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Glyoxylic acid and its derivatives are versatile ester-substi-
tuted aldehyde equivalents that can be used efficiently to
generate precursors for reactive cationic intermediates such
as iminium ions, N-acyliminium ions, N-sulfonyliminium
ions, and oxycarbenium ions. These intermediates have been
extensively used for the synthesis of (cyclic) α-amino acid
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and α-alkoxyester derivatives. The research presented in this
review is largely dedicated to the evaluation of the scope and
limitations of glyoxylate-derived cationic intermediates in in-
tra- and intermolecular reactions with suitable nucleophiles.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

1. Introduction

Glyoxylic acid (1)[1] is a reactive aldehyde, which is stable
(and commercially available) in its hydrated form 2. When
applied in organic reactions, the acid is often protected as
an ester, with the aldehyde present variously as such (3), as
the corresponding acetal 4, or as a hemiacetal 5. The esters
3, for example, are conveniently prepared by ozonolysis of
a double bond (usually of the corresponding maleate or fu-
marate ester)[2] or oxidative cleavage of tartrate esters.[3]
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Straightforward acid-mediated acetalization of the aldehyde
function provides the acetals 4. Methyl hemiacetal 5 is pro-
duced on an industrial scale at DSM (Linz, Austria) by
ozonolysis of dimethyl maleate in methanol, followed by
hydrogenation in the presence of Pt.[4] The stable hemiacetal
is a synthetically useful glyoxylate derivative, somewhat
more reactive than the related acetal. Glyoxylates are usu-
ally stored in their hydrated or acetal forms, as the free alde-
hyde is rapidly transformed into a viscous liquid as a result
of polymerization. Both hydrates and hemiacetals of glyox-
ylates can readily be converted into the reactive aldehyde
form by distillation from P2O5.[5] To prevent polymerization
of the free aldehyde, the compound has to be collected at
�78 °C and should be used directly after the distillation.
Finally, a number of immobilized derivatives of glyoxylate
(6) have been described more recently.[6]

Thanks to the reactive aldehyde functionality, glyoxylates
8 are susceptible to nucleophilic attack of heteronucleo-
philes, resulting in the corresponding acetal-type com-
pounds 9. This species is often a stable compound, which
can then be transformed into the corresponding alkoxy or
amino ester 12 by conversion of the hydroxy function into a
suitable leaving group (LG; 10), followed by acid-mediated
nucleophilic attack at the resulting carbocation 11.

Scheme 1

This sequence � either in one-pot reactions or in differ-
ent sequential steps � has been exploited by various groups,
using nitrogen and oxygen nucleophiles. In this overview,
we briefly summarize interesting recent examples that make
use of amine nucleophiles (resulting in Mannich-type ad-
dition reactions), but focus especially on applications in
which the less nucleophilic amides, sulfonamides, and al-
cohols have been applied. Use of these nucleophiles eventu-
ally results in the synthesis of amino and alkoxy acids by
C�C bond formation at the corresponding strongly electro-
philic N-acyliminium (11, X � NCOR2), N-sulfonylimin-
ium (11, X � NSO2R3), and oxycarbenium (11, X � O)
ion intermediates. Alternative approaches to these cationic
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intermediates not involving the use of glyoxylic acid deriva-
tives, such as the use of elimination/addition reactions of α-
bromoglycine[7] or addition reactions to N-acylimines,[7b,8,9]

also exist. The use of these types of α-cation equivalents[10]

is only briefly discussed here.

2. Addition Reactions of Amines

Because the combination of amines with glyoxylates may
give rise to a wide variety of different reactions (such as
Pictet-Spengler reactions[11] and reductive aminations),[12]

we will focus on some particularly interesting applications
of the sequence described above in multi-component reac-
tions.

