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1. Introduction

Among the different possible cyclizations leading
to nitrogen-containing heterocycles, iminium ion cy-

clization is a widely used process exemplified by some
very famous, and old, reactions such as Mannich1 or
Pictet-Spengler2 reactions. Numerous examples of
iminium ion cyclizations can be found in the asym-
metric total synthesis of complex structures where,
very often, they represent the key step. For example,
the asymmetric synthesis of aspidophytine reported
by E. J. Corey is a good illustration of the usefulness
of the method: two consecutive iminium ion cycliza-
tions leading to a pentacyclic structure and the
formation and control of three stereogenic centers
were described in this synthesis.3

Iminium ion cyclization is probably the most pow-
erful method to form nitrogen-containing heterocycles
since it offers several advantages over the other
possible cyclization modes. Thus, iminium ions are
very reactive intermediates allowing a large range
of nucleophiles to be used. They are easily available
through several well-established methods. Although
iminium ions have been isolated and well charater-
ized, they are sensitive compounds and are typically
prepared immediately prior to use without any
purification, or may be stored as known stable
precursors, for example, as amino ethers or as
aminonitriles. Iminium ions are quite often prochiral
species and thus offer the possibility of the construc-
tion of new stereogenic centers during the cyclization
process. This is an important feature with regard to
the preparation of chiral heterocycles.

The purpose of this review is to show the impor-
tance of the iminium ion cyclization in the enantio-
selective synthesis of various heterocycles. This
survey will focus on iminium ions which formally can
arise from the condensation of an aldehyde (or
ketone) and a secondary amine (for alkyliminium
ions), amide, sulfonamide, or carbamate (for acyl- or
tosyliminium ions) (Figure 1). Cyclizations of imines
(or protonated imines) or haloiminium ions will not
be covered. Only cyclization reactions leading to the
creation of a stereogenic center resulting in chiral
nonracemic compounds will be considered.

Since a huge variety of heterocycles can be con-
structed via iminium ion cyclizations, only different
suitable and representative examples of cyclizations
owing to the size of the formed ring, the type of
nucleophile, and the mode of cyclization (endo- or exo-
mode as depicted in Figure 2) will be presented. In
the case of cyclizations leading to the creation of more
than one cycle, the size of the smallest ring formed
will be taken into account.
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Several aspects of this survey have been reviewed.
References to these accounts will be given in the
specific sections.

2. Generalities

2.1. Iminium Reactivity
Numerous reactivity studies have been performed

on iminium ions, including spectroscopic investiga-
tions, X-ray structure analyses, and theoretical cal-
culations.4 The general cationic character of such

species is highly dependent on their substitution
pattern (Figure 3).

These reactive species can be divided into two main
categories: alkyl- and acyliminiums. The electrophi-
licity of unsubstituted alkyliminiums (R1 ) R2 ) H)
has been evaluated by NMR measurements and
calculations. N,N-Dialkyliminium ions (R3 ) R4 ) iPr
or Me) have an electrophilicity similar to that of
N-methylacridinium ions, whereas less stabilized
systems (R3 ) Ph, R4 ) Me, R1 ) R2 ) H or R3 ) R4

) Me, R1 ) Cl) have a reactivity comparable to that
of the tropylium ion.5,6

Introduction of electron-withdrawing groups on
nitrogen leads to a more electrophilic species. In the
case of N-acyliminium ions, and to a lesser extent
for tosyliminiums, the electron density on nitrogen
is less available for cation stabilization, leading to
more reactive systems. In a comparative NMR study
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on acyclic activated imines based on 13C chemical
shifts, the following order of electrophilicity has been
assigned: acyliminium ion 1 > alkyliminium ion 5
> imine-BF3 complex 4 > imine 6.7 Even though
acyliminiums are highly electrophilic species, they
are however less electrophilic in comparison with the
corresponding aldehydes or oxoniums (Figure 4).8 A
stabilizing effect by OMe and Me groups has also
been noted on such species.

The intrinsic gas-phase electrophilic reactivities of
cyclic N-alkyl- and N-acyliminiums with allylsilane
nucleophiles have been compared by mass spectrom-
etry experiments and charge density calculations.9
This study indicates that, toward nucleophile addi-
tion, and in the absence of major solvent or counte-
rion effects, five-membered ring N-acyliminiums with
endocyclic N-carbonyl or exocyclic N-alkoxycarbonyl,
followed by their six-membered ring analogues, are
the most reactive N-acyliminium ions.

Not only do acyliminium and alkyliminium ions
have different electrophilic character, but the pres-
ence of electron-withdrawing groups on nitrogen also
has a dramatic influence on their behavior toward
nucleophiles. Acyliminium species generally react in
a fast and irreversible manner, whereas the addition
to alkyliminiums can be reversible. In this case,
nitrogen’s forming lone pair favors fragmentation
processes (Grob, retro-Mannich) which further play
an important role in the stereochemical outcome of
the reaction.10

2.2. Preparation of Iminium Ions
Numerous routes to iminium ions have been de-

vised (Scheme 1).11

Condensation of amines with aldehydes is a clas-
sical entry to alkyliminiums. This reaction generally
occurs under acidic conditions, in protic solvents.
Condensation with ketones is hampered by the
reaction’s reversibility. Intramolecular reactions lead-
ing to cyclic intermediates or the intramolecular
trapping of the final iminium can in some cases
circumvent this problem. In some other cases, the use
of orthoformate esters can also help to remove the
water formed, and the use of perchlorate or fluoro-
borate salts of amines can improve the yield of
condensation.

Amines bearing electron-withdrawing groups are
usually less efficient in condensation reactions.

Acyliminiums can however be prepared from second-
ary acylimines and acetals with acidic catalysis, and
are generally trapped in situ.

Alkyliminium salts are readily produced from
C-protonation or N-alkylation of the corresponding
enamines. This behavior has been illustrated in the
chemistry of 1,2,3,4-tetrahydropyridines and the
synthesis or biosynthesis of alkaloids. Alkylation or
acylation of imines is another valuable strategy for
the preparation of iminium species. For the pyridine
series, the formation of acylpyridiniums by acylation
provides a powerful tool for natural product synthe-
sis.12

Amine N-oxides can lead to iminiums by an R-depro-
tonation-elimination sequence.13 The Polonovski-
Potier reaction with different promoters is generally
used.14 The regioselectivity of this type of reaction is
usually substrate-dependent.

Numerous oxidative methods have been devised for
the preparation of alkyl- and acyliminiums, including
the use of chemical oxidizing reagents,15 photochemi-
cal methods,16 free radical processes,17 and electro-
chemical oxidations.18 The resulting iminium ions are
generally trapped in situ either in an intramolecular
way or by the solvent. Recent studies have shown
that “free iminium species” can be electrogenerated
at low temperature, and the accumulated cations in
solution can then be reacted with various nucleo-
philes.19

R-Fragmentation is probably the most frequently
used method for the generation of iminium species.20

The equilibrium between the fragmented species and
its precursor depends on the electronic properties of
the nitrogen substituents, the nature of the leaving
group, and the method of activation (Lewis acid,
acylation,21 or silylation,22 thermal, and so forth).
Fragmentation of R-silylated23a-c or stannylated23d

amines can be performed under oxidative conditions,
via the formation of a transient nitrogen-centered
radical cation. Iminiums can also be generated by
decarbonylative processes,24 cascade reactions,25 or
the Schmidt rearrangement.26

2.3. General Aspects of Iminium Cyclization
The regio- and stereochemical outcome of cycliza-

tion reactions of iminium ions is governed by many

Figure 4.

Scheme 1
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factors. With π-nucleophiles, the ring closure results
in the development of a carbocation, which can then
evolve by elimination, rearrangement, inter- or in-
tramolecular trapping, or fragmentation back27 to the
starting iminium. With aromatic nucleophiles, re-
aromatization follows cyclization (Pictet-Spengler
reaction). The reaction is more complex with alkenes
(Scheme 2). 28

In a poorly nucleophilic solvent such as acetonitrile,
compound 9 that comes from the most stabilized
cationic intermediate was obtained as a single cy-
clization product. Identical treatment in water re-
sulted in the formation of piperidine 7, showing that
even weak nucleophiles can participate in iminium
ion cyclization in polar, nucleophilic solvents.

Baldwin’s rules, based on the Bürgi-Dunitz trajec-
tory of a nucleophile onto a neutral π-system,29 have
been proposed to account for cyclization processes.30

However, the “unfavored” 5-endo-trig cyclizations do
occur readily with iminiums as reactive species. For
cationic cyclizations involving π-nucleophiles, a more
appropriate description has been proposed by Ben-
Ishai31 by specifying the mode of cyclization for both
termini (Figure 5).

Using this classification, it has been demonstrated
that 5-endo-endo-trig cyclization is disfavored with
ground-state intermediates while the corresponding
5-exo-endo-trig and 5-exo-exo-trig cyclizations are
favored, and, to a lesser extent, the 5-endo-exo-trig
ring closure.32

Cyclization reactions with organometallic nucleo-
philes are not reversible, and the stereochemical
outcome of the ring process is the result of a kineti-
cally controlled cyclization. Reversible reactions can
be observed with π-nucleophiles, and even more
frequently with non-carbon nucleophiles. This re-
versibility is generally dependent on the substitution
pattern of the reactive iminium species and on the
basicity of the nitrogen atom of the final heterocycle.

Using the appropriate conditions, complementary
stereoselectivities of the cyclization can be obtained
under thermodynamic or kinetic conditions.

3. Cyclization Leading to Three-Membered Rings
This type of cyclization, as those involving the four-

membered rings, constitutes a rather special case
since most of the time the cyclization mechanism has
to be carefully examined to attest whether an imi-
nium ion is involved. It is only possible in some of
these cases to make assumptions on a plausible
mechanism involving an iminium ion cyclization.

3.1. endo-Mode Cyclization
This cyclization mode results in the formation of

an aziridine ring. To the best of our knowledge, the
only report illustrating this cyclization is the transfer
of a carbene to an imine. Two independent reports
of asymmetric aziridine preparation through this
process appeared in 1995. Treatment of 10 with ethyl
diazoacetate in the presence of copper(I) hexafluoro-
phosphate and chiral bis(hydrooxazole)copper 11 led
to the formation of enantioenriched cis- and trans-
aziridines 12 and 13 in low yields and ee’s (up to 44%)
(Scheme 3).33

The authors proposed a mechanism involving the
formation of a transient bis(dihydrooxazo)copper
carbene complex which reacts with the imine nitro-
gen to form the iminium ion 14. An azomethine ylide
is formed from this iminium and cyclizes to the
aziridine. Obtention of a minor amount of racemic
pyrrolidine 15 suggests that a fraction of dissociated
azomethine ylide can react with the in situ generated
fumarate. A similar reaction has been reported from
N-methylideneaniline trimer 16 (R ) Ph) and O-
menthyl diazoacetate 17 with Cu(OTf)2 as a catalyst,
showing an excellent 85% yield and a modest 25%
de (Scheme 4).34

It should be noticed that synthesis of chiral aziri-
dines via the condensation of alkyl diazoacetates and
chiral derivatives of hexahydrotriazines 16 catalyzed

Scheme 2

Figure 5.

Scheme 3

Scheme 4
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by Lewis acid (SnCl4, TiCl4) does not involve an
iminium ion as intermediate.35

3.2. exo-Mode Cyclization
It has been recently reported that a trimethylstan-

nyl species cyclizes on an acyliminium ion to form a
fused cyclopropane ring.36 Interesting 4,5-metha-
nopyrrolidines were obtained with a stereochemistry
controlled by the configuration of the trimethylstan-
nyl side chain. The acyliminium ion, generated after
acidic treatment of anti-R-hydroxycarbamate 20 ob-
tained by addition of a Grignard reagent on a
γ-lactam, led to the expected 4,5-trans-methano-D-
proline analogue 21 (Scheme 5).

4. Cyclization Leading to Four-Membered Rings
As in the previous section, the formation of aze-

tidines can occur via an intermediate iminium ion.
Such a cyclization mode has been illustrated by the
formation of â-lactams via the Staudinger reaction,
which consists of a formal cycloaddition of an imine
with a ketene. This reaction is well documented, and
its asymmetric version has been reviewed.37 The
generally accepted mechanism (Scheme 6) involves
two steps, with first an addition of imine 22 to ketene
25 that leads to the iminium dipolar intermediate
26, and the formation of â-lactam 27 through a
conrotatory cyclization. The ketene can be generated
in situ from acyl chloride 23 using a tertiary amine
as base. In this last case, it has also been proposed
by some authors that acyliminium 24 is first formed
by condensation of the acyl chloride to the imine.38

In both cases, the reaction involves a zwitterionic
species.

A relative cis configuration is commonly obtained
from the usually more stable (E)-imine. However, the
nature of the substituents or the experimental condi-
tions (including the order of introduction of the
reagents) can exert a strong influence on the stereo-
chemical course of this reaction.37 Some efforts have
been made to favor the formation of the trans
isomers. A two-step sequence from N-silylated imines

has been proposed,38 leading to the preferential
formation of the trans-lactams.

