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2-C-Formyl Glycals: Emerging Chiral Synthons in Organic Synthesis
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Naturally occurring carbohydrates and their derivatives have
been useful during the last few decades as ‘‘chiral pool’’ constitu-
ents in the enantioselective synthesis of biologically active nat-
ural and non-natural products. The ready availability of a wide
range of carbohydrates in nature and their multichiral architec-
ture, coupledwith theirwelldefinedstereochemistry,make them
attractive startingmaterials in organic synthesis. The synthesis of
key intermediates by incorporation of suitable functional groups
onto carbohydrates, which can then be further exploited, has al-
ways been a challenging task. In this context, 2-C-formyl glycals,
a new class of carbohydrates incorporating an α,β-unsaturated
carbonyl system, have recently emerged as potential synthons
for numerous organic transformations. Four different syntheses

1. Introduction

The total synthesis of biologically active natural com-
pounds continues to dominate the field of synthetic organic
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of 2-C-formyl glycals havebeen reportedso far.However, the im-
portance of 2-C-formyl glycals has become well established after
our development of a more general, one-step synthesis, em-
ploying the well known Vilsmeier−Haack reaction. Synthetic
transformations of these 2-C-formyl glycals have resulted in a
variety of new compounds of significant synthetic and biological
interest. 2-C-Formyl glycals have been shown to be ideal sub-
strates for chemo-, regio- and stereoselective glycosidation, nu-
cleophilic addition/substitution and cycloaddition reactions. The
reportedsyntheses andapplications of these important ‘‘chiral in-
termediates’’ are presented.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

chemistry.[1] Moreover, the crucial finding that only a par-
ticular enantiomer is bio-active in most chiral racemic drugs
demands their synthesis in enantiomerically pure forms.
Even though several methods for performing enantioselec-
tive syntheses are to hand, the use of a readily available
chiral starting material with a well defined absolute stereo-
chemistry has several advantages over other approaches.
During the last few decades, naturally occurring carbo-
hydrates, which are inexpensive, readily available and en-
dowed with a wealth of stereochemical and functional attri-
butes, have served extensively as ‘‘chiral pool’’ resources in
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the total synthesis of a wide range of molecules.[2] However,
the scope of carbohydrates as chiral building blocks relies
on the development of convenient key intermediates cap-
able of meeting these requirements. It is well recognized that
the versatility of sugar nuclei as stereochemical templates is
enhanced by the incorporation of an α,β-unsaturated car-
bonyl system, a pioneering example in this regard being
Fraser�Reid’s synthesis and exploitation of alkyl hex-2-
enopyranose-4-uloses.[3] Syntheses and applications of
other carbohydrate-based enones, including those in fu-
ranoid series, are also known.[4] In this context, 2-C-formyl
glycals, a new class of sugars bearing α,β-unsaturated car-
bonyl systems, have recently emerged as versatile intermedi-
ates in the area of carbohydrates in particular and synthetic
organic chemistry in general. The presence of an α,β-un-
saturated carbonyl moiety has extended the versatility of 2-
C-formyl glycals as potential synthons, as is evident from
the number of publications that have been appearing in the
literature in recent years. The synthetic potential of 2-C-
formyl glycals was established by us after the development
of a convenient route to their synthesis through the well
known Vilsmeier�Haack reaction.[5] These 2-C-formyl gly-
cals provide a ready route to 2-C-substituted glycals, an
important class of branched chain deoxy sugars and un-
saturated nucleosides.[6] In addition, they have been used for
the synthesis of homologated conjugated enals, annulated
glycopyranosides, C-glycosides, heterocyclic compounds
and in the total synthesis of polyene antibiotic ‘‘restrictic-
in’’. In view of the increasing importance of 2-C-formyl gly-
cals as ‘‘chiral synthons’’ in both carbohydrate and syn-
thetic organic chemistry, a brief review on this topic is con-
sidered timely and of great interest to organic chemists. This
microreview highlights the various methods available for the
synthesis of 2-C-formyl glycals and their synthetic appli-
cations reported by our group and by others.