A first example concerns the Ugi reaction, a multi-com-
ponent reaction in which a carboxylic acid, an amine, an
aldehyde, and an isocyanide react by initial condensation of
the aldehyde and amine to form an iminium ion, which is
then attacked by the isocyanide. Although there are only
few examples, glyoxylate has been used in this appli-
cation.[13] As shown in Scheme 2, ethylenediamine reacts
with glyoxylate derivative 5 to form the cyclic Mannich in-
termediate 13,[14] which then reacts in Ugi fashion to give
the product 14. The reaction proceeds for a variety of differ-
ent substituents in nearly quantitative yield.

Scheme 2

A recently developed multi-component reaction is the
Petasis reaction,[15] in which an amine, an aldehyde, and a
vinyl- or arylboronic acid are combined. Initial conden-
sation of the amine 16 and aldehyde 2, followed by delivery
of the boron substituent to the intermediate Mannich-type
intermediate, gives the coupling product. Application of
glyoxylic acid derivatives in this reaction proceeds smoothly
to produce the corresponding amino acids 17
(Scheme 3).[16]

Scheme 3

The same authors showed that this route may also pro-
vide enantiomerically pure amino acids by employment of
enantiopure (S)-phenylglycinol (19) as the amine
(Scheme 4).[17] The three-component coupling results in the
diastereomerically pure amino acid 20, which provides en-
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antiomerically pure homophenylalanine 21 upon hydro-
genolysis of the auxiliary.

Scheme 4

Yet another useful sequence � although not carried out
in a one-pot fashion � was reported by Risch and co-work-
ers.[18] Condensation of a secondary amine, benzotriazole,
and ethyl glyoxylate according to a procedure previously
established by Katritzky[19] gave rise to the aminals 23 in
good yields (Scheme 5). Lewis acid treatment, followed by
introduction of a range of aromatic nucleophiles gave the
arylglycine derivatives 24 in generally good to excellent
yields.

Scheme 5

3. Addition Reactions of Amides

Despite the significantly less nucleophilic natures of N-
acylamines relative to amines, they readily react with glyox-
ylate derivatives, thanks to the strongly electrophilic charac-
ter of the glyoxylate aldehyde function, to form stable N,O-
hemiacetals 27 (Scheme 6). This contrasts strongly with the
intermolecular addition of amides or carbamates to � less
electrophilic � ordinary aliphatic and aromatic aldehydes
(R3 � Ar or alkyl): the latter case is an equilibrium process
in which the formation of the desired adduct (26) is usually
disfavored. Treatment of amides or carbamates with glyox-
ylate often involves stirring with freshly prepared glyoxylate
(distilled from P2O5) at room temperature, giving the ad-
duct 27 in good yield. Alternative procedures in which the
free aldehyde is prepared in situ have also been developed.
One example involves heating of the glyoxylate hemiacetal
at reflux in benzene (with azeotropic removal of methanol)
in the presence of the nitrogen nucleophile.[20] A more soph-
isticated way was reported by Van Benthem et al.[21] In this
approach, the hemiacetal 5 was heated at reflux in CH2Cl2,
and MeOH was azeotropically removed from the reaction
mixture. The MeOH was trapped by molecular sieves (4
Å) in a Soxhlet apparatus to prevent polymerization of the
aldehyde on the aluminum silicate surface. CH2Cl2 ap-
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peared to be a superior solvent for this approach, which
may be due to the fact that the low boiling point of CH2Cl2
would allow a longer lifetime for the aldehyde in the reac-
tion mixture.[22]

Scheme 6

Transformation of the hydroxy group into an appropriate
leaving group can be carried out in different ways, includ-
ing: (a) acid-catalyzed methanolysis, resulting in the corre-
sponding N,O-acetal 28[20a] (b) acetylation with an acetylat-
ing agent (29),[23] (c) chlorination of 27 with SOCl2, re-
sulting in the corresponding chloro derivative 30,[20b] or (d)
chlorination of the methyl N,O-acetal 28 with PCl5.[20b]

The resulting products are all suitable precursors for the
(Lewis) acid mediated formation of the corresponding N-
acyliminium ion intermediates 31. Because of the strongly
electrophilic natures of these cations, they are reactive
towards a wide range of (weak) nucleophiles and therefore
constitute important intermediates for the formation of
C�C bonds.[24] The enormous potential of these intermedi-
ates can be illustrated with successful applications in the
synthesis of highly complex natural products.

