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Abstract: Since the discovery of the ‘formose reaction’ by Butlerow,[1] total synthesis of carbohydrates has un-
dergone rapid development. The most important methods for the asymmetric synthesis of monosaccharides and 
analogues of biological importance are presented. Nowadays any natural and non-natural monosaccharide can 
be prepared pure in both enantiomeric forms starting from inexpensive starting materials. Metal-based asymmet-
ric catalysis and organocatalysis have been successfully applied, alone or in combination with chemoenzymatic 
methods. Alternative methods rely upon substrate- or reagent- controlled diastereo- and enantioselective reac-
tions. Suitably protected carbohydrates have been prepared by total synthesis, thus allowing their direct use in 
the preparation of oligosaccharides and analogues.[2]
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1. Applications of Chemo-
enzymatic Methods and 
Organocatalysis

1.1 Aldolase-catalyzed Asymmetric 
Aldol Condensations

The enzymatic aldol addition in the 
presence of type I and II aldolases[3] repre-
sents a useful method for the synthesis of 
various sugars and sugar-like structures.[4] 
Thus, d- and l-fructose are prepared 
from dihydroxyacetone monophosphate 
(DHAP) and d- and l-glyceraldehyde 
(Scheme 1), in the presence of rabbit mus-
cle aldolase (RAMA) or l-rhamnulose 
1-phosphate (Rha) aldolase.[5]

The method also works to generate 
(–)-1-deoxymannonojirimycin (1) and 
(+)-1-deoxynojirimycin (2)[3] using fruc-
tose-1,6-diphosphate (FDP) aldolase[6] 
catalyzing the key C–C bond forming step 
and further transformations. Similarly, 
fuculose-1-phosphate (Fuc-1-P) aldolase 
catalyzes the aldolization between DHAP 
and (±)-3-azido-2-hydroxypropanal leading 
to ketose 3 which after reduction provided 
(+)-1-deoxygalactostatine (+)-4[3] (Scheme 
2). 

Similarly, pyrrolidines are obtained 
from 2-azidoaldehydes as substrates 
in the RAMA-catalyzed aldol reaction 
with DHAP followed by reduction.[3,7] 
2-Deoxy-5-thio-d-erythro-pentose was 
obtained by catalyzed 2-deoxyribose-5 
phosphate aldolase (DERA) condensation 
between acetaldehyde and racemic 3-thio-
glyceraldehyde.[8]

1.2 Asymmetric Synthesis of Carbo-
hydrates Applying Organocatalysis

The List[9] proline-catalyzed inter-
molecular aldol reaction based on the in-
tramolecular Hajos-Parrish-Eder-Sauer-
Wiechert reaction[10] has been widely used 
in de novo synthesis of carbohydrates. In 
this reaction, enolizable achiral aldehydes 
and ketones are transformed into the cor-
responding enamines, which react with 
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Scheme 2. Chemoenzymatic synthesis of 1,5-dideoxy-1,5-imino-alditols.
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line-catalyzed Mannich reaction was ap-
plied by Barbas and co-workers as depicted 
in Scheme 7.[24]

A similar reaction was applied by List 
and co-workers for the synthesis of b-ami-
nocarbonyl compounds.[25] 

These reactions exhibit opposite enan-
tiofacial selectivity to the proline-catalyzed 
aldol reaction. The attack to the si-face is 
preferred (Scheme 8).

A three-component Mannich reaction 
with several aldehydes and p-anisidine 
with l-proline as organocatalyst was used 
by Enders for the synthesis of aminopen-
toses and aminohexoses.[26] This reaction 

less enolizable carbonyl compounds, even 
in one-pot protocols. A metal-free partial 
Zimmerman-Traxler-type transition state 
has been postulated (Fig. 1).[11]
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Fig. 1. Postulated transition state model.