2. Syntheses of 2-C-Formyl Glycals

2.1 Synthesis by a Dithiane-Based Methodology: Al-
though racemic compounds with a structural resemblance
to 2-C-formyl glycals, synthesised by means of a hetero-
Diels�Alder reaction of malanodialdehyde, were reported
by Tietze et al. in 1982,[7] the first workers to synthesize 2-
C-formyl glycals and to study their behaviour towards
Diels�Alder reactions were Lukacs et al.[8,9] Their synthetic
sequence for 2-C-formyl allal 3 involves opening of the
epoxide ring of methyl 2,3-anhydro-4,6-O-benzylidene-α--
allopyranoside (1, readily available from -glucose) with di-
thiane anion, followed by oxidative removal of the dithiane
unit of 2 by use of ceric ammonium nitrate, resulting in the
free aldehyde with concomitant elimination of the aglycon
moiety (Scheme 1, Table 1; Entry 2). The overall yield of
the product is high. Use of other hydrolytic conditions on
2 resulted in mixtures of α,β-unsaturated aldehydes 3 and 4
(Table 1). This procedure, however, is circuitous and limited
specifically to the synthesis of 2-C-formyl allal 3.
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Scheme 1. Dithiane-based approach to the synthesis of 2-C-for-
myl allal

Table 1. Hydrolysis of dithiane derivative 2

Reaction conditions Yield (%)Entry
3 4

1 MeI/CaCO3 57 16
2 CAN 92 0
3 HgO/HgCl2; MeCN/H2O 11 66

2.2 Synthesis by the Hydrolysis of Sugar Enol Ethers: This
elegant methodology, also developed by Lukacs and co-
workers, involves an overall transformation of hemiacetal 5
into a conjugated enal 8.[9,10] Thus, α-alkoxy vinyl ether 7
(i.e., an unsaturated glucoside, prepared from the corre-
sponding ulose 6), when subjected to mildly acidic hydroly-
sis, afforded the corresponding 2-C-formyl glucal 8 in 89%
yield (Scheme 2). The synthesis of a variety of sugar-based
conjugated enals by this procedure is also demonstrated.
The reaction condition is mild and the yields are generally
high.

Scheme 2. Synthesis of 2-C-formyl glucal by hydrolysis of sugar
enol ethers

2.3 Synthesis by Vilsmeier�Haack Reaction: The
Vilsmeier�Haack reaction (discovered as early as 1927) is
recognized as one of the best methods for the direct for-
mylation of electron-rich aromatic nuclei, enolizable ke-
tones, enol ethers and other active hydrogen compounds.[11]

This reaction continues to receive wide attention in organic
chemistry because of its simplicity and convenience. Pianca-
telli and co-workers extended this reaction to the for-
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mylation of 5,6-dihydro-4H-pyran (a cyclic enol ether).[12]

We investigated this reaction and extended its scope to gly-
cals (carbohydrate-derived cyclic enol ethers), successfully
synthesising 2-C-formyl glycals, in one step, in good yields
(Scheme 3).[5]

Scheme 3. Synthesis of 2-C-formyl glycals by the Vilsmeier�
Haack reaction

Tri-O-methyl--glucal (9a) (readily available from -glu-
cose) afforded the corresponding 2-C-formyl glucal 10a in
60% yield on treatment with DMF and POCl3 (Table 2; En-
try 1). The reaction is also successful with a few other gly-
cals (9b�9e). The yields are found to be higher in the galac-
tal series than in the glucal series (Table 2; Entries 3�5;).
The ready availability of the glycal substrates, mild reaction
conditions and generally good yields, coupled with the com-
patibility of acid-sensitive groups such as trityl ethers, make
our methodology an attractive one for the synthesis of 2-
C-formyl glycals in comparison with the methods reported
earlier.[8�10] The reaction was, however, not successful with
acetyl- and isopropylidene-protected glycals 9f and 9g
(Table 2; Entries 6 and 7).

Subsequent to our report, a Friedel�Crafts-type acyl-
ation of glycals was reported by Priebe et al.[13] Very re-
cently, Lellouche and co-workers observed that the use of
a (CF3SO2)2O·DMF combination instead of the classical
Vilsmeier�Haack complex (POCl3·DMF) on glucal 9b re-
sulted in a moderate increase in the yield of the product
10b.[14] Peseke and co-workers have successfully extended

Scheme 4. Vilsmeier�Haack formylation of -rhamnal and
-fructal

Table 2. Vilsmeier�Haack reactions of glycals

Entry[a] Glycal R1 R2 R4 R3 Product Time (h) Yield (%)

