, a cam-
phor-derived oxazoline N-oxide has been submitted to the
1,3-dipolar cycloaddition in the presence of a variety of
cyclic and acyclic dipolarophiles, providing, with almost
complete regio- and endo stereoselectivity, depending on
the substitution patterns of the dipolarophiles, the corre-
sponding chiral cycloadducts.*’ In particular, a remarkable
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Scheme 23. 1,3-Dipolar cycloadditions of a nitrone glycine template.
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reactivity of nitroalkenes in the cycloaddition is illustrated in
Scheme 24, showing that a great variety of substitution onto
the double bond was allowed, in that case of dipolarophiles,
without any loss of regio- or stereoselectivity.*®
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Scheme 24. 1,3-Dipolar cycloadditions of a camphor-derived oxazoline
N-oxide.

With the aim of developing a strategy towards isoxazole
annellated galanthamine derivatives as novel potential ace-
tylcholine inhibitors for anti-Alzheimer therapy, Frohlich
et al. demonstrated, in 2004, that more complex nitrones
could be involved in the asymmetric 1,3-dipolar cycloaddi-
tion reaction.*” Hence, (—)-galanthamine nitrone, prepared
from (—)-norgalanthamine, was submitted to cycloaddition
with alkynyl dipolarophiles, giving rise quantitatively to
the corresponding isoxazole annellated compounds with
complete diastereoselectivity (Scheme 25).

(-)-galanthamine nitrone

R = CO;Me: 100%; de = 100%
R = CN: 97%; de = 100%

Scheme 25. 1,3-Dipolar cycloaddition of (—)-galanthamine nitrone.

In 2003, Brandi et al. reported the first examples of the
successful protection of the functionality of a chiral cyclic
nitrone, using a solid-supported dipolarophile and the solid-
phase elaboration of the cycloadducts.>® Hence, acrylate-
and maleate-functionalised resins were used to mask the
nitrone moiety of a chiral pyrroline N-oxide, to prevent the
racemisation at the C3 stereogenic centre, and to link them
to a solid phase. After the elaboration of the linked cycload-
ducts, the product was disconnected from the resin through
a 1,3-dipolar cycloreversion/intramolecular cycloaddition
domino process (Scheme 26).

2.2. Chiral dipolarophiles

In recent years, several chiral dipolarophiles have been suc-
cessfully involved in the 1,3-dipolar cycloaddition reaction
with nitrones. As an example, Langlois et al. have used an
(S)-pyroglutaminol derivative as chiral material in the cyclo-
addition with N-benzylnitrone, leading to excellent yield of
a major diastereomer, as depicted in Scheme 27.5! This
product was further converted into various highly function-
alised piperidines by a ring enlargement of five- to the
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Scheme 26. Resin-linked dipolarophiles to mask nitrones.

corresponding six-membered nitrogen heterocycles. More
recently, the [3+2]-nitrone-mediated cycloaddition reaction
of (8)-(—)-4-benzyl-N-methacryloyl-2-oxazolidinone has
been applied to the synthesis of highly substituted isoxazo-
lidines with highly controlled stereochemistry.>>
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Scheme 27. 1,3-Dipolar cycloaddition of an (S)-pyroglutaminol derivative.

A few chiral sultams have been investigated as chiral
auxiliaries in the 1,3-dipolar cycloaddition reaction. As an
example, Chan et al. have reported the asymmetric cycload-
dition of nitrones with chiral o,B-unsaturated-y-sultams,
providing the corresponding bicyclic chiral sultams with
modest diastereoselectivities.>® The biological activity of
molecules containing a modified azepine ring has been
intensively tested against various diseases. In the course of
preparing new chiral pyrrolo- and isoxazoloazepines, Ro-
sario Martin et al. have developed asymmetric 1,3-dipolar
reactions of 3-sulfinylfuran-2(5H)-ones with 11H-dibenzo-
[b,e]azepine 5-oxide, affording the corresponding furo-
isoxazoloazepines (Scheme 28).>* In one case, the
regio-, m-facial and endo-selectivities were complete,
yielding only one diastereoisomer.

In 2006, Brandi et al. studied the 1,3-dipolar cycloadditions
of a series of chiral acrylates and acrylamides with 2-fert-
butoxycarbonyl-1-pyrroline N-oxide.>> In some cases,
total diastereoselectivities were observed, as depicted in
Scheme 29.

In addition, Faita et al. have developed a soluble polymer-
supported chiral oxazolidinone (Evans’ chiral auxiliary),
which was reacted with diphenylnitrone, leading to the cor-
responding cycloadducts in high purities and fair yields after
reductive cleavage.’®
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Scheme 28. 1,3-Dipolar cycloadditions of 3-sulfinylfuran-2(5H)-ones.
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Scheme 29. 1,3-Dipolar cycloadditions of chiral acrylates and acrylamides.

An interesting example of double asymmetric induction was
reported by Merino et al., in 2002, involving the asymmetric
1,3-dipolar cycloaddition between Oppolzer’s sultam acryl-
amide and 2,3-O-isopropylidene-p-glyceraldehyde nitrone,
providing a mixture of three cycloadducts in a 60:20:20 ratio
and 94% yield.'® The cycloadducts were further used for
the stereoselective synthesis of various protected 4-hydroxy-
pyroglutamic acids. The same group has developed a multi-
component reaction including an asymmetric 1,3-dipolar
cycloaddition between a chiral nitrone derived from gly-
oxylic acid and protected D-ribosyl hydroxylamine with
Oppolzer’s sultam acrylamide, providing the corresponding
N,O-nucleoside precursors (Scheme 30).%’
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Scheme 30. 1,3-Dipolar multicomponent reaction with double asymmetric
induction.

In order to develop the synthesis of (3’R,5'S)-3'-hydroxyco-
tinine, one of the main metabolites of nicotine, the same chi-
ral sultam as that depicted in Scheme 30 was reacted with an
L-glucose-derived nitrone, providing the expected cyclo-
adduct in 90% de (Scheme 31).%8
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Scheme 31. 1,3-Dipolar cycloaddition with double asymmetric induction.

The double asymmetric induction strategy was also applied
by Chan et al., in 2004, to the 1,3-dipolar cycloaddition of
a chiral o, B-unsaturated-y-sultam with a chiral nitrone, pro-
viding the corresponding chiral cycloadducts in an 88:12
diastereomeric ratio (Scheme 32).%°

Another interesting example of double asymmetric induction
in 1,3-dipolar cycloadditions was developed by Chmielewski
et al., involving chiral five-membered cyclic nitrones and
chiral 2,3-unsaturated sugar 1,5-lactones, proceeding ex-
clusively in an exo mode (Scheme 33).° The high preference
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Scheme 32. 1,3-Dipolar cycloaddition with double asymmetric induction.
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Scheme 33. 1,3-Dipolar cycloadditions with double asymmetric induction.
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for anti addition of the nitrones to the terminal acetoxymethyl
group in the lactones could be explained in terms of the axial
approach of the nitrogen oxygen atom, the 3-fert-butoxy
group of the nitrone playing a similar role. In almost all cases,
the formation of a single diastereomer was observed.

2.3. Intramolecular reactions

Asymmetric intramolecular 1,3-dipolar cycloadditions con-
stitute an effective approach for the synthesis of enantiopure

polycyclic compounds in a single step. Intramolecular 1,3-
dipolar cycloaddition reactions have several advantages
over the corresponding intermolecular reactions.” Hence,
in most cases, the asymmetric intramolecular 1,3-dipolar
cycloadditions are known to proceed with higher diastereo-
selectivities than those of the intermolecular variant, because
the flexibility of the reactant is much more restricted. More-
over, due to entropy factors, the activation barrier for the
reaction is lower, allowing lower reaction temperatures
and the use of dipoles and dipolarophiles of lower reactivity.
The degree of spatial freedom in the transition state of an
intramolecular reaction is, of course, limited, compared
with the intermolecular reactions. Hence, a higher degree
of regioselectivity, endo/exo selectivity and diastereofacial
selectivity is usually observed in intramolecular 1,3-dipolar
cycloaddition reactions. A number of 1,3-dipolar intra-
molecular cycloaddition reactions involving chiral nitrones
derived from sugars are present in the literature. As an exam-
ple, intramolecular nitrone cycloadditions have been per-
formed by Shing and Zhong, with the aim of developing
the ring-selective synthesis of O-heterocycles from acyclic
3-0-allyl-monosaccharides.®!*%2 Hence, nitrones, generated
in situ from 3-O-allyl-pD-glucose and p-altrose, afforded,
highly stereoselectively, the corresponding chiral oxepanes
(Scheme 34), whereas the similar reaction of nitrones
derived from 3-O-allyl-p-allose and p-mannose gave the
corresponding chiral tetrahydropyrans as mixtures of two di-
astereomers. In the same context, the reaction of 3-O-benzyl-
1,2-O-isopropylidene-1,5-pentadialdo-o-p-xylofuranose with
N-(1,1-dimethylbut-3-enyl)-hydroxylamine, followed by
intramolecular 1,3-dipolar cycloaddition, yielded the
corresponding chiral 7-oxa-1-azabicyclo[2.2.1]heptane
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Scheme 34. 1,3-Dipolar intramolecular cycloadditions of p-glucose- and
p-altrose-derived nitrones.
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derivative, which was further easily converted into novel
chiral polyhydroxylated derivatives of quinolizidine and
indolizidine.®®> In 2003, the syntheses of various chiral
oxepanes and pyrans were developed by Bhattacharjya
et al., starting from 3-O-allyl-carbohydrate nitrones.®* In
this work, it was demonstrated that the regioselectivity of
the cycloaddition was dependent on the skeletal nature of
the carbohydrate backbone of the nitrone, the substitution
at C3, the stereochemistry at C3, and the substitution at
the allyl terminus of the O-allyl moiety.

In 2003, Sharma et al. reported the highly stereoselective
synthesis of chiral furano-oxepanes via intramolecular ni-
trone cycloaddition reactions on sugar-derived 2-substituted
allylic ethers (Scheme 35).%° It was clearly demonstrated
that the substituent on the 2-position of the allylic group
had a prominent role in defining the regiochemical outcome,
thus resulting in seven-membered oxepane ring systems as
the exclusive products.
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Scheme 35. 1,3-Dipolar intramolecular cycloadditions of sugar-derived
2-substituted allylic ethers.

These methodologies were extended to much less common
chiral nitrones such as those derived from ketones, e.g.,
ketopyrano- and ketofuranonitrones, which led to the corre-
sponding cycloadducts in good yields and as a single stereo-
isomer from each of the ketosugars (Scheme 36).%!

In 2001, Dhavale et al. reported the 1,3-dipolar intramolec-
ular cycloaddition reaction of a chiral nitrone generated in
situ from a sugar-derived a.,3-unsaturated ester by treatment
with N-benzylhydroxylamine hydrochloride (Scheme 37).%¢
This latter nitrone spontaneously underwent a diastereo-
and regioselective intramolecular cycloaddition to afford
a chiral hydroxyl-functionalised 4-exo-ethoxycarbonyl-
3-oxa-2-azabicyclo[3.3.0]octane system, a precursor to a
hitherto unknown aminocyclopentitol derivative.

In 2005, Kovacs et al. studied the intramolecular 1,3-dipolar
cycloaddition of unsaturated nitrones derived from methyl
a-p-glucopyranoside with 2-furaldehyde, affording a
mixture of three 9-oxa-1-azabicyclo[4.2.1]nonane diastereo-
mers in a 3:1:1 ratio.®” On the other hand, the intramolecular
nitrone strategy was applied by Mandal et al. to the simple
syntheses of chiral spironucleosides and spirobisnucleo-
sides.®® Hence, the reaction of p-glucose-derived precursors
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Scheme 36. 1,3-Dipolar intramolecular cycloadditions of ketonitrones.
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having an olefin at C3 and a nitrone at C5, C1, or C2 (in
nor-series) furnished the corresponding bisisoxazolidino-
spirocycles in good yields as mixtures of two diastereomers
(Scheme 38).

Very recently, Bhattacharya et al. have demonstrated that
highly stereoselective syntheses of chiral oxepanes and py-
rans were possible through intramolecular nitrone cycload-
ditions performed in organised aqueous media.®> A much
improved stereoselectivity relative to that observed in con-
ventional organic solvents was observed, since the exclusive
formation of a single isomer was observed in all cases with
yields up to 85%.

A number of chiral nitrones, which are not derived from
sugars, have been involved in 1,3-dipolar cycloaddition re-
actions. In this context, an efficient and simple method for
the synthesis of functionalised azaoxobicycloalkane amino
acids has been devised by Manzoni et al. in 2005.7° The
key step was an intramolecular cycloaddition on 5-allyl- or
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Scheme 37. 1,3-Dipolar intramolecular cycloaddition of a sugar-derived
o, B-unsaturated ester.
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Scheme 38. 1,3-Dipolar intramolecular cycloadditions of b-glucose-derived
nitrones.

5-homoallylproline, which was found to be completely
regio- and stereoselective (Scheme 39).
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Scheme 39. 1,3-Dipolar intramolecular cycloadditions of proline-derived
nitrones.

The total highly stereoselective synthesis of (—)-rosmarine-
cine, a pyrrolizidine alkaloid, was reported by Goti et al.,
in 2001, on the basis of an intramolecular cycloaddition of
(S)-malic acid-derived pyrroline N-oxide, occurring with
complete stereoselectivity.”! On the other hand, the chiral
preparation of functionalised tricyclic isoxazolidines fused
with a pyrrolidine or piperidine ring was reported by Cheng
et al., who demonstrated that highly stereoselective 1,3-
dipolar intramolecular cycloadditions of chiral nitrones de-
rived from L-serine could be induced on the surface of silica
gel without the presence of a solvent and under microwave

irradiation (Scheme 40).72
OH N HN]
N microwave d N ol /»égl—i
~ O_ _N
VN YOS oy
0 © 0
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Scheme 40. Microwave-induced 1,3-dipolar intramolecular cycloadditions
of L-serine-derived nitrones.

In 2004, Williams and Looper reported a concise asymmet-
ric synthesis of the marine hepatotoxin, 7-epicylindrosper-
mopsin, on the basis of a stereoselective intramolecular
cycloaddition of a chiral allyl oxazinone N-oxide, which
gave, in 78% yield, the corresponding tricyclic isoxazolidine
as a 91:9 diastereomeric mixture, with the major product
assumed to arise from an exo approach of the alkene to the
nitrone.”> A similar methodology was applied by the same
group, in 2006, in the course of developing the syntheses
of the cylindrospermopsin alkaloids, giving a similar
diastereoselectivity.”* Chiral nitrones derived from thio-
phene-2-carboxylic acids were submitted to intramolecular
cycloaddition by Zecchi et al., in order to provide the new
isoxazolo[3,4-d]thieno[2,3-b]pyridine system.”> The regio-
selectivity of the reaction was complete, whereas the dia-
stereoselectivity was modest with des up to 34%. In 2003,
Morimoto et al. accomplished the first asymmetric total
synthesis of a structurally novel cis-cyclopent[c]isoxazo-
lidine alkaloid, (—)-pyrinodemin A, exhibiting a potent
cytotoxicity (Scheme 41).7° The key step was a highly dia-
stereoselective intramolecular cycloaddition reaction of an
alkenylnitrone derived from a hydroxylamine and a chiral
aldehyde, providing the corresponding bicyclic product
in high yield and excellent diastereoselectivity (>98%
de). On the other hand, a synthetic sequence, involving a
stereocontrolled intramolecular nitrone-olefin  dipolar
cycloaddition, has been developed for the preparation of
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enantioenriched 2-formyl-4-phenyl-1-aminocyclopentanes
from a B-allyl-substituted aldehyde.”” Further manipulations
allowed access to a chiral B-lactam. In 2005, White and
Hansen reported the total synthesis of (—)-7-epicylindro-
spermopsin, a toxic metabolite of the freshwater cyano-
bacterium, Aphanizomenon ovalisporum, involving an
intramolecular dipolar cycloaddition of a chiral nitrone,
leading to substituted 1-aza-7-oxobicyclo[2.2.1]heptanes in
a diastereomeric ratio of 2:1.7% In this case, the nitrone
was not formed in situ during the reaction, but was previ-
ously prepared from the condensation of the corresponding
aldehyde with a chiral hydroxylamine. On the other hand,
modest stereoselectivities were observed by Chiacchio
et al. for the intramolecular cycloaddition of an unisolated
chiral o-allyloxycarbonylnitrone derived from glyoxylic
acid, providing a 1:1 diastereomeric mixture of furoisoxazo-
lidines in 40-50% yield.”®

N

95%; de > 98%

Scheme 41. 1,3-Dipolar intramolecular cycloaddition of an alkenylnitrone.