3.1 Glyoxylates in Intermolecular N-Acyliminium Ion
Reactions

The first example of an intermolecular N-acyliminium
ion reaction with a glyoxylate-derived precursor was re-
ported in 1975.[20a] In that year, Ben-Ishai described the use
of N,O-hemiacetal 27 in the protic acid mediated N-acylimi-
nium ion addition of a variety of mercaptans (Scheme 7).

Scheme 7

The addition of mercaptans to N-acyliminium ion pre-
cursor 27 proceeded in a mixture of concentrated H2SO4

and acetic acid to afford the desired N,S-acetals 32 in good
yields. By a different approach, starting from N,O-acetal 28,
the N-acyliminium ion intermediate was generated with a
catalytic amount of 2-naphthalenesulfonic acid (NSA) in
refluxing 1,2-dichloroethane to give the corresponding
thioaminals in yields ranging from 68 to 92%.
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Analogously, the development of N-acyliminium ion re-

actions with glyoxylate-derived precursors was extended to
aromatic nucleophiles.[25] A wide range of aromatic nucleo-
philes (33�41) was successfully used in combination with
N,O-hemiacetal 27 as the N-acyliminium ion precursor in
concentrated H2SO4 to deliver the desired products in mod-
erate to excellent yields of 41�92%. In the case of the acid-
sensitive furan-derived nucleophiles 42 and 43, the reaction
conditions were changed. In these cases it turned out that,
when starting from N,O-acetal 28, the furan adducts were
obtained in 67 and 84% yields, respectively, in the presence
of the Lewis acid BF3·OEt2. Since then, aromatic nucleo-
philes have been extensively used in the synthesis of α-aro-
matic amino acids.[26]

Harding reported an extension of this principle in the
form of a diastereoselective addition of an aromatic nucle-
ophile to a glyoxylate-derived precursor (Scheme 8).[27] Op-
polzer’s auxiliary was used to prepare N,O-hemiacetal 27a
as a mixture of diastereoisomers. Subsequent treatment of
27a with BF3·OEt2 and anisole resulted in an essentially
quantitative yield of (R,S)-44 in a de of � 92%. The same
diastereoisomer was obtained when the reaction was per-
formed in H2SO4/AcOH, albeit with a slightly lower de of
82%.

Scheme 8

In addition to that of mercaptans and aromatic nucleo-
philes, the application of olefinic nucleophiles has been de-
veloped by Ben-Ishai.[28] Glyoxylate-derived N,O-acetal 28,
several styrene derivatives 45, and 2-naphthalenesulfonic
acid (NSA) were allowed to react to afford the substituted
vinylglycines 46 in good yields (Scheme 9). On the other
hand, use of the benzoyl-protected N,O-acetal 28a (R1 �
Ph) in combination with BF3·OEt2 afforded oxazine 47 as
the product. Both reactions were believed to occur through
a cycloaddition reaction, in which the protonated oxazine
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47 was generated as an intermediate. With the use of asym-
metric olefins, products 46 and 47 were obtained as (E)/(Z)
and cis/trans isomeric mixtures, respectively.

Scheme 9

Intermolecular N-acyliminium ion reactions between
N,O-hemiacetal 27 and olefins 45 resulted in the formation
of cis/trans mixtures of lactone 48, mostly in moderate
yields (Scheme 10). The reactions were performed in mix-
tures of concentrated sulfuric acid and dioxane, in which
the lactones were obtained after rearrangement of pro-
tonated oxazine intermediates (cf. the formation of 47).
Similar results were obtained by use of ethanethiol as the
leaving group.[29] Further applications of the cyclic com-
pounds 47 and 48 were investigated, particularly in the syn-
thesis of unsaturated α-amino acids.[28,30]