1 9a OMe OMe OMe H 10a 4 60
2 9b OBn OBn OBn H 10b 8 55
3 9c OMe H OMe OMe 10c 8 80
4 9d OBn H OBn OBn 10d 8�9 85
5 9e OMe H OTr OMe 10e 8�9 72
6 9f OAc OAc OAc H � � �
7 9g OMe isopropylidene H � � �

[a] Me � methyl; Bn � benzyl; Tr � trityl (triphenylmethyl); Ac � acetyl.
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our methodology to formylate di-O-benzyl--rhamnal (11)
and tri-O-benzyl--fructal (12, Scheme 4).[15]

Feit and co-workers[16] have also recently extended this
reaction to disaccharide glycals, in the form of hexa-O-
benzyl lactal 15a and hexa-O-methyl lactal (15b). The de-
sired formyl glycals 16a and 16b were obtained in moderate
yields (Scheme 5).

Scheme 5. Vilsmeier�Haack reactions of disaccharide glycals

Contrasting behaviour of the Vilsmeier�Haack reagent
towards silyl-protected glucal was reported by Lellouche
and co-workers.[14,17] When tri-O-silyl ethers of -glucal 17
were treated with Vilsmeier�Haack reagent, selective silyl
deprotection of the C-6 primary hydroxy group and its sub-
sequent O-formylation occurred, to give compound 18
(Scheme 6). Neither C-formylation, to afford 2-C-formyl
glucal 19, nor di- or tri-O-formylated glucal was obtained
even in the presence of an excess of the reagent. Such an
effect of the substituent on the course of the reaction is
noteworthy.

Scheme 6. Selective deprotection and O-formylation of silylated
glucal by use of the Vilsmeier�Haack reagent

2.4 Synthesis by Formyl Group Transfer: Jung et al., in
their attempts to synthesize 2-C-formyl glycopyranosides by
intramolecular radical-initiated formyl group transfer, iso-
lated 3,4,6-tri-O-acetyl-2-C-formyl--glucal (21) as a side
product.[18] The free radical-promoted cyclization of iodo-
sugar 20 with either tris(trimethylsilyl)silane or tributylstan-
nane afforded mixtures of four products, one of which was
2-C-formyl glucal 21, in varying proportions depending on
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Scheme 7. 2-C-Formyl glucal through a formyl group transfer

the reaction conditions. However, 2-C-formyl glucal 21
could be obtained as the major product (but not exclus-
ively) in 65% yield by performing the reaction for a longer
time with tris(trimethylsilyl)silane (Scheme 7). This method-
ology, although compatible with acid-sensitive acetyl
groups, is circuitous and involves ozonolysis and radical re-
actions.

Among the various available methods for the synthesis of
2-C-formyl glycals, our one-step Vilsmeier�Haack for-
mylation of glycals has been found to be simple, convenient
and general, and also to use less expensive chemicals. Sev-
eral research groups have utilised our methodology to syn-
thesize and study the applications of 2-C-formyl glycals.

3. Synthetic Applications of 2-C-Formyl Glycals

3.1 Synthesis and Diels�Alder Reactions of Carbohydrate
Dienes Derived from 2-C-Formyl Glycals: A stereocontrolled
route, starting from 2-C-formyl glycals, to annulated C-gly-
copyranosides, a new class of C-glycosides, was developed
by Lukacs et al.[19] Wittig olefination of 2-C-formyl glycals
3 (followed by O-methylation) and 8 afforded the C-3 epi-
meric dienes 22 and 23, which underwent π-facial selective
Diels�Alder reactions with maleic anhydride to give the
respective adducts 24 and 25 exclusively (Scheme 8). The
authors observed that the methoxy group at C-3 in the di-
enes 22 and 23 exerts an anti-directing effect on the ap-

Scheme 8. Synthesis and Diels�Alder reaction of carbohydrate di-
enes derived from 2-C-formyl glycals
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proach of the dienophile. No such facial selectivity is ob-
served in the absence of any stereodirecting group at C-3.
Linear acetylenic dienophiles also react readily with the di-
enes 22 and 23, preferentially, but not exclusively, anti to
the C-3 methoxy group. An explanation for such behaviour
has been proposed on the basis of the interaction between
the dienophile and the C-3 methoxy group in the transition
state. From the experimental evidence, it has been con-
cluded by the authors that such anti-facial selectivity is pu-
rely due to steric reasons. Apart from stereochemical con-
siderations, this paper provides an easy route to a new class
of annulated and benzannulated glycopyranosides,[20] com-
pounds with potential biological significance.