The synthesis of enantiopur â-lactams via the
Staudinger reaction can be acheived by attaching a
suitable chiral auxiliary to the imine (at the carbon
or the nitrogen end) or to the carbene (or acyl chloride
precursor). Recent examples found in the literature
with different chiral auxiliaries39 show that excellent
stereoselectivities can be obtained using acyl chorides
bound to a chiral oxazolidinone derived from phen-
ylglycinol.40 Asymmetric solid-phase synthesis of
â-lactams using this oxazolidinone as a chiral aux-
iliary has also been reported:39a the resin-bound
imines 28 can react with chiral acyl chloride 29 in
the presence of triethylamine to give the optically
active â-lactams 30a,b after cleavage (Scheme 7).

Imine 31 has been used in an efficient asymmetric
synthesis of â-lactam 32 (Scheme 8), on the way to
the docetaxel side chain synthesis.39e

Cycloaddition with imines bearing a stereogenic
center at the carbon end, as for 33 (Scheme 9), has
also been investigated, leading to â-lactams 34a,b in
a diastereoselective manner.41

An interesting study on the Staudinger reaction
with imines derived from 7-oxanorbornenone has
been recently described (Scheme 10).39d Although only
racemic compounds are involved in this work, several
features deserve to be examined. Whereas 35 reacts
with aryl- or alkyloxyacetic acid chlorides to form
â-lactams 36a-c in good yields, when imine 35 reacts
with arylacetic acid choride in the presence of Et3N,
oxazinone 37 is formed instead of â-lactams. The
formation of these oxazinones is consistent with a

Scheme 6

Scheme 5

Scheme 7

Scheme 8

Scheme 9
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mechanism involving the initial formation of an
acyliminium which, in the case of arylacetic acyl
chloride, reacts with an excess of acyl chloride to give
oxazinones 37.

A catalytic version of the asymmetric Staudinger
reaction has recently been reported.42 However, as
the reaction is slowed by the use of an electron-
deficient N-tosylimine, the mechanism is different
and does not involve a cyclization on iminium species.

5. Cyclization Leading to Five-Membered Rings

5.1. Cyclization Leading to Five-Membered Rings
by Formation of a C−C Bond

5.1.1. endo-Mode Cyclization
5.1.1.1. 5-endo-endo Cyclization. According to

the modified Baldwin rules, 5-endo-endo cyclization
with π-nucleophiles is a disfavored process with
ground-state reactive species. However, cyclization
in an endo mode can occur under photochemical
conditions, with a diradical species as a reactive
intermediate.43 A similar mode of cyclization has been
reported with compound 40 (Scheme 11).

This endo-endo selectivity can be formulated as a
six-electron electrocyclization. Despite synthetic util-
ity, this mode of cyclization has not been exploited
for the preparation of enantiomerically pure com-
pounds.

5.1.1.2. 5-exo-endo Cyclizations. 5.1.1.2.1. From
Acyclic Precursors. The diastereoselective synthesis
of pyrrolidines from racemic linear precursors using
a 5-exo-endo-trig cyclization has been reported (Scheme
12).44

The exclusive formation of trans stereoisomers 44
was explained by the formation of a transient π-com-
plex having the most stable E form of acyliminium
in a planar s-cis conformation, with the six atoms
participating in the ring formation arranged in a
chair-type conformation. The reactivity proved to be
dependent on the carbonyl functional group carried
by nitrogen and the nature of the leaving group. A
slightly different stereochemical outcome of this kind
of cyclization was observed in the transformation of
45a or 45b to give 46 and 47 (Scheme 13).45

Although unexplained, this example shows that
substrate and reaction conditions can be tuned to get
a highly stereoselective cyclization.

If a good trans relative configuration can be ob-
tained in such a cyclization, the elaboration of enan-
tiopure pyrrolidine requires the control of bond
rotation to favor the annulation from only one face
of the iminium (Scheme 14).

This approach was used in the enantioselective
synthesis of spirocyclic indole derivatives 49 and 50.46

The relative 2,3-configuration, already established by
Woodward and co-workers on similar structures,47

can be explained by a kinetically controlled cycliza-
tion on a (Z)-tolsyliminium ion, arising from the
tosylation of the (E)-imine with retention of config-
uration (Scheme 15).

Scheme 10 Scheme 12

Scheme 13

Scheme 14

Scheme 11
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The use of a suitable chiral auxiliary enables the
control of the absolute configuration of the spirocyclic
center. The more rigid camphorsulfonamide-based
auxiliary leads to similar results, however with a
much slower cyclization rate.48 A surprisingly low
control of relative 2,3-configuration was obtained
starting from imine 51. This was explained by the
isomerization of the transient iminium by a non-
stereoselective, reversible, intramolecular Mannich-
type side reaction (Scheme 16).

The formation of a mixture of stereoisomeric
acyliminiums is also probably responsible for the lack
of stereocontrol in the preparation of bicyclic com-
pound 55, an intermediate in the synthesis of car-
bapenem derivatives (Scheme 17).49

5.1.1.2.2. From Cyclic Precursors. The easiest way
to overcome the isomerization problem of iminium
species is to include them in cyclic structures. This
strategy has been widely used, especially for the
synthesis of various polycyclic alkaloids.

A general entry into the pyrrolizidine general
framework has been devised from a directed acylimin-
ium-ketene dithioacetal cyclization (Scheme 18).50

The high stereoselectivity of the cyclization does
not arise from a neighboring group participation of
the acetate, since similar results could be obtained
from hydroxylactam 58. A similar strategy, with
different π-nucleophiles, has been used for the elabo-
ration of the 5,5-pyrrolizidine framework (Scheme
19).51

The synthesis of the 7-azabicyclo[2.2.1]heptane
skeleton has also been performed by intramolecular
cyclization onto a cyclic acyliminium species (Scheme
20).52a

The choice of the nitrogen protective group proved
to be crucial for an efficient cyclization.

The use of intramolecular Mannich cyclization has
been described for the preparation of the azabicyclo-
[2,2,1]heptane framework (Scheme 21).52b

Different reactivity patterns have been observed
starting from 64 or its diastereomer 66. trans bicyclic
compound 65 was obtained in 70% yield, whereas 66
led to a mixture of bicycle 67 coming from a decar-
bonylation process and pyrrolizidine 68. This com-
petitive reaction explains the low yield of bicycle 67
in comparison with that found for bicycle 65.

Several complex polycyclic natural products have
been synthesized using a 5-exo-endo-trig cyclization
as a key step. The different synthetic approaches of

Scheme 15 Scheme 18

Scheme 19

Scheme 20

Scheme 16

Scheme 17
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gelsemine (69) illustrate the general usefulness of
this reaction (Scheme 22).53

Thus, the tricyclic skeleton has been constructed
by the formation of the C5-C6,54 the C5-C16,55or
the C20-C21 bond.56

Most of the 5-exo-endo-trig cyclizations reported
above are kinetically controlled, and the stereoselec-
tivity has been explained by transition-state analysis
(except for Scheme 21). In some cases, however, the
cyclization’s issue might be the result of thermody-
namic control. This behavior is typical in the indole

alkaloid biogenesis and synthesis.57 The isolation,
from several natural sources, of isorhynchophylline
(78) and rhynchophylline (79), and the absence of
their pseudo-oxoindole isomers 80 and 81 is a good
example of such a stereocontrol (Scheme 23).

This equilibration, which has been noticed several
times, is favored by the presence of a strained
structure and/or a tertiary basic nitrogen atom, which
leads to Grob-type fragmentations under acidic con-
ditions. The role of the nitrogen atom basicity has
been illustrated in degradation studies of (-)-taber-
sonine tetracycle 82 (Scheme 24).58

Compound 82 led to an equimolar mixture of two
isomeric indolenines (83 and 84) whereas its N-oxide
85 led only to a decarboxylated species, without any
Grob-type fragmentation.

Since this isomerization process is believed to occur
in several alkaloid biosyntheses, all the synthetic
planning involving a biomimetic transannular cy-
clization should deliver advanced intermediates pos-
sessing the natural relative configuration as major
stereomers. In the enantioselective synthesis of loch-
neridines, the general skeleton 88 of this strychnan-
type alkaloid has been constructed by such a reaction
(Scheme 25).59

Scheme 21

Scheme 22

Scheme 23

Scheme 24
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Aspidophytine has also been obtained by two
successive cyclizations onto iminiums (Scheme 26).3

In this approach, compound 91 was obtained as a
single isomer in 66% yield after reduction and
chromatographic purification. The reasons for this
selectivity were not discussed.

In another approach, the aspidophytine skeleton
has been constructed via a diastereoselective in-
tramolecular Mannich reaction starting from 92
(Scheme 27).60

A fragmentation-cyclization sequence can occur
with acyliminium species, albeit under harsher re-

action conditions. The construction of the aspidosper-
mine skeleton has been described through this ring
contraction, by treatment of 94 in triflic acid at 100
°C (Scheme 28).61

Similarly, the 6/4 diastereomeric ratio of com-
pounds 97 and 98 has been explained by the result
of a cyclization under thermodynamic control (Scheme
29).62

5.1.1.2.3. From an Aza-Cope Mannich Tandem
Reaction. In the 5-exo-endo-trig cyclizations (and also
for the 6-endo-endo ring closure) with π-nucleo-
philes, a charged 1,5-diolefinic species is generated
as a reactive intermediate. It can therefore rapidly
reorganize under mild conditions via a cationic Cope
rearrangement.63 Cyclization via rearrangement can
be favored by suitable substitutions. Introduction of
a gem-dimethyl group enables the formation of pyr-
rolizidinone 102, with the nucleophilic capture of the
transient tertiary carbocation (Scheme 30). The
generation of the electronically more attractive olefin
101 during the rearrangement is sufficient to drive
the reaction in one direction.64

It is worth noting that the relative configuration
of the C1 and C7 centers, coming from a six-
membered chair transition state, is opposite that
obtained by a direct cyclization using allylsilane
nucleophiles (see Scheme 19).

Scheme 25

Scheme 26

Scheme 27

Scheme 28

Scheme 29

Scheme 30
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Although this example showed that the sigmatropic
rearrangement can be directed to the formation of a
single cyclization product, this is usually not the case.
In a general study, Speckamp and co-workers de-
scribed the different product distributions resulting
from aza-Cope rearrangements trapped by external
nucleophiles starting from various substituted aro-
matic cyclic N-acyliminium precursors (Scheme 31).65

Product distribution proved to be dependent on the
reaction medium, substitution pattern, and reaction
time. In most of the cases, a mixture of at least two
compounds (106 and 107) arising from the initial and
the rearranged iminium was obtained.

The reversibility of this rearrangement is generally
unproductive (and can lead to racemization, vide
supra) unless the equilibrium is biased by thermo-
dynamic factors or shifted by a subsequent highly
exothermic reaction. In this case, an aza-Cope re-
arrangement followed by an irreversible reaction
might lead to cyclic structures via thermodynamically
unfavored iminiums.

This concept has been employed in numerous
syntheses, especially by the group of Overman, with
the use of the Mannich reaction as an aza-Cope
rearrangement terminator (Scheme 32).10

In this process, several asymmetric centers are
created. The prediction of the relative configuration
of the final pyrrolidine can be performed by the
analysis of the transition state of the Mannich

cyclization, with a geometry coming from the re-
arrangement for this exothermic reaction (Scheme
33).

In a comparative study, it was shown that (E)-
alkenes rearranged to 4,5-cis-pyrrolizidines via a
chair topography, while the corresponding trans-
olefins required significantly higher temperature to
furnish 4,5-trans-pyrrolizidines, albeit in lower ste-
reoselectivity and with a small amount of compound
110, probably via a boat topography.66

The formation of an acyclic iminium intermediate
in such a reaction can lead to uncontrolled epimer-
ization. Disubstituted pyrrolidine 115 could be dia-
stereoselectively prepared in a 79% yield from enan-
tiomerically pure oxazolidine via an aza-cope Man-
nich cyclization, but in racemic form (Scheme 34).

Racemization was explained by the suppression of
the stereogenic center during the rearrangement and
fast C-C bond rotation that leads to cyclization on
both faces of the transient iminium. Thus, racemic
material is obtained if the rotation is faster than the
cyclization. This racemization rules out the possible
cyclization-pinacolic rearrangement for the overall
transformation, since this route should deliver enan-
tiopure material.

The racemization with acyclic intermediates is not
unavoidable, and can be controlled by the iminium
geometries and C-C bond rotation rate. Several

Scheme 31

Scheme 32

Scheme 33

Scheme 34
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strategies have been used to avoid the problem of
C-C bond rotation.

The enantioselective syntheses of all four stereo-
isomers of preussin have been described, using an
aza-Cope Mannich rearrangement (Scheme 35).67

Thus, compound 118 could be isolated in 47% yield
with 97% ee, with compound 120 (15%, 28% ee) as a
side product. This result was rationalized by the
preferential formation of (Z)-iminium as a major
intermediate, leading to compound 117, and in a
lesser extent compound 119 after C-C bond rotation.
The minor (E)-iminium is responsible for the forma-
tion of pyrrolidine ent-119, with almost no confor-
mational equilibrium with intermediate ent-117.

All the 2,3-cis intermediates led to the correspond-
ing more stable trans-pyrrolidines by a retro-Man-
nich, Mannich tandem process. The presence of a
bulky substituent on the carbonated linker between
the iminium and the enol group is probably respon-
sible for a higher barrier of conformational equilib-
rium than in the case of unsubstituted iminiums
(Scheme 34).