Proline and derivatives,[12] simple 
amino acids and peptides,[13] and cyclic 
compounds[14] are effective asymmetric 
catalysts. Solid-supported proline-termi-
nated peptides have also been used as 
heterogeneous catalysts for the asymmet-
ric aldol reaction.[15] An improvement of 
the stereochemical outcome of the reac-
tion by using protected dihydroxyacetone 
variants such as 1,3-dioxan-5-one and 
2,2-dimethyl-1,3-dioxan-5-one with alde-
hydes in the presence of (S)-proline ((S)-
Pro) and (S)-2-pyrrolidine-tetrazole was 
reported by Barbas III and co-workers. 
Reaction of 2,2-dimethyl-1,3-dioxan-5-
one (5) with appropriate aldehydes pro-
vided access to l-ribulose and d-tagatose 
(Scheme 3).[16] 

Enders and co-workers[17] reported 
the synthesis of various protected carbo-
hydrates and aminosugars through highly 
diastereo- and enantioselective direct or-
ganocatalytic aldol reactions of 5 with 
appropriate aldehydes in the presence 
of (S)-proline. There is a matching cor-
respondence between a-branched (S) or 
(R)-configurated aldehydes and (S) or (R)-
proline, respectively. A similar route was 
reported by Córdova and co-workers.[18] 
McMillan and co-workers[19] reported the 
first example of direct enantioselective al-
dehyde–aldehyde cross-aldol reaction us-
ing small molecules as catalysts, e.g. the l-
proline-catalyzed aldol reaction generates 
hexoses.[20] By combining l-erythrose de-
rivative 6 obtained by l-proline-catalyzed 
dimerization of (t-Bu) Ph

2
Si OCH

2
CHO, 

with enoxysilane 7 in Mukaiyama aldol 
reactions catalyzed by various Lewis ac-
ids, McMillian and co-workers have real-
ized efficient, two-step synthesis of semi-
protected l-glucose (8) and l-mannose (9) 
(Scheme 4). The method was also applied 
to l-allose derivatives.[21]

Highly enantioselective double aldol 
reaction of benzyloxyacetaldehyde using 
various a-amino acids as organocatalysts 
in water was reported by Córdova and 
co-workers.[22] They also reported tandem 

two-step iterative aldol reaction with alde-
hydes for the synthesis of natural/unnatu-
ral hexoses (Scheme 5).[23] 

Barbas and co-workers reported the 
preparation of a-aminosugars and deriva-
tives by direct organocatalytic asymmetric 
aldol reaction of a-aminoaldehydes. For 
instance, the reaction of 5 with phthalimi-
do aldehyde 10 followed by stereoselective 
reduction of the carbonyl moiety afforded 
protected aminoalditol 11 (Scheme 6).[16]

In a similar way, Enders and co-workers 
have prepared d-erythro-pentos-4-ulose, 
5-amino-5-deoxy-l-psicose and 5-amino-
5-deoxy-l-tagatose derivatives.[17] The pro
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Scheme 3. Stereoselective l-proline-catalyzed aldol reaction.
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Scheme 4. Two-step 
syntheses of l-glucose 
and l-mannose 
derivatives.
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Scheme 5. Córdova’s two-step syntheses of deoxyaldoses and polyketides.
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Scheme 6. Barbas’ 
synthesis of 
aminoalditols.
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Dondoni and co-workers have devel-
oped highly anti-selective homologation 
of a-hydroxycarbaldehydes and a-hy-
droxylactones by addition of 2-(trimeth-
ylsilyl)thiazole (16) to chiral aldehydes. 
From d- and l-glyceraldehydes, d- and 
l-erythro configured derivatives are ob-
tained.[34] Chain elongation to the corre-
sponding all-anti configurated nonose 17 
derivative was performed by iterative ad-
ditions and unmasking protocols (Scheme 
11). Dondoni’s methodology was applied 
to the preparation of other aldose configu-
rations[35] and all kinds of aminosugars.[36] 

Other alternative one-carbon chain 
elongation of aldoses are the nitroaldol 
condensation[37] and the methodologies re-
ported by Kusanabe and Sato,[38] and Chi-
kashita and co-workers.[39]

The addition of (+)-(R)-methyl p-tolyl-
sulfoxide to a,b-unsaturated esters in the 
presence of LDA gave the corresponding 
ketosulfoxides which were reduced into 
b-hydroxy sulfoxides that were converted 
into l-arabinitol derivatives. Thus, starting 
from 19, allylic alcohol 20 was obtained 
which after dihydroxylation, Pummerer re-
arrangement and subsequent reduction and 
acetylation gave thioarabinitol 22 (Scheme 
12).[40]