3.2 One-Step Synthesis of 2-C-Formyl Allal and Gulal:
An interesting observation was that, although 2-C-formyl
glycals 10 bearing an α,β-unsaturated system were ideally
suitable for Michael reaction, they did not undergo either
acid- or base-catalysed Michael addition reactions with al-
cohols or phenols under standard conditions. However, a
more rewarding finding by our group was that they were
readily converted into the epimeric 2-C-formyl allal 26 and
2-C-formyl gulal 28 in one step by treatment of the 2-C-
formyl glycals 10a and 10c with BF3·Et2O in the presence
of an alcohol or water (Scheme 9).[21] The reaction proceeds
with unexpected inversion of configuration at C-3 of the
sugar. With water as the nucleophile, the reaction involves
an overall ‘‘inversion with deprotection’’. It should be noted
that allose and gulose are rare and expensive sugars, and
that synthesis of compounds 26 or 28 from the parent sug-
ars would otherwise be expensive and circuitous.

Scheme 9. One-step synthesis of 2-C-formyl allal and 2-C-formyl
gulal

Interestingly, with phenols as nucleophiles, glycal 10c af-
forded the corresponding C-arylated products 29 under the
above conditions, and not O-arylated products 31
(Scheme 10).[22]

From the experimental findings, it was suggested that the
reaction proceeds through the Lewis acid-catalysed forma-
tion of an allylic cation 30, followed by preferential attack
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Scheme 10. Synthesis of 3-C-arylhexoses by C-3 arylation of 2-C-
formyl glycals

of the alcohols/phenols at C-3 from the axial side. More-
over, the isolation of a small amount of O-arylated product
31 (R � H, R� � Cl) from the reaction between p-chloro-
phenol and glycal 10c is an indication that the initial attack
of the phenol on cation 30 takes place through the oxygen,
with a subsequent Lewis acid-catalysed formal [1,3] re-
arrangement to afford the C-arylated product 29.[23]

3.3 C-Glycosylation of Organocopper Reagents with 2-C-
Formyl Glucal: Cossy et al., however, were successful in per-
forming a Michael-type addition (1,4-addition) reaction on
2-C-formyl glycal 10b with organocopper reagents.[24] Inter-
estingly, the outcome of the reaction was found to depend
on the nature of the copper reagents. Thus, addition of lith-
ium dialkylcuprates to 2-C-formyl glucal 10b resulted in a
facile 1,4-addition reaction to afford the corresponding 2-
C-formyl-C-glycosides 32 and 33, the β anomer 32 being
the predominant one (Scheme 11). In contrast, treatment of
10b with alkylcopper reagent in the presence of BF3·Et2O
resulted in a carbon-Ferrier-type rearrangement to furnish
the 2-C-formyl-2,3-unsaturated-C-glycosides 34 with α ano-
mers as the only isolable product. This reaction was found
to be general for a variety of alkylcopper reagents
(Scheme 11).[24]

Scheme 11. C-glycosylation of organocopper reagents with 2-C-
formyl glucal

3.4 Synthesis of 2-C-Methylene Glycosides: 2-C-Substi-
tuted carbohydrates are an important class of branched
chain deoxy sugars and constituents of unsaturated nucleo-
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Scheme 12. BF3·Et2O-catalysed synthesis of 2-C-methylene glyco-
sides

sides.[6] The 2-C-methylene group in particular is a key
structural feature of molecules involved in mechanism-
based inactivation of the enzyme ribonucleotide diphos-
phate reductase.[25] From the synthetic point of view, 2-C-
methylene glycosides have been used as precursors for C-
disaccharides.[26] A facile synthesis of 2-C-methylene glyco-
sides from 2-C-formyl glycals was first developed by our
group;[27,28] our synthetic sequence is depicted in
Scheme 12. Reduction of the aldehyde groups (viewed also
as vinylogous esters) of 2-C-formyl glycals 10b and 10d with
sodium borohydride, followed by acylation, afforded ace-
toxymethylglycals 35b and 35d, which can be regarded as
examples of a new ‘‘Ferrier system’’.[29] Subsequent treat-
ment with an alcohol in the presence of BF3·Et2O afforded
the corresponding 2-C-methylene glycosides 36 and 37 in
good yields, the α anomers being the major product in all
cases (Scheme 12).[27]

Vankar and co-workers, in their efforts to improve and
possibly reverse the anomeric selectivity, recently carried
out a detailed investigation of the effects of different acid
catalysts on the above reaction.[30] All the catalysts tried,
such as Nafion-H, Montmorillonite K-10 and LiClO4,
bring about the above transformation of 2-C-acetoxymethyl
glycals with alcohols in good yields. Similarly to our results,
only α anomers were isolated in all their examples.