Conformational equilibrium can also be suppressed
by the formation of a macrocyclic iminium, leading
to bicyclic pyrrolidines after a transannular Mannich
reaction (Scheme 36).68

The stereochemistry of the final compound 122 has
been explained by the formation of an (E)-iminium
in a chair conformation.

The tandem aza-Cope-Mannich cyclization has
been exploited in numerous alkaloid syntheses, mainly
by the Overman group, as depicted in Figure 6.69

Scheme 35

Figure 6.

Scheme 36
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The stereochemistry of the final pyrrolidine can
also be controlled by stereogenic centers not directly
involved in the sigmatropic rearrangement. An enan-
tioselective approach to the carbapenem skeleton has
been proposed. The relative configuration of the final
compound results from the influence of a stereocenter
located in the â-lactam adjacent ring (Scheme 37).70

A general strategy, based on the use of chiral
auxiliaries, was developed for the synthesis of polysub-
stitued prolines (Scheme 38).71

In this process, the cyclization occurred on the less
sterically hindered cyclic iminium face, leading to a
good control of the C-5 configuration. The C-3 and
C-4 configurations arose from a chairlike transition
state with a synclinal attack of the enol. Interest-
ingly, a similar tandem reaction could be performed
using an ene-iminium cyclization as terminator
(Scheme 39). If water was used instead of formic acid,
hydrolysis product 129 was obtained.

This example shows that even if the Mannich
reaction has been intensively used to direct the
cationic aza-Cope rearrangement, some other ir-
reversible reactions can play the same role and be of
interest in the stereoselective construction of pyrro-
lidine derivatives.

5.1.2. exo-Mode Cyclization
Only a limited number of examples of 5-exo cy-

clizations with formation of a C-C bond have been

reported for the asymmetric synthesis of heterocycles.
With cyclic iminiums, some of them can also be
considered as 6 or more endo cyclizations.

A general approach for the synthesis of enantiopure
1-azabicyles, as intermediates in the synthesis of
roseophilin, has been reported.72

Starting from alkoxylactam 130, a cis ring junction
was obtained with an epimeric mixture of isomers
resulting from the nonspecific capture of the tran-
sient carbocation (Scheme 40). Cyclization from pro-

pargylsilane 132 led to the corresponding bicyclic
allene as a single diastereomer. The preference for a
5-exo-exo instead of a 6-endo-exo cyclization (via a
secondary cation) was explained by the relative
stability of the two carbocationic intermediates. In
spirocyclizations involving cations with similar sta-
bility, as for iminium derived from 134, it has been
shown that a 6-exo mode is preferred over a 5-exo ring
closure by a ratio of 4/3 (Scheme 41).73

5-exo cyclization is a powerful tool for controlling
the diastereoselectivity of spirocyclizations. A single
diastereomer could be obtained from a mixture of
alkoxylactams 137 under relatively harsh acidic
conditions (neat refluxing TFA).74 The stereochemical
outcome of the ring closure was explained by a
Felkin-Ahn-like transition state (Scheme 42).

The 1-azaspiro[4,4]none skeleton of (-)-cephalo-
taxine has been constructed by a stereoselective
semipinacolic rearrangement.75 Final diastereomeric
excess of the spirobicyclic lactam 140 proved to be
dependent on the nature of the chiral auxiliary, with
the best de observed when using R-methylnaphth-
ylamine, but not related to the isomeric ratio of the

Scheme 37
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Scheme 39

Scheme 40

Scheme 41
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startingunsaturatedlactam,showingthatanacylimin-
ium was the reactive species in this process (Scheme
43).

A different racemic approach of the cephalotaxine
skeleton based on a 5-exo cyclization on an acylimin-
ium has been reported.76

The use of a thio-tethered nucleophile in a 5-exo
cyclization has been described in the synthesis of
D-(+)-biotin.77 The bicyclic urea 142 could be obtained
from a 46/54 mixture of silylenol ethers 141 in
excellent yield (Scheme 44). The formation of a single
isomer, regardless of the geometry of the double bond,
was explained by a chairlike conformation of the
reactive acyliminium.

5.2. Cyclization Leading to Five-Membered Rings
by Formation of a C−Heteroatom Bond

5.2.1. endo-Mode Cyclization
Heteroatoms such as O, S, or N act as nucleophiles

in the intramolecular addition onto iminium ions,
leading to oxazolidines, thiazolidines, or imidazo-
lidines. These heterocycles not only are well-known
and important compounds, especially in the field of
medicinal chemistry, but also represent stable po-
tential iminium equivalents since the addition of
heteroatoms to iminium ions is a reversible process
(Scheme 45).

5.2.1.1. Oxygen Nucleophile. 5.2.1.1.1. From
Acyclic Precursors. Single-Ring N-Alkyloxazolidines.
Numerous examples of this cyclization mode are

available in the literature since chiral oxazolidines
are useful intermediates for the resolution of racemic
aldehydes, and more generally in asymmetric syn-
thesis. The condensation of a carbonyl derivative with
a chiral 1,2-amino alcohol is the most widely used
method for the preparation of five-membered hetero-
cycles in high yields and diastereoselectivities (Scheme
46). This reaction, analogous to the acetalization of

keto groups with a 1,2-diol, is favored by removal of
the water formed during the reaction. It generally
needs acidic-catalysis conditions, but this is not
always necessary since acetalization is easier with
an amino alcohol than with a diol. Indeed, the
nitrogen being more nucleophilic than oxygen, an
iminium is readily formed and then trapped by the
oxygen atom.

Several experimental conditions have been de-
scribed to achieve the condensation, including the use
of acid catalysts78 and drying agents,79 refluxing neat
or in aromatic solvent,80 or not introducing any
solvent or additive.81

The reaction is generally highly diastereoselective
with de’s up to 100%. The configuration of the new
chiral center formed at C2 was initially controversial.
Indeed, due to the reversibility of the reaction, the
stereoselectivity is thermodynamically controlled.
Thus, quite different results can be obtained accord-
ing to the experimental reaction conditions. It is now
well established that the major diastereomer ob-
tained through equilibrating conditions is the 2,4-
cis-oxazolidine. As the N-alkylated oxazolidines are
the sole stable products (NH-oxazolidines mainly
exist as open imines),82 one can say that a product
with substituents at positions 2, 3, and 4 in a 2,3-
trans, 3,4-trans relationship is the most stable iso-
mer.83

The first X-ray analysis of a chiral oxazolidine
published in 1971 introduced some confusion: the
authors claimed that the condensation of ephedrine
and 4-bromobenzaldehyde in refluxing benzene gave
as the sole product 2,4-trans-oxazolidine.80b This
configuration’s assignment appeared to be false and
was revised by G. Just in 1985, who, using the same
conditions, proved the cis configuration after X-ray
analysis.84 A plausible explanation is that the first
authors probably peaked a crystal of the minor
diastereomer in a highly enriched mixture!

The relative 2,4-cis configuration, now commonly
accepted, is usually observed under several experi-
mental conditions for aromatic or aliphatic aldehydes
condensed with ephedrine,84 N-benzyl- or N-methyl-
phenylglycinol,80c and N-methylvalinol80d (i.e., 143,
144, and 145 (Figure 7)).

Some exceptions to the 2,4-cis configuration have
been reported. By reacting the methyl hemiacetal of
ethyl glyoxylate with N-benzylphenylglycinol in re-
fluxing CH2Cl2 and in the presence of molecular
sieves, Pedrosa and co-workers observed the diaste-

Scheme 42

Scheme 43

Scheme 44

Scheme 45

Scheme 46
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reoselective formation of the 2,4-trans isomer 146
(Figure 8)79 (the opposite cis configuration was de-
scribed by O’Brien85 and Agami86 for the condensa-
tion of glyoxylate with N-Boc-ephedrine under dif-
ferent conditions). A similar trans configuration was
also claimed for compound 147 (Figure 8) resulting
from the double condensation of ephedrine with
glyoxal in H2O-THF.87

These (apparent) exceptions may be explained by
the particular structures and/or the experimental
conditions. In a comprehensive study, Agami and
Rizk showed that aromatic aldehydes with electron-
withdrawing groups led to trans-oxazolidines as
kinetic products, and that the rate of isomerization
toward the more stable cis isomer was solvent-
dependent.88

The use of imines produced by in situ reduction of
nitriles89 or fluorinated hemiacetals78b as valuable
precursors for the oxazolidine synthesis has been
reported.

Single-Ring N-Acyl- and N-Arylsulfonyloxazo-
lidines. Cyclization onto N-acyl- and N-sulfonylimini-
ums has been broadly reported. In this case, the in
situ generation of the iminium by condensation is
much more difficult and the reaction requires an acid
catalysis. The reaction of an N-arylsulfonylamino
alcohol with aromatic aldehydes in methylene chlo-
ride with sulfuric acid as catalyst was reported to give
an oxazolidine with 2,4-cis configuration as a single
product.90 However, in most cases, the use of an
acetal instead of the aldehyde is more convenient
(Scheme 47).91

Ring opening of N-acyloxazolidine is slowed by the
presence of electron-withdrawing groups on nitrogen;

thus, N-acyloxazolidines are more stable than their
N-alkyl counterparts. Scolastico and co-workers thor-
oughly studied this reaction with ephedrine deriva-
tives and showed that the cis configuration is the
result of both kinetic and thermodynamic factors.92

Once again, the reaction conditions are quite impor-
tant for the stereochemical outcome of the reaction.
Several Brønstedt (p-TsOH, CSA, ...) or Lewis (BF3‚
OEt2) acids have been used as catalysts. Isobe and
co-workers showed that Cbz-L-valinol 151 (Scheme
48) condensed with heteroolefin dimethyl ketal 152

to afford trans-oxazolidine 153 as the major com-
pound (10/1) in the presence of CSA, whereas the use
of BF3‚OEt2 favored the formation of the correspond-
ing cis-oxazolidine (1/3).91h

Conditions involving the use of Rh(III) salts as
catalysts allowed the preparation of 2,4-trans-oxazo-
lidines 155 (Scheme 49).93

The condensation of L-serine methyl ester with
pivalaldehyde has been reported to provide a 1/1
mixture of unstable NH-oxazolidines which were
formylated (HCOOH/Ac2O) to a highly cis enriched
mixture (95:5).94 This condensation/acylation se-
quence was found to be general, and was used by
several authors with different heterocycles including
thiazolidines and imidazolidines (vide infra). It has
been suggested that this cis/trans equilibrium occurs
via a faster acylation of the cis derivative.86

Some structural features strongly influencing the
stereochemical outcome of the reaction have also been
pointed out. The condensation of anisaldehyde di-
methyl acetal with a protected Ile-Thr dipeptide
under equilibrating conditions led to the 2,4-cis-
oxazolidine 158 (cis/trans ) 98/2) when terminal
carboxylate was protected by a benzyl group, and to
the trans-oxazolidine 157 (cis/trans ) 2/98) when a
methyl ester was used (Scheme 50). The authors
suggested a favorable stacking interaction between
the aromatic ring p-methoxyphenyl and the benzyl
ester.91f

5.2.1.1.2. From Cyclic Precursors. Fused-Ring N-
Alkyloxazolidines. Fused-ring oxazolidines can be
formed by cyclization onto alkyliminiums. When the
iminium is included in a ring, the latter can control
the stereoselectivity of the reaction. Numerous ex-
amples of oxazolopiperidine syntheses through this

Figure 7.

Figure 8.

Scheme 47

Scheme 48

Scheme 49
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cyclization mode can be found in the literature. These
heterocycles are valuable intermediates in the syn-
thesis of piperidine alkaloids.

Treatment of phenylglycinol with glutaraldehyde
in the presence of KCN led to the formation of 161
in 80% yield (Scheme 51) as a single isomer after

equilibration. This product is a starting material for
the synthesis of various chiral heterocycles according
to the CN(R,S) method.95

The same reaction was conducted with benzotri-
azole instead of KCN, to give a benzotriazole oxazol-
opiperidine for which the configuration was not
given.96

The relative configurations of 161 show an axial
position of the cyano group as a result of a highly
favorable anomeric effect and a trans arrangement
of the 6 + 5 bicyclic system. The oxazolidine exhibits
a 2,4-cis configuration. Interestingly, the intra-
molecular condensation of amino alcohol 162 (Scheme
52) led to a 42/58 mixture of diastereomeric oxazol-
opiperidines 163.97

Marazano and co-workers developed an interesting
methodology for the preparation of chiral N-(2-
hydroxy-1-phenylethyl)pyridinium salts. Upon al-
kylation or reduction of such pyridinium salts, the
so-formed dihydropyridinium can be trapped in an
intramolecular way to give oxazolopiperidines 165
(Scheme 53).98

The cyclization was found to be highly diastereo-
selective, and the relative configuration of the ox-
azolidine was the same as for compound 161 (Scheme
51). In another example, the iodocyclization of 1,4-
dihydropyridines 166 gave moderate diastereoselec-
tion in favor of trans-167 (Scheme 54).99

In the absence of any substituent on the piperidine
ring, a highly diastereoselective 2,4-cis configuration
(85/15) was observed for compound 169.100 In this
case, the iminium was generated by treatment of
N-oxide 168 with a strong base (Scheme 55).