In order to develop a new access to a bicyclic isoxazolidine
related to the pyrinodemin family of alkaloids, Kouklovsky
et al. developed, in 2005, the intramolecular dipolar cycload-
dition of a chiral nitrone arising from the hydroxyamino-
alcohol hydrochloride derived from 1-phenylglycinol and
an unsaturated trimethylorthoester (Scheme 42).80 The reac-
tion gave a single cycloadduct arising from an exo-transition
state, in which the dipolarophile approached the dipole from
the face opposite to the phenyl substituent on the oxazoline
ring. The endo transition state was destabilised by torsion of
the chain and steric repulsions between the OPMB group and
the oxazoline ring hydrogens.

MeOMOPMB . Ph\[NHOH'HC'
MeO
© OMe OH

45°C 0
toluene

56%; de = 100%

Scheme 42. 1,3-Dipolar intramolecular cycloaddition of an oxazoline
N-oxide.

In 2005, Romeo et al. developed a synthetic approach to
chiral bicyclic isoxazolidinylpyridin-4(1H)-ones through in-
tramolecular cycloadditions of nitrones prepared from chiral

B-amino acids (Scheme 43).8! A complete diastereoselectiv-
ity was observed when a stereocentre was present at the o
position with respect to the amido group, or at the o. position
with respect to the nitrone group, otherwise the process was
found to be stereospecific, but lacking in any diastereofacial
selectivity.
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R' = R2 = H: 82% 50:50
R'=H, R? = Me: 82% 100:0
R" = Me, RZ=H: 78% 0:100

Scheme 43. 1,3-Dipolar intramolecular cycloadditions of B-amino acid-
derived nitrones.

In 2003, Aggarwal et al. reported the intramolecular 1,3-di-
polar nitrone cycloaddition onto an enantiomerically pure
ketene dithioacetal dioxide using a three-carbon tether, pro-
viding the corresponding 5,5-disubstituted isoxazolidine as
a single diastereomer (Scheme 44).%? In fact, such a process
was the first example of an intramolecular cycloaddition in
which a chiral ketene equivalent was employed. This reac-
tion has been used as the key step in an asymmetric synthesis
of the naturally occurring antibiotic, (—)-cispentacin. In ad-
dition, the first asymmetric synthesis of 4-amino-pyrroli-
dine-3-carboxylic acid has also been carried out, using the
intramolecular nitrone cycloaddition as the stereocontrolling
step. In 2001, Chiacchio et al. developed the stereoselective
synthesis of a variety of chiral annulated sultams via intra-
molecular cycloaddition reactions of nitrones derived from
L-amino acids.®3
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Scheme 44. 1,3-Dipolar intramolecular cycloaddition of a chiral ketene
dithioacetal bis(sulfoxide).
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In 2001, Tamura et al. investigated the diastereofacial selec-
tivity of the intramolecular cycloaddition of chiral a-allyl-
oxycarbonylnitrones by employing a tandem process.?* It
was found that the factors governing diastereofacial selec-
tion were highly dependent on the geometries of the precur-
sor allylic alcohols. In addition, in the course of developing
a concise asymmetric total synthesis of (—)-rosmarinecine,
Kita et al. developed, in 2005, a lipase-catalysed domino
kinetic resolution of an o-hydroxynitrone/intramolecular
1,3-dipolar cycloaddition reaction (Scheme 45).%

” (o] CO,Et
B0 07 0.0
H\OH NEts " <\<
/le : Candida N|+ _} CO,Et
o antarctica lipase ~N=0
[0}
H -,
QN coEt H "OH
. G
H® N-O ey

52%; ee = 93% 38%; ee = 99%

Scheme 45. Lipase-catalysed domino kinetic resolution of an o-hydroxy-
nitrone/intramolecular 1,3-dipolar cycloaddition reaction.

2.4. Metal-catalysed reactions

Metal-catalysed asymmetric 1,3-dipolar cycloadditions
have only recently become an important research field.%7-3¢
The efficiency of chiral catalysts relies not only on the
capability of the enantiopure catalyst to help discriminate
between the two Tt-faces of the dipolarophile, but also on its
ability to control both the exo/endo selectivity and the regio-
chemistry as well as the yield. When coordinating to the di-
pole or the dipolarophile, the Lewis-acid catalysts lower the
energy difference between the LUMO-HOMO of the react-
ing species. The result is that the LUMO energy of one of the
reacting species is lowered. This decreases the energy gap
between the HOMO and the LUMO of the dipole and the
dipolarophile, leading to an increased reactivity. Effective
catalysis by the use of a wide variety of chiral Lewis-acid
catalysts has been reported for the nitrone cycloaddition
reactions using both electron-deficient and rich alkene di-
polarophiles. This section has been organised according to
the nature of the metal catalysts. Catalysts containing
Mg?* such as MgBr, have recently been employed by
several groups for the chelation-controlled nitrone cycload-
dition. As an example, Tamura et al. developed, in 2003, this
methodology for the key step of a highly stereoselective syn-
thesis of (—)-monatin, a high-intensity sweetener.®” Hence,
the cycloaddition of a chiral six-membered cyclic nitrone
with an allylic alcohol in the presence of MgBr, yielded
the corresponding cycloadduct with complete stereoselectiv-
ity (Scheme 46). This latter product was further elaborated to
(—)-monatin in three steps.

Similar conditions have been applied to several chiral acy-
clic nitrones. Hence, chiral isoxazolidines have been syn-
thesised in diastereomeric excesses of up to 94% via an
MgBr,-induced chelation-controlled 1,3-dipolar cycloaddi-
tion reaction with N-hydroxyphenylglycinol and as a chiral

MgBr,Et,0

0.__0 OH
Ji+j . CH,Cl,
PR N

&

Z

20°C

Scheme 46. MgBr,-induced cycloaddition of a six-membered cyclic
nitrone.

auxiliary (Scheme 47).8% In 2001, Faita et al. evaluated
1,3-dipolar cycloadditions of supported Evans’ chiral auxil-
iary with diphenylnitrone in the presence of the Mg(II) cat-
ion as the catalyst.?? The presence of acetonitrile, and the use
of catalytic amounts of the Mg(II) cation in the solid-phase
protocol, allowed the corresponding chiral cycloadducts to
be obtained with an excellent control of the diastereoselec-
tivity (up to 90% de).

In 2002, Schneider et al. reported the intramolecular 1,3-di-
polar cycloaddition reaction of a nitrone derived from
secoestrone aldehyde, induced by BF5-Et,0O, giving access
to novel chiral heterocyclic estrone derivatives in high yields
and with total chemo-, regio- and diastereoselectivities.”® In
order to provide a new access to C-glycosyl amino acids,
Ikegami et al. developed, in 2003, the a-stereoselective syn-
thesis of spiro ketosyl isoxazolidines by 1,3-dipolar cyclo-
additions of 1-methylene-sugars with nitrones under the
catalysis of BF3-Et,O (Scheme 48).°! In 2005, Pellegrinet
et al. reported a computer-assisted design of asymmetric
1,3-dipolar cycloadditions between dimethylvinylborane
and a variety of chiral nitrones, with the aim of identifying
the requisite structural features to achieve high levels of
selectivity.”? Excellent regioselectivities towards the forma-
tion of the 5-borylisoxazolidines were computed in all
cases, due to the presence of a strong secondary orbital inter-
action between the boron of the vinylborane and the oxygen
atom of the nitrones. It was shown that endo transition struc-
tures, leading to the favoured products, adopted chair-like

\aB O\NIOH
N —OH gbrz
UHO + 3 CHaCly Ph
N —_—
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95%; de = 92%
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P MgBr;
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. . ? O CH,Cl, /,., o. _(—OH
OHpp—~ - ¢ N
A YMPh NHOH 65°C Ph
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Scheme 47. MgBr,-induced cycloadditions of an N-hydroxyphenylglyci-
nol-derived acyclic nitrone.
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conformations only, unlike their exo counterparts, which ex-
hibited either boat or twist-boat structures. Placing a stereo-
centre adjacent to the nitrone nitrogen atom appeared to be
an effective strategy to stereodiscriminate the anti and syn
approaches of the dipolarophile.

3 _0Bn

R OR' R, + BF;Et,0
RO O+ N= BRsELO
nO ~ o COEt  -78°C
OR
OR3 OBn
R*0 051 +
BnO .

R20 ooy - COZEt

a-isomer R COoEt

B-isomer
major minor

R=Bn,R'"=R3=H, R2=R*=Bn: 72% + 6%
R=Bn,R'=R*=H,R2=R3=Bn: 73% + 5%
R=Bn,R'=R*=Bn, RZ=R%=H: 58% + 11%
R=Me, R'=R%=H, R2=R*=Bn: 70% + 8%
R =Me, R'=R*=H, R?=R3%=Bn: 69% + 8%
R =Me, R'=R?*=Bn, R? = R3 = H: 54% + 29%

Scheme 48. BF;-Et,O-catalysed cycloadditions of acyclic nitrones to
1-methylene-sugars.

In 2005, diastereoselective 1,3-dipolar cycloadditions of chi-
ral sugar-derived nitrones with enol ethers were performed
under AlMej catalysis by Fisera et al.”* The corresponding
chiral products were obtained as mixtures of only two diaste-
reomers, and were further converted through oxidative ring
opening of the oxazolidines into a new class of B-amino
acid esters. The diastereoselectivity of the reaction was
reversed when the nitrone was substituted with TBDPS
(Scheme 49).

OR
+
XN-Bn AlMe
K'\E/\N . %\OEt 3
0_0 O
0

EtO

R = H: 76% (83:0:17)
R = TBDPS: 74% (11:89:0)

Scheme 49. AlMe;-catalysed cycloadditions of nitrones to an enol ether.

Tetrabutylammonium triphenyldifluorosilicate (TBAT) has
proved to be very efficient for mediating the nitrone forma-
tion of w-mesyloxy-O-tert-butyldiphenylsilyloximes.®* In
some cases, such as that depicted in Scheme 50, a sequential
nitrone formation and intramolecular cycloaddition oc-
curred in a highly stereoselective manner. The cycloadduct
possessed a backbone close to the alkaloid, laccarin, show-
ing phosphodiesterase inhibitory activity.

The first 1,3-dipolar cycloaddition using allylic fluorides was
reported, in 2004, by Comes-Franchini et al.%> This reaction,
performed in the presence of Z-a-phenyl-N-methylnitrone
and a chiral allylic fluoride, was catalysed by a Lewis acid

o
OTBDPS +N
MsO R > TBAT Lj\ =
THF N o)

CI) H
N

& PMB
84%; de = 100%

Scheme 50. TBAT-mediated nitrone formation cycloaddition reaction of an
w-mesyloxy-O-tert-butyldiphenylsilyloxime.

such as In(OTf); under solvent-free conditions and micro-
wave irradiation, giving the corresponding unknown chiral
fluorinated isoxazolidines as a mixture of two diastereomers
in a 90:10 ratio (Scheme 51). A subsequent reductive open-
ing of these cycloadducts allowed the chiral amino polyols to
be obtained. In addition, Hultin et al. reported, in 2005, the
nitrone cycloaddition of a fluorous oxazolidinone chiral aux-
iliary, catalysed by a variety of catalysts such as Yb(OTf); or
Sc(OTf);, providing yields and selectivities comparable with
the conventional Evans-type auxiliaries.”®

J\/?in \,\T’O- microwave (60 W)
MeO,C J\H

+
g o In(OTh;
F
Phi
_‘\\COQMG N ,.;\002Me
PN
wiF wiF
OBn 1% (90:10) OBn

Scheme 51. In(OTf);-catalysed cycloaddition of Z-o-phenyl-N-methyl-
nitrone to a chiral allylic fluoride.

The use of the Zn(II) cation to mediate 1,3-dipolar cycload-
ditions was reported by Romero et al., in 2002, in the course
of developing a stereoselective synthesis of chiral substituted
chromanes.”” The key to the success of this highly stereo-
selective intramolecular cycloaddition was the choice of the
chiral nitrone bearing a pendant coordinating group, and
Zn(OTf), as the Lewis acid, which allowed diastereoselec-
tivities of up to 92% de to be obtained (Scheme 52).

Zn(OTf),
CH20I2

Ets;N

Ph""(\R
N~

major minor
R = OH: 93%; de = 92%
R = OBn: 93%; de = 74%
R = OMe: 90%; de = 82%
R =H: 92%; de = 20%

Scheme 52. Zn(OTf),-catalysed intramolecular cycloadditions of nitrones.
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The same Lewis acid was recently employed by Chiacchio
et al., in order to control 1,3-dipolar cycloadditions of C-
(2-thiazolyl) nitrones with chiral allylic alcohols (Scheme
53).” The reaction occurred with a total regioselectivity
and 80% diastereofacial selectivity, according to an exclu-
sive exo approach. Application of this methodology allowed
the synthesis of a new chiral isoxazolidinyl analogue of the
antitumour C-nucleoside, tiazofurin.

CO,Et
‘S OH Zn(OTH),
j/@ N \OTBDMS oo
EtO,C

T)m

EtO,C. BrY - OTBDMS
Z» W minor

v N-O  ortBDMS

70% (80:20)
major

Scheme 53. Zn(OTf),-mediated cycloaddition of a C-(2-thiazolyl) nitrone.

On the other hand, Inomata et al. have found that diisopropyl
(R,R)-tartrate [(R,R)-DIPT] could serve as an efficient chiral
catalyst together with ZnEt, in the highly diastereo- and
enantioselective 1,3-dipolar cycloaddition of nitrones bear-
ing a bulky amide moiety to y-substituted allylic alcohols,
furnishing the corresponding chiral 3,4,5-trisubstituted isox-
azolidines with excellent enantioselectivities of up to over
99% ee (Scheme 54).°

1. Zn(Et),
2. (R,R)-DIPT (0.2 eq.) Ph -0
R OH 37, i-ProN
4. py N-oxide H
5. i—PrgN *+_Ph o R OH
N
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R = Me: 64%; ee > 99%

R = n-Pr: 48%; ee > 99%

R = CO,Me: 63%; ee = 97%
R = CO,Et: 61%; ee = 92%
R = COi-Pr: 37%; ee = 94%

Scheme 54. ZnEt,-[(R,R)-DIPT]-catalysed cycloadditions of a nitrone.

Metal complex catalysts such as DBFOX/Ph—Zn(OTf), have
been successfully applied by Kanemasa et al. to the nitrone
cycloadditions to a variety of o,B-unsaturated aldehydes,
providing excellent enantioselectivities of up to 99% ee at

room temperature with a catalytic loading of 2 mol %
(Scheme 55).100

Several groups have reported very efficient Cu(OTf),-cata-
lysed nitrone cycloadditions performed in the presence of
chiral ligands. As an example, Saito et al. have used chiral
bis(oxazoline) and bis(imine) ligands to catalyse the reac-
tion of nitrones with electron-deficient dipolarophiles, which
occurred with extremely high enantioselectivity in both

cases (Scheme 56).1°!

In the same context, Palomo et al. reported, in 2005, the cat-
alytic enantioselective 1,3-dipolar cycloadditions of nitrones
with o'-hydroxy enones carried out in the presence of the
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Scheme 55. DBFOX/Ph—Zn(OTf),-catalysed cycloadditions of nitrones.
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Scheme 56. Cu(OTf),-catalysed cycloadditions of nitrones with chiral
bis(oxazoline) and bis(imine) ligands.

Evans bis(oxazoline)/Cu(Il) complex (+~-BOX/Cu), which
provided the corresponding chiral cycloadducts with very
high stereoselectivity (endo/exo ratios>98:2 and up to 99%
ees) and with regioisomeric ratios>90:10.19> The same
group also reported the diastereoselective cycloaddition of
camphor-derived o-hydroxy enones with nitrones catalysed
by Cu(OTf),, which allowed excellent combined levels of
regio- and endolexo-stereoselectivities.'> Other chiral
bis(oxazolines) have been successfully involved to catalyse
the enantioselective cycloaddition of nitrones with o,p-di-
substituted acrylimides in the presence of Cu(OTf),.!% In
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each case, the regioselectivity was very high, the diastereo-
selectivity was outstanding, strongly favouring the exo-prod-
ucts, and the enantioselectivity was consistently excellent.

