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Aldol additions of unprotected carbohydrates to 1.3-dicarbonyl

compounds have been described. This transformation is based on

a dual activation by tertiary amines and 2-hydroxypyridine.

Chain elongated carbohydrates—higher carbon sugars—are

important compounds with biologically fundamental properties.

Nature realizes these important transformations, apparently

effortless, through a deployment of distinctly working aldolases

and ketolases with extremely high degrees of stereoselectivity

(Scheme 1).1 However this high specificity is limited to a small

number of substrates. Also, not all possible stereoisomers can be

accessed by enzymatic transformations.

Today a multitude of methods exists to accomplish these

transformations. These synthetic maneuvers are associated

with extensive handling of protecting groups and additional

activation of the anomeric carbon atom.2 Recent results of

organocatalyzed aldol reactions in this field however promise

to overcome these problems.3

Recently we have tested several organocatalyzed transformations

for their utility in the synthesis of carbohydrates. We demonstrated

the value of amines as catalysts in direct aldol additions of

dihydroxyacetone4 and in decarboxylative aldol additions.5

Based on these results we proceeded to test also unprotected

carbohydrates as carbonyl compounds in direct aldol additions.

Thus we have reacted these substrates with 1.3-dicarbonyl

compounds. In preliminary experiments we have tested deoxyribose

1a6 in reactions with acetoacetic ester 2a as the enol component.

The reactions were performed in the presence of catalytic amounts

of amines at room temperature in neat. As a result we were

able to isolate hemiketal 3a with 29% yield as a single

diastereoisomer in a rapid and clear reaction (eqn (1)).

ð1Þ

The C–C bond formation process occurs via an aldol

addition step. Aldol condensation products were not detected

under these reaction conditions. Successful aldol additions of

aldehydes to 1.3-dicarbonyl compounds are rare and difficult to

realize. Mostly, a competitive condensation process cannot be

prevented. For a successful execution of this reaction in the absence

of amines see ref. 7. Next, the C–C bond formation process

proceeds with an extremely high degree of syn-diastereoselectivity.

One single stereoisomer was detected by NMR-techniques. In

addition high chemoselectivity is observed. An aldol addition

at the methyl group was not detected. Comparable reactions

have not been described in the literature so far.8

Several attempts weremade to react unprotected and unactivated

carbohydrates with 1.3-dicarbonyl compounds. These studies

describe condensation processes that are connected with the

loss of stereogenic centers (Knoevenagel-reaction9). Furan-

derivatives or C-glycosides10 were obtained depending on reaction

conditions. Recently this methodology was extended to synthesize

fused pyridine/pyrrole derivatives of carbohydrates.11

Inspired by the results we obtained, several carbohydrates

of the pentose set were tested as carbonyl compounds in an

initial series. To this end D-ribose 1b, D-arabinose 1c, D-xylose

1d and D-lyxose 1e were reacted with acetoacetic ester 2a at rt

in the presence of catalytic amounts of diisopropylethylamine.

In preliminary experiments the expected products 3a–e were

isolated with different and low yields. A pronounced correlation

of yields in this reaction to deployed carbohydrates was observed.

Highest yields were obtained with deoxyribose 1a and ribose 1b

and other carbohydrates resulted in decreasing yields. Finally, the

lowest yields were obtained by the deployment of arabinose 1c

and lyxose 1e. Yields and reaction rates correlate with the

tendency of the corresponding carbohydrates to exist in acyclic

structure.12 Comparable results were obtained by glycosidation of

unprotected and unactivated carbohydrates.13 To overcome the

problems of long reaction times and low yields we have tested

2-pyridone as an additive in these reactions. 2-Pyridone is known

Scheme 1 Examples of aldolase- and transketolase-catalyzed reactions.
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to potentially catalyze the mutarotation of carbohydrates

by forming hydrogen bonds.14 As expected, yields increase under

comparable conditions when catalytic amounts of 2-hydroxy-

pyridine are used. The results of these investigations are

depicted in Scheme 2.

Extremely high syn-diastereoselectivities were observed during

the C–C bond formation process. Anti-configured products were

not detected under these reaction conditions. These results are

consistent with those obtained in aldol additions with dihydroxy-

acetone.4 In addition, an asymmetric induction is observed. The

internal syn- and anti-configured products were detected in a ratio

of about 3/1. Scheme 3 illustrates an example for the reaction of

ribose 1b with acetoacetic ester 2a as a substitutional explanation

for all other carbohydrates. The syn-configured aldol product

3b is obtained in its pyranoid structure. In contrast, the internal

anti-configured aldol product develops a furanoid structure to

avoid unfavored 1.3-diaxial interactions (anti-3b, Scheme 3).

The anomeric hydroxyl group was installed at the axial position

in every reaction (see ESIw).
In the next series we have tested several different hexoses in

reactions with acetoacetic ester 2a. Comparable results with

those of the pentose-series were obtained (Scheme 4). Again,

extremely high syn-diastereoselectivity is observed during the

C–C bond formation.

The structure of carbohydrates determines both yields and

internal diastereoselectivity (Schemes 2 and 4). 2.3-anti-Configured

carbohydrates give mainly internal syn-configured products in

good yields (3b, 3e and 5a). In contrast, when 2.3-syn-configured

carbohydrates are used internal anti-configured products are

mainly obtained with lower yields (3c, 3d, 5b and 5c). In this

context deoxyribose represents an exception, because of the

absence of a hydroxy group at the 2-position (3a, Scheme 2).

Subsequent formation of pyranoid or furanoid structures

depends on steric interactions and is also determined by the

configuration of the deployed carbohydrates.

In the final series we have tested several different 1.3-

dicarbonyl compounds in this amine-catalyzed reaction with

ribose 1b. Results of this investigation are depicted in

Scheme 5.

Scheme 2 Aldol additions of ribose 1b, arabinose 1c, xylose 1d or lyxose

1e to acetoacetic ester 2a. Reaction conditions: 1.0 mmol carbohydrate,

1.5 mmol acetoacetic ester 2a, 20 mol% iPr2NEt, 25 mol% 2-pyridone,

0.5 ml DMSO, rt, 60–96 h. aInternal syn/anti ratio.

Scheme 3 Stereochemical course of aldol reaction of ribose with

methyl acetoacetate 2a.

Scheme 4 Aldol additions of mannose 4a, glucose 4b or galactose 4c

to acetoacetic ester 2a. Reaction conditions: 1 mmol carbohydrate,

1.5 mmol acetoacetic ester 2a, 20 mol% iPr2NEt, 25 mol% 2-pyridone,

0.5 ml DMSO, rt, 60–96 h. aInternal syn/anti ratio.
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These findings indicate that the internal diastereoselectivity

is influenced by substituents of the acetoacetic esters deployed.

Moreover these results demonstrate that this new transformation

can further be extended to 1.3-dicarbonyl compounds.

In summary, we have developed an organocatalyzed aldol

addition of unprotected carbohydrates to 1.3-dicarbonyl com-

pounds without using the classical tedious protecting and depro-

tecting procedure. These investigations show great advantages in

terms of time and atom economy. The successful execution of this

process is based on a dual activation by tertiary amines and

2-hydroxypyridine. Also, this operationally simple transformation

mimics aldolase-catalyzed transformations, which were identified in

many biochemical processes. Further optimization and enlargement

of this methodology to more general C–C bond formation pro-

cesses of unprotected carbohydrates are underway.

The authors thank Deutsche Forschungsgemeinschaft,

Bayer-Schering Pharma AG, Bayer Services GmbH, BASF

AG, and Sasol GmbH for financial support.
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