Partial reduction of a δ-lactam gave rise to a
potential iminium ion which could be trapped in-
tramolecularly to oxazolopiperidine.101 Oxazolopip-
eridine 171 with a quaternary carbon at C2 was
prepared by addition of Grignard reagents to piperi-
dinone. A unique product exhibiting a cis configura-
tion was observed (Scheme 56). This configuration
corresponds to the kinetic product whose formation
is governed by an A1,2 allylic strain.102

Oxazolopyrrolidines can also be reached through
the same pathways. The stereochemical course of the
reaction seems to be quite different since an opposite
configuration at C2 was observed. This is probably
the result of a more important strain introduced by
the fused 5 + 5 bicyclic system.

Although formed in low yield from a succinalde-
hyde equivalent, the cyanooxazolopyrrolidine deriva-
tive 173 analogue of 161 has been obtained in a
mixture of two diastereomers at C5. The oxazolidine
showed a trans configuration (Scheme 57).103 Accord-
ingly, the corresponding benzotriazole derivative 174
was described as a trans isomer.104 The same trans
configuration was evidenced in the intramolecular
condensation of compound 176 (Scheme 57).105

Scheme 50
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Oxazolopyrrolidine has been formed from easily
available prolinol. The intermediate iminium is exo
to the pyrrolidine ring and does not present the same
stereochemical requirements as 3,4-dihydropyrrole.
Consequently, a mixture of isomers was observed.106

Oxazolidines incorporated in other bicyclic or more
complex structures were obtained through cyclization
onto iminium ions produced with various methods
involving aminonitrile displacement,107 oxidation of
the benzylic position,108 azaelectrocyclization to di-
hydropyridine,109 amine-aldehyde condensation,110

and N-oxide deprotonation.111 The configuration of
the new chiral center proved to be highly structure-
dependent.

Although the synthesis of chiral oxazolidines de-
rived from ketones has been scarcely described, one
example has recently been reported for a bicyclic
system. It concerns the formation of oxazolidine 178
involving an anti-Bredt iminium ion (Scheme 58).112

Fused-Ring N-Acyloxazolidines. The most repre-
sentative heterocycles arising from such a cyclization
mode are oxazololactams obtained by the condensa-
tion of a chiral primary amino alcohol with γ- or
δ-keto acid or ester according to the pioneering work
of A. I. Meyers. This condensation shown in Scheme
59 is a high-yielding process, obtained without any
additive in refluxing toluene.113

This reaction has been used by several authors to
prepare various bicyclic oxazololactams as shown in
Figure 9.114

The configuration of the newly created carbon
center formed depends on the experimental condi-
tions. It was shown that the condensation of methyl
5-oxopentanoate with (R)-phenylglycinol in toluene
gave the cis bicyclic lactam (85/15), which was
isomerized to the trans isomer 181 (14/86) by acidic
treatment. The partial reduction of cyclic imides
offers a straightfoward alternative preparation of
such bicyclic lactams. The partial NaBH4 or DIBAL
reduction of a cyclic imide is probably the best way
to access acyliminium ions, which can be trapped
intramolecularly by an oxygen atom to form an
oxazolidine (Scheme 60).115

Few other methods have been developed to syn-
thesize similar derivatives through iminium ion
cyclization. Among them, the protonation of enam-
ides,116 the aromatic carbonylation with palladium-
(0) catalyst,117 and the acylation of imines (Scheme
61)118 were proven effective and proceed with various
diastereoselectivities.

Chiral lactam alcohols, as pyroglutaminol (197),
were reacted with aldehyde or ketone dimethyl
acetals in refluxing toluene and in the presence of
TsOH to give rise to oxazololactams 198 in high yield
and as a single stereomer (Scheme 62).119 The reac-
tion was also applied to the piperidine series120 and
to the synthesis of dipeptide mimetics.121

Intramolecular condensation leads to bicyclic ox-
azolidines.12 In some cases the amino alcohol moiety

Scheme 57

Figure 9.

Scheme 60

Scheme 58

Scheme 59
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has been protected as an N,O-acetal. For example,
transformation of oxazolidine 199 (Scheme 63) into
bicyclic oxazolidine 200 was obtained in very high
yield and good diastereoselectivity under acidic
conditions.122d

5.2.1.1.3. 1,3-Oxazolidin-5-ones. The carboxylate
group can also act as a nucleophile in cyclization
reactions. These so-formed 1,3-oxazolidin-5-ones are
generally the result of the condensation of an alde-
hyde to an N-acyl R-amino acid. The presence of the
N-acyl group (N-Boc, N-Bz, N-Alloc, N-Cbz, ...) is
important to stabilize this hydrolysis-sensitive het-
erocycle. The oxazolidinone synthesis is the basis of
the general asymmetric alkylation method developed
by D. Seebach. The condensation of sterically hin-
dered aldehyde (mainly pivalaldehyde) with several
N-acyl proteinogenic amino acids leading to oxazoli-
dinones was reported by this author and reviewed
in 1996.123 All oxazolidinones 202 derived from ala-
nine, valine, isoleucine, methionine, phenylalanine,
tryptophan, lysine, tyrosine, and ornitine exhibit a
cis configuration (Scheme 64), as the result of a
reaction under thermodynamic control.

The most widely used method is the condensation
of amino acid 203 (as its carboxylate salt) with the
aldehyde to provide imine 204, which is treated with

an acyl chloride or a chloroformate to give cis-
oxazolidinone 205 (Scheme 65).124 This method was
first described by Hiskey 40 years ago.125

Surprisingly, benzaldehyde dimethyl acetal in ether
and in the presence of BF3‚OEt2 has been reported
to condense with N-Cbz-L-alanine and N-methoxy-
carbonyl-4-benzyloxyphenylglycine to give cis-oxazo-
lidinone 206126 and trans-oxazolidinone 207,127 re-
spectively (Figure 10).

As mentioned above, the presence of an N-acyl
group strongly stabilizes the oxazolidinone ring.
N-Akyloxazolidinones 209 can be however obtained
through the condensation of aldehyde with cyclic
amino acids. Azetidinecarboxylic acid-, proline-, 4-hy-
droxyproline-, and cysteine-derived 4-thiazolines 208
were used as starting materials (Scheme 66).128

Carboxylate intramolecular cyclization was also
used for the preparation of 211, a dipeptidomimetic
(Scheme 67).129

5.2.1.2. Sulfur Nucleophile. Although similar
cyclization behavior could be expected with sulfur
instead of oxygen in 5-endo cylizations, only a few
syntheses of chiral thiazolidines reported in the
literature are based on this cylization mode. One of
the main reasons is that chiral aminothiols are not
so easily available compared to chiral amino alcohols
(the propensity of thiols to oxidize to disulfides is also
a difficulty). The most easily available chiral ami-
nothiol is cysteine. This primary aminothiol forms
stable NH-thiazolidines through imine cyclization.

Scheme 61

Scheme 62

Scheme 65

Scheme 63

Scheme 64

Figure 10.

Scheme 66

Scheme 67
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This stability strongly contrasts with the stability of
NH-oxazolidines that mainly exist in solution in
equilibrium with the opened imine form (vide su-
pra).82

Cysteine readily reacted with an aldehyde to give
a thiazolidine as a 1/1 mixture of isomers,130 which
was cleanly converted into a single 2,4-cis product
upon N-acylation.131

Only very few examples of condensation of second-
ary aminothiol have been reported. The reaction of
phenylglyoxal with N-methylphenylglycinethiol af-
forded a 7/3 mixture of epimeric thiazolidines.132 Thio
analogues of ephedrine and pseudoephedrine have
been condensed with acetaldehyde to give, respec-
tively, a mixture of 80/20 and 70/30 cis/trans stere-
omers. The authors suggested an equilibrium be-
tween both isomers.83

While single thiazolidine syntheses are scarce,
numerous fused lactam thiazolidines 213 have been
described. Thio analogues of Meyers’ bicyclic lactams
(vide supra) have been prepared (Scheme 68).

Even though the cyclization of the lactam may
follow the initial formation of the thiazolidine, an
acyliminium is involved during the equilibration
process.133 In an attempt to prepare compound 216
(Scheme 69),133d it was found that D-glucorono-3,6-

lactone 215 rapidly condensed with cysteine methyl
ester in water or pyridine to give isomeric NH-
thiazolidine 214, which was unable to form the
lactam linkage. On the other hand, the same products
reacted in a pyridine-water mixture to give 216,
probably via an acyliminium.

An iminium ion cyclization was also used in the
synthesis of the penicillin skeleton. â-Lactams such
as 217 with chloro or thioether substitution R to the
nitrogen (Scheme 70) were the acyliminium precur-

sors in most cases.134 A formal inversion or retention
of the configuration at the R-position of the nitrogen
atom was observed, leading in every case to a trans
configuration of the substituents on the azetidine
ring, indicating that an acyliminium ion was an
intermediate.

5.2.1.3. Nitrogen Nucleophile. Imidazolidines
are characterized by their greater stability compared
to oxazolidine and thiazolidines. Single imidazo-
lidines 220 were easily prepared from chiral N,N-
disubstituted 1,2-diamines 219 possessing a C-2
symmetry axis (Scheme 71).135 Following the work

of Mukaiyama,136 numerous bicyclic compounds 222
were obtained from 1,2-diamine 221 derived from
proline (Scheme 72). High diastereoselectivity was

observed, and the configuration was the same as for
oxazolidines in the bicyclic 5 + 5 series (vide supra).

Tricyclic derivatives 225 were prepared by Wasser-
man and co-workers.137 The primary amine function
of aminomethyl-â-, -γ-, or -δ-lactams 223 was con-
densed with the tricarbonyl derivative 224 to give
the reactive acyliminium (Scheme 73).

Scheme 70

Scheme 71

Scheme 72

Scheme 73

Scheme 68

Scheme 69
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Imidazolidin-5-ones have also been synthesized and
used as interesting intermediates in the asymmetric
synthesis of amino acids, peptides, and peptidomi-
metics.138 An efficient preparation of cis or trans
heterocycles was devised. N-Methylamides of amino
acids were condensed with pivalaldehyde to give
imines 226 which could be cyclized to stable trans-
NH-imidazolidine and then smoothly acylated to
trans-imidazolidinone 227. In an other example, cis-
N-acylimidazolidine 228 could be directly obtained
upon treatment of imine 226 in boiling benzoic
anhydride (Scheme 74).139

This stereodivergent preparation allows access to
the R or S series of substituted amino acids. An
attempt to prepare enantiomerically pure imidazo-
lidinone, by the use of an N-chiral auxiliary, was
reported.140 Unfortunately, the condensation of chiral
amide 229 with pivalaldehyde was shown to be poorly
diastereoselective (Scheme 75).

The double condensation of a bisaldehyde was first
used by Husson and co-workers95 with an amino
alcohol and then by Katritzky96 (vide supra). It was
later been extended by these two authors to the
formation of imidazolidines141 and imidazolidino-
nes.142

When treated with phenyllithium, the cyano group
of oxazolopiperidine 161 was mono (or bis) alkylated,
and the so-formed imino (or amino) group cyclized
onto the iminium ion resulting from the opening of
the oxazolidine, leading to bicyclic compound 231
(Scheme 76).143

The greater stability of imidazolidine is again
clearly shown in these examples. A highly diastereo-
selective condensation to imidazolidine was reported

in the synthesis of kifunensine. Cyclization of un-
stable aldehyde 232, in NH3/MeOH, afforded 233 in
55% yield as a unique stereomer (Scheme 77).144

5.2.2. exo-Mode Cyclization
Heteroatom cyclization reactions involving imini-

ums exo with regard to the ring being formed
(Scheme 78) are considered in this part.

Despite the reversibility of this cyclization mode,
several described products (in particular in bi- or
polycyclic series) are stable compounds, and can be
formed in a highly stereoselective manner. The
formation of a tetrahydrofuryl ring has been observed
after acidic treatment of the indole derivative 234.145

An acyliminium was involved, and it was expected
that 235 would generate it back to give the Pictet-
Spengler cyclization. However, this last reaction
failed, and 235 was the only product obtained (Scheme
79).

Similar difficulties were encountered in the total
synthesis of (+)-meloscine.146 Under standard acidic
conditions, compound 236 did not cyclize to the
expected Mannich product 238, but gave the acetal
derivative 237 as a mixture of stereomers arising
from the trapping of the acyliminium ion by the
ketone. Nevertheless, the use of a stronger acid
(TfOH instead of TFA) allowed the formation of the
most stable Mannich product 238 (Scheme 80).

5-exo cyclization by an oxygen atom has also been
used for the diastereoselective preparation of nucleo-
side analogues.147 Spiro compounds were obtained by
iodolactonization of enamines.148

The synthesis of the skeleton of physostigmine and
congener alkaloids is a nice example of nitrogen-
triggered 5-exo cyclization. This reaction was used
by several authors,149 mostly with iminium ions

Scheme 74

Scheme 75

Scheme 76

Scheme 77

Scheme 78

Scheme 79
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generated by partial reduction of lactam 239 that
lead to 240 (Scheme 81). A thia analogue has also
been prepared by a similar strategy.150

Treatment of 241 with formic acid (Scheme 82) led
to a nice tandem 6-endo/5-exo cyclization. The tran-
sient iminium 242 underwent a Pictet-Spengler
reaction followed by a 5-exo cyclization, and gave 244
in high purity and good yield (not given).151

6. Cyclization Leading to Six-Membered Rings
The formation of six-membered rings by iminium

ion cyclization is an easy process for which numerous
examples have been reported in the literature. It
usually occurs through highly ordered transition
states and can therefore deliver diversely substituted
heterocyclic compounds in a stereocontrolled manner.