2.2 Asymmetric Aldol Reactions
Cross-aldolization of crotonaldehydes 

(23) and enoxysilane 24 under Mukaiyama 
conditions gave the corresponding anti-al-
dols that were further transformed into sev-
eral sugars as indicated in Scheme 13.[28,41] 

Kobayashi and Kawasuji[28b] prepared 
l-fucose from (E)-crotonaldehyde apply-
ing an analogous method. 

Conversion of ((R)-‘HYTRA’)[42] into 
its lithium enolate and subsequent addition 
to acrolein gave (1’R,3R)-26 (diastereose-
lectivity: 92:8) which was transformed into 
a iodolactone precursor of several 2-de-
oxyfuranosides 27a–c (Scheme 14).[43]

Diastereoselective aldol reaction of an 
Evans’ homochiral enolate with crotonal-
dehyde gave the syn aldol that was trans-
formed into the Weinreb amide, a potential 
precursor of all kinds of monosaccharides 
and analogues, including 1-deoxynojiri-
mycin.[44] Enders and Jegelka prepared en-
antiomerically pure C

5
- to C

9
-deoxycarbo-

hydrates using RAMP/SAMP derivatives 
and 5.[45]

2.3 Aldehyde Olefination and 
Asymmetric Epoxidation

Wittig olefination of d-glyceraldehyde 
acetonide with Ph

3
P=CHCHO and reduc-

tion of the enal gave the corresponding 
(E)-allylic alcohol, which upon Katsu-
ki-Sharpless enantioselective epoxida-
tion[46] furnished d-arabinitol (= d-lyxitol) 
and ribitol. Similarly, olefination with 
Ph

3
P=CHCH(OEt)

2
, acidic hydrolysis of 

was also studied by Hayashi and co-work-
ers.[27] 

2. Chain Elongation of Aldehydes

2.1 Nucleophilic Additions to 
Aldehydes

Chemical asymmetric cross-aldol con-
densations using enantiomerically pure 
Lewis acids as promoters were used to pre-
pare monosaccharides and analogues.[28] 
The classical Kiliani-Fischer cyanohydrin 
synthesis has been widely used in spite of 
its low diastereoselectivity and harsh reac-
tion conditions.[29] More flexible and highly 

selective methods are currently used such as 
aldehyde allylation with allyl boronates[30] 
or with allylstannanes.[31] d- and l-glycer-
aldehyde and derivatives are widely used 
chirons. Chain extension using an inser-
tion reaction of dichloromethyllithium or 
dibromomethyl-lithium with (S)-pinanediol 
[(benzyloxy)methyl]boronate 12 was used 
to generate l-C

3
, l-C

4
 and l-C

5
-aldoses. 

Two successive insertion reactions gave pro-
tected l-glyceraldehyde 13[32] (Scheme 9). 

Sharpless asymmetric dihydroxylation 
of the benzene-1,2-dimethanol acetal of 
acrolein (14) furnished protected forms of 
l- and d-glyceraldehyde (Scheme 10).[33]
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Scheme 8. Proposed transition states for the l-proline-catalyzed asymmetric Mannich and aldol 
reactions.
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the diethyl acetal and subsequent reduction 
of the enal provided the (Z)-allylic alcohol. 
Subsequent diastereoselective epoxidation 
and hydrolysis lead to d-arabinitol or xy-
litol.[47] The synthesis of all tetroses and 
hexoses developed by Sharpless and Ma-
samune uses also the Katsuki-Sharpless 
asymmetric epoxidation of (E)-allylic al-
cohols as key-step. The epoxides obtained 
by oxidation of (E)-4-(O-protected)but-2-
en-1-ol underwent a Payne rearrangement 
in the presence of NaOH, giving terminal 
epoxides that were opened regioselectively 
by PhSNa to give phenylsulfides. Protec-
tion of the diols as acetonides, oxidation 

into sulfoxides and Pummerer rearrange-
ment on treatment with Ac

2
O and AcONa 

furnished l- or d-(R;S)-1-O-acetyl-2,3-
di-O-isopropylidene-1-phenylthio-4-(O-
protected)-erythrose. Subsequent hydro-
lysis gave the corresponding erythro de-
rivatives. Base-catalyzed isomerization of 
cis-disubstituted dioxolanes into the more 
stable trans isomers allows the conversion 
of (Z)-but-2-ene-1,4-diol into eight tetro-
ses. By applying an iterative similar route, 
16 hexoses were obtained.[48]