Feit and co-workers[16] have recently reported the syn-
thesis of 2-C-(β-methyl)methylene glycosides from the 2-
ethenyl--glucal 38, in turn obtained in 78% yield by
Wittig�type methylenation of 2-C-formyl glycals 10b with
methyl triphenylphosphonium bromide in the presence of
n-butyllithium as a base. Glycal 38, on treatment with al-
cohols (including free OH groups of sugars) in the presence
of catalytic amounts of triphenylphosphonium bromide,
underwent electrophilic addition to afford the 2-C-(β-meth-
yl)methylene glycosides 39. A variety of other nucleophiles
(nitrogen and sulfur) have also been used in this reaction
(Scheme 13).[16] The authors have also synthesized a variety
of other C-2-vinyl glycals and C-2-butadienyl glycals. The
exo-(β-methyl)methylene group of 39 provides scope for
further elaboration.
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Scheme 13. Synthesis of 2-C-(β-methyl)methylene glycosides from
2-C-formyl glycals

3.5 Unexpected Synthesis of Chiral Pyranobenzopyrans:
With phenols as nucleophiles in the reaction described
above (Scheme 12), in the presence of BF3·Et2O as catalyst,
the corresponding 2-C-methylene-O-aryl glycosides 40 and
41 could not be isolated. Surprisingly, the 2-C-methylene-
O-aryl glycosides formed during the reaction underwent a
tandem cyclization to afford chiral pyrano[2,3-b][1]benzo-
pyrans 42 and 43 in high yields (Scheme 14).[31] These py-
ranobenzopyrans can be viewed as annulated pyranosides,
and examples of such compounds, especially in chiral form,

Scheme 14. Synthesis of chiral pyrano[2,3-b][1]benzopyrans
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are rare.[32] This reaction provides a novel and direct route
to such ring systems.

3.6 Synthesis of 2-C-Methylene-O-aryl Glycosides: In
contrast to the outcome of BF3·Et2O catalysis in the reac-
tions between phenols and 2-C-acetoxymethyl glycals
(Scheme 14), 2-C-methylene-O-aryl glycosides 40, 41, 45
and 46 could indeed be synthesized by use of the Mitsu-
nobu reaction.[33] Treatment of alcohols 44b and 44d with
phenols in the presence of Ph3P and diethyl azodicarboxy-
late (DEAD) afforded the corresponding 2-C-methylene-O-
aryl glycosides as mixtures of α and β anomers in varying
proportions (Table 3). The reaction was found to be dia-
stereoselective in the galactal series, affording only the α
anomer, with the β anomer not being obtained at all
(Scheme 15).[34]

Scheme 15. Synthesis of 2-C-methylene-O-aryl glycosides by a Mit-
sunobu approach

Table 3. Synthesis of 2-C-methylene-O-aryl glycosides by a Mitsu-
nobu approach

Entry Alcohol Product R Ratio Total yield (%)

1 44b 40a � 45a � 47a Me 40:40:20 85
2 44b 40b � 45b � 47b OMe 38:38:24 82
3 44d 41a � 46a � 48a Me 85:0:15 82
4 44d 41b � 46b � 48b OMe 80:0:20 75

A stereoselective synthesis of 2-C-methylene-β-O-aryl
glycosides from 2-C-acetoxymethyl galactal 35c was re-
ported by Vankar’s group.[30] Nafion-H and LiClO4 were
found to catalyse the Ferrier-type rearrangement of 35c
with p-cresol and β-naphthol to afford the corresponding
β-O-aryl glycosides 49 stereoselectively and in good yields
(Scheme 16). The parent phenol did not undergo a clean
reaction under these conditions. This reaction, however, has
not been extended to the glucal series. An interesting,
though not surprising, observation was that with Montmor-
illonite K-10 as a catalyst, treatment of β-naphthol with 35c
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Scheme 16. Stereoselective synthesis of 2-C-methylene-β-O-aryl
glycosides reported by Vankar’s group[30]

afforded the corresponding β-O-aryl glycoside, whereas p-
cresol under the same conditions yielded not the O-aryl gly-
coside, but the C-aryl glycoside 50 in 62% yield.