In 2004, Iwasa et al. developed catalytic 1,3-dipolar cycload-
ditions between nitrones and 3-crotonoyl-2-oxazolidinone
in the presence of a bis(2-oxazolinyl)xanthene (xabox)/
Mn(II) complex as a chiral Lewis-acid catalyst, providing
the corresponding cycloadducts ranging from a 96:4 to
98:2 endolexo ratio and 91-95% ee for the endo-adduct
(Scheme 57).104
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Scheme 57. Mn(II)-catalysed cycloadditions of nitrones with (S,S)-xabox
ligand.

Chiral bis-metal Lewis acids often exhibit a unique reactiv-
ity and selectivity in several asymmetric reactions. In this
context, Maruoka et al. developed, in 2005, asymmetric
1,3-dipolar cycloaddition reactions between various nitrones
and acrolein catalysed by a p-oxo-type chiral bis-Ti(IV)
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R = t-Bu: 90%; ee = 97%

Scheme 58. Bis-titanium-catalysed cycloadditions of nitrones.

oxide, which gave rise to the corresponding isoxazolidines
with high to excellent enantioselectivities (Scheme 58).1%

A variety of enantioselective reactions have successfully
used chiral cationic cobalt(IIT) complexes as chiral catalysts.
Hence, Yamada et al. have employed these efficient Lewis-
acid catalysts for the enantioselective 1,3-dipolar cycloaddi-
tion reaction of a,B-unsaturated aldehydes with nitrones.'%°
Even in the case of a-substituted o, 3-unsaturated aldehydes,
the corresponding cycloadducts were obtained completely
regioselectively, endo selectively and in good to high enan-
tioselectivities (Scheme 59).
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Scheme 59. Co(IlI)-catalysed cycloadditions of nitrones.

Similar excellent results were obtained, in 2004, by
Tang et al. by employing a trisoxazoline/Co(II) complex,
(TOX)/Co(Cl10y),-6H,0, for the enantioselective 1,3-dipo-
lar cycloaddition of nitrones to alkylidene malonates.'®’
The expected chiral isoxazolidines were formed with
both high enantioselectivity and high exo selectivity, but,
when the reaction temperature was lowered from O to
—40 °C, the same cycloaddition afforded the endo-isomers
as the major products with good to high enantioselectivity
(Scheme 60).

A combination of the Ni(ClO,), aqua complex with a chiral
pybox—TIPS ligand has been successfully used by Iwasa
et al. as a chiral catalyst for asymmetric 1,3-dipolar cyclo-
addition reactions of nitrones with alkenoyl oxazolidinone
and pyrrolidinone derivatives in +-BuOH, providing the cor-
responding cycloadducts ranging from a 90:10 to >99:1
endolexo ratio and 90-98% ee for the endo-adduct
(Scheme 61).108
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Scheme 60. (TOX)/Co(Cl0O,), - 6H,O-catalysed cycloadditions of a nitrone.
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Scheme 61. Ni(IT)-pybox—TIPS-catalysed cycloadditions of nitrones.

The first examples of chiral Lewis-acid catalysis in the
formation of chiral tetrahydro-1,2-oxazines with very high
enantioselectivity were reported by Sibi et al., in 2005, by
way of the enantioselective cycloaddition of nitrones to
activated cyclopropanes.'®® A highly effective chiral Lewis-
acid system, derived from nickel perchlorate and a chiral
ligand, DBFOX/Ph, depicted in Scheme 62, allowed excel-
lent yields and selectivities to be obtained.

The same chiral catalyst was previously used by Kanemasa
et al. to catalyse enantioselective nitrone cycloadditions to
a-alkyl- and a-arylacroleins, producing the corresponding
sterically controlled isoxazolidine-5-carbaldehydes with
enantioselectivities of up to 99.5% ee at room tempera-
ture."'” In addition, Suga et al. have developed enantioselec-
tive 1,3-dipolar cycloadditions of a variety of nitrones,
catalysed by a chiral binaphthyldiimine/Ni(Il) complex,

(0] (0] .
RK;/O_ Ni(ClO4)2(H20)s
RO OR m L*
R2 CH2C|2
(0] o}
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Adw Lo
N~pi Ol ° |o
- \R
o g/N N\__)
major i By
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R' =R = Me, RZ = Ph: 96%; ee = 89%

R = Et, R" = Me, R% = Ph: 99%; ee = 92%

R =Et, R' = R2 = Ph: 99%; ee = 94%

R = Et, R" = Me, RZ = p-BrCgH4: 99%; ee = 95%

Scheme 62. Ni(II)-catalysed cycloadditions of nitrones to activated cyclo-
propanes.

prepared from N,N'-bis(2,6-dichlorobenzylidene)-1,1’-bi-
naphthyl-2,2'-diamine and Ni(ClO,4),-6H,0, allowing
significant levels of exo selectivity and enantioselectivity to
be obtained with both 3-crotonoyl-2-oxazolidinones and
3-(2-alkenoyl)-2-thiazolidinethiones used as dipolaro-
philes.!!! Furthermore, only a catalyst loading as small as
5-10 mol % was active in most cases.

In 2004, Carmona et al. reported enantioselective 1,3-dipolar
cycloadditions of nitrones with methacrolein catalysed
by a chiral rhodium- or iridium-based system [(n’-
CsMes)M{(R)-Prophos} (H,0)]?*- SbF, [(R)-Prophos=1,2-
bis(diphenylphosphino)propane].'!? The reactions occurred
with perfect endo selectivity and with enantiomeric excesses
of up to 96% (Scheme 63). Similar results were previously
reported by Kiindig et al. by using chiral ruthenium com-
plexes.!!3

With the aim of finding an exo selective catalyst for
the enantioselective 1,3-dipolar cycloaddition between an

catalyst = [(n° -CsMes)M{(R)-Prophos}(H,0)]>*-SbFg
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Scheme 63. Rhodium- and iridium-catalysed cycloadditions of nitrones.
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acryloyloxazolidinone and a diphenylnitrone, Desimoni
et al. have screened several complexes of (4R)-phenylbis(ox-
azolines), either 5-unsubstituted, or 4,5-cis- and trans-di-
phenyl-substituted.!'* The expected endo-selectivities
were obtained with Mg(Il) and Ni(Il) catalysts, whereas
Co(II) and Zn(II) catalysts gave good levels of exo selectiv-
ity. Hence, the flexibility of the catalysts was remarkable,
since a change in the cation allowed the endo-cycloadducts
or the exo-cycloadducts to be obtained, enantioselectively,
with ees in a range 84-99%.

2.5. Organo-catalysed reactions

Organic catalysts, especially chiral organic catalysts,''> can
be regarded as minimalist versions of enzymes, from which
they are derived conceptually and to which they are often
compared. Even though they rarely display the remarkable
selectivity that is characteristic of enzymes, organic cata-
lysts are generally more stable than biocatalysts, and enjoy
a wider application under a variety of conditions that are un-
sustainable for enzymes. In principle, organic catalysts are
more readily amenable than metal-based catalysts to anchor-
ing on a support with the aim of facilitating the separation of
the product from the catalyst and the recovery and recycling
of the latter.! ! Indeed, it has been shown repeatedly that the
use of a metal-based catalyst immobilised on a support is of-
ten affected by extensive metal leaching and requires cata-
lyst regeneration by metal replenishment before recycling.
In this context, Benaglia et al. have developed enantioselec-
tive 1,3-dipolar cycloadditions of nitrones with unsaturated
aldehydes promoted by a poly(ethylene glycol)-supported
organic catalyst.!!” The cycloadducts were obtained as mix-
tures of trans- (major) and cis-isomers with diastereoiso-
meric excesses of up to 86% and enantiomeric excesses
for the trans-isomer of up to 87% (Scheme 64).

+ A 0. 1
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CHO R2) 4 R? CHO
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Bn\N’o ..\\R1
"
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R'=H, R? = Ph: 71% (86:14) ee = 87%

R" = H, R? = p-MeOCgHy: 64% (90:10) ee = 84%
R"=H, R? = p-CICgH4: 60% (85:15) ee = 60%
R'=H, R? = Cy: 41% (90:10) ee = 80%

R' = Me, R? = Ph: 59% (93:7) ee = 87%

,n-Bu

catalyst =

O—o@—%o

@ = MeO-(CH,CH,0),-C H,CH,

Scheme 64. 1,3-Dipolar cycloadditions promoted by a poly(ethylene gly-
col)-supported organic catalyst.

In 2002, Karlsson and Hogberg reported the enantioselective
1,3-dipolar cycloaddition of nitrones to 1-cycloalkene-1-
carboxaldehydes by using chiral pyrrolidinium salts as cata-
lysts.!!® In this study, the organocatalyst worked in the
absence of metals, because the catalytic effect was due to
the activation of the o,B-unsaturated aldehyde by iminium
salt formation between the catalyst and the starting alde-
hyde, resulting in a decrease in the LUMO energy of the
alkene moiety. The predominant exo-bicyclic isoxazolidine
was obtained in both high enantio- and diastereoselectivity
(Scheme 65).
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R'=H, R? = Me, R® = ¢-C3Hs: 58%; de > 98%; ee = 41%
R'=R2 = Me, R® = c-C3H5: 38%; de > 98%; ee = 37%

Scheme 65. Pyrrolidinium salt-catalysed cycloadditions of nitrones.

To the best of the author’s knowledge, only one example of
asymmetric 1,3-dipolar cycloadditions involving a chiral ni-
tronate has been reported in the literature since 2001 and it
was decided to include this single result, depicted in Scheme
66, in this part dealing with nitrones. This reaction was actu-
ally a tandem intermolecular [4+2]/intramolecular [3+2] ni-
troalkene cycloaddition reaction, involving a dienylsilyloxy
nitroalkene and a chiral vinyl ether.!'® The Diels—Alder
reaction between these two compounds produced a chiral
intermediate nitronate, which underwent an intramolecular
1,3-dipolar cycloaddition upon catalysis with methylalumi-
nium bis(2,6-diphenylphenoxide) (MAPh), providing a 66%
yield of the expected cycloadduct.

Ph
N S Q MAPh

P’ NiPr o X 42
exo
Ph

0.+.0._0,

H Y endo
AP

. AR

i-Pr° i-Pr

66%; de = 100%

Scheme 66. MAPh-mediated intramolecular [3+2] cycloaddition of a
nitronate.
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3. Nitrile oxides

Nitrile oxides are reactive, relatively unstable, linear mole-
cules, which may be generated from nitro compounds by
treatment with aromatic isocyanates, or from aldoximes by
halogenation followed by an in situ dehydrohalogenation us-
ing a base. It is important to note that nitrile oxides are prone
to dimerisation or polymerisation, especially upon heating.
In order to avoid the dimerisation process, nitrile oxides
are usually generated in situ.

3.1. Chiral nitrile oxides

In 2001, Carreira et al. reported a general, stereo- and regio-
selective cycloaddition of in situ generated chiral nitrile
oxides with allylic alcohols to provide enantiomerically
pure isoxazolines.!?° This strategy has permitted the modu-
lar preparation of all possible protected dipropionate diaste-
reomers, isolated as single compounds in each case, with the
same set of reagents and a single reaction protocol, affording
complex, densely functionalised polyketide building blocks
(Scheme 67). In 2005, these chiral isoxazolines were used as

the key intermediates of a succinct synthesis of B-amino
acids.'?!
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H H
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: OH é)H
73%; de = 100% 68%; de = 100%

Scheme 67. Hydroxy-directed nitrile oxide cycloadditions.

In order to prepare new chiral macrocyclic barbiturate recep-
tors, Skrydstrup et al. have developed 1,3-cycloadditions
between various arylnitrile oxides and cinnamate conjugates
in the presence of a chiral receptor, affording two regioiso-
meric isoxazolines. The cycloadducts arising from the reac-
tion of 2-naphthyl-nitrile oxide were obtained in 75% yield
and with a 79:21 diastereomeric ratio, with an enantiomeric
excess of 30% for the major product.'?? In 2005, Jurczak
et al. reported the synthesis of new chiral oximes and
nitroalkanes, which were converted into nitrile oxides and
subjected to 1,3-dipolar cycloaddition with 3-E-hexene,
giving the corresponding 2-isoxazolines in fair yields, but
only with moderate stereoselectivities.!?* As an example,
the reaction of the aldoxime derived from Oppolzer’s (2R)-
bornane-10,2-sultam with 3-E-hexene yielded the corre-
sponding 2-isoxazolines in 58% yield and 15% de.

3.2. Chiral dipolarophiles

In 2003, Gallos and Koumbis reviewed the 1,3-dipolar cy-
cloadditions of nitrile oxides in the synthesis of carbohydrate

mimics.'?* The use of selected sugar-derived chiral dipolaro-
philes in the [3+2] cycloaddition with nitrile oxides is a sup-
plementary example of the importance of sugars as a tool for
asymmetric synthesis.'*> As an example, Rollin et al. have
reported the 1,3-dipolar cycloaddition of sugar-based eth-
enyl ethers with nitrile oxides, providing the corresponding
isoxazolines.!?® Impressive properties in terms of stereo-
selective induction were obtained in the Dp-fructo series
(Scheme 68), whereas its epimeric B-D-psico counterpart
was significantly less effective (up to 66% des), and the
D-galactose-derived adduct gave no diastereoselectivity.
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Ar = 2,4,6-(Me)3CgHy: 93%; de = 94%
Ar = 3,4,5-(Me0)3CgHy: 70%; de = 84%

Scheme 68. 1,3-Dipolar cycloadditions of nitrile oxides to a sugar-based
ethenyl ether.

Another example of a 1,3-dipolar cycloaddition performed
with a sugar-derived chiral dipolarophile was reported by
Tadano et al. in 2003.'2” Benzonitrile oxide and pivalonitrile
oxide were reacted with methyl 4-O-acryloyl-6-deoxy-2,3-
di-O-(tert-butyldimethylsilyl)-a-p-glucopyranoside,  pro-
viding the respective cycloadducts in excellent yields, each
as a single diastereomer (Scheme 69).

+
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R = Ph: 96%; de = 98%
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Scheme 69. 1,3-Dipolar cycloadditions of nitrile oxides to a p-glucose-
derived dipolarophile.

On the other hand, several chiral dipolarophiles, which were
not derived from sugars, have been involved in 1,3-dipolar
cycloadditions with nitrile oxides. As an example, the reac-
tion of L-proline esters has allowed the stereoselective syn-
thesis of spiroisoxazolinoprolinates, further converted into
the corresponding unnatural spiroisoxazolinoproline-based
amino acids.'?® In particular, the ert-butyl spiroisoxazolino-
prolinates were obtained in good yields with an 80:20 trans/
cis ratio (Scheme 70).

In 2004, Chan et al. investigated the scope and limitations
of 1,3-dipolar cycloaddition reactions between chiral o,p-
unsaturated-y-sultams and nitrile oxides, but only very mar-
ginal diastereoselectivities were observed (Scheme 71).5%-33

The nitrile oxide methodology was applied, in 2004, to a
one-pot diastereoselective synthesis of new chiral spiro-
1,4,2-oxathiazoles from the reaction between (1R)-thiocam-
phor and arylonitrile oxides, in situ generated from the
corresponding arylhydroximinoyl chlorides.'?° In each case



3256 H. Pellissier / Tetrahedron 63 (2007) 3235-3285

Cl
. NaOCI
COR 73-80%

| OH
Boc Cl
Cl
+ N,
~ 0
CO.R ) N~ TCOzR
minor |
Boc
R = Et: 50:50
R = Piv: 80:20

R = p-EtOCgH,: 60:40

Scheme 70. 1,3-Dipolar cycloadditions of a nitrile oxide to L-proline esters.
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Scheme 71. 1,3-Dipolar cycloadditions of nitrile oxides to a,B-unsaturated-
y-sultams.

of the nitrile oxide, a mixture of two diastereomers was
obtained with moderate diastereoselectivities (Scheme 72).
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Scheme 72. 1,3-Dipolar cycloadditions of nitrile oxides to (1R)-thiocam-
phor.