Scheme 10

Concentrated sulfuric acid is the most commonly used
acid and solvent for the N-acyliminium ion reaction of
N,O-hemiacetal 27. However, its use is limited to nucleo-
philes that are stable under these strongly acidic conditions.
In the cases of α-diketones and α-oxo esters, for example,
deacylation or decarboxylation of the desired products was
observed as a side reaction, and so milder reaction con-
ditions had to be found (Scheme 11).[31] MsOH, TFA, or
H2SO4/AcOH solvent mixtures proved to be sufficiently
acidic to generate the intermediate N-acyliminium ion,
while being mild enough to produce product 51. The de-
sired products were isolated as isomeric mixtures. The ap-
plication of α-diketones and α-oxo esters as nucleophiles
was also investigated in the N-acyliminium ion reaction be-
havior of glyoxylate-derived N-acyliminium ion precursor
28. Again, the stabilities of the nucleophile and the desired
product required the use of mild reaction conditions. Sev-
eral acids were tried, and the best results were obtained
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when the intermediate N-acyliminium ion was generated in
TFA or with BF3·OEt2 in CH2Cl2.

Scheme 11

The first example of the use of allyltrimethylsilane in a
reaction with a glyoxylate-derived precursor was reported
in 1988 (Scheme 12).[32] Substituted allylsilanes were also
successfully applied, resulting in the preparation of a wide
range of allylglycine derivatives 53.[33] In the case of the
N,O-acetal 28, the best results were obtained by use of
BF3·OEt2 as the Lewis acid, while in the case of chlorogly-
cine 30, SnCl4 gave the best results. Where appropriate, mix-
tures of diastereoisomers were obtained. Modifications of
this procedure involving silicon-based π-nucleophiles in-
clude the use of vinylsilanes,[34] alkynylsilanes and stan-
nanes,[35] cyclopentadienylsilane,[36] a menthyl ester as chiral
auxiliary,[37] cyclic N,O-acetals,[38] and β-lactam-derived
N,O-acetals.[39]

Scheme 12

Steckhan � who prepared the N,O-acetal 28a by electro-
chemical methoxylation rather than by using a glyoxylate
� was the first to report studies on the nucleophilic ad-
dition of an enamine, a silyl enol ether, and an enol acetate
to these compounds (Scheme 13).[40] Several reaction con-
ditions were evaluated, and the best results with the use of
enamine 54a were achieved in combination with TiCl4, the
anti diastereoisomer of 55 being obtained in yields of up to
90% and with de values of up to 86%. Silyl enol ether 54b
also gave its best results in combination with TiCl4. With
silyl enol ether 54b, the syn diastereoisomer was surprisingly
obtained as the major product, with de values of up to 38%.
Enol acetate 54c was much less reactive and only produced
the desired product in combination with BF3·OEt2 in a 50%
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Scheme 13

yield and a maximum of 31% de in favor of the anti isomer.
A more detailed study on the use of silyl enol ethers was

demonstrated in the synthesis of α-amino γ-oxo acids.[41] In
contrast to the use of bromoglycine (28, LG � Br),[42] the
generation of an N-acylimino acetate from chloroglycine 30
(by treatment with Et3N) and subsequent addition of silyl
enol ethers resulted only in low yields of the anticipated
product 57. This difference in reactivity was attributed to
the better leaving group ability of bromide with respect to
chloride. Interestingly, the use of N,O-acetal 28 as an N-
acyliminium ion precursor resulted in poor yields of the
desired product. Nevertheless, a range of α-amino γ-oxo ac-
ids 57 was prepared from chloroglycine 30 by the SnCl4-
mediated N-acyliminium ion reaction with silyl enol ethers
(Scheme 14). A particularly useful application of this ap-
proach was found in the synthesis of the natural product 5-
hydroxy-4-oxonorvaline (HON, 58). Fluorinated α-amino
γ-oxo acids were prepared in a similar fashion by McCar-
thy.[43]