6.1. Cyclization Leading to Six-Membered Rings
by Formation of a C−C Bond

6.1.1. endo-Mode Cyclization
Addition of a carbon nucleophile to an iminium

following an endo cyclization affords piperidine de-
rivatives that are highly common structures in the
field of both natural and synthetic products. Aromatic
and nonaromatic nucleophiles, leading to Pictet-
Spengler- or Mannich-type reactions, will be dis-
cussed separately in the following sections.

6.1.1.1. Aromatic Nucleophile. 6-endo cycliza-
tions of aromatic or heteroaromatic nucleophiles onto
iminiums is a classical entry to the skeleton of
various natural products or bioactive compounds. The
Pictet-Spengler reaction, first described in 1911,2
involves the condensation of an ω-aromatic amine
and an aldehyde or a ketone, leading to polycyclic
structures of great interest (Scheme 83).

Although this condensation can be conducted with
primary amines, leading to imines as reactive inter-
mediates, only iminium-based cyclization will be
described here. Furthermore, the Pictet-Spengler
reaction has been recently reviewed, especially in the
context of indole alkaloid synthesis.152 This part will
therefore emphasize the stereochemical outcome of
this mode of cyclization and recent results.

Two likely pathways have been reported to take
place in the reaction (Scheme 84). Most of the studies

have been performed with protonated imines as
intermediates. The formation of a transient spiro-
indolenine has been detected by isotopic labeling in
the synthesis of 3-azatetrahydro-â-carbolines. The
formation of a similar intermediate is believed to
occur, but in a fast and reversible manner. For
protonated imines (R1 ) H), the rearrangement from
intermediate 247 to 248 has been calculated to be
energetically unfavorable.153 The direct attack from
the indole 2-position is therefore believed to be the
key step in the Pictet-Spengler reaction.

The diastereoselective condensation between an
aldehyde and N-alkyltryptophan methyl ester is a
general entry to the 1,3-disubstituted 1,2,3,4-tetrahy-
dro-â-carboline framework. It is now well established

Scheme 80

Scheme 81

Scheme 82

Scheme 83

Scheme 84
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that the use of a bulky group on the nitrogen (benzyl
group) in conjunction with large aldehydes leads
preferentially to 1,3-trans isomers.154 In a compara-
tive study, Cook and co-workers have investigated
the role of each substituent in the stereoselectivity
of the condensation, under both nonacidic and acidic
conditions (Scheme 85 and Table 1).155

This study showed that the size of the aldehyde
has little influence on the diastereoselectivity, al-
though an increase of the steric bulk to cyclohexyl
excluded the formation of the cis isomer. The change
of methyl for isopropyl ester did not lead to signifi-
cant improvement, whereas the use of a bulky
N-protective group enabled the stereoselective forma-
tion of 1,3-trans-carboline, even with acetaldehyde.156

The formation of the trans isomer is kinetically and
thermodynamically favored, and can be explained by
a Felkin-Ahn-like attack of the (E)-iminium from the
face opposite the ester group (Figure 11).

Furthermore, equilibration experiments in TFA
showed that the trans-N-substituted diastereomers
are thermodynamically more stable than their cis
congeners. This isomerization has been explained by
a C-N bond cleavage, isomerization of the carbo-
cation, and recyclization as shown in Scheme 86.
Indirect evidence for the formation of this stabilized

cation is the recovery of reduction compound 254 in
the presence of sodium borohydride.

Under the same conditions, no reaction was ob-
served with the trans isomer. Other mechanisms,
involving a retro-Pictet-Spengler reaction157 or ini-
tial protonation of the indole nitrogen followed by a
reversible iminium-enamine equilibrium, have also
been evocated.158

The use of a bulky N-protective group in the
condensation is essential to get a trans selectivity not
only under kinetic control, but also under acidic,
thermodynamic conditions. Lower selectivity was for
instance observed with the corresponding N-methyl
derivatives,159 while replacement of the phenyl ring
by a 2-pyridyl, furyl, or thienyl group did not change
the exclusive formation of trans-â-carboline.160

A similar stereochemical outcome can be obtained
in the synthesis of tetrahydroisoquinolines (Scheme
87). The condensation of secondary amine 255 with
acetaldehyde led to four different products.161

Interestingly, the regioselectivity of the cyclization
proved to be pH-dependent. Moreover, the reaction
under basic conditions was faster (15 min) but less
stereoselective than in acidic medium (72 h). The
thermodynamically less stable cis-configurated byprod-
ucts 256b and 257b could be transformed into the
corresponding trans-configurated tetrahydroisoquino-
lines by base-catalyzed isomerization (Scheme 88).

Tetrahydroisoquinolinecarboxylic acid derivatives
259 have been obtained from oxazolidinone 258
(Scheme 89). The condensation with glyoxylic acid
hydrate under acidic conditions led to a single di-
astereomer.162

Scheme 85

Table 1

compd R1 R2 R3
trans/cis

(nonacidic)
trans/cis
(acidic)

251a Bn Me Me 74/26 88/12
251b Bn Pr Me 77/23 89/11
251c Bn chex Me 100/0 100/0
251d CH(Ph)2 Me Me 90/10 100/0
251e CH(Ph)2 Me iPr 100/0 100/0
251f Bn Me iPr 77/23 87/13

Figure 11.

Scheme 86

Scheme 87

Scheme 88
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The use of protected amino alcohols instead of
amino ester derivatives has been described in di-
astereoselective condensations (Scheme 90). Chiral
nonracemic oxazolidinones 260 were readily prepared
from tryptophan or DOPA.163

Although tryptophan-based Pictet-Spengler ad-
ducts can be decarboxylated to furnish enantiopure
â-carbolines, several stereoselective strategies using
a removable chiral auxiliary have been developed to
get similar compounds. The use of a chiral amine for
stereoselective transformations of iminiums has found
extensive applications in the asymmetric synthesis
of amino derivatives.164 The use of R-methylbenzyl-
amine as a chiral auxiliary group has been reported
in Pictet-Spengler reactions (Scheme 91).165

The best diastereoselectivity was obtained with
benzaldehyde in refluxing benzene, in the presence
of trifluoroacetic acid. The diastereomeric ratio was
the result of thermodynamic control, since it was
obtained when either the minor or the major isomer
was treated with TFA (0.5 equiv) for 6 h. The use of
bulkier R-methylnaphthylamine led to a better di-
astereoselectivity with aldehyde 266, after acidic
equilibration. In this case, however, the cyclization
only occurred at high temperature (165 °C) (Scheme
92).

Waldmann’s group has been involved in the design
of suitable chiral auxiliaries for the Pictet-Spengler

cyclization. In a first approach, the use of amino acids
for this purpose has been investigated (Scheme 93).166

A good to excellent isomer ratio could be obtained,
except with aliphatic aldehydes. The diastereoselec-
tivity increased when the temperature was de-
creased, and was better with aromatic aldehydes
bearing electron-donating substituents. It has been
proposed that the formation of 268 occurred under
kinetic control, although the major isomer formed
was also the thermodynamically most stable one. The
stereochemical outcome of the reaction was explained
by analogy to the model proposed by Cook, with a
Felkin-Anh-type attack on a transient (E)- iminium
(Figure 12).

Since only aromatic aldehydes gave preparatively
useful results with alkyliminium intermediates, a
second approach was proposed by the same group,
based on more electrophilic acyliminium reactive
species.167 The best results were obtained with N,N-
phthaloylamino acids as chiral auxiliary groups, as
depicted in Scheme 94.

The reactions involving aliphatic imines 269 were
complete within several minutes, whereas 8-9 days
was required for aromatic Schiff bases. An increase
of diastereoselectivity was observed with the size of
the amino acid side chain. The role of titanium
alkoxide, which had a remarkable effect on the
selectivity, was explained by a coordinated interme-

Scheme 89

Scheme 93

Figure 12.

Scheme 94

Scheme 90

Scheme 91

Scheme 92
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diate, with a preferred attack on a (Z)- acyliminium
(Figure 13).

A similar strategy has been devised for the prepa-
ration of enantiomerically pure tetrahydroisoquino-
lines.168

The use of (-)-8-phenylmenthyl chloroformate can
direct the Pictet-Spengler condensation to afford
compounds 274 and 275 in 68-81% yield (Scheme
95). The vinyl ether proved to have a better stability
to storage and reaction conditions than the corre-
sponding aldehyde.

The influence of N-sulfinyl chiral auxiliaries on the
stereochemistry of the Pictet-Spengler reaction has
also been investigated (Scheme 96).169

Even though the diastereoselectivity of the con-
densation with aliphatic aldehydes ranges from 46%
to 76%, the major diastereomer can be obtained after
a single crystallization. The main advantage of this
strategy is the ease of the auxiliary cleavage, leading
to enantiopure material in good chemical yield. No

change in the diastereomeric ratio was observed
using (+)-CSA instead of the racemic acidic catalyst.

The use of chiral nonracemic aldehydes could lead
to stereoselective condensations with N-protected
amines. Some examples have been reported, with
limited success for intermolecular reactions.170

In some cases, double induction can be expected
with the combination of a chiral auxiliary and a
stereogenic center coming from the amine skeleton
or the aldehyde.171 However, the absence of a co-
operative effect has been observed in the tetrahy-
droisoquinoline series starting from amine 279 bear-
ing two stereogenic centers instead of only one
(Schemes 87 and 97).161

In several cases, Pictet-Spengler reaction involv-
ing aliphatic alkyliminiums proved to be less efficient
than with the use of aromatic aldehydes. Competitive
side reactions, such as aldol condensation, can occur
under acidic conditions, and an excess of aldehyde is
generally required for a good chemical conversion.
This problem can be solved by the use of masked
carbonyl reagents, such as oxazolidines, perhydroox-
azines,172 ketals, or enol ethers.

Although the classical Pictet-Spengler reaction
involves a bimolecular process, numerous 6-endo
cyclizations have been described with only intramo-
lecular steps. Thus, acyliminium intermediates have
been generated via 282 using the aminobenzotriazole
methodology and were trapped in a completely trans
manner (Scheme 98).173

This reaction provided a single isomer, whereas the
direct condensation was reported to occur in slightly
lower selectivities.174 The preparation of tricyclic
lactams via the intramolecular trapping of an
acyliminium has been reported with different precur-
sors. The use of five- or six-membered alkoxylactams

Figure 13.

Scheme 95

Scheme 96

Scheme 97

Scheme 98
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has been recently reviewed.20 Oxazolidinones and
oxazolidines are also valuable precursors in such an
approach, as depicted by the stereoselective rear-
rangement of compound 284 into hexahydropyrro-
loindolizine 285 (Scheme 99)175 or the general ap-
proach developed by Allin and co-workers, leading to
pyrroloisoquinoline 287 or 289.176

Not only π-nucleophiles but also in situ generated
organometallics can react with iminium precursors,
leading to the diastereoselective formation of tet-
rahydroisoquinolines 291 or benzoquinolizidines 293
(Scheme 100).177

Acid treatment of enamines can lead to reactive
iminium ions, which can be trapped by nucleophiles
(Scheme 101). Thus, the treatment of dihydropyridine
294 with a saturated solution of methanolic hydro-
chloric acid furnished the indoloquinolizine 295 as a
single isomer.178 The formation of the trans compound
was explained by a kinetic intramolecular cyclization
to the iminium from the less hindered â-side. The
presence of the aminal increased the ring closure
selectivity.

The stereoselective formation of the erythrina
alkaloid skeleton has also been explained by cycliza-
tion to the less hindered face, giving the less strained
cis-fused tetracyclic compound 297.179 Application of
the modified Pictet-Spengler cyclization180 led to
carboline 299 after acidic izomerization and cycliza-
tion, however in modest diastereoselectivity.181 On
the contrary, a completely stereoselective transfor-
mation was observed in the related cyclization from
tryptophan-based compound 300.182

Amino acids can serve as iminium precursors in
the Pictet-Spengler cyclization. The enantioselective
synthesis of (+)-3-isorauniticine has been achieved
via a stereoselective Rapoport cyclization from 302
(Scheme 102).183

Intramolecular condensation of aldehydes or ke-
tones with N-substituted amines is an expedient way
to generate a transient iminium species which can
then be trapped by an aromatic nucleus. A general
entry to arylindolizidinones 304 has been reported
from easily available starting material (Scheme
103).184
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As expected, only the 1,3-trans adduct was ob-
tained. A similar strategy, using the trapping of an
acyliminium intermediate by benzotriazole, followed
by a Lewis-acid-induced cyclization, has been recently
described.185

A particularly attractive solid-phase synthesis of
various heterocycles has been reported. This traceless
strategy, already mentioned for 5-exo processes (vide
supra), enables the preparation of complex polycyclic
compounds in a diastereoselective manner (Scheme
82).151 A total diastereoselectivity has also been
reported for cyclization of ketoamides, leading to
pyrroloisoquinolones186 306 or complex polycyclic
spirocycles 308 (Scheme 104).187 Chemical yields for
these transformations are lower than with aldehydic
precursors.

An easy cyclization has been however reported
from ketoamides 309, leading in almost quantitative
yields to benzyltetrahydroisoquinolines 310. The
diastereoselectivity increased with the bulkiness of
the side chain188 (Scheme 105).