In 2005, Lassaletta et al. reported the highly stereoselective
1,3-dipolar cycloaddition of a variety of aromatic and
aliphatic nitrile oxides to 2,5-trans-2,5-diphenylpyrro-
lidine-derived acrylamide and cinnamamide, affording the
corresponding  4,5-dihydroisoxazole-5-carboxamides as
single diastereomers in almost all cases (Scheme 73).130

Chiral oxyoxazolidinones have been successfully used as
chiral dipolarophiles with a variety of nitrile oxides, produc-
ing stereoselectively the corresponding chiral 4,5-dihydro-
isoxazoles with good diastereoselectivity (Scheme 74).'3!

On the other hand, disappointing diastereoselectivities
were obtained by Molteni and Del Buttero for the 1,3-dipolar

Ph
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R =Cy, R' = H: 90%; de = 99%

R = Cy, R' = Ph: 60%; de = 99%

Scheme 73. 1,3-Dipolar cycloadditions of nitrile oxides to 2,5-trans-2,5-
diphenylpyrrolidine derivatives.

cycloadditions of benzonitrile with chiral bicyclo[3.1.1]hep-
tano[4,3-c]pyrazoles, whereas complete regioselectivity and
good yields were observed (Scheme 75).!32
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Scheme 74. 1,3-Dipolar cycloadditions of nitrile oxides to oxyoxazolidi-
nones.
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Scheme 75. 1,3-Dipolar cycloadditions of benzonitrile to bicyclo[3.1.1]-
heptano[4,3-c]pyrazoles.
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In addition, Chai et al. have developed 1,3-dipolar cycload-
ditions of chiral methylidene piperazine-2,5-diones with
mesitonitrile oxide, providing the corresponding cycload-
ducts as mixtures of two diastereomers in ratios of up to
83:17 in some cases.'3* In 2002, Ma et al. reported the regio-
selective synthesis of bifunctional macrolides for probing
ribosomal binding.'** The key step was a 1,3-dipolar cyclo-
addition process between a chiral 6,11-cis-butenylene-
bridged compound with in situ generated 3-quinolyl nitrile
oxide, the regioselectivity of which was controlled by the
remote cladinose group attached to the C3 position. The
thus-formed conformationally constrained molecules were
employed as molecular probes to study the ribosomal bind-
ing sites of bifunctional macrolide antibiotics. Furthermore,
a theoretical investigation of the nitrile oxide cycloaddition
to chiral allylic fluorides was reported by Grée et al., in
2003, indicating that both steric and electronic effects have
important influences on the stereoselectivities of these
reactions.'¥

3.3. Intramolecular reactions

Enantiomerically pure annulated sultams have been stereo-
selectively synthesised on the basis of an intramolecular
1,3-dipolar cycloaddition of chiral nitrile oxides in situ gen-
erated from the corresponding oximes by oxidation (Scheme
76).8% A total stereoselectivity was observed, since only one
of the eight possible stereoisomers was produced.
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Scheme 76. Intramolecular 1,3-dipolar cycloadditions of nitrile oxides bear-
ing a sulfonamido group.

In 2004, Alcaide et al. reported the regio- and stereoselective
intramolecular 1,3-dipolar cycloaddition of novel chiral 2-
azetidinone-tethered alkenyl nitrile oxides, providing the cor-
responding chiral fused tricyclic B-lactams (Scheme 77).!3¢
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Scheme 77. Intramolecular 1,3-dipolar cycloadditions of 2-azetidinone-
tethered alkenyl nitrile oxides.

It was demonstrated that the process was more efficient
when the nitrile oxide moiety was separated by a methylene
group, rather than being directly linked to the C4 position
of the four-membered ring.

With the aim of developing a novel and efficient synthesis of
paclitaxel, having strong antitumour activity, Takahashi
et al. reported, in 2005, the construction of the C-ring of this
latter biologically active compound, using an intramolecular
nitrile oxide cycloaddition with a precursor containing the A

ring (Scheme 78).1%7
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Scheme 78. Synthesis of the C-ring of paclitaxel via intramolecular nitrile
oxide cycloaddition.

On the other hand, Bhattacharjya et al. have applied the
nitrile oxide methodology to 3,5’-ether-linked pseudo-oligo-
pentose derivatives, allowing an approach to chiral macro-
oxacycles.'®® Hence, the intramolecular cycloaddition of
the nitrile oxides, derived from these pseudo-oligosaccha-
ride derivatives, led to the diastereoselective formation of
chiral isoxazolines fused to 10- to 16-membered oxacycles
(Scheme 79).
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Scheme 79. Intramolecular nitrile oxide cycloadditions of 3,5'-ether-linked
pseudo-oligopentose derivatives.

82% (de = 100%)

In addition, Fernandez-Mateos et al. have recently develo-
ped a total stereoselective synthesis of a 12-acetoxyazadir-
adione analogue based on an intramolecular 1,3-dipolar
cycloaddition of a nitrile oxide, in situ generated from the
corresponding hydroxylamine (Scheme 80).!%°



3258 H. Pellissier / Tetrahedron 63 (2007) 3235-3285

< Yco,Me

93%; de = 100%

Scheme 80. Intramolecular nitrile oxide cycloaddition of an azadiradione-
derivative.

3.4. Metal-catalysed reactions

In 2001, Faita et al. studied the 1,3-cycloadditions of sup-
ported Evans’ chiral auxiliary with nitrile oxides in the pres-
ence of the Mg(II) cation as the catalyst.?? It was shown that
the regio- and stereochemical outcomes of the nitrile oxide
cycloadditions were influenced by near-stoichiometric quan-
tities of the cation, since the diastereoselectivity of the reac-
tion was reversed according to whether the amounts of
catalyst were catalytic or stoichiometric (Scheme 81).

NaBH, )_7—‘ )_74

*—OH

with Merrifield resin:

with 0.2 eq. catalyst: 48% (70:30)
with 2 eq. catalyst: 47% (26:74)
with Wang resin:

with 0.1 eq. catalyst: 51% (60:40)
with 2 eq. catalyst: 44% (20:80)

Scheme 81. Mg(ClOy),-induced nitrile oxide cycloadditions of resin-bound
oxazolidinones.

The magnesium ion-induced nitrile oxide cycloaddition to
chiral a-silylallyl alcohols examined by Kamimura et al.,
has provided excellent yields and syn diastereoselectivities
withm% variety of in situ generated nitrile oxides (Scheme
82).

In 2005, Jedlovska et al. demonstrated that the use of MgX,
(X=Br or I) in 1,3-dipolar cycloadditions of mesityl nitrile
oxide to chiral a,B-unsaturated enones (both E and Z iso-
mers) improved the regio- and stereoselective outcome of
these reactions.'*! Predominantly 4-acyl-substituted C5/C6
anti isoxazolines were formed (Scheme 83).

With the aid of the magnesium chelation effect, Kim et al.
developed, in 2005, the diastereoselective synthesis of chiral
3-diphenylmethyl-5-(1,2-dihydroxy-3-butenyl)isoxazoline

Cl _
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OH R2 NOH R2 /{‘/"\_/TMS

BuOMgBr
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R' = j-Pr, R? = Ph: 75%; de = 92%

R' = i-Pr, R2 = p-CICgHg4: 52%; de = 94%
R' = i-Pr, R? = p-CF3CgHa: 32%; de = 96%
R' = i-Pr, R? = BnCH,: 40%; de = 98%
R' = Me, RZ = Ph: 59%; de = 88%

R" = Me, R? = p-CICgH,: 58%; de = 90%
R' = Me, R2 = p-CF3CgH4: 45%; de = 98%

Scheme 82. BuOMgBr-induced nitrile oxide cycloadditions of o-silylallyl
alcohols.
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Scheme 83. MgX,-induced mesityl nitrile oxide cycloadditions of a,f-
unsaturated enones.

by 1,3-dipolar cycloaddition of diphenylacetoxyhydroximic
chloride with (3R,4R)-1,5-hexadiene-3,4-diol, giving access
to highly substituted chiral tetrahydrofurans (Scheme 84).14?
A single diastereomer was obtained along with a small

amount of diadduct.

An enantioselective variant of the 1,3-dipolar cycloaddition,
using a chiral Lewis acid prepared from magnesium iodide
and a chiral bisoxazoline derived from amino indanol, was
reported by Sibi et al. in 2004.'** The reaction of preformed
mesityl nitrile oxide with dipolarophiles such as oxazoli-
dinone crotonates proceeded with low regioselectivity and
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HO, OH EtMgBr

“OH

Ph
HO

major
76%; de = 100% 8%

Scheme 84. EtMgBr-induced diphenylacetonitrile oxide cycloaddition of
(3R,4R)-1,5-hexadiene-3,4-diol.

varying enantioselectivity, whereas the use of achiral pyr-
azolidinone templates containing a fluxional nitrogen atom
gave both highly regio- and enantioselectivities, providing
the C-adducts exclusively (Scheme 85). This methodology
was successfully extended, in 2005, to the cycloaddition with
o, B-disubstituted acrylimides, providing regioselectively the

corresponding C-adducts in high yields and good stereo-
).103

selectivities (up to 77% ee).
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Scheme 85. Mgl,-catalysed mesityl nitrile oxide cycloadditions.

In 2003, Inomata et al. employed a dialkylzinc derivative
as a catalyst of the nitrile oxide cycloaddition to allylic alco-
hols in the presence of diisopropyl (R,R)-tartrate [(R,R)-
DIPT].%°!4* The nitrile oxide, generated in situ by direct
oxidation of the corresponding aldoxime, coordinated to
zinc metal of a zinc-bridging intermediate before giving,
via cycloaddition, the corresponding chiral isoxazoline

(Scheme 86). Catalytic amounts of (R,R)-DIPT (0.2 equiv)
were sufficient to provide high enantioselectivities.

(R,R)-DIPT

o (0.2 eq.) Rzg N—0i-Pr
ZnR 1 A
RZ%\ 2, RWO-ZI’]

OH R2 O~ ""CO,i-Pr]
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R =Et,R'=R2=H, R3 = Ph: 87%; ee = 84%

R =Et, R' = R2 = H, R® = p-MeOCgHy: 98%; ee = 90%
R =Et, R" = R2=H, R® = p-CICgH4: 91%; ee = 90%
R=Et,R'=R2=H, R®=tBu: 91%; ee = 93%

R =i-Pr,R' =R2=H, R% = p-MeOCgHa: 77%; ee = 92%

Scheme 86. (R,R)-DIPT-ZnR,-catalysed nitrile oxide cycloadditions.

In 2006, Porco et al. reported the use of Zr(IV) alkoxides to
mediate a nitrile oxide cycloaddition, which constituted the
key step of a total synthesis of the spiroisoxazoline natural
product, (+)-calafianin.'*> The nitrile oxide was generated
in situ from the corresponding ethyl chloro-oximinoacetate
and diisopropylethylamine, and reacted with a chiral exocy-
clic vinyl epoxide in the presence of Zr(O#-Bu), to give the
corresponding spiroisoxazoline as a mixture of two diaste-
reomers (Scheme 87).

Zr(Ot-Bu
Br . Et02C>:N,OH ( )a
0 cl
Br- o o
* (o)
o7
\
N=
CO,Et CO,Et

85-93% (64:36)

Scheme 87. Zr(Oz-Bu),-mediated nitrile oxide cycloaddition.

4. Azomethine ylides

In recent years, azomethine ylides have become one of the
most investigated classes of 1,3-dipoles and, based on their
cycloaddition chemistry, various methods for the synthesis
of pyrrolidine derivatives have been developed. Azomethine
ylides are planar 1,3-dipoles composed of one nitrogen and
two terminal sp? carbon atoms. Their cycloadditions to
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olefinic dipolarophiles provide a direct and general method
for the synthesis of pyrrolidine derivatives. Although there
are examples of stable, isolable azomethine ylides, they
are normally generated in situ and trapped by almost any
multiple C—C or C-X (X=heteroatom) bond. A number of
methods have been developed for their generation, including
the ring opening of aziridines, the desilylation of various
silylamino derivatives, the decarboxylation condensation
of amino acids, the 1,2-prototropy/metallo-azomethine
ylides of amino acid-derived imines and the deprotonation
of iminium salts. Advances in this area, over the last few
decades, have made cycloaddition reactions of azomethine
ylides a powerful synthetic tool, extensively used in the syn-
thesis of natural products as well as other biologically inter-
esting compounds.'#¢

4.1. Chiral azomethine ylides

In 2001, Garner et al. reported that Oppolzer’s sultam could
serve as an effective, recoverable chiral auxiliary for
stabilised azomethine ylides, generated either by aziridine
thermolysis or by imine tautomerisation.'*” These chiral
azomethine ylides underwent 1,3-dipolar cycloadditions
with a variety of dipolarophiles to give good yields of the
diastereomerically enriched cycloadducts (Scheme 88). The
subsequent removal of the chiral auxiliary provided access
to a variety of enantiomerically pure pyrrolidine derivatives.

Najera et al. have shown that chiral 2,3,5,6-tetrahydro-6-iso-
propyl-5-phenyl-1,4-oxazin-2-ones derived from glycine
and alanine were useful systems for the generation of chiral
carboxy-stabilised ylides after reaction with formalde-
hyde.'*® These ylides could be used for the thermally
induced 1,3-dipolar cycloaddition reaction to electron-defi-
cient olefins and acetylenes, giving the corresponding cyclo-
adducts mainly with endo selectivity (Scheme 89). The
diastereoselectivity of the reaction proved to be high, and
a superior reactivity towards acetylenic compounds, com-
pared to the related oxazin-2-one-derived ylides, has been
observed. The products were employed for the preparation
of highly substituted enantiomerically pure proline deriva-
tives. In 2002, the scope of this reaction was extended by
Williams and Sebahar to azomethine ylides derived from
chiral 5,6-diphenylmorpholin-2-one and a variety of alde-
hydes.'*® The corresponding cycloadducts were obtained
in moderate to excellent regio- and diastereoselectivities
(up to 90% de).

In 2002, Williams et al. reported the total synthesis of (+)-
and (—)-spirotryprostatin B on the basis of a diastereoselec-
tive 1,3-dipolar cycloaddition reaction of an azomethine
ylide, generated from 3-methoxy-3-methylbutanal and
(5R,65)-2,3,5,6-tetrahydro-5,6-diphenyl-1,4-oxazin-2-one,
with ethyl oxindolylidene acetate.'>® The reaction, per-
formed in the presence of molecular sieves in toluene,
resulted in the formation of the desired exo-cycloadduct,
along with another compound resulting from elimination
of methanol from this desired product (Scheme 90). This
key spiro-tetracyclic intermediate was further converted
into the natural specimens of (—)-spirotryprostatin B,
whereas its antipode was synthesised similarly, but starting
with the opposite antipode of the oxazinone. In 2004, the
same group applied this methodology to a concise total
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Scheme 88. 1,3-Dipolar cycloadditions of Oppolzer’s sultam-derived azo-
methine ylides.
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Scheme 89. 1,3-Dipolar cycloadditions of azomethine ylides from chiral
6-isopropyl-5-phenylmorpholin-2-ones.
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synthesis of spirotryprostatin A starting from the same chiral
morpholinone (Scheme 90).!5!

Ph

Ph, A /
OMe —
(0, oHc o

de = 100%

HN
Ph R R
Ph, * 1
"(\O l
\
o “. O R=EtR =H:
—. H (-)-spirotryprostatin B
HN. 2 ‘CO,Et R = t-Bu, R' = OMe:
(-)-spirotryprostatin A
minor R=Et, R = H: 82% + 6%

R' R=Et, R =0Me: 30% + 30%
R = t-Bu, R' = OMe: 45% + 25%

Scheme 90. 1,3-Dipolar cycloaddition of an azomethine ylide from a chiral
oxazinone.

In 2005, using the preceding methodology, chiral 2'-alkyl-
4'-aryl-1H-spiro[indole-3,3’-pyrrolidin]-2-ones were effi-
ciently synthesised by Wang et al., as a novel class of poten-
tial inhibitors of the p53-MDM? interaction.'>? In addition,
the application of the Williams’ methodology has allowed
the total synthesis of the ADE fragment of nakadomarin
A, a potent cytotoxic agent.'>> The three-component con-
densation reaction of the same chiral morpholinone, as de-
picted in Scheme 90, with a chiral aldehyde and an enone
led to the formation of the corresponding 2,5-trans-cycload-
duct as a single diastereomer (Scheme 91).