Because of the difference in the courses of the reactions
between glycal 35 and phenols catalysed by BF3·Et2O
(Scheme 14)[31] and by Montmorillonite K-10
(Scheme 16),[30] a reinvestigation of Vankar’s work on the
Montmorillonite K-10-catalysed reaction between glycal
35c and p-cresol and β-naphthol was carried out by us.[35]

The outcome of our reinvestigation contrasted with the re-
ported results of Vankar’s group. In our hands, treatment
of the glycal 35c with p-cresol in the presence of Mont-
morillonite K-10 as a catalyst, yielded (in 5 h) the chiral
pyranobenzopyran 51a (R � Me) and not the C-aryl glyco-
side 50 as reported by Vankar.[30] Similarly, treatment of the
glycal 35c with β-naphthol yielded the corresponding chiral
naphthopyran 52, again in contrast to the claims of Vankar
and co-workers, who obtained the O-aryl glycoside. On
treatment of p-chlorophenol with the glycal 35c, however,
the exomethylene glycoside 49 (Ar � p-C6H4-Cl) was iso-
lated initially, while use of a longer reaction time provided
the chiral benzopyranopyran 51b (R � Cl) (Scheme 17).

Scheme 17. Reinvestigation of the Montmorillonite K-10-catalysed
reaction between glycal 35c and phenols
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Scheme 18. Palladium-catalysed stereoselective synthesis of 2-C-
methylene-α-O-glycosides

Table 4. Palladium-catalysed stereoselective synthesis of 2-C-meth-
ylene-α-O-glycosides

R R" Pd catalyst Yield (%) Ref.Compound

55a Bn p-CH3-C6H4- [Pd2(dba)3]/dppb 49 [36]

55b Bn [b] [Pd2(dba)3]/dppb 54 [36]

56a Me Bn [Pd(PPh3)4] 65 [30]

56b Me p-CH3-C6H4- [Pd(PPh3)4] [a] [30]

56c Me β-naphthyl [Pd(PPh3)4] [a] [30]

56d Me [b] [Pd(PPh3)4] [a] [30]

[a] Yield not reported.

A reversal in the anomeric selectivity of 2-C-methylene-
O-glycosides and O-aryl glycosides was noticed when pal-
ladium catalysts were used. The allylic carbonates 53 and
54 (prepared from 44b and 44a, respectively) underwent
smooth reactions with substituted phenols in the presence
of [Pd2(dba)3]/dppb or [Pd(PPh3)4] to afford the corre-
sponding 2-C-methylene-α-O-aryl glycosides 55 and 56 ex-
clusively (Scheme 18, Table 4).[30,36] Other aliphatic alcohols
also underwent this reaction to give the corresponding α-
O-alkyl glycosides (Table 4). The anomeric selectivity has
been attributed to the formation of the π-allyl palladium
complex from the β-face, followed by attack of the nucleo-
phile from the α-face. The regiospecific O-alkylation (not
C-alkylation) is in good agreement with the fact that alky-
lation occurs under electronic control in the case of π-allyl
system bearing an oxygen at one terminal. This reaction
has been investigated only in the glucal series and has not
been extended to the galactal series. Indeed, it would be
worthwhile to extend this reaction to the galactal series to
examine the effect of axial substituent at C-4, which may
have a steric influence on the formation of π-allyl palladium
complex from the β-face.

3.7 Synthesis of 2-C-Methylene-C-glycosides: Two similar
palladium-catalysed approaches for the synthesis of 2-C-
methylene-C-glycosides have been reported. Treatment of
allyl carbonates 53 or 54 with dialkyl malonate in the pres-
ence of a suitable palladium catalyst [Pd2(dba)3/dppb or
[Pd(PPh3)4]/dppe afforded the 2-C-methylene-α-C-glyco-
sides 57 and 58 in moderate yields (Scheme 19).[30,36]
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Scheme 19. Palladium-catalysed synthesis of 2-C-methylene-C-
glycosides

Wolf et al. have reported a similar approach for the syn-
thesis of 2�-C-methylene nucleosides by the condensation of
a silylated base with a π-allyl palladium complex derived
from 2-C-acetoxymethyl-furanoid glycal.[37]