The use of ketoesters can also lead to reactive
iminium species, as described for the synthesis of
spirotetrahydroisoquinoline 312 (Scheme 106).189

Intramolecular cyclization of aldehydes or their
precursors is a general entry to the monoterpenoid
indole alkaloid family. A biomimetic condensation
between the lactol 313 and tryptamine led to the
kinetic adduct 314 with an H3-H15 trans configu-
ration (Scheme 107).190

The thermodynamically more stable lactone 316
was obtained after acidic equilibration. Numerous
examples involving a similar mode of cyclization have
been reported, always with the H3-H15 trans rela-
tionship as the kinetic product (Scheme 108).158,170,191

The azaeburnane skeleton has been constructed
using a similar strategy. In the synthesis of trans-
1-aminoindoloquinolizidine 324, the use of BF3‚
Et2O192 instead of TFA193 for the iminium generation
avoids the racemization via an iminium-enamine
equilibrium (Scheme 109).

In the course of the asymmetric synthesis of the
eburnamonine skeleton, the cyclization of amido
aldehydes bearing a quaternary stereogenic center
proved to be highly substrate sensitive. A very good
diastereoselectivity could be obtained starting from
compound 325,145 whereas, under similar conditions,

Scheme 104
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the â-H diastereomer 328 was only obtained in a 3/1
selectivity (Scheme 110).194,195 A π-π interaction
between the transient iminium and the vinylic side
chain has been proposed to explain the excellent
selectivity observed in the first cyclization.

The power of 6-endo cyclization of aromatic nu-
cleophiles onto iminiums is particularly well high-
lighted in the total synthesis of ecteinascidin-743
(Scheme 111). This complex polycyclic alkaloid has
been constructed via two intramolecular Pictet-
Spengler cyclizations, leading to key intermediates
330 and 332, and an intermolecular one (involving
an imine instead of an iminium). All these cycliza-
tions proved to be completely stereoselective, and
were achieved in the presence of sensitive functional
groups in good yields.196

6.1.1.2. Nonaromatic π-Nucleophile. As far as
nonaromatic π-nucleophiles are involved, all these
cyclizations are generally referred to the so-called
“Mannich reaction”. The nature of the nucleophile (an
enol for the Mannich reaction, a simple double bond,
an allylsilane, ...) displays however a quite important
role in the cyclization process and more importantly
in the stabilization of the cyclized moiety, and will
therefore influence the stereochemical outcome of the
reaction. The structure of the iminium must also be
taken into account in such a cyclization as well (vide
supra).

The formation of a single piperidine ring and fused
and bridged bicyclic rings will be presented sepa-
rately.

6.1.1.2.1. From Acyclic Precursors. Simple endo
cyclizations on iminiums leading to the formation of
single piperidine rings has only been scarcely re-
ported. With an enol group, an enol ether, or a ketal
as the nucleophile, the reaction has been reported so
far only with protonated imines as reactive interme-
diates, and was shown to be highly diastereoselective
in the preparation of 2,6-dialkylpiperidine deriva-
tives.197

The diastereoselective synthesis of single piperi-
dine rings via a double bond, a vinyl, and an allyl-
silane cyclization onto iminium ions has attracted
much more attention. The stereochemical outcome of
the cyclization can be rationalized via the chairlike
iminium intermediates 335 and 336 (Scheme 112).
Analysis of steric (or stereoelectronic) effects of
substituents in each particular structure will then
enable the prediction or explanation of the observed
stereoselectivity of the cyclization.

High asymmetric induction, mainly governed by
allylic 1,3-interactions, is usually observed with the
formation of trans-2,6-dialkylpiperidines198 (in con-
trast to the imine series, which mainly gives cis
compounds197).

With enantiopure starting material, the possibility
of a competitive aza-Cope reaction must be carefully
examined since partial or total racemization may be
observed. The structure of the starting material is

Scheme 110 Scheme 111

Scheme 112
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essential. It has been recently pointed out that the
N-tosylallylglycine 339 leads to the pipecolic acid
derivative 340 without racemization199 whereas the
cyclization of 2-alkylbutenamine 341 occurs with
important racemization (Scheme 113).200

This difference could be explained by the difficulty,
in the first example, to form an iminium R to the
ester group through a 3,3-sigmatropic rearrange-
ment.199

Extensive work from Overman,201 and more re-
cently by Mariano,202 allows some rationale in the
occurrence of the aza-Cope reaction and its detri-
mental effect on the stereochemical integrity in the
reaction of enantiomerically pure compounds. In the
case of an allyl- or vinylsilane-iminium ion cycliza-
tion, the stabilization of the carbocation would allow
a more rapid reaction to avoid the undesired 3,3-
sigmatropic rearrangement. Indeed, careful examina-
tion of the electrophilic cyclization of enantiomeri-
cally pure (Z)-vinylsilane 343 did not reveal any
racemization by reaction with iminium ions gener-
ated through various methods (Scheme 114).198b

However, some racemization (ca. 30%) has been
reported for cyclization of 343a using paraformalde-
hyde in the presence of p-TsOH-H2O.

Allylsilane cyclization of iminium ions generated
by oxidative elimination of TMS group were found
to occur with partial or total epimerization (Scheme
115).202 This side reaction could be suppressed when
the reaction was conducted from the corresponding
N-benzoyl 345b derivative, involving the cyclization
of an acyliminium ion.

This undesired racemization through the aza-Cope
reaction only exists if the chiral center is part of the

ring which is formed, as in the previous examples.
The use of a chiral auxiliary external to the piperi-
dine ring has been examined. A moderate chiral
induction was obtained in the cyclization of the in
situ generated iminium ion from aldehyde 348 and
amine 349 (Scheme 116).203

On the contrary, a stereoselective cyclization could
be acheived upon (TMSOTf) treatment of oxazolidines
351 and 353 (Scheme 117).204 In this case, the

stereoselectivity of the cyclization was mainly con-
trolled by the external stereogenic center since 351
gave the piperidine 352 with 80% de, while 353 gave
354 with excellent 92% de.

The chiral center was also external in the example
depicted in Scheme 118, but a moderate selectivity

was then observed. The internal trapping of the
carbonium intermediate allowed the sole isolation of
the cis-4-hydroxypipecolic acid derivatives 356 and
357 (Scheme 118).205

6.1.1.2.2. From Cyclic Precursors. Numerous re-
ports can illustrate this cyclization. As in the case of
five-membered ring cyclization, the occurrence of the
aza-Cope side reaction associated with racemization

Scheme 113
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processes will be strongly dependent on the relative
stability of the starting and final iminium ions, as
depicted in Scheme 119. It was reported, in an

elegant asymmetric synthesis of yohimbone, that
when optically pure â,γ-enone 358 was treated with
methanolic formaldehyde, 359 was obtained with
75% yield but with complete racemization (Scheme
119). Conformational change and ene-type reaction
of rearranged iminium 361 could occur to give non-
diastereoselective cyclization. On the contrary, when
alcohol 362 (6/4 mixture of epimers) was treated
under the same conditions, a 6/4 mixture of diaster-
eomers 363, only differing by their configuration at
the C-hydroxyl center, was obtained.206

The preparation of the tricyclic lactam 365 (Scheme
120) in the synthesis of daphniphyllum alkaloids by

Heathcok and co-workers is an excellent example (in
racemic series) of the power of such methodology in
the synthesis of complex alkaloids. Two new rings
were formed in a total diastereomeric fashion by the
acidic treatment of keto amide 364.207

In a recent report on the enantioselective synthesis
of trans-6-substituted pipecolic acids, the reactivity
of â-amino alcohols having a vinyl- or allylsilane
terminator toward glyoxal was examined. The vinyl-
silane cyclization of morpholinone 366 occurred to
give the bicyclic lactone 370 without racemization
(Scheme 121).208 This could be the result of a direct
cyclization or of a tandem aza-Cope/allylsilane addi-
tion, since the aza-Cope rearrangement could gener-
ate a new chiral center (R to silicon in 369) which
could induce a rapid diastereoselective allylsilane
cyclization.

The corresponding allylsilane cyclization of 371 in
the presence of glyoxal gave 372 in good yield without
noticeable loss of optical purity (Scheme 122). Com-
pound 373 could not cyclize and furnished 374, which

was supposed to be the result of the hydrolysis of the
aza-Cope-rearranged iminium ion.

The asymmetric synthesis of several bicyclic alka-
loids was obtained through stereoselective allylsilane
iminium ion cyclization.209-211 The presence of a first
chiral center on the starting material allowed a good
2,6-induction as in the cyclization of 375a to 376
(Scheme 123) on the way to the preparation of (-)-

lasubine.210 It is worth noting that the same au-
thors211 reported the cyclization of 375b to 377 as the
major product.

Cyclization with vinylsilane has been extensively
studied.212 Overman and co-workers developed ste-
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reoselective strategies devoted to the preparation of
several dendrobatid alkaloids of the pumiliotoxin
class,212a-c which are interesting bioactive substances.
Electrophilic cyclization with triple bonds as termi-
nator functions was also used212,213 to reach a control
of the E/Z geometry of the exo double bond.

Chiral induction could also be observed with a
stereogenic center external to the formed six-mem-
bered ring. The formation of bicyclic compounds was
generally accomplished with a good diastereoselec-
tivity. In a work devoted to the asymmetric access
to morphinanes, Hudlicky and co-workers described
the BF3‚OEt2-catalyzed cyclization of 378 to give the
perhydroisoquinoline derivative 379 as a single iso-
mer (Scheme 124).214

Chiral perhydroisoquinolines were also formed
from chiral allylsilane215 and O-silylated allylic al-
cohol. In this last case, a Prins-pinacolic-type reaction
allowed the termination of the cationic cyclization
(Scheme 125). The use of enantioenriched cyclohex-
enols 380 furnished the trans-decahydroquinolines
383 with excellent diatereoselectivity (20/1).216

Stereoselection was explained by a preferential
cyclization of the (E)-N-acyliminium 381 in which A1,3

interactions were minimized and approach was from
the cyclohexene face opposite the bulky silyl group.
Both the yield and enantioselection were improved
by use of the more acid stable and bulky TBDPS
group.

An enantioselective approach to quinolizidine al-
kaloids has been described by N-acyliminium ion
cyclization. When (Z)-vinylsilane 384 was treated
with TFA at 0 °C for 2 h, the condensation proceeded
smoothly to provide the quinolizidine 385 in 72%
yield as the only isolated product (Scheme 126).217 A
similar iminium ion-acetylene cyclization gave the
corresponding ketone by treatment with formic acid,
and the same trans relative configuration was ob-
tained for the unique compound formed.217

The tricyclic core of the nonchiral ladybug alkaloid
precoccinelline (387) (Scheme 127) has been formed

by a Mannich reaction of trans-2,6-dialkylated pip-
eridine 386.218 The high diastereoselectivity observed
with this cyclization was brought about by the
tricyclic system.

6.1.1.2.3. Formation of Polycyclic Bridged Com-
pounds. The formation of bridged compounds through
an iminium cyclization is a very attractive process.
Starting from an optically pure compound bearing an
adequately substituted side chain R to a nitrogen
atom and a potential iminium ion, a bridged com-
pound would be expected with complete stereoselec-
tivity. In such a cyclization, the need for an axial
position of the arm bearing the nucleophilic function
avoids stereoselectivity problems or racemization
processes via an aza-Cope reaction.219 This strategy
has been used by Rapoport in an asymmetric syn-
thesis of epibatidine. Pyrrolidine 388 (Scheme 128)

was treated by (COCl)2 to give, upon heating, a
decarbonylation which led to the iminium ion, which
was cyclized to the 2,4-disubstituted tropanes 389a
and 389b.220,52b

The cyclization of an enone on N-acyliminium, first
reported by the group of Speckamp, has been applied
to the chiral alkyliminium ion derived from 390 in
the asymmetric synthesis of ferruginine (Scheme
129).221 The cyclization proceeded smoothly to give
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the bridged enone 391 in good yield accompanied
with some amount of the chloro derivative 392.

A very similar reaction was reported with acylimin-
ium222 or alkyliminium ions.219,221,223 In the synthesis
of (-)-euphococcinine, the bridged bicyclic skeleton
was obtained by addition of a Grignard reagent on
aminonitrile 393 (Scheme 130). The resulting meth-

ylated oxazolidine 394 was the precursor of the
iminium ion onto which the enol ether was cy-
clized.224

A double Mannich reaction (using three compo-
nents) was recently reported among chiral cyclic
ketone 396, methylamine, and formaldehyde, to give
the bridged spartein-like compound 397 (Scheme
131).225 Unfortunately, a severe racemization was
observed during this process, most likely through a
retro-Michael reaction.

6-endo cyclizations have been frequently used in
indole alkaloid synthesis.226 Martin and co-workers
recently reexamined the existence of a biogenetic
pathway directed to the sarpagan indole alkaloid
family through the very nice cyclization shown in
Scheme 132.226b

Another interesting reaction has recently been
described by Pedrosa and co-workers.227 The stereo-
selective synthesis of [2.2.1]azabicycloheptane 401
was realized from a linear iminium intermediate
(Scheme 133). In this reaction, an olefine cyclized
onto an iminium ion, and the termination of the
reaction was the trapping of the carbonium ion by
an organometallic species.