0
D7 35%; de = 100%

Scheme 91. 1,3-Dipolar cycloaddition of an azomethine ylide from a chiral
oxazinone.

On the other hand, Pardasani et al. have shown that the reac-
tion of imines, formed from a secondary cyclic amino acid
such as (S)-(—)-thiazolidine-4-carboxylic acid and isatins
gave, via a decarboxylative azomethine ylide formation fol-
lowed by a subsequent 1,3-dipolar cycloaddition, a single
cycloadduct in good yield (Scheme 92).!5*

In 2004, Grigg et al. reported cascade thermal and decarboxy-
lative cycloaddition reactions of uracil polyoxin C (UpoC)

S COZ)Me/ Ph
’ Hl
MeO,C [ s CO,Et
R N—/
o Ph 4

N
H
:50%

R=H
R =Br: 55%

Scheme 92. 1,3-Dipolar cycloadditions of azomethine ylides from (S)-
(—)-thiazolidine-4-carboxylic acid and isatins.

with mono- and di-carbonyl compounds in the presence of
a dipolarophile (Scheme 93).!5% These processes led, via sta-
bilised and non-stabilised azomethine ylides, respectively, to
a series of polyoxin cycloadducts related to nikkomycin B,
a nucleoside antibiotic, in good to excellent yields and high
diastereoselectivity.

H ™
"o oH
R' = R3 = Me, R2 = CO,Me: 94% (90:10)
R' = Me, R? = CO,Me, R® = Ph: 96% (92:8)
R"=H, R? = Ph, R® = Me: 78% (75:25)

Scheme 93. 1,3-Dipolar cycloadditions of azomethine ylides from uracil
polyoxin C.

The azomethine ylide methodology was used by Hanessian
et al., in 2005, in the course of developing a stereoselective
synthesis of constrained azacyclic hydroxyethylene isosteres
as aspartic protease inhibitors.!>® The key step was the treat-
ment of an N-Boc-leucinal derivative with N-methyl glycine
and formaldehyde, affording the azomethine ylide cyclisa-
tion product and its diastereomer as an 80:20 mixture, as
depicted in Scheme 94. The major isomer was further elab-
orated into a desired pseudopeptide inhibitor.

In 2005, Harwood et al. reported the first generation of
unsymmetrical ketone-derived chiral stabilised azomethine
ylides,'” the 1,3-dipolar cycloaddition reactions of which
have been used to prepare enantiomerically pure bicyclic
proline derivatives and enantiomerically pure B-hydroxy-
a-amino acids. Hence, the reaction of the azomethine ylide
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Scheme 94. 1,3-Dipolar cycloaddition of an azomethine ylide from an N-
Boc-leucinal derivative.

generated from (5S)-phenylmorpholin-2-one and aceto-
phenone dimethyl acetal with dipolarophiles such as methyl
acrylate or p-nitrobenzaldehyde furnished the corresponding
cycloadducts as a single isomer, or as a 70:30 mixture of
diastereomers, respectively (Scheme 95).
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Scheme 95. 1,3-Dipolar cycloadditions of azomethine ylide from (55)-
phenylmorpholin-2-one.

4.2. Chiral dipolarophiles

In 2001, Carey reported the 1,3-dipolar cycloaddition
of a chiral (Z)-alkene with an azomethine ylide performed
in the presence of a catalytic quantity of TFA, providing
an 80:20 mixture of diastereomers (Scheme 96).!%8 The
absolute stereochemistry was controlled by the use of
the chiral (2R)-bornane-2,10-sultam moiety. The cycloaddi-
tion of (E)-3-benzyloxypropenoyl-(2'S)-bornane-10,2-
sultam with the same azomethine ylide was investigated
by Chand et al, in 2005, using the same conditions,
leading to the corresponding cycloadduct in 58% yield
(Scheme 96).'°

In 2002, Heimgartner and Gebert studied the 1,3-dipolar cy-
cloaddition reactions of azomethine ylides with the C=S
group of chiral substituted 1,3-thiazole-5(4H)-thiones.'®®
Hence, the reaction of the azomethine ylide generated
in situ from N-(benzylidene)[(trimethylsilyl)methyl]amine
with  (R)-4-benzyl-4-methyl-2-phenyl-1,3-thiazole-5(4H)-
thione gave a mixture of four chiral spirocyclic cycloadducts
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Scheme 96. 1,3-Dipolar cycloadditions of an azomethine ylide to chiral
alkenic sultams.

with a low regioselectivity (62:38). In contrast, the analo-
gous reactions of (R)- or (S)-4-benzyl-4-methyl-2-phenyl-
1,3-thiazole-5(4H)-thione performed in the presence of the
thermally generated azomethine ylide from cis-N-methyl-
2,3-diphenylaziridine provided, in each case, a single cyclo-
adduct (Scheme 97).
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Scheme 97. 1,3-Dipolar cycloadditions of an azomethine ylide to chiral
4-benzyl-4-methyl-2-phenyl-1,3-thiazole-5(4H)-thiones.

With the aim of developing an approach to oxindole alka-
loids such as (—)-horsfiline, Palmisano et al. have investi-
gated the 1,3-dipolar cycloaddition of the azomethine ylide
derived from N-methyl glycine and paraformaldehyde with a
variety of chiral 2-(2-nitrophenyl)acrylates (Scheme 98).1¢!
The corresponding cycloadducts were obtained in modest
to good diastereoselectivity (up to 86% de) and were then
converted by reductive heterocyclisation into various spiro-
(indole-pyrrolidine) ring systems.

Garcia Ruano et al. have studied the condensation of azome-
thine ylides generated from iminoesters in the presence of a
base such as LHMDS on (S)-2-p-tolylsulfinyl-2-cyclopente-
none. Complete regio- and endo-selectivities were observed,
since only one diastereoisomer was systematically obtained
in almost quantitative yield (Scheme 99).16>
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Scheme 98. 1,3-Dipolar cycloadditions of an azomethine ylide to chiral
2-(2-nitrophenyl)acrylates.
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Scheme 99. 1,3-Dipolar cycloadditions of azomethine ylides to (S)-2-p-tolyl-
sulfinyl-2-cyclopentenone.

In the same context, Viso et al. have developed highly dia-
stereoselective 1,3-dipolar cycloadditions between chiral
p-tolylsulfinimines and azomethine ylides generated in situ
from a-iminoesters and LDA, producing the corresponding
enantiopure N-sulfinylimidazolidines with a high degree of
stereocontrol (Scheme 100).!6* These latter products could
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Scheme 100. 1,3-Dipolar cycloadditions of azomethine ylides to p-tolyl-
sulfinimines.

be converted into a variety of chiral differentially protected
vicinal diamines.

Doubly diastereoselective 1,3-dipolar cycloadditions of
chiral azomethine ylides to 3-benzyloxy-substituted alke-
noylcamphorsultams have been reported by Karlsson and
Hogberg, furnishing the corresponding trans-3,4-disubsti-
tuted pyrrolidines containing a protected hydroxyl group
at C4 of the pyrrolidine ring in high diastereomeric ratios
(Scheme 101).'®* The best diastereoselectivities (up to
76% de) were obtained when polar solvents such as MeCN
were employed. These products were used as starting
materials in a short synthetic route to a known glycosidase
inhibitor, (3R,4R)-4-(hydroxymethyl)pyrrolidin-3-ol, and its
enantiomer. This double asymmetric induction methodology
could be extended to the use of cyclic five-membered o,3-
unsaturated N-enoylbornanesultams, affording the corre-
sponding fused bicyclic adducts in good diastereoselectiv-
ities (Scheme 101).1%3
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Scheme 101. 1,3-Dipolar cycloadditions of a chiral azomethine ylide to chi-
ral N-enoylbornanesultams.

Several other asymmetric multicomponent reactions based
on 1,3-dipolar cycloadditions have been recently developed
using chiral amines as the chiral auxiliaries.!>!-!5%:16 Not
only chiral amines, but also chiral hydroxylamines, have
been involved in this type of reaction. Excellent results
have been obtained with chiral dipolarophiles such as a
cinnamyl derivative in the presence of N-phenyl isatin and
proline, which yielded the corresponding chiral spiroox-
indole derivative.'6”

4.3. Intramolecular reactions

The general intramolecular dipolar cycloaddition reaction of
azomethine ylides was reviewed by Coldham and Hufton, in
2005, demonstrating the significant progression of these
reactions since the first report nearly 30 years ago.!®® An
asymmetric example of an intramolecular 1,3-dipolar
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cycloaddition involving chiral azomethine ylides was re-
ported by Cheng et al., in 2001.7% The highly stereoselective
reaction of in situ generated azomethine ylides was induced
by microwave irradiation on the surface of silica gel, lead-
ing, in a short time, to the corresponding cycloadducts in
good yields (Scheme 102).
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Scheme 102. 1,3-Dipolar intramolecular cycloadditions of N-substituted
azomethine ylides.

In 2002, Pinho e Melo et al. reported the intramolecular di-
polar cycloaddition of bicyclic miinchnones derived from
the cyclodehydration of 2-substituted-N-acylthiazolidine-4-
carboxylic acids.'® A range of new chiral pyrrolo[1,2-c]thi-
azole derivatives were obtained as single enantiomers from
2-phenylthiazolidines, 2-benzoylthiazolidines and 2-methyl-
thiazolidine-4-carboxylates (Scheme 103).
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Scheme 103. 1,3-Dipolar intramolecular cycloadditions of bicyclic
miinchnones.

A novel synthesis of enantiopure octahydropyrrolo[3,4-b]-
pyrroles was accomplished by Pedrosa et al., in 2002, on the
basis of an intramolecular dipolar cycloaddition performed
on chiral perhydro-1,3-benzoxazines.!’® Hence, the conden-
sation of N-substituted glycines with chiral 3-allyl-2-formyl-
perhydro-1,3-benzoxazines formed the corresponding azo-
methine ylides, which cyclised to give stereoselectively the
corresponding octahydropyrrolo[3,4-b]pyrrole derivatives
as single diastereomers (Scheme 104). The cis,syn-

stereochemistry of the cycloadducts could be explained by
the fact that the reaction occurred only in an endo mode
and with total diastereofacial selectivity.

% MeHN""~CO,H
\/L DMF

R2

R1F§

R'=R2=H: 76%
9 1y R'=H, R?=Me: 78%
N ?—1 \ R'=Me, R2=H: 90%
H R'=H, R? = Ph: 76%
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Scheme 104. 1,3-Dipolar intramolecular cycloadditions of perhydro-1,3-
benzoxazines.

4.4. Metal-catalysed reactions

Although a variety of Lewis acids have provided excellent
results in the stereoselective metal-catalysed dipolar cyclo-
addition of azomethine ylides, the Ag(I)-based processes
stand out as the most used. As an example, Alcaide et al.
reported, in 2001, the 1,3-dipolar cycloaddition of 4-oxo-
azetidine-2-carbaldehyde-derived azomethine ylides with a
variety of dipolarophiles in the presence of AgOAc/Et;N,
affording the corresponding chiral pyrrolidinyl-B-lactams
with reasonable diastereoselectivities and moderate to
good yields (Scheme 105).!7! In order to improve the stereo-
selectivity of this methodology, the installation of an extra
stereocentre in the starting material was undertaken in
2005 (Scheme 105). Hence, the scope of this methodology
was extended to the cycloaddition of a-alkoxy B-lactam
acetaldehyde-derived azomethine ylides, providing the cor-
responding cycloadducts with diastereoselectivities ranging
from good (90:10) to complete (single isomer).!”?

In 2002, Garcia Ruano et al. reported the AgOAc-catalysed
dipolar cycloaddition of azomethine ylides to vinyl sulfox-
ides such as methyl (S)-2-(p-tolylsulfinyl)acrylate (Scheme
106).!73 The reaction evolved with complete regio- and
endo-selectivities, but, nevertheless, mixtures of two diaste-
reoisomers (75-88% des) resulting from the anti dipole/s-cis
dipolarophile and syn dipole/s-trans dipolarophile ap-
proaches, respectively, were obtained. The stereoselectivity
could, however, be controlled by using THF or MeCN as sol-
vents. This new methodology represented a new entry into
the synthesis of highly substituted pyrrolidines, which con-
stitute the main building blocks of many alkaloids and phar-
macologically active compounds.

A total synthesis of epibatidine, an important analgesic hav-
ing an 8-azabicyclo[3.2.1]octane skeleton, was developed
by Pandey et al., in 2002, on the basis of a dipolar cycload-
dition of a cyclic azomethine ylide with Oppolzer’s sultam
acrylamide catalysed by AgF, giving rise to the correspond-
ing cycloadducts with a very good exo/endo selectivity
(Scheme 107).174

The AgOAc-catalysed 1,3-dipolar cycloadditions of aryl-
idene glycine imines and a variety of chiral acrylamides

have been studied by Nyerges et al.!”> Complete
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Scheme 105. Ag(I)-catalysed 1,3-dipolar cycloadditions of B-lactam alde-
hyde-derived azomethine ylides.
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Scheme 106. Ag(I)-catalysed 1,3-dipolar cycloadditions of azomethine
ylides to a sulfinyl acrylate.

diastereoselectivities were obtained by using a cyclic Cs,-
symmetric pyrrolidine, as depicted in Scheme 108, and
(1R,2S5)-ephedrine as the chiral auxiliaries.
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Scheme 107. AgF-catalysed 1,3-dipolar cycloadditions of cyclic azo-
methine ylides with Oppolzer’s sultam.
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Scheme 108. AgOAc-catalysed 1,3-dipolar cycloadditions of imines with
chiral acrylamides.

Similar conditions were applied to the cycloaddition be-
tween imines and E-nitroalkenes, which constituted the
key step in the synthetic route to a new family of inhibitors
of a4, B;-integrin-mediated hepatic melanoma metastasis.!”®
It was shown that the reaction took place through a stepwise,
and not a concerted mechanism, to give the [3+2]
cycloadduct. The first step comprised a Michael-type nucleo-
philic attack of the o carbon atom of the azomethine
ylide, which formed in situ, on the B carbon atom of the
nitroalkene. The cyclisation step took place by means of an
intramolecular Henry-type reaction between the inter-
mediate nitronate moiety and the iminic fragment of the
zwitterionic intermediate (Scheme 109). A complete stereo-
selectivity was systematically observed when R® was a
phenyl group.

In 2005, Garner and Kaniskan reported stereoselective
AgOAc-catalysed dipolar cycloadditions of chiral a-amino
azomethine ylides applied to a new approach to the bioxalo-
mycin family of antibiotics.!”” The reaction of a phenyla-
lanine-derived o-amino imine and methyl acrylate gave
an 86:14 ratio of two diastereomers, whereas that of an
N-Boc-serinal acetonide imine with fert-butyl acrylate
gave a 91:9 ratio of the corresponding diastereomeric cyclo-
adducts (Scheme 110).
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Scheme 109. AgOAc-catalysed 1,3-dipolar cycloadditions of imines with
E-nitroalkenes.
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Scheme 110. AgOAc-catalysed 1,3-dipolar cycloadditions of a-amino azo-
methine ylides.

In 2006, Comes-Franchini et al. developed the first 1,3-dipo-
lar cycloaddition of chiral azomethine ylides with (E)-ethyl
3-fluoroacrylate performed in the presence of AgOAc,
allowing the efficient regio- and stereoselective synthesis
of enantiopure pharmacologically important 3F-substituted
prolines (Scheme 111).178

The same catalyst as that used in the above examples was
involved by Bashiardes in a highly selective dipolar
cycloaddition of various azomethine ylides with a chiral
carbohydrate-derived enone.!”® The reaction proved to be
extremely regio- and stereoselective, giving rise to single
enantiomeric pyranopyrrolidines in all cases (Scheme 112).