Scheme 14

The scope of intermolecular N-acyliminium ion reactions
was also extended to α-methoxyglycinamide precursors
59.[44] The desired amides were obtained from N,O-acetal
28 and subsequently used in N-acyliminium ion chemistry
with allyltrimethylsilane (Scheme 15). Formic acid and
BF3·OEt2 were found to be the most efficient reagents for
the formation of the cationic intermediate. The reaction was
also performed with substituted allylsilanes and afforded
the products in reasonable yields and with low diastereosel-
ectivities. In some cases, the poor solubility and reactivity
of the amide precursors required an in situ silylation step
prior to the actual addition of a carbon nucleophile. More-
over, the obtained α-amino amides were subsequently used
in an enzymatic resolution process involving the use of
Pseudomonas putida whole cells to produce the correspond-
ing α-amino acids in enantiomerically pure form. Recently,
the scope of the N-acyliminium ion step was extended with
the use of a Weinreb amide-functionalized N,O-acetal (59a,
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R2 � OMe, R3 � Me).[45] In the latter case, the required
N,O-acetal 59a was obtained directly from a carbamate by
treatment with the Weinreb amide functionalized glyoxylate
derivative 61.

Scheme 15

The use of silyl enol ethers in the N-acyliminium ion re-
action with amide 59 was also investigated.[46] Unfortu-
nately, the desired reaction between N-methoxycarboxam-
ide 59b and silyl enol ethers failed completely, which then
resulted in the use of the in situ silylation approach de-
scribed above.

Interestingly, use of silylamide 62 in combination with
silyl enol ethers resulted in the formation of dihydropyrro-
lone 64 and, in the cases of reactive or unhindered silyl enol
ethers, in the formation of pyrrolidinones 65 in reasonable
yields (Scheme 16). The formation of these rather unexpec-
ted cyclic products was explained in terms of the interme-
diacy of the cyclic N-acyliminium ion 63, formed by attack
of the reasonably nucleophilic amide nitrogen atom at the
carbonyl group in the side chain. Comparable N-acylimin-
ium ion reactions of pyruvate-derived N,O-acetals with al-
lylsilanes and silyl enol ethers were also reported by the
same group.[47]

3.2. Glyoxylates in Intramolecular N-Acyliminium Ion
Reactions

In 1980, Ben-Ishai reported the first investigations
towards intramolecular N-acyliminium ion cyclization reac-
tions with glyoxylate-derived precursors.[48] However, the
intramolecular reaction between N,O-hemiacetal 27b and
an aromatic nucleophile appeared troublesome
(Scheme 17). The reason for the anticipated product 68 not
being formed was mainly attributed to the preferred s-cis
conformation of the ionic heterodiene 66, which disfavors
the endotrigonal cyclization step (67 � 68).
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Scheme 16

Scheme 17

A slight modification of the starting material resulted in
the cyclization precursor 69, which successfully reacted in
an endotrigonal fashion (Scheme 18).[49] The reaction with
glyoxylic acid (1) and the subsequent cyclization step were
performed in a one-pot fashion, which made this process
an extension of the Pictet-Spengler reaction of less reactive
aromatic systems. The amide carbonyl is not incorporated
into the newly formed ring and the interference of the pre-
ferred s-cis conformation of the amide bond is therefore less
pronounced, while the desired tetrahydroisoquinoline 71
was obtained in good yields. Ben-Ishai also reported the
extension of this methodology to the cyclization of dipep-
tides.[50]

Scheme 18

Subsequently, the use of silyl nucleophiles in intramolecu-
lar N-acyliminium ion chemistry with glyoxylate-derived
precursors was examined (Scheme 19).[23] The Lewis acid
mediated cyclization of allylsilane 29a afforded the corre-
sponding pyrrolidine or piperidine 73 in good yields. Es-
pecially in the case of the five-membered ring formation,
the trans diastereoisomer was obtained with high selectivity.
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Comparable results were obtained when product 73 was
prepared from the corresponding N,O-hemiacetal by mesyl-
ation and subsequent generation of the ionic intermediate
72 under thermal conditions (MsCl and Et3N, then heat).
Propargylsilanes were also cyclized under Lewis acidic or
thermal conditions to give the endocyclic allenes 74.