6.1.2. exo-Mode Cyclization
As with the 5-exo cyclizations, 6-exo cyclizations

have been less described than their 6-endo counter-
parts. They can however proceed in an efficient
manner, even with acyclic iminiums, as reported by
Schneider and Reese (Scheme 134).228

The cyclization described for the formation of 6,6-
or 6,5-spirolactams has been adapted to the case of
the 5,6-skeleton of the marine alkaloid lepadiform-
ine.229 Under acidic conditions, carbinolamide 404
cyclized to furnish a single diastereomer in 52% yield
(Scheme 135). The stereoselectivity was explained by

the attack of the allylsilane on the less hindered face
of the acyliminium intermediate. Spirocyclization can
also occur efficiently using a linear dienic precur-
sor.230

An intramolecular trapping of the transient car-
bocation has been described on a similar spirocycliza-
tion (Scheme 136).231 Interestingly, the E isomer
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hydroxylactam 408 led to 5,6-spirocyclic compound
409 as a single isomer, whereas the corresponding Z
isomer 410 led to 5,5-spirolactam 411 in quantitative
yield.

Intramolecular Mannich reaction has been re-
ported from N,O-acetal 412. Only BBr3 promoted the
ring closure, whereas SnCl4, BF3‚Et2O, or Me3Al
typically returned to the aldehyde precursor of 412
(Scheme 137).232

6-exo cyclizations involving aromatic nucleophiles
have been reported. The stereoselectivity of the ring
closure leading to 415 was moderate with acyclic
iminium reactive species,233 whereas a single di-
astereomer (417) was obtained from cyclic intermedi-
ates (Scheme 138).234

The stereochemical outcome of the cyclization of
imidazole derivatives proved to be quite sensitive to
the substitution pattern of the heterocyclic ring, as
depicted in Scheme 139.235

The use of indole derivatives as nucleophiles in
6-exo cyclizations has also been reported. For ex-
ample, a stereoselective access to the general skeleton
of dasycarpidone-type indole alkaloids is based on
such a ring closure (Scheme 140).236

Interestingly, starting from a diastereomeric mix-
ture of compounds 423, the enamine-iminium equi-

librium during the cyclization process enables the
control of the configuration of the C-20 center.

6.2. Cyclization Leading to Six-Membered Rings
by Formation of a C−Heteroatom Bond

6.2.1. endo-Mode Cyclization
The 6-endo iminium ion cyclization with nucleo-

philic heteroatoms such as O, S, or N leads, respec-
tively, to 1,3-oxazine, 1,3-thiazine, or hexahydropy-
rimidine. These heterocycles are stable equivalent
forms of the corresponding iminium ions. As for the
five-membered heterocycles (oxazolidines, thiazo-
lidines, and imidazolines), the addition of the het-
eroatom to the iminium ion is a reversible process
and the heterocycle is generally obtained as a ther-
modynamic product. The rules which govern the
configuration of the newly created centers are based
on the relative stability of each possible diastereomer
and rely on the classical steric interactions in the six-
membered ring and the stereoelectronic effects.237

6.2.1.1. Oxygen Nucleophile. The formation of
such heterocycles is a very easy process. In some
attempts to perform a Mannich reaction, oxazine 426
was obtained through the O-cyclization of the keto
group as in the preparation of myrrhine shown on
Scheme 141.238 The Mannich product could usually
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be attained through C-alkylation by a more acidic
treatment of the transient oxazine.

In a novel approach to the allopumiliotoxin A
alkaloids, Overman and co-workers reported the
access to oxazines 430 (Scheme 142) by displacement

of the CN group of the aminonitrile function. The
oxazines 430a,b were used as iminium ion equiva-
lents in iodide-promoted iminium ion-alkyne cy-
clization, improving thus the preparation of this type
of alkylidene-indolizidine skeleton.239

Isomeric pyrrolooxazine 434 was also reported by
cyclization of an allylic hydroxyl group onto the
acyliminium ion derived from phthalimide 433.240 In
this case, the configuration at the chiral center which
was formed in 434 was not assigned but is likely to
be S (R-H) as depicted in Scheme 143.

The oxazine ring is particularly stable when fused
with a four-membered â-lactam ring. Lewis acid
treatment of compound 435 (Scheme 144) gave an
easy access to oxacepham precursor 436.241

The reaction was highly diastereoselective and
used with various alkoxyazetidinones, offering a
straightforward entry to oxacepham derivatives.242

An extensive study of this reaction showed the
possible cyclization from ether derivatives. A par-
ticularly high yielding reaction was pointed out for
ethers of enhanced nucleophilicity such as p-meth-
oxybenzyl ether.242b Application of this reaction to

solid-phase synthesis allowed the diastereoselective
preparation of 1-oxacepham 438 (Scheme 145) using
a very efficient cyclization/cleavage approach.242c

An interesting cyclization was observed when
imine 439 derived from menthone was reacted with
malonic acid in acetic anhydride (Scheme 146). Two

stereomeric oxazinediones (440 and 441) were re-
ported to be formed without indication about the
diastereoselectivity, but most likely through an
acyliminium intermediate.243

As for the oxazolidines, the oxazines can be pre-
pared by condensation of an amino alcohol and an
aldehyde. Several chiral 1,3-amino alcohols such as
442 or 444 (Scheme 147) were condensed using
various experimental conditions, in very high di-
astereoselectivities.244

Oxazines were also obtained by amine oxidation
of a suitable amino alcohol.245 Hydroxyacylindole 446
(Scheme 148) was found to be prone to oxidation at
the position R to the nitrogen of the pyrrolidine ring,
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enabling an easy transformation of 446 to oxazine
447 in 81% yield.245a

As already mentioned, anodic oxidations of amides
or carbamates are suitable methods for generating
iminium ions. If several nitrogen atoms are present
in the substrate, the regioselectivity of oxidation
emerges as a crucial problem. It was found that the
use of a silyl group could solve this chemoselectivity
problem.245e

Amine oxidation of amino alcohols has also been
realized using mercury(II) acetate or diethyl azodi-
carboxylate (Scheme 149). Thus, (S)-3-piperidyl-1-

phenylpropanol (448) was diastereoselectively con-
verted to oxazine 449 in 62% yield.245c In another
example of amine oxidation, diethyl azodicarboxylate
oxidative dehydrogenation of the tetrahydropyridine
dimer 450 gave dehydrobisoxaquinolizidine 451
(Scheme 149) in 53% yield, in an elegant biomimetic
synthesis of (-)-xestospongin A.245b

6.2.1.2. Sulfur Nucleophile. Bicyclic derivatives
of 1,3-thiazine have been recently found of interest
as peptidomimetics, and different strategies to attain
aldehydic precursors involved in the cyclization de-
picted in Scheme 150 have been designed.246

Among them, the hydroformylation of allyglycine
derivative 452 appears a very attractive method,
leading to high yield and complete diastereoselective
transformations.246b The preparation of 1,3-thiazine
454 (Scheme 151) was achieved in an efficient two-
step sequence. Similarly, the method was applied to

the preparation of 1,3-oxazines, or hexahydropyrim-
idines for which a one-pot procedure was feasible.

Chiral thiazines can be obtained by the condensa-
tion of aldehydes and aminothiols. Homocysteine, the
most commonly available 1,3-aminothiol, has been
condensed with chiral aldehyde 455 to give NH-
thiazine 456 via imine cyclization as a mixture of
diastereomers (Scheme 152). Under thermal reaction

conditions, only the spirobicyclic lactam diastereomer
457 was obtained through a ring opening and recy-
clization onto the transient N-acyliminium.247

Stereoselective condensation was achieved starting
from chiral amines. Preparation of thiazidinones 459
was proposed through a solid-phase synthesis al-
though in low yield and without stereoselectivity
(Scheme 153).248

6.2.1.3. Nitrogen Nucleophile. The condensation
of 1,3-diamines or 1,3-aminoamides with an aldehyde
can provide the hexahydropyrimidine skeleton: ben-
zodiazepine 460 gave rise stereoselectively to the
bridged compound 461,249 while amide 462 gave the
pyrimidoisoquinoline 463 as a single product (Scheme
154).250

Efforts were made to access chiral hexadropyrim-
idines as starting material for the asymmetric syn-
thesis of â-amino acids. â-Amino acid derivative 465
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was condensed with pivalaldehyde to give predomi-
nantly the cis diastereomer 466b, a valuable precur-
sor in the enantioselective synthesis of other â-amino
acids (Scheme 155).251

Tetraponerines are defensive ant alkaloids pos-
sessing an interesting and rare tricyclic pattern
including a hexahydropyrimidine ring. Several ef-
ficient strategies based on iminium ion cyclization
have been proposed for the synthesis of these com-
pounds. The cylization on the acyliminium generated
from the corresponding imide 467 offered an easy
entry to tetraponerine 468 (Scheme 156).252

An efficient method was developed which allowed
the asymmetric preparation of all eight natural
products.253 In this synthesis, a cross condensation
between two different amino aldehydes was used to
construct, in a one-pot procedure, the skeleton of the
alkaloids. Enantiopure protected aldehyde 469 and
commercially available protected aminobutanal
(Scheme 157) were condensed in acidic medium to

give successively two iminium ions which were
trapped intramolecularly by an amine and intermo-
lecularly by a cyanide ion to give 470 in high yield.
The reaction was totally diastereoselective. Once
again, the stereoselectivity was the result of a series
of equilibria leading to the most stable compound.

Recently, an elegant asymmetric accesss to pro-
tected diamine 471 has been described (Scheme 158).
This diamine was conveniently cyclized through the
formation of an iminium to give tetraponerine 472

in high yield and as a single diastereomer. The
preparation of all the alkaloids of the series was also
decribed in this paper.246a

6.2.2. exo-Mode Cyclization
Although this cyclization is a favored process, quite

a few examples in the asymmetric series have been
reported.

6.2.2.1. Oxygen Nucleophile. In general, oxida-
tion R to the nitrogen of a 1,5-amino alcohol is able
to promote the cyclization to a tetrahydropyran ring.
This was proven to be possible (Scheme 159) by the
oxidation of amino alcohol 473 to morpholine deriva-
tive 474 using a photoinduced electron transfer.254

A single tetrahydropyran ring was found to be
formed through oxygen cyclization onto the proto-
nated imine 475, giving a 40/60 cis/trans mixture of
isomers 476 and 477 (Scheme 160). Each isomer
could be isolated but gave back the same mixture in
the presence of (TMSOTf).255

The stereochemical control of the cyclization was
different in the reaction involving an iminium ion
(and governed by allylic interactions) and not a
protonated imine as in the precedent case. Photo-
chemical oxidation of amide 478 was followed by a
homolytic benzylic cleavage and led to the acylimin-
ium ion, which cyclized to give 479 in 67% yield and
excellent diastereoselectivity (trans/cis ) 19/1). The
same result was obtained starting from a 1/1 epimeric
mixture of lactams (Scheme 161).256 This highly
stereoselective process was attributed to the en-
hanced allylic strain in conformer 480b relative to
480a.

6.2.2.2. Nitrogen Nucleophile. In the synthesis
of rac-aspidospermidine, it was shown that the
partial reduction of δ-lactam 481 allowed the forma-
tion of an iminium ion which cyclized to naphthyri-
doindole 483 (Scheme 162). In this case, the nitrogen
of indole acted as a nucleophile without competition
with the C-3 nucleophilic carbon of the indole ring.257

This result contrasted with the behavior of desethyl
compound 482, which gave a mixture of compounds
484a and 484b resulting from N- and C-cyclization.
As expected, the pyridocarbazole derivative 484b was
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the most stable compound, and C-C cyclization was
obtained by aqueous AcOH treatment of 482.

Similar examples (also in the racemic series) show-
ing the facile cyclization of the indolic NH have been
reported.258

7. Cyclization Leading to Seven-Membered Rings
Cyclization leading to seven-membered rings is a

facile process in the endo or exo mode. However, only
a few examples corresponding to this cyclization are
available due to much less occurrence of azepines
compared to piperidines or pyrrolidines as natural
product substructures.

7.1. Cyclization Leading to Seven-Membered
Rings by Formation of a C−C Bond

7.1.1. endo-Mode Cyclization

Successful 7-endo cyclizations of simple olefins on
N-acyliminium ions can be found in the literature.
They show the preference of 7-endo-endo vs 6-exo-
endo, which was not observed (without any stabiliza-
tion by a silyl group for instance).259 Thus, enamide
485 was cyclized by acid treatment followed by re-
esterification and NaI termination to give the 6 + 7
bicyclic compound 486 as one stereoisomer (in addi-
tion to a small amount of elimination product), while
no trace of quinolizidine 487 could be isolated (Scheme
163).259a

Cyclization of triple bonds has also been reported
to form simple azepines from acyclic precursors260 or
piperidinoazepine from piperidine precursors.261

Interestingly, the intramolecular addition of aro-
matic species on N-acyliminiums to form the ben-
zoazepine ring, which could be referred to as a

Pictet-Spengler reaction, has been quite frequently
described. For example, the 5 + 7 + 6 tricyclic system
of compound 489 was the result of the acid treatment
of potential N-acyliminium ion 488. Good regioselec-
tivity (7/1) and diastereoselectivity (4/1) was observed
for this cyclization (Scheme 164).262

The reaction starting from the corresponding indole
derivative and leading to indoloazepine has also been
reported.263

This cyclization mode was chosen as a very efficient
method to construct dipeptide mimetics264 or original
heterocycles.265 Thus, acidic treatment of 490 (Scheme
165) followed by re-esterification gave the optically

pure benzhydryl ester 491 in 77% yield. The excellent
stereoselectivity may be a result of a preferred
equatorial conformation of the phthalimide moiety
in the acyliminium intermediate.