The most recent advance in the chemistry of azomethine
ylides is the use of chiral catalysts in the stereoselective syn-
thesis of pyrrolidine derivatives via metallo-azomethine
ylides,'8® which was reviewed by Savic and Husinec, cover-
ing the literature until the beginning of 2005.!8! The most
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Scheme 111. AgOAc-catalysed 1,3-dipolar cycloadditions of chiral azo-
methine ylides with (E)-ethyl 3-fluoroacrylate.

o
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Scheme 112. AgOAc-catalysed 1,3-dipolar cycloadditions of azomethine
ylides with a carbohydrate-derived enone.

effective Lewis acids in the cycloaddition reactions of met-
allo-azomethine ylides are arguably Ag(I) salts. The reaction
times in these cases are generally short, requiring no more
than a few hours, and the products are normally isolated in
very high yields. Several chiral ligands have been involved in
the catalytic asymmetric silver-catalysed cycloaddition of
azomethine ylides. As an example, Zhang et al. have shown
that high enantioselectivities could be achieved by using a
new bis-ferrocenyl amide phosphine (FAP) as the ligand in
highly enantioselective AgOAc-catalysed 1,3-dipolar cyclo-
additions of a-iminoesters with dimethyl maleate (Scheme
113).182 Only the endo-products were isolated in all cases.
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Scheme 113. Enantioselective 1,3-dipolar cycloadditions in the presence of
AgOAc and FAP ligand.
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In the same context, (S)-QUINAP was successfully used by
Schreiber et al., in 2003, in the dipolar cycloaddition of
azomethine ylides derived from a-iminoesters with various
a,B-unsaturated esters, giving excellent levels of diastereo-
selectivity (>90% de) and enantioselectivity (up to 96%
ee) (Scheme 114).'83 In 2004, Carreira et al. reported the use,
in a similar reaction, of new readily available atropisomeric
PN chiral ligands (PINAP) that were structurally similar to
QUINAP and have parallel reactivity.'®* These latter ligands,
in combination with AgOAc, gave very close results in
terms of reactivity, diastereoselectivity and enantioselectiv-
ity, compared with those obtained with the QUINAP ligand.
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Scheme 114. Enantioselective 1,3-dipolar cycloadditions in the presence of
AgOAc and (S)-QUINAP.

More recently, a chiral ferrocenyloxazoline-derived N,P
ligand, depicted in Scheme 115, was found to be an efficient
chiral catalyst in the presence of AgOAc to perform similar
reactions to those described above. An extra base such as
a tertiary amine was not necessary in this case, since the re-
active metal-bound azomethine ylide dipole was formed by
deprotonation with acetate that played the role of base. %> In-
deed, it was postulated that AgOAc, bearing a weakly basic
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Scheme 115. Enantioselective 1,3-dipolar cycloadditions in the presence of
AgOACc and a ferrocenyloxazoline-derived N,P ligand.

charged acetate ligand, facilitated the deprotonation of
iminoesters to generate the azomethine ylides. This method
provided a total endo diastereoselectivity in all cases, furnish-
ing enantiopure highly substituted pyrrolidine derivatives.

The intramolecular version of the enantioselective silver-
catalysed 1,3-dipolar cycloaddition performed in the pres-
ence of a chiral ligand was reported by Pfaltz et al., in
2005, involving a phosphino-oxazoline (PHOX) as the chiral
ligand, giving access to chiral tricyclic compounds with per-
fect diastereoselectivity and high levels of enantiocontrol
(Scheme 116).136
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Scheme 116. Enantioselective intramolecular 1,3-dipolar cycloadditions in
the presence of AgOAc and PHOX ligand.

Although some of the preceding procedures afford the corre-
sponding cycloadducts in good yields and high enantioselec-
tivities, they normally require preformation of the catalysts,
dry and deoxygenated solvents, and glovebox techniques. In
addition, the reactions must be carried out under an inert at-
mosphere, which may limit their application from a practical
point of view. In 2005, Jorgensen et al. reported a new con-
venient catalytic procedure for the enantioselective 1,3-di-
polar cycloaddition of azomethine ylides, generated from
N-alkylidene glycine esters, and acrylates to give the corre-
sponding endo-products, which did not require special pre-
cautions with regard to drying, degasifying solvents, or
using an inert atmosphere.'®’ In this method, involving sil-
ver fluoride and cinchona alkaloids as the catalyst system,
it was envisioned that chelation of the metal to the imino-
ester followed by deprotonation by a cinchona alkaloid act-
ing as the chiral base would form a metallo-azomethine
ylide-chiral base ion pair. This species would then react
with the dipolarophile in a chiral environment to afford the
expected cycloadduct stereoselectively (Scheme 117).
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Scheme 117. Enantioselective intramolecular 1,3-dipolar cycloadditions in
the presence of AgF and hydrocinchonine.
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Methodologies using Cu-based reagents or Cu—Lewis acids
are valuable synthetic tools with a wide application 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 a vari-
ety of chiral ligands have been evaluated in the enantioselec-
tive cycloadditions of azomethine ylides. As an example,
Carretero et al. demonstrated, in 2005, that the combination
of copper(I) salts and a Fesulphos ligand resulted in a highly
reactive catalyst system, displaying exceptional enantiose-
lectivities and a broad scope in the asymmetric 1,3-dipolar
cycloaddition of azomethine ylides generated from imino-
esters and maleimide dipolarophiles (Scheme 118).!%8 In
order to explore more deeply the scope and generality of
this new methodology, other dipolarophiles of a varied na-
ture such as dimethyl maleate, dimethyl fumarate and fumar-
odinitrile were also examined, proving to be excellent
substrates for this reaction, since they provided high asym-
metric inductions (76-99% ee), although the endo/exo selec-
tivity was poorer than that of the maleimide dipolarophiles.
In 2003, Komatsu et al. studied the same reaction, but in the
presence of Cu(OTf),, and BINAP derivatives as chiral
ligands, providing, in this case, an exo selectivity (up to
90% de) and high enantioselectivity (up to 87% ee).!%’
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Scheme 118. Enantioselective intramolecular 1,3-dipolar cycloadditions in
the presence of Cu(I)-Fesulphos catalyst system.

The Cu(I)-catalysed enantioselective 1,3-dipolar cycloaddition
of azomethine ylides with acrylates was also developed by
Zhang et al., in 2005, in the presence of a chiral phosphino-
oxazoline ligand in combination with CuOAc (Scheme
119).'90 Excellent exo/endo-selectivities were obtained, com-
bined with high levels of enantioselectivity (up to 98% ee).

In 2006, Hou et al. extended the scope of this reaction to the
use of nitroalkenes in the presence of a CuClO4-P,N-ferro-
cene catalyst, providing exclusively the exo-adducts in
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Scheme 119. Enantioselective intramolecular 1,3-dipolar cycloadditions in
the presence of CuOAc and a phosphino-oxazoline ligand.

high yields and with ee values ranging from 92 to 98%
(Scheme 120)."°! In addition, a general protocol for the
enantioselective catalytic 1,3-dipolar cycloaddition of azo-
methine ylides with aryl vinyl sulfones was reported, in
2006, by Carretero et al.'”> Near-complete exo selectivity
and enantioselectivities of up to 85% ee were attained using
Cu(MeCN)4ClO4/Taniaphos as the catalyst system.
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Scheme 120. Enantioselective intramolecular 1,3-dipolar cycloadditions of
an azomethine ylide to nitroalkenes in the presence of CuClO,4 and a phos-
phino-oxazoline ligand.

On the other hand, chiral oxazoline ligands have been used
in asymmetric 1,3-dipolar cycloadditions of azomethine
ylides in conjunction with Zn(II) Lewis acids. Hence,
Jorgensen et al. have shown that the use of Zn(OTf), in com-
bination with a chiral bisoxazoline ligand (BOX), for the
1,3-dipolar cycloaddition of a series of imines of glycine
methyl ester with different electron-deficient alkenes, al-
lowed the corresponding diastereomerically pure products
to be obtained with up to 94% ee (Scheme 121).!3

In 2002, the asymmetric syntheses of ferrocenyl-substituted
pyrrolidine derivatives were successfully achieved by
ZnEt;-mediated 1,3-dipolar cycloaddition reactions of chiral
azomethine ylides derived from camphor with a number of
electron-deficient dipolarophiles.!®* The chiral azomethine
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Scheme 121. Enantioselective 1,3-dipolar cycloadditions of azomethine
ylides to alkenes in the presence of Zn(OTf), and -Bu-BOX ligand.

ylides were formed by condensing glycyl sultam with ferro-
cenecarboxaldehyde via imine tautomerisation and com-
plexation with ZnEt,. All the cycloadditions gave the
corresponding ferrocenyl-substituted pyrrolidine derivatives
with very high regio- and diastereoselectivities in reasonable
yields (Scheme 122).

In 2005, Che et al. developed the first asymmetric synthesis
of chiral pyrrolines based on a ruthenium porphyrin-cata-
lysed three-component coupling process.'®> In this process,
it was demonstrated that ruthenium porphyrins catalysed the
decomposition of chiral 8-phenylmenthol a-diazo esters to
give metallocarbenoids that reacted with imines to afford
chiral azomethine ylides (Scheme 123). Subsequently, these
chiral azomethine ylides underwent 1,3-dipolar cycloaddi-
tion reactions with dipolarophiles to afford chiral pyrrolines
in good yields and high diastereoselectivities (up to 92% de).

In addition, Riant and Mamane have developed the 1,3-dipo-
lar cycloaddition of chiral ferrocenyl-substituted azome-
thine ylides, generated in situ by the reaction of the

j)j\/N ZnEtz
N S — 5
S/ Fe Et3N
00 @
5L
o-Zn '
N NS
= s E q Fe

H
R, N _Fc . Fc
R = CO,Me: 59% "X X
R = CN: 52%
° MeO,C CO,Me o
51% N
R
Fc = ferrocenyl R = Ph: 64%
X* = sultam auxiliary R = Me: 76%

Scheme 122. ZnEt,-mediated 1,3-dipolar cycloadditions of a camphor-
derived azomethine ylide to alkenes.
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Scheme 123. Ruthenium porphyrin-catalysed three-component coupling
process.

corresponding aldehydes with sarcosine, to Cgp, leading to
the corresponding fulleropyrrolidines with high diastereo-
selectivities (Scheme 124).'°¢ This methodology has been

CHO

TR MeNHCH,CO,H

S

R = TMS: 23%; de > 95%

R = p-MeOCgHy: 24%; de > 95%

R = Np: 40%; de > 95%

R = p-(H-C=C)-CgHy4: 15%; de > 95%

Scheme 124. 1,3-Dipolar cycloadditions of chiral ferrocenyl azomethine
ylides to Cgp.
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applied to the preparation of a C,-symmetric enantiopure
fullerene dimer.

5. Diazoalkanes

In the last five years, only the 1,3-dipolar cycloadditions of
diazoalkanes with chiral dipolarophiles, and the metal-cata-
lysed reactions of diazoalkanes have been reported in the
literature, both resulting in the formation of chiral 1-pyrazo-
line derivatives.

5.1. Chiral dipolarophiles

The dipolarophilic reactivity of chiral (Z)-3-p-tolylsulfinyl-
acrylonitriles has been evaluated with diazoalkanes, provid-
ing a new entry into chiral A'-cyanopyrazolines, the
structures of which are much less frequently reported in
the literature than those of their corresponding A2-analogues
(Scheme 125).'°7 Moreover, the asymmetric synthesis of
pyrazolines has been studied mainly from cyclic and much
less from acyclic alkenes. In each case, only one cycloadduct
was formed in high yield under mild conditions, therefore
evidencing a complete control of the regioselectivity and
the endo/exo and Tt-facial selectivities.

Diazoalkanes have also been submitted to asymmetric 1,3-
dipolar cycloaddition in the presence of (55,55)-5-[(1R)-
methyloxy]-4-phenylsulfinylfuran-2(5H)-ones,  providing
the corresponding pyrazolines resulting from the approach
of the dipole to both diastereotopic faces of the dipolarophile
(Scheme 126).'% The reactions were completely regioselec-
tive, yielding only the adduct resulting from the formation of
the Ndipole_c(3)furan0ne bond.

The role of steric and electronic interactions in the stereo-
control of the asymmetric 1,3-dipolar reaction of 5-alkoxy-
3-p-(S)-tolylsulfinylfuran-2(5 H)-ones with diazoalkanes was
studied in 2003 (Scheme 127).'%° It was demonstrated that

(') H__R a
H___Syup- '
N4 Tol Tf N
| . + N  — lill ~1SOp-Tol
R CN 1 “'CN

R =n-Bu, R' = H: > 93%; de = 100%
R = t-Bu, R' = H: > 93%; de = 100%
R =Bn, R'=H: > 93%; de = 100%

R = n-Bu, R' = Me: > 93%; de = 100%
R = t-Bu, R' = Me: > 93%; de = 100%
R =Bn, R' = Me: > 93%; de = 100%

Scheme 125. 1,3-Dipolar cycloadditions of chiral (Z)-3-p-tolylsulfinylacrylo-
nitriles to diazoalkanes.
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with ZnBry: 79%; de = 100%

Scheme 126. 1,3-Dipolar cycloaddition of (5S,Ss)-5-[(1R)-methyloxy]-4-
phenylsulfinylfuran-2(5H)-one to diazomethane.

these reactions evolved in high yields under mild conditions,
affording bicyclic pyrazolines with complete regioselectiv-
ity, which could be modulated, becoming almost complete,
with the solvent polarity. Electrostatic interactions between
dipoles and the alkoxy group at C5 were, however, also sig-
nificant in apolar solvents. The steric interactions between
the substituents at diazoethane and at C4 of the furanone
rings were the main reasons for the observed exo selectivity.

In 2005, the same group reported the 1,3-dipolar cyclo-
addition of 2-p-tolylsulfinyl 3-alkyl cyclopentenones with
diazomethane, affording the corresponding pyrazolines in
moderate to high diastereoselectivities (up to 96% de without
3-alkyl substitution).?° The scope of this methodology was
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R = H, solvent = Et,O: syn:anti = 100:0
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R : H OEt
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R = Me, solvent = MeCN/Et,O: syn:anti = 0:100
R =H, solvent = Et,O: syn:anti = 0:100
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Scheme 127. 1,3-Dipolar cycloadditions of chiral 5-ethoxy-3-p-(S)-tolyl-
sulfinylfuran-2(5H)-ones to diazoalkanes.
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Scheme 128. 1,3-Dipolar cycloadditions of chiral cyclic vinyl p-tolyl sulfil-
imines to diazoalkanes.

also extended to the use of chiral cyclic vinyl p-tolyl
sulfilimines with diazoalkanes, producing the corresponding
A'-pyrazolines in a highly stereoselective manner (Scheme
128).201

In 2001, Ohkata et al. reported the 1,3-dipolar cycloaddition
of diazoalkanes with (—)-8-phenylmenthyl (E)-3-aryl-2-
phosphonoacrylates, affording the corresponding A'-pyr-
azolines with high stereoselectivity (up to 100% de) and
high yields.?°> These latter compounds were further con-
verted into the corresponding cyclopropane derivatives via
photolysis. In 2002, Branchadell et al. studied the first 1,3-
dipolar cycloaddition of bis(diisopropylamino)phosphino-
diazomethane and diazomethane with chiral electron-defi-
cient olefins derived from p-glyceraldehyde acetonide and
(—)-verbenone (Scheme 129).2%3 In the reactions of diazo-
methane, it was shown that the diastereoselectivity was not
dependent on the Z/E stereochemistry of the starting mate-
rial, but the reactivity was lower for (Z)-cyclobutyl deriva-
tives than for their E isomers. On the other hand, in the
reactions between bis(diisopropylamino)phosphinodiazo-
methane and the glyceraldehyde derivatives, the E isomers
were less reactive than the Z isomers, giving high diastereo-
selectivities, and afforded adducts with poor facial diastereo-
selectivities.

O O . E+ o R
\_g:<R )L H= ,\N
H H(Ni-Pro),P” H (Ni-Pro)P N

R = CO,Me: 75%; de = 94%
R = SO,Ph: 25%; de =
100%

(W oy (%

= CO,Me, R? = H: 95%; de > 98%
R1 H, RZ = CO,Me: 50%; de > 98%

Scheme 129. 1,3-Dipolar cycloadditions of bis(diisopropylamino)phosphi-
nodiazomethane and diazomethane to electron-deficient olefins.