3.8 A Simple Synthesis of 2-C-Cyano Glucal from 2-C-
Formyl Glucal: We have accomplished a simple synthesis of
the 2-C-cyano glucal 60 in two steps from the 2-C-formyl
glucal 9b.[35] Glucal 9b, upon treatment with hydroxylamine
hydrochloride in ethanol at room temperature, afforded the
corresponding oxime 59, which was smoothly dehydrated
to the 2-C-cyano glucal 60 by use of POCl3 and pyridine
(Scheme 20). This provides an easy and alternate route to
the synthesis of 2-C-cyano glucal.[38] The presence of a cy-
ano group in such systems provides scope for further explo-
ration of its chemical[39] and biological[40] properties.

Scheme 20. Synthesis of 2-C-cyano glucal

3.9 Synthesis of α-Methylene-δ-valerolactones: A simple
approach to the α-methylene-δ-valerolactones 61 was devel-
oped by Vankar’s group.[30] Oxidation of the 2-C-acetoxy-
methyl glycals 35a�d with mCPBA in the presence of
BF3·Et2O at �65 °C afforded the lactones 61a�d in good
yields (Scheme 21).

Scheme 21. Synthesis of α-methylene-δ-valerolactones from 2-C-
acetoxymethyl glycals

Earlier, Chmielewski and co-workers had synthesized the
optically active α-methylene-δ-valerolactones 61b and 61d
in two steps from the 2-C-methylene-α-methyl glycosides
36a and 37a. Anomeric oxidation of 36a and 37a with hy-
drogen peroxide afforded sugar hydroperoxides 62 and 63,
respectively. On treatment with an acetic anhydride/pyridine
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Scheme 22. Synthesis of α-methylene-δ-valerolactones from 2-C-
methylene glycosides

Scheme 23. Asymmetric epoxidation of allylic alcohols with anom-
eric hydroperoxides derived from 2-C-formyl glycals

mixture, these afforded the lactones 61b and 61d in 81%
yield (Scheme 22).[41]

Lactones 61, thanks to the presence of an α,β-unsatu-
rated moiety, are potential synthons and have been used
as precursors in the synthesis of C-disaccharides.[42] A few
reports on the synthesis of lactones 61 are known,[43] and
the two methodologies presented provide alternate ways of
preparing these important intermediates.

3.10 Applications of the Hydroperoxides 62 and 63 (Pre-
pared from 2-C-Formyl Glycals) as Chiral Oxidants: Chmie-
lewski’s group have also utilised sugar hydroperoxides 62
and 63 (prepared from the corresponding 2-C-formyl gly-
cals) as chiral oxidants for the enantioselective epoxidation
of the allylic alcohols 64, 65 and 66.[41] The enantiomeric
excesses of the epoxides range from 4�44% (Scheme 23). It
has been observed that the optical induction by hydroper-
oxide 63 is higher than that of 62. Moreover, it has been
reported that the ee obtained in the oxidation of alcohol 64
by the hydroperoxide 63 (Table 5; Entry 4) is the best out-
come obtained so far when a chiral hydroperoxide was used
as the epoxidation reagent. Also noteworthy is the epoxid-
ation of tertiary alcohols such as 65, as earlier attempts to
prepare the corresponding epoxy alcohol by Sharpless
epoxidation had failed.[44]

Asymmetric oxidation of the methyl aryl sulfides 70 by
the hydroperoxides 62 and 63 also gave the corresponding
sulfoxides 71 in �25% ee (Scheme 24).[41]
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Table 5. Asymmetric epoxidation of allylic alcohols with sugar hydroperoxides

Allyl alcohol Oxidant Epoxy alcohol ee (%) Absolute configurationEntry

1 64 62 67 28 (�)-(R)
2 65 62 68 04 (�)-(S)
3 66 62 69 10 (2R,3S)
4 64 63 67 44 (�)-(R)
5 65 63 68 11 (�)-(S)
6 66 63 69 18 (2R,3S)

25

Scheme 24. Asymmetric sulfoxidation of prochiral sulfides by use
of sugar hydroperoxides derived from 2-C-formyl glycals

3.11 Synthesis of Acyclo-C-nucleosides from 2-C-Formyl
Glycals: C-nucleoside analogues with an open-chain sugar
moiety have been shown to possess significant biological
activities,[45] due to which there has been a great interest in
the synthesis of acyclo-C-nucleosides.