A similar Pictet-Spengler-type reation was re-
ported for the construction of a bridged compound.
The potential iminium ion 492, obtained by phenyl-
magnesium bromide treatment of the corresponding
imide, cyclized after acidic treatment to give the
bridged compound 493 in 48% yield (Scheme 166).266
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Finally, this type of cyclization was used for the
construction of bridged compounds in the synthesis
of natural compounds such as anatoxine267 and
pinnamine.268 In these syntheses, the nucleophilic
part may be an acetonyl group as with 494 (Scheme
167),267c-e a keto ester,268 an olefin,267f or an R,â-
unsaturated ketone,267a,b which allowed the direct
introduction of this function present in anatoxine.

7.1.2. exo-Mode Cyclization

This mode is illustrated by the cyclization of
2-propynylsilanes 496 reported by Speckamp and
Hiemstra some years ago (Scheme 168).269

The reaction was found to be successful with allene
derivative 498,270 and the method was applied to the
synthesis of (+)-gelsedine.271 In this synthesis the
required iodo product 499 was the result of cycliza-
tion promoted by formic acid in the presence of a
large excess of sodium iodide (Scheme 169).

7.2. Cyclization Leading to Seven-Membered
Rings by Formation of a C−Heteroatom Bond

7.2.1. endo-Mode Cyclization

As for the five- or six-membered rings, heteroatom
7-endo cyclization is an easy process. As an example,
dipeptide 501 was regioselectively oxidized by anodic
oxidation, to give bicyclic compound 502 in 52%
yield.272 The cyclization was highly diastereoselective
since only one isomer was isolated (Scheme 170).

The resulting product of condensation of a carbonyl
with an amine could be trapped in a 7-endo-mode
cyclization by an oxygen atom273 or a sulfur atom, as
shown in the intramolecular condensation of thiol
503 in acidic medium to form peptidomimetics 504
(Scheme 171).274

Reactions of diamino compounds with tricarbonyl
reagents leading to the formation of 5,5-, 5,6-, and
5,7-bicycles have been mentioned (see section 5.2.1.3).
Addition of glutamine to the vinyl tricarbonyl reagent
506 (Scheme 172) gave a “one-pot” access to the

bicyclic compound 507. Nevertheless, this reaction
was not so efficient in this seven-membered ring
series: 33% yield and no stereoselectivity (compared
to six-membered rings, which gave only one isomer
in 81% yield).275

7.2.2. exo-Mode Cyclization

A very interesting synthesis of an aza analogue of
artemisin is based on such a cyclization mode.
Transient aldehyde 508 resulting from the ozonolysis
of a vinylsilane was condensed to give the oxepane
ring 509 of the target product (Scheme 173).276

Another example of exo-mode cyclization was the
unexpected incorporation of Lawesson’s reagent into
the deoxyribose moiety of a nucleoside analogue. It
was suggested by the authors that an addition of the
reactive species of the reagent on substrate 510
promoted the sugar ring opening with formation of
iminium ion 511, which underwent nucleophilic
cyclization by the sulfur atom to give 512 (Scheme
174).277
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8. Cyclization to Eight and More Membered Rings
Cyclization to eight and more membered rings can

work in principle, since a lot of reactions involving
iminium as an electrophile can proceed easily in an
intermolecular manner. However, very few examples
of the stereoselective version of such ring closures
have been reported in the literature. Furthermore,
the creation of large rings is generally concomitant
with the formation of smaller ones, and has already
been treated in other parts (see, for example, Scheme
137, where a formal 8-endo cyclization has been
presented as a 6-exo closure).

8-endo cyclization has been reported from com-
pound 513, leading to bicyclic lactam 514 as a single
isomer (Scheme 175). Interestingly, a similar 6-endo
cyclization led to a 1/1 mixture of diastereomers
515.278

The formation of 10-membered heterocycles has
been described as a side reaction of 5-endo ring
closure.279 An interesting meso-specific condensation
has been reported from a racemic mixture of amido
alcohols 516 (Scheme 176). Racemic solutions of

reactants 516 underwent an acid-catalyzed dimer-
ization, leading to a meso ten-membered ring (518),
while optically pure solutions were inert under the
same conditions, leading to the expected oxazolidi-
none 517.

9. Conclusion
As described in this review, iminium ion cycliza-

tions have been employed as key strategic steps in
the stereoselective synthesis of numerous hetero-
cycles. Several factors contribute to the popularity
of such a process. This transformation enables the
creation of a large variety of structures, from three-
to more than eight-membered rings, with both endo-
and exo-mode cyclizations, and in most of the cases
with a good control of regio- and stereoselectivity.
Another reason for this success derives from the
possibility of using a large range of nucleophiles (σ,
π, aromatic, heteroaromatic) in ring closures, leading
to a huge variety of compounds. Not only chemical,
but also stereochemical, diversity can be achieved
using iminium ring closures, since in some cases the
stereochemical outcome of the cyclizations can be
tuned with few reaction condition variations (kinetic
or thermodynamic control). Like many reactions
involving cationic intermediates, iminium cycliza-
tions can lead in a single operation to the formation
of complex polycyclic structures in a predictable
stereocontrolled manner, through sigmatropic rear-
rangements and/or cascade processes. Last but not
least, all the chemical arsenal developed for the
generation of iminiums from easily available precur-
sors enables these transformations to occur on func-
tional substrates, in reproducible and scalable man-
ner.

Although most of the reactions presented in this
review have been involved in natural product syn-
theses (especially in the field of alkaloids) or in the
preparation of bioactive derivatives, it is clear that
iminium cyclization could also play a growing role
in the future in the field of diversity-oriented syn-
thesis, especially if one includes stereochemical as-
pects.
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(183) Oppolzer, W.; Bienaymé, H.; Genevois-Borella A. J Am. Chem.
Soc. 1991, 113, 9660.

(184) Fontaine, H.; Baussanne, I.; Royer, J. Synth. Commun. 1997,
27, 2817.

(185) Katritzky, A. R.; Metha, S.; He, H.-Y. J. Org. Chem. 2001, 66,
148.

(186) Garcı́a, E.; Arrasate, S.; Ardeo, A.; Lete, E.; Sotomayor, N.
Tetrahedron Lett. 2001, 42, 1511.

(187) Grigg, R.; Thornton-Pett, M.; Yoganathan, G. Tetrahedron 1999,
55, 8129.

(188) (a) Zawadzka, A.; Leniewski, A.; Maurin, J. K.; Wojtasiewicz,
K.; Czarnocki, Z. Org. Lett. 2001, 3, 997. (b) Zawadzka, A.;
Leniewski, A.; Maurin, J. K.; Wojtasiewicz, K.; Siwicka, A.;
Blachut, D.; Czarnocki, Z. Eur. J. Org. Chem. 2003, 2443.

(189) Corey, E. J.; Gin, D. Y. Tetrahedron Lett. 1996, 37, 7163.
(190) (a) Brown, R. T.; Dauda, B. E. N.; Jameson, S. B.; Santos, C. A.

M. Tetrahedron Lett. 2000, 41, 8861.
(191) (a) Danieli, B.; Lesma, G.; Mauro, M.; Palmisano, G.; Passarella,

D. Tetrahedron 1994, 50, 8837. (b) Ihara, M.; Taniguchi, N.;
Fukumoto, K. J. Chem. Soc., Perkin. Trans. 1 1997, 365. (c)
Kametani, T.; Suzuki, T.; Sato, E.; Nishimura, M.; Unno, K. J.
Chem. Soc., Chem. Commun. 1982, 1201.

(192) Lee, Y. S.; Cho, D. J.; Kim, S. N.; Choi, J. H.; Park, H. J. Org.
Chem. 1999, 64, 9727.

(193) Ducrot, P.; Thal, C. Tetrahedron Lett. 1999, 40, 9037.
(194) Wee, A. G.; Yu, Q. Tetrahedron Lett. 2000, 41, 587.
(195) Wee, A. G.; Yu, Q. J. Org. Chem. 2001, 66, 8935.
(196) Corey, E. J.; Gin, D. Y.; Kania, R. S. J. Am. Chem. Soc. 1996,

118, 9202.
(197) (a) Ripoche, I.; Gelas, J.; Grée, D.; Grée, R.; Troin, Y. Tetrahedron

Lett. 1995, 36, 6675. (b) Ripoche, I.; Bennis, K.; Canet, J.-L.;
Gelas, J.; Troin, Y. Tetrahedron Lett. 1996, 37, 3991. (c) Ripoche,
I.; Canet, J.-L.; Gelas, J.; Troin, Y. Eur. J. Org. Chem. 1999,
1517. (d) Ciblat, S.; Besse, P.; Canet, J.-L.; Troin, Y.; Vescham-
bre, H.; Gelas, J. Tetrahedron: Asymmetry 1999, 10, 2225. (e)
Ciblat, S.; Besse, P.; Papastergiou, V.; Veschambre, H.; Canet,
J.-L.; Troin, Y. Tetrahedron: Asymmetry 2000, 11, 2221. (f)
Ciblat, S.; Canet, J.-L.; Troin, Y. Tetrahedron Lett. 2001, 42,
4815. (g) Carbonnel, S.; Fayet, C.; Gelas, J.; Troin, Y. Tetrahe-
dron Lett. 2000, 41, 8293. (h) Rougnon Glasson, S.; Canet, J.-
L.; Troin, Y. Tetrahedron Lett. 2000, 41, 9797. (i) Carbonnel, S.;
Troin, Y. Heterocycles 2002, 57, 1807.

(198) (a) Yang, T.-K.; Teng, T.-F.; Lin, J.-H.; Lay, Y.-Y. Tetrahedron
Lett. 1994, 35, 3581. (b) Castro, P.; Overman, L. E.; Zhang, X.;
Mariano, P. S. Tetrahedron Lett. 1993, 34, 5243.

(199) Rutjes, F. P. J. T.; Veerman, J. J. N.; Meester, W. J. N.;
Hiemstra, H.; Schoemaker, H. F. Eur. J. Org. Chem. 1999, 1127.

(200) Veenstra, S. J.; Hauser, K.; Schilling, W.; Betschart, C.; Ofner,
S. Bioorg. Med. Chem. Lett. 1996, 6, 3029.

(201) Overman, L. E. Acc. Chem. Res. 1992, 25, 352.
(202) (a) Khim, S. K.; Wu, X.; Mariano, P. S. Tetrahedron Lett. 1996,

37, 571. (b) Wu, X.-D.; Khim, S.-K.; Zhang, X.; Cederstrom, E.
M.; Mariano, P. S. J. Org. Chem. 1998, 63, 841.

(203) Miguel, D.; Diez, A.; Blache, Y.; Luque, J.; Orozco, M.; Remuson,
R.; Gelas-Mialhe, Y.; Rubiralta, M. Tetrahedron 1995, 51, 7527.

(204) Cellier, M.; Gelas-Mialhe, Y.; Husson, H.-P.; Perrin, B.; Remuson,
R. Tetrahedron: Asymmetry 2000, 11, 3913.

(205) (a) Skiles, J. W.; Giannousis, P. P.; Fales, K. R. Bioorg. Med.
Chem. Lett. 1996, 6, 963. (b) Gillard, J.; Abraham, A.; Anderson,
P. C.; Beaulieu, P. L.; Bogri, T.; Bousquet, Y.; Grenier, L.; Guse,
I.; Lavallée, P. J. Org. Chem. 1996, 61, 2226.

(206) Meyers, A. I.; Miller, D. B.; White, F. H. J. Am. Chem. Soc. 1988,
110, 4778.

(207) (a) Heathcock, C. H.; Davidsen, S. K.; Mills, S.; Sanner, M. A.
J. Am. Chem. Soc. 1986, 108, 5650. (b) Heathcock, C. H.;
Davidsen, S. K.; Mills, S.; Sanner, M. A. J. Org. Chem. 1992,
57, 2531.

(208) (a) Agami, C.; Comesse, S.; Kadouri-Puchot, C. J. Org. Chem.
2002, 67, 2424. (b) Agami, C.; Bihan, D.; Hamon, L.; Puchot-
Kadouri, C. Tetrahedron 1998, 54, 10309. (c) Agami, C.; Comesse,
S.; Kadouri-Puchot, C. J. Org. Chem. 2000, 65, 4435.

(209) Chalard, P.; Remuson, R.; Gelas-Mialhe, Y.; Gramain, J.-C.;
Canet, I. Tetrahedron Lett. 1999, 40, 1661.

(210) Chalard, P.; Remuson, R.; Gelas-Mialhe, Y.; Gramain, J.-C.
Tetrahedron: Asymmetry 1998, 9, 4361.

(211) Gardette, D.; Gelas-Mialhe, Y.; Gramain, J.-C.; Perrin, B.;
Remuson, R. Tetrahedron: Asymmetry 1998, 9, 1823.

(212) (a) Overman, L. E.; Bell, K. L.; Ito, F. J. Am. Chem. Soc. 1984,
106, 4192. (b) Overman, L. E.; Lin, N.-H. J. Org. Chem. 1985,
50, 3669. (c) Lett, R. M.; Overman, L. E.; Zablocki, J. Tetrahedron
Lett. 1988, 29, 6541. (d) Tietze, L. F.; Wünsch, J. R.; Noltemeyer,
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