2.4 Aldehyde Olefination and 
Dihydroxylation

Convenient olefination of d-glycer-
aldehyde to (E)-3-(2,2-dimethyl-1,3-di-
oxolan-4-yl)prop-2-en-1-ol followed by 
protection as silyl ether and subsequent 
Sharpless asymmetric dihydroxylation 
gave other alditol stereomers that can be 
converted into all kinds of C

5
-monosaccha-

ride derivatives.[49]

2.5 Allylation and Subsequent 
Ozonolysis

2-Deoxypentoses can be prepared by 
two-carbon chain elongation of 2,3-O-
isopropylidene-d-glyceraldehyde follow-
ing Roush’s allylation method based on 
the highly diastereoselective additions of 
homochiral allylboronates derived from 
(R,R)- and (S,S)-tartaric acid.[50] For in-
stance, the synthesis of 2-deoxy-d-ribose 
and 2-deoxy derivative 32 outlined in 
Scheme 15. Similarly, Roush and Straub[51] 
obtained 2,6-dideoxyhexose derivatives.

2.6 Hetero-Diels-Alder Additions
The first total synthesis of (+)-KDO is 

based on the hetero-Diels-Alder addition 
of a-selenoaldehyde 33 to the a-furyl-
substituted diene 34.[52] The reaction gives 
an adduct mixture which on treatment with  
CF

3
COOH delivers a 5:1 mixture of cis/trans 

dihydropyrones 35 and 36. Pure 35 was fur-
ther transformed into (+)-KDO through ad-
dition of methanol, benzoylation, oxidative 
elimination of the phenylseleno group and 
dihydroxylation followed by benzoylation 
of the corresponding diol. Final oxidation 
with RuO

4
 followed by esterification with 

diazomethane and deprotection gave the tar-
get KDO (Scheme 16).

Independently, Evans[53] and Jør-
gensen[54] have shown that b,g-unsatu-
rated a-keto ester 37 reacts with ethyl 
vinyl ether 38 in the presence of enan-
tiomerically pure bisoxazoline copper(ii) 
complex 39 as catalyst. Enantiomerically 
enriched dihydropyran 40 was thus ob-
tained which was further converted into 
ethyl b-d-manno-pyranoside tetraacetate 
41 (Scheme 17).[55]

3. Conclusion 

Biocatalysis and organocatalysis are 
opening a large number of possibilities to 
the total asymmetric synthesis of carbo-
hydrates and analogues. Because of the 
ease of application and the limited num-
ber of synthetic steps required to construct 
monosaccharides that are dressed up with 
adequate semi-protection, one can foresee 
that these catalytic procedures might sur-
pass soon more traditional methodologies 
based on the delicate chemical derivation 
of natural carbohydrates. Additionally, an 
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arsenal of methods is now available for the 
stereoselective chain elongation of alde-
hydes and ketones based on substrate or/
and reagent control, or on asymmetric aldol 
reaction enantio-controlled by the chemi-
cal catalyst. Alternatively, olefination of 
aldehydes and subsequent Katsuki-Sharp-
less asymmetric epoxidation or Sharpless 
asymmetric dihydroxylation can be used 
(asymmetry controlled by the catalyst). 
The procedures can be applied to the con-
struction of complicated monosaccharides 
and analogues of biological interest. These 
chemical methods are very well suited to 
generate long-chain carbohydrates, deoxy-
aldoses and alditols, aminodeoxy and ami-
nodideoxy aldoses.
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Scheme 17. Jørgensen’s asymmetric synthesis of an ethyl b-d-mannopyranoside derivative.
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