Scheme 19

The use of intramolecular nucleophiles was extended to
the SnCl4-mediated cyclization of olefin 29b. The reaction
was quenched with water either at �78 °C or after warming
to room temp. to afford the axial alcohol 79 and the equa-
torial chloro derivative 80, respectively.[51] Substituted olef-
ins resulted in the formation of similar alcohols and
chloro compounds.

An important goal in this study was to investigate the
cyclization mechanism, which might proceed through a cat-
ionic aza-Cope rearrangement. The proposed mechanism
explaining the formation of the different products is shown
in Scheme 20. Cyclization of both N-acyliminium ions 75
and 76 resulted in the formation of the dioxycarbenium ion
77. Hydrolytic quenching resulted in the formation of 79,
while at higher temperatures the cation was quenched by an
SN2 attack of chloride to give 80. Interestingly, in the case
of allylsilane 72 (n � 1, Scheme 19) the cyclization step was
apparently faster than the aza-Cope rearrangement of the
1,5-diene moiety, since the latter would have led to a six-
membered ring. On the other hand, reductive trapping of
the cationic intermediates 75/76 by the addition of Et3SiH
and trifluoroacetic acid resulted in the exclusive isolation of
the reduced form of N-acyliminium ion 76. This clearly pro-
ved the presence of a cationic aza-Cope rearrangement in
this kind of cyclization reaction.

The same precursor was used for the SnCl4-mediated
cyclization in MeCN � analogous to the reactions with
acetate 29b described above � to afford the Ritter product
81[44] and for the formic acid-induced reaction to give prod-
ucts 82 and 83.[52] The formation of 82 was explained by
equatorial attack of formic acid onto 79 (cf. formation of
76), whereas formation of 83 was explained by the forma-
tion of intermediate 80, due to traces of water in the for-
mic acid.
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Scheme 20

The application of glyoxylates in combination with hy-
drazine derivatives in intramolecular N-acyliminium reac-
tions was demonstrated by cyclization reactions of the pyra-
zolidinones 84[53] and monobenzylated carbazates 85.[54]

This resulted � through the intermediacy of the N-acylhyd-
razonium ions 86 and 87 � in the preparation of a wide
range of bicyclic hydrazino acids 88 and functionalized cyc-
lic α-hydrazino acids 89, respectively.

Mechanistic studies of these intramolecular N-acylimin-
ium reactions showed a striking difference between the
cyclization of (E)- and (Z)-vinylsilanes 85a. The two chair-
like transition-state conformations of the cationic inter-
mediates are shown in Scheme 21. Cyclization of the (Z)
precursor 85a occurs via intermediates 90 and 91, in which
the trimethylsilyl group occupies an axial position. This
orientation produces a maximal σ�π hyperconjugative sta-
bilization of the developing positive charge, followed by a
fast elimination to give the unsaturated six-membered ring
92. The reaction of the (E)-vinylsilane 85a occurs via inter-
mediates 93 and 94, in which the trimethylsilyl group occu-
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pies an equatorial position. In this position the β-C�Si
bond is not oriented coplanar to the vacant p-orbital and
stabilization of the positive charge by the silicon atom is
not likely to take place. Stabilization of the cationic six-
membered ring therefore occurs by formation of the aziridi-
nium intermediate 95, thus resulting in a ring-contraction.
Subsequent intermolecular attack of a nucleophile affords
the final product 96.