5.2. Metal-catalysed reactions

In 2005, Garcia Ruano et al. studied the 1,3-dipolar cycload-
dition of diazoalkanes to activated sulfoxides such as chiral

0o O p-Tolos Q@ p-Tolos Q@
S R2CHN, N NG
p-Tol” 4 ¢} N O+ N/ o]

R R2 R r2 R’
R" = H, R? = Me: 95% (100:0)
R' = H, R? = Me, with Yb(OTf)3: 83% (13:87)
R' = Me, RZ = H: 97% (100:0)
R" = Me, RZ = H, with Yb(OTf)3: 89% (7:93)

Scheme 130. Yb(OTf);-catalysed 1,3-dipolar cycloadditions of diazo-
alkanes to sulfinyl furanones.

sulfinyl furanones in the presence or absence of Lewis
acids.?®* It was demonstrated that the sulfinyl group was
able to completely control the mt-facial selectivity in the ab-
sence of Lewis acids. Furthermore, the use of some Lewis
acids as the catalysts, such as Yb(OTf);, substantially in-
verted the selectivity, making possible the stereodivergent
synthesis of chiral pyrazolines. In all cases, excellent yields
and almost complete stereoselectivity were obtained, as
shown in Scheme 130.

In 2006, Maruoka et al. developed enantioselective 1,3-dipo-
lar cycloadditions between diazoacetates and o-substituted
acroleins catalysed by chiral titanium BINOLate Lewis
acids such as (S)-BINOL/Ti(Oi-Pr), complex and bis{((S)-
binaphthoxy)(isopropoxy)titanium} oxide, providing the
corresponding 2-pyrazolines bearing an asymmetric tetra-
substituted carbon centre (Scheme 131).2°% This methodo-
logy was successfully applied to the short synthesis of
manzacidin A.

titanium
R? BINOLate N=NH .
I\
No,CHCOsR! + 1
2 2 /A/CHO R OZCMCHO

with (S)-BINOL/Ti(Qi-Pr),:

R' = t-Bu, R? = Me: 52%; ee = 91%

R' = t-Bu, RZ = Et: 63%; ee = 83%

R' = tBu, R = BnO(CHy),: 81%; ee = 80%

R' = t-Bu, R? = BnOCH,: 63%; ee = 82%

R' = i-Pr, R? = BnO(CHy),: 82%; ee = 92%

with bis{((S)-binaphthoxy)(isopropoxy)titanium} oxide:
R' = Et, R? = Me: 52%; ee = 95%

R' = t-Bu, R% = Cy: 75%; ee = 94%

Scheme 131. Titanium BINOLate-catalysed 1,3-dipolar cycloadditions of
diazoacetates to o-substituted acroleins.

6. Carbonyl ylides

In 2005, Boger et al. reported a total synthesis of both enan-
tiomers of the Aspidosperma alkaloids, 4-desacetoxy-6,7-di-
hydrovindorosine, vindorosine and minovine.2® The key
step was a tandem intramolecular [4+2]/[342] cycloaddition
reaction of a 1,3,4-oxadiazole in which three new rings were
stereoselectively formed, since only a single diastereomer
was isolated in excellent yield (Scheme 132). In this se-
quence, an olefinic dienophile tethered to a 2-amino-1,3,4-
oxadiazole reacted to form the initial [4+2] cycloadduct
that lost N, to generate a carbonyl ylide, which was trapped
by a tethered indole. The relative stereochemistry was set by
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Scheme 132. Tandem [4+2]/[3+2] cycloaddition reaction of a 1,3,4-oxadi-
azole.

a combination of the dienophile geometry and the exclusive
indole endo [3+2] cycloaddition sterically directed to the
face opposite to the fused lactam. Impressively, the tandem
reaction set all five stereocentres about the central six-mem-
bered ring in a single step.

It should be noted that the catalytic enantioselective rear-
rangements and cycloadditions involving ylides from diazo
compounds were reviewed in 2001 by Hodgson et al.?%’
Rhodium catalysts have been involved in a number of cata-
lysed 1,3-dipolar cycloadditions of carbonyl ylides gener-
ated from diazocarbonyl derivatives. As an example,
a stereoselective synthesis of the antitumour agent, (—)-iro-
fulven, was achieved by McMorris et al., in 2004, on the
basis of the 1,3-dipolar cycloaddition of (§)-5-chloro-5-
methyl-2-cyclopentenone to the dipolar intermediate from
1-acetyl-1-(diazoacetyl)cyclopropane, performed in the
presence of a catalytic amount of Rhy(OAc),4.2%% A mixture
of two diastereomers was obtained in good yield, but moder-
ate diastereoselectivity, as depicted in Scheme 133.

In 2005, a highly diastereoselective Rh(II)-catalysed three-
component coupling of imines, benzaldehyde and ethyl di-
azoacetate was reported by Somfai et al., providing an effi-
cient protocol for the synthesis of syn-o-hydroxy-B-amino
esters.’”” When an enantiomerically pure imine derived
from (+)-o-methylbenzylamine was used, the reaction led
to the corresponding chiral syn-amino alcohol in good yield
and selectivity (Scheme 134). This latter compound was fur-
ther converted in two steps into the taxol C13 side chain.

0 O
é/ Rhy(OAC),
4 + — .
Cl o _N,
o)

a

74% (73:27)

Scheme 133. Rh(II)-catalysed 1,3-dipolar cycloaddition of 1-acetyl-1-(di-
azoacetyl)cyclopropane to (S)-5-chloro-5-methyl-2-cyclopentenone.
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Scheme 134. Rh(II)-catalysed 1,3-dipolar cycloaddition of a carbonyl ylide
to a chiral imine.

Davies et al. have developed the Rh,(S-DOSP),-catalysed
decomposition of vinyldiazocarbonyl derivatives in the pres-
ence of vinyl ethers.>!° The corresponding chiral cyclopen-
tenecarboxylates were formed in 79-99% ees with full
control of the relative stereochemistry at up to three contig-
uous stereogenic centres, as depicted in Scheme 135.

In 2001, Rh(I)-binaphthol phosphate catalysts were used
by Hodgson and Petroliagi in the enantioselective intra-
molecular oxonium ylide 1,3-dipolar cycloaddition of
a-diazo-B-ketoesters.?!! Hence, the reaction of a-diazo-pB-
ketoesters, depicted in Scheme 136, led to the formation of
the corresponding benzofuranones in the presence of cata-
lytic dirhodium tetrakisbinaphthol phosphate catalysts with
enantiomeric excesses of up to 62%. When the reaction
was applied to a 2-diazo-3,6-diketoester, it led to the corre-
sponding cycloadduct with a rise in the ee (Scheme 136).2!2
This methodology was extended by the same group to an
intermolecular version of the reaction performed between
diazodiones and arylacetylenes, providing the correspond-
ing cycloadducts with enantioselectivities of up to 76% ee
(Scheme 136).2!3 In addition, norbornadiene also proved
to be a viable dipolarophile with terr-butyl 2-diazo-3,6-di-
oxoheptanoate, affording the corresponding cycloadduct
with up to 92% ee, as depicted in Scheme 136.2'4 In
2004, the same group also applied this methodology to the
enantioselective synthesis of chiral nemorensic acids by
using 6-diazoheptane-2,5-dione in a carbonyl ylide cycload-
dition, performed in the presence of DMAD and a chiral
rhodium catalyst, Rh,(S-BPTV),.2!> On the other hand, the
application of this methodology to the enantioselective
intramolecular 1,3-dipolar cycloaddition of diazocarbonyl-

O Th
N 0qRh
COM I
Ny 2he MeOHJ SOAr s
+ - .
J a2 | Rhy(S-DOSP),
R Ar = p-C12H25CgH,4
CO,Me
MeO,
" de = 100%
R?

R' = Me, R2 = Ph: 79%; ee = 98%

R" = Me, R2 = p-BrCgHy: 71%; ee > 99%
R' = Me, R? = E-CH=CHEt: 49%; ee = 99%
R' = n-Bu, RZ = Ph: 55%; ee > 94%
R'=H, R? = Ph: 61%; ee = 82%

R' = H, R? = E-CH=CHEt: 74%; ee = 79%

Scheme 135. Rh,(S-DOSP),-catalysed 1,3-dipolar cycloadditions of vinyl-
diazocarbonyl derivatives to vinyl ethers.
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Scheme 136. Rh(II)-binaphthol phosphate-catalysed-1,3-dipolar cycloaddi-
tions of a-diazo-B-ketoesters and diazodiones.

derived oxidopyryliums gave, however, lower enantioselec-

tivities (up to 19% ee).2'®

In 2003, Miiller et al. studied the enantioselectivity of the
transition metal-catalysed 1,3-dipolar cycloaddition of 2-di-
azocyclohexane-1,3-diones to acyclic and cyclic enol ethers
in the presence of Rh(II) catalysts to afford dihydrofurans.?!”
In some cases, excellent diastereoselectivities were ob-
served, while no significant enantioselectivity was observed
in general. In 2005, however, the same group re-investigated
this reaction in the presence of Ru(Il) catalysts containing
chiral ligands, which allowed a better enantioselectivity to
be obtained (Scheme 137).2'8

In 2005, the scope of this reaction was extended to the use of
alkyl diazopyruvates, which provided in the presence of
[RuCl,(Pybox)] catalysts and enol ethers the corresponding
chiral dihydrofurans (Scheme 138).21821° The best result

(0]
ﬁ ZN2 _ [Ru(p-cymene)Cl,
+ CO
X
¢ |
O,
(e}

72%; ee = 55%

Scheme 137. Ru(II)-Pybox-catalysed 1,3-dipolar cycloaddition of 2-diazo-
cyclohexane-1,3-dione to 2,3-dihydrofuran.

was obtained by using ethyl diazopyruvate, giving an enan-
tiomeric excess of up to 74%.

Suga et al. have used chiral 2,6-bis(oxazolinyl)pyridine—rare
earth-metal complexes as catalysts for the highly enantio-
selective 1,3-dipolar cycloaddition reaction of 2-benzopyr-
ylium-4-olate.??° Significant levels of enantioselectivity
were obtained in the 1,3-dipolar cycloaddition of 2-benzo-
pyrylium-4-olate generated from the Rh,(OAc),-catalysed
decomposition of o-methoxycarbonyl-a-diazoacetophenone.
This reaction involved chiral 2,6-bis(oxazolinyl)pyridine
(Pybox)-rare earth-metal triflate complexes as chiral
Lewis-acid catalysts. The reactions involving several benzyl-
oxyacetaldehyde derivatives, catalysed by a Sc(III)-Pybox—i-
Pr complex, proceeded smoothly to yield the endo-adducts
selectively with high enantioselectivity (up to 93% ee). For
the reaction with benzyl pyruvate, the Sc(Ill)-Pybox—i-Pr
complex catalysed the reaction effectively in the presence
of trifluoroacetic acid, yielding an exo-adduct with both
high diastereo- and enantioselectivities (94% ee). Further-
more, this catalytic system was efficiently applied to the
reactions involving several other a-keto esters with high
exo- and enantioselectivities (up to 95% ee). In contrast to
the reaction with carbonyl compounds, a Yb(III)-Pybox—Ph
complex was found to be effective to obtain high enantio-
selectivity (96% ee) of the diastereoselectively produced
exo-cycloadduct in the reaction with 3-acryloyl-2-oxazolidi-
none (Scheme 139).

In this context, Suga et al. have demonstrated that the 1,3-di-
polar cycloaddition reaction of the same carbonyl ylide as
that depicted in Scheme 139, generated by the Rh(OAc)4-
catalysed decomposition of o-(methoxycarbonyl)-a-diazo-
acetophenone, with N-substituted maleimides in the presence
of a catalytic amount of Yb(OTf);, showed a high endo

[Ru(p-cymene)Cl,],

O Nz
=
ROMH + CO | A
(0]

i-Pr “ipr
R = Et: 68%; ee = 74%
0 /3 R = Me: 55%; ee = 70%
Rom R = t-BuCH,: 50%; ee = 65%
R =Ph: 40%; ee = 65%
R = Cy,CH: 80%; ee = 59%

Scheme 138. Ru(II)-Pybox-catalysed 1,3-dipolar cycloadditions of alkyl
diazopyruvates to 2,3-dihydrofuran.



3274 H. Pellissier / Tetrahedron 63 (2007) 3235-3285

o)
OMe Rh(OAC)s
CHN,
(0] OMe
\O+
CH
o]
Sc(lll)-Pybox-i-Pr \ 20 0
ArCH,0CH,CHO NJ<
P
SC('#,); AP BOX-EPT () Pybox-Ph
RCOCQ,R’
o)
OCH,Ar e L
endo OMe\\\LN o
[e) \J
Ar = Ph: 96% exo
de = 76%
ee=91%
Ar = p-FCgH4: 97% 89%; de = 76%
de =64% ee = 98%
ee = 93% R=R'=Me: 97%

Ar = p-MeOCgHy: 89% de = 92%; ee = 84%
de = 82:/0 R = Me, R =Bn: 98%
ee =53% de = 86%; ee = 95%

| A
) =z (0]
Y
=N N
R (S,S)-Pybox-R R
R = i-Pr, Ph

Scheme 139. Sc(III)-Pybox-catalysed 1,3-dipolar cycloadditions of 2-benzo-
pyrylium-4-olate.

selectivity.?2! When the reaction was performed in the pres-
ence of chiral catalysts, prepared from Cu(I) or Cu(Il) and
2,2'-isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] as the
ligand, a moderate enantioselectivity was observed.

7. Azides

Azides react with dipolarophiles to form triazolines, which
may be stable, or decompose to aziridines or imines, for ex-
ample. In particular, the 1,3-dipolar cycloaddition of azides
to alkynes is one of the most important and efficient routes to
triazoles. The intermolecular variant of the azide 1,3-dipolar
cycloaddition is not common, because the reaction is gener-
ally very slow, whereas the intramolecular variant has been
more frequently employed. Only a few examples of intermo-
lecular reactions have been reported in recent years. As an
example, Fall et al. reported, in 2004, an intermolecular
1,3-dipolar cycloaddition in the course of developing a
stereoselective route to vitamin D analogues bearing triazole
rings in their side chains.??? The methodology was based on
a 1,3-dipolar cycloaddition of a vitamin D side chain termi-
nal azide with a terminal acetylene, leading to the formation
of the expected triazolines (Scheme 140).

In 2002, Miller and Guerin reported asymmetric tandem azi-
dation/1,3-dipolar cycloaddition reactions catalysed by
open-chain peptide-based catalysts.?>> For the first time,

"
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TBDMS, R? = (Me),COTES: 99%
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Scheme 140. 1,3-Dipolar cycloadditions of vitamin D side chain terminal
azides to terminal acetylenes.

an asymmetric azidation according to the Evans procedure
proceeded with complete diastereocontrol to afford the cor-
responding o-azido imide, which was further submitted to
a 1,3-dipolar cycloaddition in the presence of a dipolaro-
phile, providing the corresponding chiral triazole in high
enantioselectivity (Scheme 141). The intramolecular version
of this reaction was successfully applied to pendant alkynes,
as depicted in Scheme 141.

Several groups have described intramolecular 1,3-dipolar
cycloadditions, such as Garanti’s group, who reported the
cycloaddition of N-alkenoyl aryl azides.?** The reaction of
unsubstituted N-alkenoyl aryl azides gave the corresponding
enantiopure 3,3a-dihydro-1,2,3-triazolo[1,5-a][1,4]benzo-
diazepine-4(6H)-ones as a mixture of two diastereomers,
whereas phenyl-substituted N-alkenoyl aryl azides gave
the corresponding enantiopure 1,1a-dihydro-2H-azirino[2,1-
c][1,4]benzodiazepine-4(6H)-ones as a diastereomerically
enriched mixture of diastereomers (Scheme 142).

O o
&/J\/\
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RI——R2 O o
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catalyst N Cy

R! = R2 = CO,Me: 73%; ee = 92%
= CO,Me, R? = H: 85%; ee = 92%
= CO,Et, RZ = Me: 78%; ee = 92%
R! = R? = CH,0Ac: 77%; ee = 92%

TMSN;
tBUCOH

catalyst

R =H: 76%; ee = 82%
R = Me: 83%; ee = 86%

catalyst =

BocHNO...

Scheme 141. Tandem azidation/1,3-dipolar cycloaddition reactions.
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Scheme 142. Intramolecular 1,3-dipolar cycloadditions of N-alkenoyl aryl
azides.