Peseke and co-workers have utilised the push-pull effect
of 2-C-formyl glycals and reported simple one-pot synth-
eses of a variety of acyclo-C-nucleosides.[46] Treatment of 2-
C-formyl glycals 10b, 10d, 11 and 12 with hydrazine hydrate
in refluxing ethanol afforded the C-(1H-pyrazol-4-yl)aldi-
tols 72b, 72d, 73 and 74, respectively, in good yields
(Scheme 25).[15]

Scheme 25. Synthesis of acyclo C-nucleosides from 2-C-formyl
glycals

Pyridine acyclo-C-nucleosides have also been synthesized
in two steps from 2-C-formyl glycals. Treatment of 2-C-
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Scheme 26. Synthesis of pyridine acyclo-C-nucleosides from 2-C-
formyl glycals

formyl glycals 10b and 10d with cyanoacetamide or ma-
lononitrile, with pyridinium acetate as the catalyst, yielded
the branched chain sugars 75 and 76, which on exposure to
ammonia in ethanol afforded the nicotinamide and nico-
tinonitrile derivatives 77 and 78, respectively
(Scheme 26).[15,47] Prolonged treatment of the 2-C-formyl
glycals 10b and 10d with cyanoacetamide in the presence of
pyridinium acetate furnished the pyridone derivatives 79b
(R � H) and 79d (R � H, Scheme 26). Similar treatment
of the 2-C-formyl glycals 11 and 12 produced the corre-
sponding pyridine acyclo-C-nucleosides.[15]

Interestingly, the above reaction with 2-cyano-N-(4-meth-
oxyphenyl)acetamide afforded the acyclo C-nucleosides 79
(R � C6H4�OMe-p) in good yields in a single step.[48] The
reactions were also successful with acetoacetamide, afford-
ing the corresponding pyridone C-nucleosides. The push-
pull functionality of 2-C-formyl glycals 10b and 10d also
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Scheme 27. Synthesis of polycyclic acyclo C-nucleosides from 2-C-
formyl glycals

allowed reactions with C,N-dinucleophiles, furnishing poly-
cyclic analogues of acyclo C-nucleosides. Thus, when 10b
and 10d were treated with 2-benzimidazolylacetonitrile or
2-nitromethylbenzimidazole, the corresponding acyclo C-
nucleosides 80 and 81 were obtained in moderate to good
yields, each in a single step (Scheme 27).[48] In a similar
way, glycal 10d reacted with 2-aminobenzimidazole and
3-amino-1,2,4-triazole to yield the respective substituted
pyrimidine C-nucleosides in moderate yields.[49]

3.12 Total Synthesis of Polyene Antibiotic ‘‘Restricticin’’:
Restricticin (82),[50] isolated from fungi of the genus Penicil-
lium, represents a novel type of polyene antibiotics.
Jendrzejewski and co-workers reported the first total syn-
thesis of restricticin.[51] In one of their approaches they util-
ised the 2-C-formyl glucal 8 to synthesize the key intermedi-
ate 83. Compound 8 afforded 83 in 93% yield upon hydro-
genation over Pd/C in MeOH. An alternate approach to
83, starting from -mannose, has also been reported. It is
noteworthy that the diastereomeric ratio of 83 was higher
in the former route (1.4:8.6) than in the latter one (2.4:7.6).
A total synthesis of restricticin from 83 has been ac-
complished by a sequence of steps (Scheme 28).

Scheme 28. Total synthesis of restricticin by the use of 2-C-formyl
glucal
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4. Conclusions

In recent years, 2-C-formyl glycals have gained import-
ance as valuable precursors for various synthetic appli-
cations. We have developed, through the use of a well
known ‘‘name reaction’’, a simple and convenient method-
ology for the synthesis of 2-C-formyl glycals and demon-
strated their synthetic utility. Few other methods are also
available for the synthesis of 2-C-formyl glycals. It is note-
worthy that many research groups have utilised 2-C-formyl
glycals for various synthetic transformations, such as syn-
thesis of annulated glycopyranosides, C-glycosides, optically
active sugar peroxides, heterocycles, α-methylene-δ-valerol-
actones etc. The ready access to these diversely func-
tionalized carbohydrate intermediates is likely to spur
further interest in their applications in synthetic organic
chemistry.
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