Scheme 21

4. Addition Reactions of Sulfonamides

As well as the N-acyliminium group, the N-sulfonylimin-
ium group has also been successfully used for the acid-me-
diated introduction of carbon nucleophiles.[55] In combi-
nation with glyoxylate derivatives, N-sulfonyliminium ion
chemistry results in the formation of N-sulfonyl-protected
amino acids. A particularly nice example of N-sulfonylimin-
ium ion chemistry was reported by Boesten and De Heij
(Scheme 22).[56] In a multi-component fashion, sulfamic
acid (97), glyoxylic acid (1), and an aromatic nucleophile 98
reacted to afford the corresponding α-amino acids 99 in
yields up to 90%.

Scheme 22

Lectka described the use of different silyl nucleophiles
in combination with a variety of aromatic N-sulfonyl N,O-
acetals 100 and a chiral CuI-based Lewis acid catalyst (101,
Scheme 23) to provide the optically active sulfonyl-pro-
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tected amino acids 102.[57] Yields ranged from 73 to 93%,
while ee values of up to 96% were reported.

Scheme 23

Recently, the 8-phenylmenthyl ester derived N,O-acetal
103 was applied as a chiral auxiliary in the diastereoselec-
tive addition of phenols to N-sulfonyliminium ion inter-
mediates (Scheme 24).[58] With the use of the appropriate
Lewis acid (TiCl4), the desired products 104 were obtained
in good yields (40�85%) and with excellent de values (up
to 99%).

Scheme 24

5. Intramolecular Oxycarbenium Ion Reactions

Oxycarbenium ions have reactivities comparable to those
of N-acyliminium ions, and so can also be used as reactive
intermediates derived from glyoxylate derivatives. The use
of oxycarbenium ions, however, results in the formation of
oxacyclic esters rather than the cyclic α-amino acid deriva-
tives described with N-acyliminium ion intermediates
(Scheme 25).[59] The appropriate cyclization precursors 106
were obtained from the corresponding alcohols 105 after
condensation with methyl glyoxylate and subsequent acyl-
ation. The acetate function was found to be the most suit-
able leaving group for the subsequent formation of the an-
ticipated oxycarbenium ion. Cyclization was accomplished
by treatment with SnCl4, the intramolecular π-nucleophile
reacting with the transient oxycarbenium ion.

Scheme 25
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Depending on the substitution pattern of the cyclization

precursor and the equilibration of the cationic oxa-Cope
rearrangement, several cyclization modes are possible.[60]

When starting from oxycarbenium ion 108, for example,
cationic oxa-Cope rearrangement gives oxycarbenium ion
109, while both cationic intermediates can cyclize in either
5-exo or 6-endo fashion to afford tetrahydrofurans 110 or
112, or tetrahydropyran 111, respectively (Scheme 26).

Scheme 26

Dihydropyrans were obtained by the stereoselective cycli-
zation of vinylsilane-substituted oxycarbenium ions
(Scheme 27).[61] The geometry of the double bond proved
to have a remarkable influence on the stereochemistry of
the product, (E)-114 giving the trans product 115 (cis/trans
ratio up to 11:89), whereas (Z)-114 provided cis-115 (cis/
trans ratio up to � 98:2). The selectivity of the cyclization
reaction was explained by the difference in the cyclization
rates of the several intermediates resulting from a cationic
oxa-Cope rearrangement and subsequent chair-chair in-
terconversion.

Scheme 27

6. Conclusion

In conclusion, glyoxylic acid and its derivatives are ex-
tremely useful ester-substituted aldehyde equivalents for the
generation of precursors for reactive cationic intermediates
such as iminium ions, N-acyliminium ions, N-sulfonylimin-
ium ions, and oxycarbenium ions. These intermediates have
been applied to a broad range of examples of the synthesis
of (cyclic) α-amino acids and α-alkoxy esters. Most of the
research presented in this review has been dedicated to
evaluation of the scope and limitations of the cationic inter-
mediates with respect to the type of nucleophiles in intra-
and intermolecular reactions. In view of the abundance of
existing applications, future developments in the use of
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glyoxylate derivatives for such purposes may include the de-
velopment of stereoselective methods and combinatorial or
solid-phase approaches.
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