In 2003, Hoffmann et al. reported the intramolecular 1,3-di-
polar cycloadditions of cinchona azides to the C10-C11 al-
kyne and C10—C11 olefin unit of the alkaloid, giving access
to a variety of fused triazoles and triazolines, both possessing

a bis-azahomotwistane skeleton (Scheme 143).2%

The synthesis of the new pyrrolo[2,1-c][1,2,3]triazolo[1,5-
a][1,4]benzodiazepine skeleton was reported by Broggini
et al., in 2004, involving a totally diastereoselective intramo-
lecular azide cycloaddition as the key step (Scheme 144).22°

In addition, the azide methodology was also applied, in
2005, to carbohydrate-derived azido-alkynes, allowing an

MeO
DMF
N 70%
ee =100%
MeO
MeO Ns
H DMF

) 82%
N ee = 100%

Scheme 143. Intramolecular 1,3-dipolar cycloadditions of activated cin-
chona alkaloids with azide ion.
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Scheme 144. Intramolecular 1,3-dipolar cycloaddition of an o-azidobenz-
amide.
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Scheme 145. Intramolecular 1,3-dipolar cycloadditions of carbohydrate-
derived azido-alkynes.

expedient synthesis of 1,2,3-triazole-fused tetracyclic com-
pounds (Scheme 145).227 The versatility of the current
protocol was demonstrated using a range of substrates com-
prising gluco-, allo-, xylo-, ribo- and arabino-derived azido-
alkynes, which gave, in all cases, a single product.

8. Nitrilimines

The stereoselective cycloadditions of nitrilimines as a source
of enantiopure heterocycles were reviewed by Molteni, in
2005, covering the literature until the beginning of
2005.2%% Consequently, this section will be limited to updat-
ing this preceding review. The 1,3-dipolar cycloadditions of
nitrilimines, most conveniently generated from the dehydro-
halogenation of hydrazidic halides, with olefins and acetyl-
enes result in the formation of pyrazolines and pyrazoles,
respectively. Despite the utility of enantiopure heterocycles
such as pyrazolines in organic synthesis, the stereoselective
cycloadditions of nitrilimines have become useful only in the
last few years. A one-pot diastereoselective synthesis of new
chiral spiro-1,3,4-thiadiazoles has been developed by Daran
et al., on the basis of a 1,3-dipolar cycloaddition of N-aryl-
C-ethoxycarbonyl nitrilimines, generated in situ from ethyl
N-arylhydrazo-a-bromoglyoxalates and triethylamine, to
(1R)-thiocamphor.'?° The reaction was revealed to be highly
diastereoselective, as all the new 1,3,4-thiadiazoles were
isolated as pure diastereoisomers (Scheme 146).

+ -

~ .N
EtO,c” N \©\
R

CH,Cl,

R

G

NN OBt R=Me:92%
S R = NOy: 80%
% R = Cl: 85%

de = 100%

Scheme 146. 1,3-Dipolar cycloadditions of N-aryl-C-ethoxycarbonyl nitril-
imines to (1R)-thiocamphor.
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Scheme 147. Intramolecular 1,3-dipolar cycloadditions of L-proline-derived
nitrilimines.

In 2005, Broggini et al. reported an effective synthesis of
a new class of enantiopure tetracyclic compounds, namely
pyrazolo[1,5-a]-pyrrolo[2,1-c][1,4]benzodiazepines, by a
totally  diastereoselective  intramolecular  nitrilimine
cycloaddition (Scheme 147).%%° These latter 1,4-benzodi-
azepinonic systems were formed by the 1,3-dipolar cyclo-
addition of nitrilimines, generated in situ from the
corresponding hydrazonyl chlorides derived from N-Boc-L-
proline by treatment with EtzN. The exclusive formation
of the trans diastereoisomers was explained by the fact
that the bulky and rather rigid pyrrolidine moiety worked
against the intramolecular approach of the dipole to the re
face of the ethylenic bond.

In 2005, Buttero et al. studied the silver acetate-promoted
nitrilimine cycloaddition onto 2-azetidinones bearing al-
kenyl dipolarophiles.?3° The generation of the nitrilimine
intermediate, as depicted in Scheme 148, was accomplished
in situ by treatment of the corresponding hydrazonoyl chlo-
ride with an equimolecular amount of silver acetate in the
presence of the dipolarophile, 3(R)-phenyl-4(S)-cinna-
moyl-2-azetidinone. The reaction led to the formation of a
mixture of two regioisomeric cycloadducts, both detected
as single stereoisomers, thus making the cycloaddition fully
stereoselective.

The first successful examples of highly regio- and enantio-
selective additions of nitrilimines to olefins, using 10 mol %

COMe COMe Pth;Y J\/\F>h
N

N AgOAc N+ 0" 'PmP
NH  dioxane N -
At Ar
CO,Me MeO.C., . Ar
e_z/ HH 8_2/
" S = L"Ph
Phe CHH
N e}
major PMP minor

Ar = p-Tol: 56% + 14%
Ar = p-BrCgHy: 71% + 14%

Scheme 148. AgOAc-promoted 1,3-dipolar cycloadditions of nitrilimines to
a chiral 4-cinnamoyl-2-azetidinone.

R3
1. Mg(NTf,),
O o ligand*
O)L k/\ + i-ProNEt
—_—
\__/ N'NH 2. NaBH,4
A

R1 R? Br
HO/YY {WXWO
e N

ligand*

R'=Me, R? = Ph, R® = Br, R* = H: 91%; ee = 99%

R' = Et, R? = Ph, R® = Br, R* = H: 93%; ee = 99%
R'=R2=Ph, R3 = Br, R* = H: 95%; ee = 97%
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Scheme 149. Mg(Il)-catalysed enantioselective nitrilimine 1,3-dipolar
cycloadditions.

chiral Lewis-acid catalysts, were reported by Sibi et al.,
in 2005.23! The nitrilimine was generated in situ by dehydro-
halogenation of the corresponding hydrazonyl bromide in
the presence of a compatible amine base (i-Pr,NEt)-chiral
Lewis acid [Mg(NTHf,),-chiral ligand] combination, and an
oxazolidinone crotonate as the dipolarophile (Scheme
149). In all cases, the diastereoselectivity was total, provid-
ing a versatile strategy to access dihydropyrazoles in a highly
enantioenriched form.

9. Other types of 1,3-dipoles

There are a few reports concerning the asymmetric 1,3-dipo-
lar cycloaddition of azomethine imines resulting in chiral
pyrazolines, which can be further converted into interesting
functionalised optically active diamines. The ylides are
most commonly prepared via the reaction of N-acyl-N'-alkyl-
hydrazines with aldehydes and ketones. The intramolecular
version of this reaction results in the formation of new fused
or bridged diazabicyclic systems, and takes place easily, even
with unactivated dipolarophiles such as terminal alkenes, and
often turns out with excellent diastereofacial discrimination,
exhibiting high stereoselectivity. As an example, Pedrosa
et al. reported, in 2003, the synthesis of enantiopure perhy-
dropyrrolo[3,4-c]pyrazole derivatives by the stereoselective
intramolecular 1,3-dipolar cycloaddition of azomethine
imines with unactivated alkenes positioned on a chiral
perhydro-1,3-benzoxazine moiety (Scheme 150).2°2 The
condensation took place at the more basic N-alkyl- or
N-phenyl-substituted, rather than at the acyl-substituted,
nitrogen atom and the cyclisation afforded, with total regio-
selectivity, the 5,5-fused bicyclic and no bridged products.

In 2004, Micouin et al. studied the reactivity of a chiral
glyoxylic azomethine imine generated in situ from the con-
densation of a chiral cyclic hydrazine with ethyl glyoxylate
through a cycloreversion reaction.'®® This species reacted
with a wide range of dipolarophiles, with a complete
regio- and facial stereoselectivity. The glyoxylic ylide led
to a lower endo selectivity with dipolarophiles bearing
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Scheme 150. 1,3-Dipolar intramolecular cycloadditions of azomethine
imines.

electron-withdrawing groups, but an improved exo selectiv-
ity with styrene derivatives, allowing des of up to 94%
(Scheme 151).

The reactivity towards azomethine imines of another type of
dipolarophiles such as terminal alkynes was investigated by
Fu and Shintani.>** The catalyst system, constituted by Cul
and a chiral phosphaferrocene-oxazoline, furnished the cor-
responding products in excellent yields, with total diastereo-
selectivity and with high ees for a range of substitution
patterns (Scheme 152). The scope of this process, based on
kinetic resolutions of azomethine imines via copper-cata-
lysed 1,3-dipolar cycloadditions, was successfully extended,
in 2005, to a variety of N- and C-substituted dipoles.>**

In 2002, Kobayashi et al. developed the first example of
enantioselective intramolecular 1,3-dipolar cycloaddition
of olefinic hydrazones using a chiral zirconium catalyst.?*>
Excellent yields and selectivities were observed in the for-
mation of the corresponding chiral pyrazolidine derivatives,
which could be readily converted by cleavage of the N-N
bonds into various chiral diamine derivatives (Scheme
153). The intermolecular version of this reaction was re-
ported, in 2004, by the same group.?*® Hence, hydrazones
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Scheme 151. 1,3-Dipolar cycloadditions of a glyoxylic azomethine imine.
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Scheme 152. Enantioselective 1,3-dipolar cycloadditions of azomethine
imines to alkynes in the presence of Cul and a phosphaferrocene-oxazoline.

were successfully added onto external olefins such as ketene
dimethyl dithioacetal or vinyl ethers, leading to the corre-
sponding optically active pyrazolidine cycloadducts in high
yields with high enantioselectivities (Scheme 153).

In addition, Leighton et al. developed, in 2005, highly dia-
stereo- and enantioselective 1,3-dipolar cycloadditions of
acylhydrazones to enol ethers catalysed by a chiral silicon
Lewis acid (Scheme 154).2%7

A series of other dipoles have been studied such as a chiral
mesoionic acyclic C-nucleoside derived from 3-gluconolac-
tone, which has served as the chiral core to construct a series
of functionalised nucleosides bearing 2-aza-7-thiabicy-
clo[2.2.1]heptane or 2-(1H)-pyridone moieties as the agly-
con.?*® The key step involved a 1,3-dipolar cycloaddition
of the dipolar mesoionic acyclic C-nucleoside with several
electron-deficient dipolarophiles such as N-phenylmale-
imide, methyl vinyl ketone, methyl acrylate and acrylo-
nitrile, but no appreciable facial diastereoselectivity was
observed in all cases.

A range of 3-oxidopyridinium betaines bearing various sub-
stituents on the nitrogen atom were found to react with
the C,-symmetric vinyl sulfoxide, trans-2-methylene-1,3-
dithiolane 1,3-dioxide, with total diastereoselectivity in the
case of simple 3-oxidopyridinium betaines (Scheme 155).2%°
These reactions were under kinetic control, although, over
longer periods of time, the ratio of regioisomers changed,
on account of the reversibility of the reaction. The regio-
selectivity in these reactions was moderate, although this
could be improved by placing an additional substituent at
the 2-position of the betaine.

In the same context, Stoltz et al. have reported the dipolar
1,3-cycloaddition of an in situ generated oxidopyrazinium
salt with Oppolzer’s sultam-derived acrylamide in the pres-
ence of N-methyl morpholine as a base, producing an
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Scheme 153. Zr-catalysed enantioselective 1,3-dipolar cycloadditions of
hydrazones.

enantiopure single cycloadduct, which was used in a total
synthesis of (—)-lemonomycin, an antitumour antibiotic
(Scheme 156).240

An intramolecular version of the oxidopyridinium dipolar
cycloaddition methodology was reported by Gin and Peese,
in 2005, allowing the formation of the 3-methyl-1-aza-tri-
cyclo[5.2.1.0%®]decane core of the hetisine alkaloids.?*!
In addition, the first application of such methodology to
the cycloaddition of a chiral 3-oxidopyridinium betaine
was reported, in 2006, by Curtis et al.>*? 8-Azabicy-
clo[3.2.1]oct-3-en-2-ones were thus prepared with excellent
diastereofacial selectivity for the major 6-exo-cycloadducts
(Scheme 157).
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Scheme 154. Silane Lewis acid-catalysed enantioselective 1,3-dipolar
cycloadditions of hydrazones to enol ethers.
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Scheme 155. 1,3-Dipolar cycloadditions of 3-oxidopyridinium betaines to
chiral trans-2-methylene-1,3-dithiolane 1,3-dioxide.

On the other hand, a phosphine-catalysed 1,3-dipolar cyclo-
addition strategy was employed, in 2003, for the first total
synthesis of (—)-hinesol, an important biologically active
cis-spirovetivane.?*> Hence, a dipole, generated in situ by
the reaction of fert-butyl 2-butynoate with a catalytic amount
of tributylphosphine, was added to a chiral electron-deficient
alkene such as (S)-3-methyl-2-methylenecyclohexenone,
leading to the formation of a single enantiopure cycloadduct
(Scheme 158). More recently, this methodology was applied
by Pyne et al. to a chiral 2-methylene y-lactam, producing,
in the presence of ethyl 2-butynoate and tributylphosphine,
three cycloadducts in a ratio of 63:17:30.2** The correspond-
ing cycloaddition reaction of an ethyl 2-(2-nitrophenyl)pro-
penoate with a chiral alkyne derived from Oppolzer’s
(1S)-sultam was shown to give a 77:23 mixture of the corre-
sponding diastereomeric cycloadducts, which were further
converted by reductive cyclisation into the corresponding
spiro-heterocyclic products (Scheme 158).

The concept of vicinally substituted donor—acceptor cyclo-
propanes as ring-opened 1,3-zwitterionic equivalents
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Scheme 156. 1,3-Dipolar cycloaddition of an oxidopyrazinium salt to
Oppolzer’s sultam-derived acrylamide.
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Scheme 157. 1,3-Dipolar cycloaddition of a chiral pyridinium betaine.

implies chirality loss concurrent with reaction progress. In
2005, Johnson and Pohlhaus demonstrated, however, the
unexpected preservation of optical activity in a new family
of Lewis acid-catalysed cyclopropane/aldehyde cycloaddi-
tions.?*> Hence, a chiral cyclopropane, depicted in Scheme
159, reacted with a range of aldehydes in the presence of a
catalytic amount of Sn(OTf),, affording the corresponding
chiral substituted tetrahydrofurans in excellent yields and
diastereoselectivities, combined with a very high degree of
absolute stereochemical control.

In addition, Barluenga et al. reported, in 2002, the stereo-
selective formal [342] cycloadditions of N-alkylidene
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Scheme 158. Phosphine-catalysed 1,3-dipolar cycloadditions.
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Scheme 159. Sn(OTf),-catalysed 1,3-dipolar cycloadditions of a chiral
cyclopropane to aldehydes.

glycine ester anions to chiral Fischer alkenylcarbene com-
plexes, allowing the synthesis of chiral 3,4,5-trisubstituted
prolines.?*® The enolate appeared to behave in this type of
reactions as a formal azomethine ylide dipole, and the car-
bine complex to act as a formal dipolarophile, giving rise
to the corresponding [3+2] cycloadduct (Scheme 160).
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Scheme 160. [3+2] Cycloadditions of N-alkylidene glycine ester anions to
chiral Fischer alkenylcarbene complexes.

10. Conclusions

Heterocyclic compounds, which represent almost two-thirds
of all the known organic compounds, include some of the
most significant for human beings. It is not surprising, there-
fore, that this class of compounds has received special atten-
tion by chemists to provide selective synthetic access to the
enormous variety of structural features typical of this class.
The asymmetric 1,3-dipolar cycloaddition reaction is un-
doubtedly one of the most important methods for the con-
struction of chiral five-membered rings. The stereocontrol
of 1,3-dipolar cycloadditions is extremely important for
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constructing heterocyclic compounds from the viewpoint of
the synthesis of biologically active compounds. The versatil-
ity of 1,3-dipoles and dipolarophiles, the regio- and stereo-
selectivity during the reaction, and the scope for further
transformation of the cycloadducts to a variety of multifunc-
tional molecules have elevated the asymmetric 1,3-dipolar
cycloaddition reaction to an enviable methodology, not
only for the construction of chiral functionalised normal-

ring

carbocycles, but also for the synthesis of complex

natural products. This review has concentrated on the new
developments achieved since 2001, and the asymmetric
1,3-dipolar cycloaddition reaction is therefore well repre-
sented as an important tool for organic synthesis. Steady
progress has been made in the last few years in expanding
the metal-catalysed asymmetric 1,3-dipolar cycloadditions.
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